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ABSTRACT

Streamwise development of counter-rotating vortices induced by three different types of chevron Vortex Generators (VGs) placed upstream an
Electric Vehicles (EV) dummy battery module is experimentally visualized using a smoke-wire method. From the single chevron reference case, the
mushroom-like vortices do not collapse until passing the module. When more chevrons are used in line, the vortices become more prominent. It can
also be observed that the vortex sizes and shapes are significantly influenced by the spanwise base length of the chevron. The induced vortices from
all three VGs suggest a potential heat transfer augmentation for the EV battery module application.
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1. INTRODUCTION

Electric Vehicles (EVs) have been massively developed besides
sustainable resources of energy in recent years due to the increasing
demand to reduce the global dependency on fossil fuels and their
environmental impact (Guerra, 2019; Ismaeel et al., 2020; Pisarov and
Mester, 2021). Most EVs in the market rely on Lithium-based batteries
with proper battery thermal management in order to maintain their peak
performance. Such battery requires a stable temperature profile of
preferably between 25 to 30°C and should be no more than 40°C,
otherwise its efficiency would drop dramatically (Arora, 2018; Arora et
al., 2018). Without proper thermal protection, the cell temperature may
continually increase until the so-called thermal runaway condition,
which is hazardous for EV (Feng et al., 2018; Smith and Wang, 2006).
It is also worth noting that a battery pack or module in an EV usually
consists of many battery cells arranged tightly to save space and weight,
hence the thermal management issue becomes more complex.

Various EV thermal management systems can generally be
classified into three categories based on the fluid and heat transfer
mechanism, that is, passive, active, and hybrid active-passive methods
(Ianniciello et al., 2017; Kim et al., 2019). The passive system relies
solely on thermodynamics without any electrical power requirement,
such as using a heat sink or Phase Change Materials (Amin ef al., 2018,
Budiman et al., 2020, 2022; Chen et al., 2014). Such a passive system
is considerably more straightforward and economical in its design. On
the other hand, the active system uses a fan or pump in order to enforce
the heat dissipation from the battery surface to the air, water, or other
cooling fluids. Among the cooling fluids, air is one of the conventional
methods still popular to date. An air cooling system would not need any
storage; hence the overall vehicle weight could be saved. Despite its
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simplicity, the air has low thermal conductivity and heat capacity to
produce a highly efficient thermal management system for an extended
period of operations or harsh environments (Fan et al., 2013; Talluri et
al., 2020; Ye et al., 2019). Therefore, any attempts to improve the heat
transfer for an air cooling system, such as the utilization of vortex flow
instability, would certainly be interesting.

A fluid flow instability mechanism in the form of counter-rotating
streamwise vortices has been known for its potential to improve the
overall heat and mass transfer in the industrial applications (Chamoli et
al., 2017; Cheng et al., 2020; Girgis and Liu, 2002; Moradi et al.,
2017). Naturally developed counter-rotating vortices could be found in
various conditions, such as Gortler vortices due to the curvature of the
concave surface, Dean vortices in fully developed flow in curved pipes
and curved rectangular cross-section ducts, as well as in flow between
concentric cylinders and rough surfaces. However, the evolution of
such vortices is relatively challenging to analyze as they appear in
various sizes and growth rates (Aider et al., 2008; Budiman et al.,
2016). On the other hand, the use of perturbation wires, modifications
on the leading edge (Hasheminejad er al., 2016), artificial surface
roughness (Hayakawa et al., 2022), plasma actuators (Shadmani et al.,
2018), or a robust yet economical device called Vortex Generator (VG)
(Samadifar and Toghraie, 2018) is practical in studying the evolution of
vortices and their effects in enhancing mass and heat transfer.

Previous evaluations on the effect of VG in channel flow reported
a significant increase in terms of local heat transfer augmentation
(Fiebig et al., 1991; Lei et al., 2017; Lertnuwat, 2022; Rajesh Kanna et
al, 2017; Xu et al., 2017). In other engineering applications, VG is
used to delay the flow separation hence the aerodynamic drag reduction
in turbulence flow (Gao et al., 2020; Kasai et al., 2018; Lo and Kontis,
2016; Patil et al., 2021; Zhao et al., 2017) and improvement in terms of
vehicle stability during the cruise (Katz, 2006). Various designs have
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Fig. 1 Sketch of the wind tunnel flow visualization setup as seen from the camera-side (not to scale) with the VG and battery module inside the

test section.

been developed with their respective unique advantages and
disadvantages reported. It is also worth noting that careful calculations
and observations are required in designing the VG to prevent any
adverse problems. For example, an improper vortex flow might cause
the cooling fluid not to be well distributed or increase pressure losses,
hence reducing its effectiveness (Song et al, 2019). Therefore, a
qualitative observation, such as using smoke-wire flow visualization, is
of practical importance especially due to the invisibility of air. It would
be helpful to see an induced vortex in motion so that its growth and
evolution could be further examined.

In this study, the induced counter-rotating streamwise vortices on a
flat plate upstream of the dummy battery module are experimentally
visualized and analyzed. The presence of a battery cell/module
downstream of the Vortex Generators (VG) creates an adverse pressure
gradient, which affects the development of the vortices compared to
that on a flat plate. The comparisons between the images captured at
different locations for three different VG designs are carefully analyzed
in this work. If the induced vortices on the battery module could still be
detected, it could lead to an improvement of the heat dissipation from
the battery surface during discharge.

2. EXPERIMENTAL SETUP

The experimental rig is shown in Fig. 1. The Vortex Generator is made
by means of 3D printing using Polylactic Acid (PLA) filaments. Three
variations of VG are sketched in Fig. 2. The base design has a chevron
shape with base length A = 10 mm, 60° tip angle, 2 mm thickness, and 3
mm height, as shown in Fig. 2(a). The other two designs consist of
triple chevrons placed in a single line along the flow direction. The
third design, code-named and described as triple chevrons with
extended edges, was made by increasing the length so that all the three
chevrons originated from the same spanwise line hence the maximum
spanwise length Ae = 26 mm. Each VG, as well as the battery module
replica used in this study, are mounted on a flat plate and inserted into a
wind tunnel test section, which has a square cross-sectional area of 400
mm x 400 mm. To avoid flow separation, a fillet was carved on the
leading edge of the flat plate.

The streamwise distance between the leading edge and the VG
base is 180 mm, which is 10 D, where D is the diameter of the 18650
battery cell used to construct the battery module. On the other hand, the
battery module is placed at 5 D downstream of the VG base. During
this flow visualization experiment, the battery module was detached
from any electrical circuits and all the cables were removed. The room
temperature throughout the experiment was about 27°C. The free
stream velocity Ux = 1.6 + 0.1 m/s, giving the Re approximately 20000.
In terms of the VG base length A, the corresponding Rex = 1095 and

2847 for the base VG and the extended edge, respectively. The wind
tunnel turbulence intensity Tu < 0.4% for such velocity.

The smoke-wire visualization setup consists of a thin, electrically
heated Nickel-Chromium wire and a pressurized white oil container. A
continuous smoke layer is produced as the oil drips along the heated
wire. The setup is placed upstream of the flat plate in the wind tunnel
test section. The traversing mechanism allows users to adjust the
position of the smoke-wire in the spanwise direction. A 12 MP digital
camera is used to capture the still images and record the videos from
outside of the transparent test section. A 50 W, 532 nm green laser
pointer is connected to a glass cylinder to create a laser sheet to
illuminate the flowing smoke.
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Fig. 2 Vortex Generator designs used in this work: a) base, single
chevron; b) triple chevrons, and c) triple chevrons with
extended edges.
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Fig. 3 Downstream development of counter-rotating vortices induced by a single chevron VG shown in Fig. 2(a), as captured at: (a) end tip of
the VG, (b)4 D, (c) 3 D, (d) 2 D, (e) 1 D upstream the battery module; (f) on top of the module, and (g) downstream the module.

3. RESULTS AND DISCUSSION

The chevron shape Vortex Generators (VG) is known to effectively
induce counter-rotating streamwise vortices in a unique mushroom-
like shape. In line with the sharp end of the VG, the boundary-layer
would be thicker due to the uplift momentum experienced by the
fluid, creating the so-called upwash. Following the continuity
principle, another region called downwash would be formed,
indicated by a significantly thinner boundary-layer (Méndez et al.,
2020; Tandiono et al., 2009; Winoto et al., 2015).

Figure 3 shows the downstream development of the counter-
rotating vortices induced by the base chevron (Fig. 2(a)). It can be
observed that the spanwise boundary-layer thickness changes due to
the presence of such vortices. In the beginning, such mushroom-like
structures would generally be attached to the surface until their
breakdown to turbulence. This result is also in agreement with
(Budiman et al., 2013; Singh, 2019). As it travels downstream and
closer to the battery module, the mushroom stem grows longer
resulting in a slightly lifted up structure from the surface. The growth
of such stem is an early indication that the vortices would breakdown
soon (Winoto et al, 2015). A separation bubble starts to form
beneath the mushroom, leading to the formation of the other
mushroom-like structures found on each side of the induced vortices.
At approximately 2 D distance before reaching the battery, the
vortices are lifted further and become less distinct, as depicted in Fig.
3(d). In Fig. 3(e), the battery module can be seen in green behind the
vortices. Flowing over the module, the counter-rotating vortices
could still be visible on top of it (Fig. 3(f)). Finally, the structure
became significantly more blur due to the mixing augmentation after
the vortices had passed the module, even though the pair of rotational
movements could still be observed, as seen in Fig. 3(g). Overall the Fig. 5 Streamwise counter-rotating vortices generated by the triple
structures could be seen notably further downstream compared to the chevrons with extended edges VG (he = 26 mm) at the 2 D
case of induced vortices on a flat plate, where the vortices break to upstream the battery module.

Fig. 4 Streamwise counter-rotating vortices generated by the triple
chevrons VG (A = 10 mm) at the 2 D upstream the battery
module.
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Fig. 6 Downstream development of counter-rotating vortices
induced by triple chevrons with extended edges VG as in
Fig. 2c, as captured at: (a) end tip of the VG, (b) 2 D, and (¢)
1 D upstream the battery module.

turbulence no more than 2 D distance from the leading edge
(Hasheminejad et al., 2016).

A side-by-side comparison at the exact location is made and
presented in Figs. 4 and 5 for the other two VG designs. The triple
chevrons design, made from arranging three identical VG in a line,
creates relatively stronger counter-rotating vortices, as indicated by a
more prominent mushroom-like structure in Fig. 4. The mushroom hat
is slightly bigger with a tiny, almost invisible mushroom stem.
Furthermore, as compared to Fig. 3(d), the structure is still attached to
the surface, which indicates that the structure is relatively more stable
and firm. This could lead to a potentially better heat dissipation from
the battery, if the structure could be well presered when flowing over
the module. It can also be noted that the mushroom-like structure seems
to have a similar spanwise width/size with the base design. In contrast,
in the extended edge case, it can be seen from Fig. 5 that the induced
streamwise counter-rotating vortices have a significantly different shape
and size. Subsequently, Fig. 6 presents the development of such
vortices as seen at the tip of the VG and two further downstream
locations. It can be easily noticed that the spanwise width of the
structures is dramatically increased, as it is significantly affected by the
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spanwise distance of the VG base. The overall shape of the vortices
suggests that the structure is more stable than a single chevron.

4. CONCLUSION

Counter-rotating streamwise vortices induced by three different chevron
Vortex Generators designs have been experimentally observed and
analyzed using the smoke-wire flow visualization method. The Vortex
Generators were mounted on a flat plate upstream of an Electric
Vehicles battery module replica in order to observe the downstream
development of such vortices in the presence of such a module. From a
single chevron as the base reference, the induced vortices can be seen in
the form of mushroom-like structures attached to the surface. As it
flows downstream and closer to the battery, the mushroom stem
becomes more prominent, a thin separation bubble is developed, and
two other vortices are formed at each side. The main structure remains
visible until it passes the module. On the other hand, when three
identical chevrons are placed in the streamwise direction, the induced
vortices are relatively more prominent. Finally, by arranging three
identical VGs in a streamwise direction, the counter-rotating vortices
have a bigger spanwise size and perhaps stronger circulations as they
remain attached to the surface. Both the three chevrons could lead to
more mixing and heat transfer enhancement than a single VG used.
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NOMENCLATURE
D distance based on the diameter of the 18650 battery cell
(18 mm)

Re Reynolds number
Rex Reynolds number based on A
Tu wind tunnel turbulence intensity
Ux free stream velocity
Greek symbols
A base length of the vortex generator
Ae maximum spanwise base length
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