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A B S T R A C T

In recent years, wall-bounded cross-flow heat exchangers have gained significant attention for battery cooling
applications. Due to similarities in geometry, these systems are often evaluated based on the heat and flow
knowledge of free cross-flow heat exchangers. To determine the reliability of this assumption, this study
performs a numerical comparison of the thermo-fluid behavior of wall-bounded and free cross-flow heat
exchangers. Both heat exchangers have similar dimensions, with transverse and longitudinal pitch ratios of
2.074 and 1.037, respectively, and are investigated at a Reynolds number of 40000 using the Unsteady
Reynolds-Averaged Navier–Stokes (URANS) method. It is observed that the 𝑘−𝑘𝑙−𝜔 transition model provides
the most accurate predictions of the flow field when compared to available experimental data. The results
suggest that for wall-bounded heat exchangers with an aspect ratio of 2 or larger, the flow behavior in the
central flow region resembles that of a free heat exchanger, but with varying magnitudes due to the increase
in velocity in the core region to counterbalance the reduction near the walls. The area-averaged mean Nusselt
number from 2D and 3D models for free heat exchangers shows no significant difference compared to wall-
bounded heat exchangers. However, there are considerable differences in the local Nusselt number distributions
in the angular and spanwise directions. Overall, it is determined that certain conditions must be satisfied
to ensure that applying the thermo-fluid characteristics of a free cross-flow heat exchanger to wall-bounded
cross-flow heat exchangers in battery thermal management systems is accurate.
1. Introduction

Efficient heat transfer has become increasingly important for the
green transition and the replacement of fossil fuels with renewable
energy sources. The development of electrified heavy industries, the
performance of power plants, the safe operation of electronic devices,
and so on are all dependent on heat flow. Furthermore, with the
emergence of various environmental issues, heat transfer management
has become highly significant for thermal systems. Heat exchangers, as
a critical component of any thermal system, play a critical role in the
efficient and safe operation of the systems [1,2]. There are many types
of heat exchangers, each designed for a specific application. However,
cross-flow heat exchangers are extensively employed in the industry
due to their simple design, easy maintenance, and high efficiency.
Tubular cross-flow heat exchangers consist of long fluid-carrying cir-
cular tubes or solid heat-generating cylinders arrayed perpendicular to
the external flow direction.

A cross-flow heat exchanger is typically defined by its transversal
pitch ratio, 𝑆𝑇 = 𝐿𝑇 ∕𝐷, and longitudinal pitch ratio, 𝑆𝐿 = 𝐿𝐿∕𝐷
where 𝐷 stands for the cylinder diameter and 𝐿𝑇 and 𝐿𝐿 are defined in

∗ Corresponding author.
E-mail address: amin.moosavi@ltu.se (A. Moosavi).

Fig. 1. Despite the simple structure of cross-flow heat exchangers, the
flow behavior is very complex due to Von Kármán type flow oscillations
behind tubes and their collisions. The flow and heat transfer behaviors
in the first row indicate strong similarities to those of a single cylinder
in cross flow [3]. However, when the flow passes through the early
rows, instabilities emerge and spread downstream. These instabilities
increase turbulence intensity, which is the primary cause of increased
heat transfer in the inner rows [4]. The formation and diffusion of these
flow instabilities in cross-flow heat exchangers depend strongly on the
arrangement and spacing of the tubes [5]. Over the most upstream
rows, the flow in an in-line arrangement can be categorized as a vortex
region behind tubes and a high-velocity jet region in the transversal gap
between neighboring tubes [6], with instabilities in the jet region, wake
region, and shear-layer playing a major role in flow excitation [7]. On
the other hand, in a staggered arrangement, the high-velocity zone is
replaced with branching and acceleration zones due to flow restriction
by the downstream tubes [6]. This distinct arrangement of tubes results
in vortices shed at different frequencies and with multiple Strouhal
numbers from early rows [8,9]. The flow instability reaches its peak
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Nomenclature

List of symbols

𝑐𝑝 Isobaric specific heat capacity [J kg−1 K−1]
𝐷 Diameter [m]
𝑒 Specific energy [W kg−1]
ℎ Convective heat transfer coefficient

[W m−2 K−1]
𝑘 Turbulence kinetic energy [m2 s−2]
𝐿𝐿 Longitudinal distance between cylinders

[m]
𝐿𝑇 Transversal distance between cylinders [m]
𝐿𝑍 Spanwise width of domain [m]
�̇� Mass flow rate [kg s]
𝑃 Turbulent kinetic energy production

[m2 s−3]
𝑃𝐾,𝑁 Normal component of turbulent kinetic

energy production [m2 s−3]
�̄� Mean pressure [Pa]
𝑄 Volumetric flow rate [m3 s−1]
�̇� Heat flux [W m−2]
𝑅𝑒𝑔 Reynolds number based on gap velocity
𝑆 Shear rate [𝑠−1]
𝑆𝐿 Longitudinal pitch ratio
𝑆𝑇 Transversal pitch ratio
𝑆𝑍 Aspect ratio
�̄� Mean temperature [K]
𝑇 Temperature [K]
𝑡 Time [s]
𝑈𝑔 Gap velocity [m s−1]
𝑈𝑖𝑛 Inlet velocity [m s−1]
�̄� Mean velocity [m s−1]
𝑢′ Fluctuating velocity component [m s−1]
𝑋 Position along x-coordinate [m]
𝑌 Position along y-coordinate [m]
𝑍 Position along z-coordinate [m]

Greek letters

𝛼𝑇 Turbulent diffusivity [m2 s−1]
𝛿𝑖,𝑗 Kronecker delta
𝜆𝑒𝑓𝑓 Effective thermal conductivity

[W m−1 K−1]
𝜇 Dynamic viscosity [kg m−1 s−1]
𝜇𝑡 Turbulent dynamic viscosity [kg m−1 s−1]
𝜈 Kinematic viscosity [m2 s−1]
𝜔 Specific turbulence dissipation rate [s−1]
𝜌 Density [kg m−3]
𝜎𝜔 Turbulent Prandtl number for 𝜔
𝜎𝑘 Turbulent Prandtl number for k

Subscripts

𝑐𝑟 Counterwise direction
𝑟𝑒𝑓 Reference
𝑠𝑝 Spanwise direction
𝑠𝑟 Streamwise direction
𝑤𝑎𝑙𝑙 Surface of cylinder

in the first few rows, and the flow has fully stabilized by the third [4]

to fifth rows [10].
2

Acronyms

2𝐷 Two-Dimensional
3𝐷 Three-Dimensional
𝐶𝐹𝐿 Courant–Friedrichs–Lewy Number
𝐷𝐸𝑆 Detached Eddy Simulation
𝐷𝑁𝑆 Direct Numerical Simulation
𝐻𝑋 Heat Exchanger
𝐿𝐷𝐴 Laser Doppler Anemometry
𝐿𝐸𝑆 Large Eddy Simulation
𝑃𝐼𝑉 Particle Image Velocimetry
𝑅𝐴𝑁𝑆 Reynolds averaged Navier–Stokes
𝑅𝑆𝑀 Reynolds Stress Model
𝑆 − 𝐴 Spalart–Allmaras Model
𝑆𝑅𝐴𝑁𝑆 Steady Reynolds-averaged Navier–Stokes
𝑈𝑅𝐴𝑁𝑆 Unsteady Reynolds-averaged Navier–Stokes

As noted previously, the majority of the early work on cross-flow
heat exchangers relies on experimental investigations. However, due
to the large scale of cross-flow heat exchangers and their sensitivity to
geometrical factors, it is impossible to cover all aspects of the domain
and effective parameters through experiments. Usually, experimental
test sections consist of a small number of tubes representing a full-
scale system. With the development of Computational Fluid Dynamics
(CFD) and the improvement of computational tools, it is now easier
to check and understand the mechanisms involved in cross-flow heat
exchangers. Although the use of numerical methods provides large
amounts of data regarding mechanisms in tube banks, it has its own
complexities. The proper selection of the study domain, boundary
conditions, and turbulence models, in addition to the construction of
fine mesh, affect the accuracy and reliability of numerical studies.

Among the numerical methods, the Direct Numerical Simulation
(DNS), if properly applied, produces the most reliable results by directly
considering all spatial and temporal scales of turbulence in the solution.
The DNS results of Moulinec et al. [11] show that a distance of two
diameters in the spanwise direction is a requirement to accurately
capture 3D effects in a free in-line tube bank. In spite of the high
accuracy of the DNS model, the requirement of very fine meshes and
small time steps limits its use to relatively low Reynolds numbers [12].

Large Eddy Simulation (LES) may be an alternative method that
has been tested by some scholars [13]. By substituting the small scales
of turbulence with subgrid models, LES can reduce computation time
in comparison to DNS. The LES model of a closely-packed square in-
line tube bank showed that there is a critical pitch ratio at which the
flow pattern switches to a diagonal pattern [14]. Because the flow
chooses the path of least resistance, it desires to proceed diagonally.
According to West et al. [15], this diagonal pattern would be beneficial
for the operation of cross-flow heat exchangers since it would result in
a quick mixing out of thermal streaks. On the other hand, Iacovides
et al. [16] demonstrated that the presence of impermeable walls on the
both sides of tube banks reduces the diagonal flow pattern in densely
in-line tube banks. Despite the fact that LES resolves a significant
portion of turbulent scales, Benhamadouche et al. [17] demonstrated
that for turbulent flow through in-line tube banks, LES and 3D un-
steady Reynolds-averaged Navier–Stokes (URANS) provide comparable
results. For turbulent flow through a staggered tube bank, Mancuso
et al. [18] assessed LES against RANS and hybrid models. They found
that neither LES nor the models under consideration could perfectly
match experimental values for the velocity field and Reynolds stresses.
They observed that, whereas the LES model provides a more realistic es-
timate of the local distribution of the Nusselt number, the mean Nusselt
number predicted by URANS models is more accurate. Furthermore,
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they reported that LES is time-demanding and necessitates fine meshes
to capture a fair portion of the kinetic energy power spectrum. The
relative computing cost of the LES model was found to be 56 times
that of the Unsteady Reynolds-Averaged Navier–Stokes (URANS) using
the SST turbulence model.

RANS models are the most frequently utilized technique for CFD
simulations in industrial applications [1,19,20]. Due to the low com-
putational requirements, ease of use, and often reliable results, it has
formed the backbone of advanced CFD methods for modeling turbulent
flow for the last few decades [21]. Wang et al. [22] employed 2D
URANS to simulate turbulent flow through a staggered tube bank at
a Reynolds number of 106. Their simulation by the RSM turbulence
model correctly caught the occurrence of double Strouhal numbers, and
the heat transfer results were in good agreement with the empirical
correlations. The model, however, failed to adequately estimate the
skin friction coefficient across the tubes, which the authors attributed to
the temperature difference between the working flow and the heated
surface. Johnson et al. [23] obtained comparable findings, indicating
that a 2D RSM turbulence model is sufficient to properly predict
turbulent flow behavior in staggered tube banks. Following on from
their prior work, Wang et al. [24] studied the compatibility of the
Spalart–Allmaras (S-A) model and the k-𝜖 model with LES findings.
According to their findings, none of the RANS models could detect
low-frequency Strouhal numbers. However, they discovered that the
shedding frequency obtained by 2D S-A was the same as predicted by
3D LES. At a Reynolds number of 9300 (inlet velocity based), Paul
et al. [25] performed PIV measurements and a 2D Steady Reynolds-
Averaged Navier–Stokes (SRANS) simulation of turbulent cross-flow in
a staggered tube bank. They found that 2D SRANS failed to predict
turbulent and mean flow quantities; nevertheless, they observed that
𝜔-based models and 𝜖-based models can accurately predict mean ve-
locities in developing and spatially periodic regions. The 2D SRANS
simulation by Ridluan et al. [26] similarly verified the failure of the
approach to describe the dynamic nature of turbulent flow through
staggered tube bundles; however, they stated that the problem was
resolved by moving to URANS modeling [27]. On the contrary, Watter-
son et al. [28] discovered an unexpectedly high level of concordance
between their SRANS simulation and experimental data sets.

The influence of domain size on URANS results was explored by
Niemela et al. [29]. They discovered that the mean Nusselt number
predicted for a large domain of 144 tubes is similar to that predicted by
a periodic domain of five tubes. Furthermore, their findings show that
while the 2D URANS model predicts mean Nusselt number, Strouhal
number, and drag coefficients similarly to the 3D URANS model, it
overpredicts force oscillation amplitudes. Carasik et al. [30] also stud-
ied the impact of the domain size on the simulation of turbulent
flow through isothermal, densely-packed in-line tube banks. Their 3D
SRANS model with periodic boundary conditions in the transverse
direction reproduced the diagonal flow pattern. However, they noticed
that pressure drop predictions are unaffected by the domain size and
that increasing the number of flow channels simply helps to detect a
stable flow deflection regime. Li et al. [31] looked into the effect of
lateral walls on the flow and heat transfer characteristics of an in-line
tube bank. They realized that the fluid close to the wall had a larger
velocity as a result of the inhibition of vortex shedding by the walls.
Furthermore, decreased turbulence intensity along the walls reduces
the heat transfer rate from the lateral tubes by 10% when compared
to the center tubes.

Despite extensive research, the flow and heat transfer behavior of
cross-flow heat exchangers is not yet complete. Reliable simulations
that are computationally efficient are still lacking, and there are sev-
eral aspects that require further investigation. One such aspect is the
effect of spanwise constraint on the performance of cross-flow heat
exchangers, which is yet to be studied. Wall-bounded heat exchangers
of this sort are widely utilized in the thermal management of cylindrical
3

batteries [32,33], and their performance has a significant impact on the
safety and lifetime of batteries. However, the limited knowledge in the
literature has led scholars to rely on their understanding of free cross-
flow heat exchangers to evaluate the performance of battery thermal
management systems or develop simplified numerical models. This
study aims to address these issues by first assessing the validity of the
URANS approach as a computationally efficient and reliable method for
this application. The accuracy of the results in the URANS approach is
significantly impacted by the turbulence model selection, as was earlier
shown. Therefore, the reliability of the numerical setup is evaluated by
comparing the accuracy of Reynolds stresses, velocity fields, and heat
transfer in a free cross-flow heat exchanger using various turbulence
models to experimental values. Secondly, a comparative analysis of
wall-bounded and free cross-flow heat exchangers is performed to
demonstrate the impact of the wall boundary on the flow and ther-
mal characteristics. The best-performing turbulence model is used to
predict and compare flow quantities and thermal outcomes in free
and wall-bounded cross-flow heat exchangers. The presented results
will thus provide guidance for the efficient design and optimization of
wall-bounded heat exchangers utilized in the thermal management of
cylindrical batteries.

2. Numerical set-up

2.1. Geometry and boundary conditions

The planar cross-section view of a typical tubular cross-flow heat
exchanger with a staggered arrangement is shown in Fig. 1. When a
flow with a specific temperature and flow rate enters a heat exchanger,
it travels along a certain path that is established by the flow inlet
conditions and pitch ratios. After a few rows, the flow develops entirely,
and a similar flow pattern repeats for each cylinder downstream [3].
Although the cylinders in the first rows have an effect on the thermal
and fluid conditions, their contribution to the overall thermal perfor-
mance of a large cross-flow heat exchanger is negligible [4]. As a result,
it is possible to estimate heat transfer in an industrial cross-flow heat
exchanger by evaluating the heat transfer rate of a small domain in a
periodic flow region.

In this study, a 2 × 2 cylinder domain is considered as presented in
ig. 1. It is the adequate domain size recommended by Benhamadouche
t al. [34] for the simulation of cross-flow heat exchangers. In addition
o the transversal pitch ratio, 𝑆𝑇 = 𝐿𝑇 ∕𝐷 and the longitudinal pitch
atio, 𝑆𝐿 = 𝐿𝐿∕𝐷, the width of the study domain is defined using aspect
atio, 𝑆𝑍 = 𝐿𝑍∕𝐷, see Fig. 1. In addition, the diameter of the cylinder
s set to 21 mm to resemble the operation of a cylindrical 21 700 battery
ell, which has been shown to have the best thermal performance [35].
urthermore, 𝑆𝑇 , 𝑆𝐿, and 𝑆𝑍 are set to 2.074, 1.037, and 2, respec-
ively, which are consistent with the design parameters for a battery
hermal management system [36–38]. In Fig. 1, the coordinates in the
, y, and z directions denote the streamwise, crosswise, and spanwise
low directions, respectively. To investigate flow through a free cross-
low heat exchanger, periodic boundary conditions were imposed in all
irections, allowing for a cyclic motion flow without limitation in both
he crosswise and spanwise directions. For the simulation of the wall-
ounded cross-flow heat exchanger, the periodic boundary conditions
n the spanwise direction are replaced with no-slip boundary conditions
o reflect the flow motion restriction in the spanwise direction. The flow
s regulated by specifying the mass flow rate in the streamwise direction
o generate a pressure drop in the periodic domain.

The thermodynamic and physical properties of the working fluid
air) are shown in Table 1. The Reynolds number (𝑅𝑒𝑔) is calculated
sing the mean streamwise velocity in the shortest gap between the
ylinders (𝑈𝑔), as follows, [40],

𝑒𝑔 =
𝜌 𝑈𝑔 𝐷

(1)

𝜇
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Fig. 1. The schematic representation of the computational domain.
Table 1
Thermodynamic and physical properties of the working fluid [39].

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
where,

𝑈𝑔 =
0.5𝑆𝑇

−𝐷 +
√

𝑆2
𝐿 + 𝑆2

𝑇

𝑈𝑖𝑛 𝑖𝑓
√

𝑆2
𝐿 + 𝑆2

𝑇 <
𝑆𝑇 +𝐷

2
. (2)

It is assumed that the heat exchangers are supplied with air at a
constant temperature of 298.15 [K] and a constant mass flow rate (�̇�)
of 0.0282 [kg/s], yielding 𝑅𝑒𝑔 = 40 000. For the thermal boundary
condition, a constant heat flux of 1197.45 [W/m2] is applied to the
surface of all cylinders, which corresponds to the heat generation rate
of a 21 700 Northolt battery cell charging/discharging at a constant 3
C-rate [41].

2.2. Governing equations and turbulence models

In the present study, the RANS equations, as well as continuity and
energy equations, are the governing equations. The continuity, momen-
tum, and energy equations for a time-dependent and incompressible
flow are given as [42],
𝜕�̄�𝑖
𝜕𝑥𝑖

= 0 (3)

𝜌
(

𝜕�̄�𝑖
𝜕𝑡

+
𝜕(�̄�𝑖�̄�𝑗 )
𝜕𝑥𝑗

)

= −
𝜕�̄�
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

[𝜇
(

𝜕�̄�𝑖
𝜕𝑥𝑗

+
𝜕�̄�𝑗
𝜕𝑥𝑖

)

] + 𝜕
𝜕𝑥𝑗

(

−𝜌𝑢′𝑖𝑢
′
𝑗

)

(4)

𝜌
(

𝜕𝑒
𝜕𝑡

+
𝜕(�̄�𝑗𝑒)
𝜕𝑥𝑗

)

= 𝜕
𝜕𝑥𝑗

(

𝜆𝑒𝑓𝑓
𝜕�̄�
𝜕𝑥𝑗

)

. (5)

The Reynolds stress tensor (𝑢′𝑖𝑢
′
𝑗) in the last term of Eq. (4) can-

not be explicitly expressed in terms of mean flow variables without
use of turbulence modeling. Numerous turbulence models have been
developed to accurately predict how turbulence may affect a turbulent
flow for different applications [43,44]. Following are brief discussions
of turbulence models used in this work while details are provided in
the references cited.

2.2.1. 𝑘 − 𝜔 SST model
The 𝑘 − 𝜔 SST model is a low-Re, linear turbulent-viscosity model

that was developed by Menter et al. [45], to correctly capture flow
separation from smooth surfaces. The model is based on the Boussinesq
hypothesis [46] and employs eddy viscosity to relate the Reynolds
4

stresses and mean velocity gradients. As a result, the Reynolds stresses
may be approximated using the equation below [42],

𝑢′𝑖𝑢
′
𝑗 =

2
3
𝑘𝛿𝑖,𝑗 −

𝜇𝑡
𝜌

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

(6)

The 𝜇𝑡 in the 𝑘 − 𝜔 SST model is determined from the turbulence
kinetic energy, 𝑘, and the specific dissipation rate, 𝜔. Therefore, two
additional transport equations are required to determine the eddy
viscosity and hence the Reynolds stresses, as shown below [47].
𝜕(𝜌𝑘)
𝜕𝑡

+
𝜕(𝜌𝑘𝑢𝑖)
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡
𝜎𝑘

) 𝜕𝑘
𝜕𝑥𝑗

] + 𝑃𝑘 − 𝐸𝑘 (7)

𝜕(𝜌𝜔)
𝜕𝑡

+
𝜕(𝜌𝜔𝑢𝑖)
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡
𝜎𝜔

) 𝜕𝜔
𝜕𝑥𝑗

] + 𝑃𝜔 − 𝐸𝜔

+(1 − 𝐹1)
2𝜌

𝜔𝜎𝜔,2
𝜕𝑘
𝜕𝑥𝑗

𝜕𝜔
𝜕𝑥𝑗

(8)

where, the eddy viscosity, 𝜇𝑡 is given as,

𝜇𝑡 =
𝑎1𝜌𝑘

𝑚𝑎𝑥(𝑎1𝜔,𝑆𝐹2)
. (9)

In the above equations, P and E denote the production and dissi-
pation, respectively of the variable specified. The last term in Eq. (8)
reflects cross-diffusion, which allows the model to transform the 𝜔-
based transport equation into an 𝜖-based equation using a blending
function. 𝐹1 is the first blending function that governs the transition
between the 𝑘−𝜔 and 𝑘− 𝜖 models. The technique is designed to make
the solution less sensitive to freestream turbulence values, while the
model takes into account the advantages of the 𝑘 − 𝜔 model near the
wall (𝐹1 equals to one) and the equation transforms to the 𝑘− 𝜖 model
in the far field (𝐹1 equals zero). Even though the models blending
technique improves the results, shear stress is still overestimated. In
order to solve this issue, a viscosity limiter was introduced to regulate
transport of shear stress using the second blending function (𝐹2). In
other words, as the wall is approached, the eddy viscosity will become
more limited owing to an increase in the magnitude of 𝑆 and 𝐹2. As a
result, by accurately calibrating 𝐹2, the model would be more likely to
capture separation in flows with adverse pressure gradients.

2.2.2. 𝑅𝑆𝑀 − 𝜔 model
Although eddy-viscosity models perform well in flows dominated

by a single Reynolds stress component, their performance deteriorates
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in complex 3D flows [48]. This behavior results from the linear rela-
tionship between the Reynolds stresses and the mean-velocity gradients
as derived from the Boussinesq hypothesis. In order to address this
issue, the Reynolds Stress Models (RSM) has been developed beyond the
eddy-viscosity approximation. The tactic is to solve individual transport
equations for each component of the Reynolds stress tensor to take
anisotropic characteristics into consideration. To exemplify, the 𝑅𝑆𝑀−
𝜔 is a second-order closure model based on the Reynolds stresses and
the 𝜔 equations [49]. The transport equations may, for this case, be
written as follows [47,49],

𝜕(𝜌𝑢′𝑖𝑢
′
𝑗 )

𝜕𝑡
+

𝜕(𝜌𝑢𝑘𝑢′𝑖𝑢
′
𝑗 )

𝜕𝑥𝑘
= 𝜕

𝜕𝑥𝑘
[(𝜇 +

𝜇𝑡
𝜎𝑘

)
𝜕(𝑢′𝑖𝑢

′
𝑗 )

𝜕𝑥𝑘
] + 𝑃𝑖𝑗 +𝛷𝑖𝑗 − 𝐸𝑖𝑗 (10)

𝜕(𝜌𝜔)
𝜕𝑡

+
𝜕(𝜌𝜔𝑢𝑘)
𝜕𝑥𝑘

= 𝜕
𝜕𝑥𝑘

[(𝜇 +
𝜇𝑡
𝜎𝜔

) 𝜕𝜔
𝜕𝑥𝑘

] + 𝑃𝜔 − 𝐸𝜔. (11)

Reynolds stress production, denoted by 𝑃𝑖𝑗 in the Eq. (10), may
e determined directly using mean-velocity gradients and Reynolds
tresses. However, 𝛷𝑖𝑗 and 𝐸𝑖𝑗 that reflect pressure-strain and dissi-
ation, respectively, must be modeled. The linear model based on
aunder–Reece–Rodi formulation [49] has been employed in the 𝑅𝑆𝑀−
model for pressure-strain as the sum of slow and rapid pressure-strain

erms. The terms 𝑃𝜔 and 𝐸𝜔 are comparable to those found in Eq. (8);
owever, the 𝜇𝑡 should be computed without a viscosity limiter in the
ame manner as the standard 𝑘 − 𝜔 model [49].

2.2.3. 𝑘 − 𝑘𝑙 − 𝜔 transition model
The 𝑘 − 𝑘𝑙 − 𝜔 model is a linear eddy-viscosity model that mainly

has been developed for prediction of boundary layer transitions. In
accordance with other linear eddy-viscosity models, it is based on the
Boussinesq hypothesis, thus the Reynolds stresses are as follows [47],

𝑢′𝑖𝑢
′
𝑗 =

2
3
𝑘𝑇𝑂𝑇 𝛿𝑖,𝑗 −

𝜇𝑇𝑂𝑇
𝜌

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

(12)

here 𝑘𝑇𝑂𝑇 and 𝜇𝑇𝑂𝑇 are the total fluctuation kinetic energy and total
ddy viscosity, respectively. To compute these variables, additional
odel terms according to the physics of transient flow have to be

ncorporated. In the 𝑘 − 𝑘𝑙 − 𝜔 model, the transport equations may be
ritten as follows [50],

𝐷𝑘𝑇
𝐷𝑡

= 𝑃𝑇 + 𝑅𝐵 + 𝑅𝑁 − 𝜔𝑘𝑇 −𝐷𝑇 + 𝜕
𝜕𝑥𝑗

[(𝜈 +
𝛼𝑇
𝜎𝑘

)
𝜕𝑘𝑇
𝜕𝑥𝑗

] (13)

𝐷𝑘𝐿
𝐷𝑡

= 𝑃𝐿 − 𝑅𝐵 − 𝑅𝑁 −𝐷𝐿 + 𝜕
𝜕𝑥𝑗

(

𝜈
𝜕𝑘𝐿
𝜕𝑥𝑗

)

(14)

𝐷𝜔
𝐷𝑡

= 𝐶𝜔1
𝜔
𝑘𝑇

𝑃𝑇 + (
𝐶𝜔𝑅
𝑓𝜔

− 1) 𝜔
𝑘𝑇

(𝑅𝐵 + 𝑅𝑁 ) − 𝐶𝜔2𝜔
2

+𝐶𝜔3𝑓𝑤𝛼𝑇 𝑓
2
𝜔

√

𝑘𝑇
𝑑3

+ 𝜕
𝜕𝑥𝑗

[
(

𝜈 +
𝛼𝑇
𝜎𝜔

𝜕𝜔
𝜕𝑥𝑗

)

]. (15)

In the equations above, 𝑃𝑇 and 𝐷𝑇 stand for the production and
dissipation of turbulence kinetic energy, respectively, whereas 𝑃𝐿 and
𝐷𝐿 denote the production and dissipation of laminar kinetic energy,
local transition parameters. In the pre-transitional zone, the diffusion
of momentum into the laminar boundary layer causes streamwise
high-amplitude fluctuations [51]. Although these fluctuations are not
turbulence, they have a substantial impact on the onset of the tran-
sition. Their energy is specified by laminar kinetic energy (𝑘𝐿) to
distinguish them from actual turbulence kinetic energy (𝑘𝑇 ) [52]. By
the term 𝑅𝐵 , the model accounts for the effect of streamwise fluc-
tuations on the bypass transition, whereas 𝑅𝑁 reflects the share of
natural instabilities on the onset of the transition. The key benefit of
this approach is that there is no requirement for an intermittency factor
to enforce transition. In Eq. (15), a damping function, 𝑓𝜔, is employed
in order to correctly mimic the behavior of the boundary layer in the
wake zone. The model is calibrated using the model constants, 𝐶𝜔1,
5

𝐶𝜔2, 𝐶𝜔3, and 𝐶𝜔𝑅.
2.3. Numerical method

Schematic views of the free and wall-bounded cross-flow heat ex-
changers are shown in Fig. 2. According to the discussion in Section 2.1,
the overall performance of both heat exchangers can be characterized
by considering a small domain in the periodic flow region using proper
boundary conditions (see Fig. 2). Due to the extended length of tubes
in free cross-flow heat exchangers, as seen in Fig. 2(b), the wall-
boundary effect is negligible for the bulk flow, allowing unhindered
flow movement in the spanwise direction. However, for the wall-
bounded cross-flow heat exchanger shown in Fig. 2(a), the flow is
confined between the walls, restricting its free movement in the span-
wise direction. In this work, the thermo-fluid characteristics of free and
wall-bounded heat exchangers are investigated and compared using the
URANS method. The URANS method is employed due to the acceptable
documented results in the literature and the shorter computational time
as compared to LES and DNS.

All simulations are carried out using the commercial finite-volume
CFD code ANSYS FLUENT v20.1. A pressure-based solver with SIM-
PLEC pressure-velocity coupling is employed to solve the governing
Navier–Stokes equations. The PRESTO! scheme is used for the pressure
discretization and the QUICK scheme is applied for the discretization
of the momentum, energy, and turbulent equations. All spatial dis-
cretizations are based on the least square cell-based gradient scheme,
and the bounded second order implicit scheme is used for temporal
discretization. Given the importance of mesh resolution for CFD results,
a mesh independence analysis is carried out. For this, ANSYS ICEM
CFD v20.1 is used to generate high-quality structured grids of different
resolutions. In all grids, hexahedral meshes are used with a maximum
of 𝑦+ ∼ 1 and at least 20 nodes in the viscous and buffer layers. The
unsteady SST k-𝜔 is chosen as a baseline model. The simulation pro-
gressed with a non-dimensional time step of 𝛥𝑡+ = 0.0042 (𝛥𝑡+ = 𝛥𝑡𝑈𝑔

𝐷 )
yielding a maximum CFL number of 1. After running the simulation
for 100𝐷

𝑈𝑔 seconds, a stable flow formed throughout the computational
omain, and disturbances spotted during the initial stages vanished.
ollowing this temporary stage, data sampling began and is obtained
y integrating the governing equations over an interval of 50𝐷

𝑈𝑔 seconds.
he details of the mesh study and mesh specifications are discussed in
ection 3.1.

The choice of turbulence models can have a significant influence
n the modeling of turbulent flow characteristics. Hence, in the next
tep, the performance of URANS with three different turbulence models
𝑘-𝜔 SST, RSM-𝜔, and 𝑘-𝑘𝑙-𝜔) is evaluated for a free cross-flow heat ex-

changer. Then the simulations are validated against experimental data
from Simonin and Barcouda [53] presented on the ERCOFTAC classic
collection online database [54]. The experiments were conducted on a
staggered tube bank with almost identical geometric parameters to our
study case (D, 𝑆𝑇 , and 𝑆𝐿 respectively, 21.7 mm, 2.074, and 1.037)
and at a similar Reynolds number (𝑅𝑒𝑔 = 40000).

After a few rows where the flow pattern becomes periodic, LDA
measurements were done at the mid-plane section of the geometry [53],
see Fig. 3(a). The data is available along five lines highlighted by red in
Fig. 3(b) in three different flow zones: the impact zone, the inter-gap
zone, and the wake zone (distinguished by blue closed curves and in
order from left to right in the Fig. 3(b)). Following the preceding steps,
the model is modified to predict the flow quantities and heat transfer
characteristics of a wall-bounded cross-flow heat exchanger. Finally, a
comparison is given to demonstrate the distinction between the free
and wall-bounded cross-flow heat exchangers.

3. Results and discussion

3.1. Mesh independence study

The grid resolution for the free cross-flow heat exchanger is inves-
tigated using 𝑘-𝜔 SST URANS simulations for seven different cases, see
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Fig. 2. A schematic view including the boundary conditions applied for simulation of the (a) wall-bounded cross-flow heat exchangers used for thermal management of cylindrical
battery cells, (b) free cross-flow heat exchanger.
Fig. 3. Schematic view of (a) mid-plane section for data collection (the black arrows are velocity vectors), (b) data collection in the mid-plane section (the red lines are data
collection lines, the blue closed curves indicate the position of different flow zones, and the black lines are streamlines).
cases 1–7 in Table 2. In all cases, ANSYS ICEM CFD v20.1 is used
to generate structured hexahedral grids with the blocking approach.
The grid consists of 24 blocks, where 𝑁𝜃 , 𝑁𝑟, 𝑁𝑏, and 𝑁𝑍 denote the
number of nodes over the cells, in the inflation layer, in the bulk zones
between the inflation layers, and the spanwise direction, respectively.

The initial cell height and mesh density in the cross-section area
are scrutinized at the beginning. A wall-adjacent initial cell height of
0.0008D is determined to be sufficient to yield 𝑦+ ∼ 1 over the surface
of the cylinder. To accurately resolve the flow behavior in the wall-
adjacent region, a mesh growth ratio of 1.1 in the radial direction is
used to enhance grid resolution near the cylinders and assure at least
20 nodes in the near-wall sublayers. These criteria are satisfied for all
grids, but modifying the mesh density generates different cases. For
2D models (see cases 1–3 in Table 2), the mesh density is changed
by varying the number of nodes around the cylinders, in the inflating
6

Table 2
The cases for grid independence analysis.

Case Model 𝑁𝜃 𝑁𝑟 𝑁𝑏 𝑁𝑍 𝑁𝑐𝑒𝑙𝑙

1 2D (free HX) 120 16 25 2 10 260
2 2D (free HX) 240 34 50 2 33 752
3 2D (free HX) 360 40 54 2 66 008
4 3D (free HX) 240 34 50 10 303 768
5 3D (free HX) 240 34 50 20 641 288
6 3D (free HX) 240 34 50 30 1 027 440
7 3D (free HX) 240 34 50 40 1 316 328
8 3D (wall-bounded HX) 240 34 50 98 3 273 944

layer, and in the mid-blocks. For 3D models (see cases 1–3 in Table 2),
the mesh resolution in the spanwise direction is investigated at an



Thermal Science and Engineering Progress 40 (2023) 101746A. Moosavi et al.
Fig. 4. The effect of (a) Cross-section grid resolution, (b) Spanwise grid resolution on the normalized streamwise mean-velocity distribution along 𝑋∕𝐷 = 0.508 in Fig. 3.
adequate cross-sectional mesh density. The characteristics of generated
grids are shown for different cases in Table 2.

The influence of grid resolution on the local velocity distribution
in the close-wake zone (along the line 𝑋∕𝐷 = 0.508 in Fig. 3(b)) is
presented in Fig. 4. The results are normalized by diameter (D), and
inlet velocity (𝑈𝑖𝑛). As illustrated in Fig. 4, the grid independency in
cross-sectional area (2D model) and spanwise direction (3D model)
respectively is obtained for case 2, and case 6.

The grid resolution for the wall-bounded cross-flow heat exchanger
is established in accordance with the optimal grid resolution for the
3D free cross-flow heat exchanger and is achieved by modifying the
spanwise mesh resolution to account for the effect of the bounding
walls. The grid resolution in the cross-sectional area and the core region
far from the bounding walls is kept identical to that of case 2, and case
6, respectively. However, the mesh resolution is increased in the near-
wall regions, close to the bounding walls, to accurately capture flow
dynamics in the interaction between the flow and the walls. The near-
wall node distance is set to 0.0008D and the growth ratio is determined
as 1.1 to ensure a sufficient number of nodes in the boundary layer and
a smooth connection between the near-wall zones and the core zone.
The grid parameters for the wall-bounded cross-flow heat exchanger
7

are shown in Table 2, case 8. The resulting computational grid used
for the wall-bounded cross-flow heat exchanger is shown in Fig. 5.

3.2. Turbulence model study

The subcritical flow regime over free tube bundles is a highly intri-
cate flow with laminar, transitional, and turbulent characteristics [4].
The flow undergoes boundary layer separation and transition in the
shear layer, which are still challenging issues for numerical methods.
The presence of heat transfer complicates matters even further due to
the necessity for accurately resolving wall-adjacent flow and thermal
behavior. The degree to which these phenomena may be captured
and predicted depends significantly on the type of turbulence model
employed in the simulation. The turbulence model study is conducted
with a two-dimensional URANS model (Case 2 in Table 2) to reduce the
computational cost, using three turbulence models, k-𝜔 SST, RSM-𝜔,
and k-kl-𝜔. The models are evaluated based on their ability to predict
the local streamwise mean-velocity distribution along three lines shown
in red in Fig. 3, 𝑋∕𝐷 = 0, 0.508, and 0.760, i.e. the inter-gap zone,
and the close- and far-wake zone. The results are compared against
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Fig. 5. The grid for the wall-bounded cross-flow heat exchanger, (a) cross-section view, (b) spanwise view.
experimental data of Simonin and Barcouda [53] from the ERCOFTAC
database [54], to determine the accuracy of the predictions.

Although RANS models have limitations due to the fact that they are
model-based for the majority of turbulence scales, the mean velocity
results depicted in Fig. 6 show that the simulations done with the k-
kl-𝜔 model predict the flow behavior fairly well and more accurately
than the other studied turbulence models. This could be explained
by the physics-based nature of this model, which includes the influ-
ence of high-amplitude pre-transitional fluctuations in laminar and
separated boundary layers [50]. It also emphasizes the significance of
pre-transitional fluctuations in subcritical external flows. As seen in
Fig. 6(a), the RSM-𝜔 and k-𝜔 SST models overpredict velocity profiles in
the inter-gap region. It might be due to an overprediction of the specific
dissipation rate (𝜔), as shown in Fig. 7 (right-hand side). This overpre-
diction, especially in the shear layer, results in an underestimation of
the turbulent kinetic energy and a larger wake zone, see Fig. 7 (left-
hand side). Therefore, the velocity in the narrow inter-gap region rises
to make up for the decreased mass flow. However, compared to the
RSM-𝜔 model, the addition of a blending function in the 𝑘-𝜔 SST
model alleviates the problem slightly (compare the Figs. 7(b) and 7(c)).
According to the findings, the 𝑘-𝑘𝑙-𝜔 model is the best choice of the
models investigated for exploring flow quantities in the subcritical flow
regime through the cross-flow heat exchanger. Hence, the 𝑘-𝑘𝑙-𝜔 model
will be used to compare the difference between the wall-bounded and
free cross-flow heat exchangers.

3.3. Comparison of flow characteristics

Simulations of the mean velocity of flow through free and wall-
bounded cross-flow heat exchangers are here compared to LDA mea-
surements by Simonin and Barcouda [53] that have been conducted
at similar Reynolds numbers and pitch ratios. The results are reported
for the mid-plane section (Z/D = 1) in the three flow zones that are
highlighted in Fig. 3 by blue closed curves. The normalized velocity
profiles in the streamwise and crosswise directions are taken into
consideration. There is, in general, a very good agreement between
the results from the numerical simulations of a free cross-flow heat
exchanger and the experiments as shown in Fig. 8.

The flow behavior in the wake region (Fig. 8a–e) is of great in-
terest due to its significance for flow separation and reattachment
and thus also heat transfer. To study wake flow behind bluff bodies,
it is important to measure the reattachment length and maximum
recirculation width of the separated flow. The reattachment length (𝐿𝑟)
and maximum recirculation width (𝑊𝑟) might be defined as the size
of the flow separation bubble in the streamwise direction (rear point
distance to the stagnation point of streamwise velocity [55]) and
8

crosswise direction (the symmetry axis distance to the stagnation point
of crosswise velocity [56]), respectively, see Fig. 9(a).

As shown in Fig. 8(e) with the green double arrow line, for the
free cross-flow heat exchanger, the model accurately estimated the
reattachment length of the separation bubble, indicating the proper
recovery of the circulation in the wake region. However, it is evident
in Fig. 8(b) that the maximum circulation width for the free heat
exchanger is underestimated in comparison to the actual width of the
separation bubble from experiments, see green double arrow line. The
strength of the circulation in the separation bubble and the interaction
of velocity vectors in this region with the accelerated shear layer, as
illustrated in Fig. 9(b) for the free heat exchanger, may hinder the
acceleration of the flow that passes the cylinder. Hence, the thinner
separation bubble indicates weaker circulation, which would lead to
over-prediction and a sharp increase in streamwise velocity in the wake
zone of the free heat exchanger, as seen in Figs. 8(a) and 8(c). In
the free heat exchanger, this discrepancy might be due to an over-
prediction of velocity magnitude in the inter-gap region, as shown in
Fig. 8(g).

The subsequent general observation is that the normalized mean
velocity profiles for the wall-bounded cross-flow heat exchanger in
the mid-plane section follow the trend of the results for the free
heat exchanger, see Fig. 8. The slight changes in velocity magnitude,
especially in the inter-gap and impact regions (Figs. 8(g) and 8(f)), can
be attributed to an increase in velocity in the core flow region to restore
the momentum that is lost due to the no-slip boundary condition in the
vicinity of the wall.

In Fig. 10, the development of mean velocity profiles from the wall
to the mid-plane section is shown for a wall-bounded heat exchanger.
As the wall is approached, the velocity magnitude is reduced, implying
a smaller separation bubble size in the wake region, see Fig. 10(b).
However, the size of the separation bubble (Fig. 10(b), and Fig. 10(c))
for Z/D = 0.2 is larger than in the flow core region. This phenomenon
can be linked to the formation of a three-dimensional horseshoe vortex
flow in front of the cylinder, which transports significant amounts of
momentum downstream, see Fig. 11. Nonetheless, the horseshoe vortex
flow has little effect on the flow in the core region, where the change
of separation bubbles is negligible.

To better comprehend the turbulence field in the flow, the Reynolds
stresses are plotted for the simulations against the experiments in the
wake region (Fig. 12), and in the inter-gap and impact regions (Fig. 13).
Although the model does not exactly capture the experimental values,
the degree of accuracy is reasonable and similar to LES [17,18,31] and
even DNS simulations [17,57].

The experiments from [53] demonstrate that the turbulence kinetic
energy production is in balance with the dissipation rate in the impact
region, while both models show an uneven 𝑢𝑢 in this region (Fig. 13(d)).
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Fig. 6. The influence of the turbulence model on the local distribution of normalized
mean-velocity along line, (a) X/D = 0 in the inter-gap zone, (b) X/D = 0.508 in the
close-wake zone, and (c) X/D = 0.760 in far-wake zone as defined in Fig. 3.

This might be due to the overproduction of kinetic energy at the
stagnation point, which may lead to an overestimation of Reynolds
stresses in the inter-gap area, as illustrated in Fig. 13, caused by
the convection of high kinetic energy production downstream. Hence,
excessive production of turbulent kinetic energy will likely delay flow
separation, resulting in a narrower separation bubble in the wake zone.

The important feature that comes to attention is that the magnitude
of normal Reynolds stresses in the crosswise direction (𝑣𝑣) is larger or
equal to the magnitude of normal Reynolds stresses in the streamwise
direction (𝑢𝑢). This fact demonstrates the anisotropic character of tur-
bulence in cross-flow heat exchangers, as well as the significance of
normal Reynolds stresses in the turbulent kinetic energy production.

To further investigate this, the total kinetic energy production in
the wall-bounded cross-flow heat exchanger is compared to normal
9

kinetic energy production along the spanwise direction in the wake re-
gion. The normalized production terms are derived using the following
equations [42].

𝑃𝑖,𝑗 = −𝑢′𝑖𝑢
′
𝑘

𝜕�̄�𝑗
𝜕𝑥𝑘

− 𝑢′𝑗𝑢
′
𝑘
𝜕�̄�𝑖
𝜕𝑥𝑘

(16)

where,

𝑃𝑡𝑜𝑡𝑎𝑙 =
1
2
𝑃𝑖,𝑖 (17)

𝑃𝐾,𝑁 = −𝑢′𝑖𝑢
′
𝑖
𝜕�̄�𝑖
𝜕𝑥𝑖

(18)

As seen in Fig. 14(a), the normal production terms provide a large
part of the total turbulent kinetic production, especially the contri-
bution of 𝑃𝐾,𝑁 becoming more considerable as we get closer to the
mid-plane section or move downstream the flow (Fig. 14(b)). This
characteristic is in contrast with typical turbulent flows, in which
shear stress production accounts for the majority of turbulent energy
production. To determine the contribution of each production term and
its course of change along the spanwise direction, the distribution of
normal components of the energy production tensor is shown for the
wall-bounded cross-flow heat exchanger in Figs. 14(c) and 14(d). 𝑃𝑐𝑟
and 𝑃𝑠𝑟 have negative magnitudes in the close-wake and the far-wake
regions, respectively, demonstrating energy reversal from fluctuating
velocity components into the mean flow. It is worth noting that closer
to the mid-plane section, the energy production in the spanwise direc-
tion becomes minimal in both regions. Even though the horseshoe effect
produces a comparable amount of energy in the spanwise direction
near the wall, it does not convect to the flow core region. This might
explain why the flow behavior in the mid-plane of a wall-bounded heat
exchanger resembles that of a free heat exchanger.

3.4. Comparison of thermal characteristics

The Nusselt number, which quantifies the ratio of convective heat
transfer to pure conduction within the boundary layer, can be employed
to evaluate the heat removal ability of the fluid. The Nusselt number is
defined as follows:

𝑁𝑢 = ℎ𝐷
𝜆

(19)

where h is the heat transfer coefficient of the flow that may be ex-
pressed as

ℎ =
�̇�

𝑇𝑤 − 𝑇𝑟𝑒𝑓
. (20)

In these equations, D, 𝜆, �̇�, 𝑇𝑤, and 𝑇𝑟𝑒𝑓 are the diameter of the
cylinder, the thermal conductivity of the fluid, heat flux of the sur-
face, wall temperature, and reference temperature, respectively. The
reference temperature in this study is considered to be the same as
the inlet temperature in the study domain, which is 298.15 [K]. The
distribution of the local Nusselt number around the central cylinder of
the free cross-flow heat exchanger is shown in Fig. 15. The results are
compared to experimental observations in [58] and recent LES and DES
results presented in [18]. In general, the 𝑘-𝑘𝑙-𝜔 model agrees well with
experimental observations, particularly when compared to the other
more computationally expensive CFD models.

According to the experimental measurements, the Nusselt number
distribution is characterized by three peaks around the cylinder. The
heat transfer rate experiences a significant increase at the point of
stagnation (𝜃 = 0), where the jet impinges and a thin boundary layer
forms, leading to the first peak. When proceeding downstream on the
cylinder surface, the laminar boundary layer grows and the thickness
of the boundary layer increases until it separates from the surface and
a transition to turbulent flow occurs at around 130◦. A high level of
turbulence in the transition zone promotes mixing and heat exchange,
resulting in the second peak point. Following the turbulent boundary
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Fig. 7. Normalized streamwise mean velocity field ( �̄�𝑠𝑟
𝑈𝑖𝑛

), and mean specific dissipation rate field for the (a) 𝑘-𝑘𝑙-𝜔 model, (b) 𝑘-𝜔 SST model, and (c) RSM-𝜔 model.
layer transition, the turbulent boundary layer continues to develop until
it undergoes a second separation, which generates secondary flow in
the wake region and subsequently increases the rate of heat transfer
(third peak).

The 𝑘-𝑘𝑙-𝜔 model prediction of heat transfer rate around the first
and third peak regions, as shown in Fig. 15, agrees with experimental
observations; however, the model fails to capture the second peak.
Two possible factors leading to this discrepancy are: Excessive energy
production upstream of the transition that results in high heat transfer
rates in this region and also delays the separation of laminar boundary
10
layers. This is confirmed by the conclusions from Section 3.3. Secondly,
since turbulence intensity is overestimated, the transition takes place
too quickly after the delayed separation of the laminar boundary layer,
as reported by Walter et al. [50] for turbulent flow with a pressure
gradient on a flat plate.

As noted in Section 1, wall-bounded cross-flow heat exchangers
are one of the most frequent cooling technologies for battery thermal
control. Due to a lack of data on the operation of wall-bounded cross-
flow heat exchangers, it is common to apply empirical correlations
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Fig. 8. Normalized mean velocity profiles of cross-flow through the free and wall-bounded heat exchangers in the mid-plane section; (a) streamwise velocity in close-wake (X/D
= 0.508), (b) crosswise velocity in close-wake (X/D = 0.508), (c) streamwise velocity in far-wake (X/D = 0.760), (d) crosswise velocity in far-wake (X/D = 0.760), (e) streamwise
velocity along wake-axis (Y/D = 0), (f) streamwise velocity along impact-axis (Y/D = 1.037), (g) streamwise velocity in inter-gap (X/D = 0).
developed for free heat exchangers or to use 2D models for the ther-
mal performance evaluation of battery cooling systems. To assess the
validity of this assumption, the area-averaged mean Nusselt number for
three distinct models and their deviation from empirical correlation is
demonstrated in Table 3.

It is clear that both the 2D and 3D models accord with the em-
pirical correlation and the deviation of 𝑁𝑢 for the wall-bounded heat
exchanger is not significant. This finding suggests that the effect of the
wall boundary on the area-averaged mean Nusselt number is negligible
for the studied aspect ratio of 𝐿 ∕𝐷 = 2. Given that the aspect ratio
11

𝑧

Table 3
Comparison of area-averaged mean Nusselt number.

Model 𝑁𝑢 Deviation (%)

Gnielinski correlation [59] 219.3 –
2D-free HX 217.7 −0.73
3D-free HX 220.7 0.64
Wall-bounded HX 223.04 1.71
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Fig. 9. (a) illustration of the reattachment length and the maximum recirculation width of separated flow using a normalized mean velocity contour, (b) velocity vector plot in
the wake region.

Fig. 10. Normalized mean-velocity profile for various Z/D locations of cross-flow through wall-bounded heat exchanger, (a) data monitoring locations in spanwise direction, (b)
wake-axis (Y/D = 0), (c) close-wake (X/D = 0.508), (d) impact-axis (Y/D = 1.037).
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Fig. 11. 3D horseshoe vortex structures determined by Q-criterion and rendered by normalized mean velocity, (a) front-view, (b) rear-view.
in most standard battery cells is larger than 2, it can be concluded
that this finding will be valid for a broad variety of cylindrical battery
cells. In other words, the results state that it is possible to apply the
correlations established for free cross-flow heat exchangers and conduct
2D simulations for a general assessment of circumferential heat transfer
rate in the wall-bounded cross-flow heat exchangers used for thermal
management of cylindrical battery systems, as long as the aspect ratio
is greater than two and the local thermal gradient is disregarded.
The local thermal gradient plays a critical role in the efficient func-
tioning of high-performance battery systems, which can arise due to
the anisotropic thermal conductivity of the jellyroll and uneven heat
transfer on the surface of the cells [60]. Hence, it is essential to look at
the local distribution of heat transfer predicted by the different models
to investigate this matter. Fig. 16(a) displays the local distribution
of the Nusselt number around the central cylinder in the mid-plane
section predicted by each model. The mid-plane section is chosen due
to its significance in the proper design of battery cooling systems, as
the maximum temperature rise in cylindrical batteries occurs in this
section [35].

The results indicate that, while the area-averaged values are almost
identical, the local variances are substantial. In comparison to the wall-
bounded heat exchanger, both the 2D and 3D URANS models for free
cross-flow heat exchangers clearly underestimate the heat transfer rate
in the mid-plane section. It might be due to an increment of velocity
magnitude in the mid-plane region of the wall-bounded heat exchanger
to compensate for velocity reduction near the walls (Fig. 10(d)). The
Nusselt number distribution along the spanwise direction for the wall-
bounded heat exchanger is shown in Fig. 16(b). The results demonstrate
significant heterogeneity along the spanwise direction. Although the
energy produced in the spanwise direction by horseshoe vortices is mi-
nor compared to the energy production in the streamwise and crosswise
directions in the mid-plane section (Figs. 14(c) and 14(d)), its effect
on the thermal boundary layer is significant, particularly in the impact
and inter-gap regions, where the heat transfer rate in the wall vicinity
is greater or on par with the mid-plane section.

Although the temperature field within a battery cell depends on the
thermal conductivity and degree of anisotropy, the results shown in
Fig. 16(a) suggest that for a battery cell with specific thermophysical
properties, each model may result in a distinct temperature field and
thermal gradient within the cell. Therefore, the results obtained from
the 2D and 3D models for free cross-flow heat exchangers can be
confidently compared to those of the wall-bounded cross-flow heat ex-
changers under the conditions that the aspect ratio of the cells is greater
than 2, the study only relies on the area-averaged heat transfer rate, and
13
the degree of anisotropy in thermal conductivity is sufficient to result in
uniform temperature distribution along the spanwise direction despite
any variation in local heat transfer rates.

4. Conclusions

The flow through a free and wall-bounded cross-flow heat ex-
changer was simulated using the URANS model at a Reynolds number
of 40 000 based on gap velocity. Three different turbulence models
were investigated: k-𝜔 SST, RSM-𝜔, and k-kl-𝜔 transition models. The
mean velocity profiles and Reynolds stresses were compared to Simonin
and Barcouda’s LDA measurements [53], while Meyer’s experimental
data [58] was used to estimate the local heat transfer distribution
around the central cylinder. According to the results, the k-kl-𝜔 transi-
tion model outperforms the k-𝜔 SST and RSM-𝜔 models. The velocity
profiles predicted by the k-kl-𝜔 transition model agreed remarkably
well with the experimental data, which might be owing to the insertion
of an additional transport equation to consider the growth of stream-
wise fluctuation before the transition. A disparity between Reynolds
stresses and experimental measurements was caused by the overesti-
mation of turbulence strength in the impact and inter-gap regions. It
also led to a delayed separation of the laminar boundary layer and,
as a result, a late transition to the turbulent boundary layer, as seen
in the local Nusselt number distribution. This demonstrates how the
use of a production limiter or blending function for turbulent eddy-
viscosity might enhance prediction accuracy. The results show further
that, in comparison to simple shear flows, the normal stress has a
greater effect on the formation of turbulence in the flow; nonetheless,
the majority of it belongs to production terms in the crosswise and
streamwise directions. Even in a wall-bounded heat exchanger, the
spanwise production is significant near the wall due to the horseshoe
effect, but it dissipates and becomes negligible in the core region of
the flow. In other words, the flow in the mid-plane section of the wall-
bounded heat exchanger is not significantly influenced by the walls in
the studied aspect ratio and behaves similarly to a free heat exchanger.
The varying magnitudes are caused by velocity augmentation in the
core region to compensate for the velocity decrease along the wall due
to the no-slip boundary condition. Similar behavior is derived for the
thermal characteristics of the flow, but the variations of the Nusselt
number are more significant, and the heat transfer rate near the wall
is on the order of core region flow. This demonstrates that, while the
area-averaged mean Nusselt number for the free heat exchanger equals
the Nusselt number for the wall-bounded heat exchanger, the local heat

transfer rate in the angular and spanwise directions may be completely



Thermal Science and Engineering Progress 40 (2023) 101746

14

A. Moosavi et al.

Fig. 12. Normalized mean Reynolds stresses of cross-flow through the free and wall-bounded heat exchangers in the mid-plane section, (a)(b)(c) close-wake (X/D = 0.508), (d)(e)(f)
far-wake (X/D = 0.760), (g)(h) wake-axis (Y/D = 0).
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Fig. 13. Normalized mean Reynolds stresses of cross-flow through the free and wall-bounded heat exchangers in the mid-plane section, (a)(b)(c) inter-gap (X/D = 0), (d)(e)
impact-axis (Y/D = 1.037).
different. Therefore, it is possible to employ 2D or 3D URANS models of
free cross-flow heat exchangers for general evaluation of heat transfer
rate in wall-bounded cross-flow heat exchangers; however, this may
result in an inaccurate assessment of the temperature gradients in
some situations. Overall, the approach of using 2D and 3D models of
free cross-flow heat exchangers for thermal evaluation of wall-bounded
cross-flow heat exchangers can be considered when the aspect ratio of
the cells is greater than 2, the focus of the study is on the average heat
transfer rate, and the anisotropy of the thermal conductivity is such
that it results in a uniform temperature distribution in the spanwise
direction despite local variations in the heat transfer rate. However,
more research into wall-bounded cross-flow heat exchangers for varied
aspect ratios and Reynolds numbers is required, which we recommend
for future study on this subject.
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Fig. 14. Normalized production terms along spanwise direction of the wall-bounded cross-flow heat exchanger, (a)(c) close-wake axis (X/D = 0.508, Y/D = 0), (b)(d) far-wake
axis (X/D = 0.760, Y/D = 0).

Fig. 15. Time-averaged local Nusselt number distribution in the mid-plane section around the central cylinder.

Fig. 16. Comparison of the local Nusselt number distribution, (a) in the mid-plane section of the wall-bounded and free heat exchangers, (b) for the wall-bounded heat exchanger
in the spanwise direction.
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