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ABSTRACT: This review addresses four key themes in automotive aerodynamics: flow instability in the wheel
region, the aerodynamic characteristics of rims, the aerodynamic behavior of tires, and drag reduction strategies
based on flow control around the wheels. The wheel region, comprising the tire, rim, and adjacent aerodynamic
components, typically represents the major source of vehicle drag owing to the inherently complex flow generated by
wheel rotation, tread geometry, and rim design, which gives rise to flow separation, vortex shedding, and turbulence.
Drawing on a broad body of experimental and numerical research, this review elucidates the mechanisms governing
such dynamics, and considers drag mitigation techniques, including biomimetic surface treatments and multi-element
flow control concepts. Particular emphasis is placed on enclosed-spoke rims, rim-edge enclosures, and non-smooth
tire microstructures, which have consistently demonstrated notable drag reduction potential. The review further
identifies critical shortcomings in current research, most notably the lack of quantitative analyses of aerodynamic
energy losses and the absence of integrated optimization strategies that jointly address tire, rim, and fender design.
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1 Introduction

Against the backdrop of the continued surge in global automobile ownership, energy efficiency,
environmental protection, and safety have undeniably emerged as the core themes driving the development of
automotive technologies [1–4]. Amid increasingly severe environmental challenges and resource constraints,
improving vehicle energy efficiency has become particularly critical [5,6]. Research reports clearly indicate that
road transport has become one of the primary sources of greenhouse gas emissions at this stage, with passenger
vehicles accounting for most tailpipe emissions [7] as shown in Fig. 1.

Figure 1: Greenhouse gas emissions from transport in the EU. Reproduced from [8] European Environment Agency
(2022), licensed under CC-BY.
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The unstable flow around a car body is the primary cause of aerodynamic drag, however, due to
the flow around the car body presents instability characteristics, and this can lead to the generation of
aerodynamic drag during vehicle operation is a critical factor affecting energy consumption [9,10]. Its
magnitude is proportional to the square of the vehicle speed, which means that the energy required to
overcome drag increases dramatically at higher speeds. Research indicates that a 10% reduction in a vehicle’s
aerodynamic drag coefficient can lead to a notable 3% improvement in the driving range of electric vehicles
(EVs). More strikingly, under typical highway cruising conditions at 100 km/h, aerodynamic drag accounts
for approximately 13% of total energy consumption in internal combustion engine vehicles (ICEVs), while
for EVs, this proportion soars to a remarkable 59% [11–14]. This underscores that reducing aerodynamic
drag provides significantly greater benefits in extending EV range compared to improving fuel economy
in conventional vehicles. Therefore, conducting in-depth research on low-drag vehicle technologies and
innovating design methodologies carries profound strategic significance [15–19]. The industry’s shift from
the new European driving cycle (NEDC) to the worldwide harmonized light vehicles test procedure (WLTP),
adopted by China, the U.S., Japan, and other countries, demonstrates growing recognition of aerodynamics’
impact on real-world performance. The WLTP’s increased high-speed conditions better reflect actual
drag effects. Automotive aerodynamics has thus become crucial. Investigating component-level drag and
advancing optimization methods are now core approaches for improving vehicle efficiency. This is vital for
both traditional and EVs and represents a key solution for sustainable development and ecological progress.

Current research on automotive aerodynamic drag reduction primarily focuses on optimizing
components such as body spoilers, underbody attachments, and side mirrors. However, further exploration
of drag reduction potential faces significant bottlenecks. For instance, extreme aerodynamic shaping
may compromise ride comfort. Particularly critical is the aerodynamic challenge posed by wheels: when
airflow passes over exposed wheels, geometric obstructions trigger flow stagnation, separation, and jet
phenomena [20–22]. The flow stagnation occurs when the incoming airflow encounters the frontal section
of the wheel (the windward surfaces of the tire and rim). The abrupt geometric obstruction causes a
sharp decrease in flow velocity, forming a stagnation zone and resulting in flow stagnation. The flow
separation occurs when the airflow moves along the tire surface and rim edges. Under the influence of
an adverse pressure gradient (pressure increasing along the flow direction), the boundary layer gradually
thickens and detaches from the solid surface, forming separated flow. The flow jet refers to a high-speed,
concentrated stream of airflow formed due to pressure differentials or velocity variations under specific
geometric constraints. Combined with unsteady energy injection from wheel rotation, this creates highly
turbulent flow structures and substantial energy losses in the wheel region. Empirical studies confirm
that wheel aerodynamic drag can account for up to 30% of total vehicle drag [23,24]. Tesla achieved a 10%
improvement in overall energy efficiency and 3% extended range through targeted aerodynamic wheel
optimizations. Further revelations from German FKFS wind tunnel testing demonstrate that variations in
tire tread patterns can alter surrounding flow fields, causing up to the fluctuation in total vehicle drag [25].
It illustrates the aerodynamic drag distribution of two types of tread pattern tires. Notably, wheels exhibit
distinct aerodynamic characteristics independent of the vehicle body [26]. Moreover, wheel-region flow
dynamics directly impact: Aerodynamic lift generation, brake system performance, and Hub motor thermal
management [27–30]. Therefore, achieving effective wheel drag reduction necessitates precise analysis
of airflow patterns and three-dimensional flow structures, it is a fundamental prerequisite for enhancing
overall vehicle aerodynamics.

The aerodynamic drag generated by the wheels is not only related to the flow field characteristics
around the wheel region, but also directly associated with the tire and rim design. This paper reviews
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the domestic and international research status primarily from four aspects: Flow instability in the wheel
region (Section 2), aerodynamic characteristics of the rim (Section 3), aerodynamic characteristics of the
tire (Section 4), and drag reduction methods through flow control in the wheel area (Section 5).

2 Flow Instability in the Wheel Region

Drag reduction remains a critical objective for ground vehicles, largely due to the indirect effects
induced by wheels [31–33], and there is a noticeable unstable flow around the front wheel, as shown in Fig. 2,
and this will impact overall aerodynamic performance by altering the surrounding flow field [34–36]. To
improve simulation accuracy, Diasinos et al. [37] investigated the effects of common modeling assumptions
on the flow field. These included geometric fidelity in hub regions, ground representation, contact patch
modeling, and the influence of rotation on separation. Zhou et al. [38] constructed a full-vehicle model with
integrated wheels based on the Ahmed body. By conducting side-wind tunnel tests under multiple yaw angle
conditions, they investigated the evolution of vehicle aerodynamic characteristics and validated numerical
simulation accuracy. Their numerical methods accurately reproduced key flow features around the isolated
wheel, such as arch-shaped vortices in the tire wake, flow separation, and ground-tire jetting. Collectively,
these studies provide a solid foundation for further research on wheel aerodynamics. Rotating wheels
and their surrounding flow fields significantly influence the vehicle’s overall flow field and aerodynamic
performance, as evidenced by the differences in wake flow fields around the car body with and without
wheels [39]. Consequently, research on wheel aerodynamics’ impact on vehicle aerodynamics should
prioritize wheel-vehicle interactions.

 
Figure 2: Iso-surface of CTP = 0 [32].

Due to the ground clearance of the vehicle body, the tire outer contour significantly affects the airflow
around the wheel. Additionally, the flow disturbances which are caused by components such as the fender
and the open structure of the rim, lead to various flow separation and vortex phenomena in the vehicle
body and wheel region [40,41]. As a result, the aerodynamic drag generated in the wheel region accounts
for 25%–30% of the total vehicle drag, the results show that the flow fields around the different wheels. The
front wheel generates stronger pillar vortices due to its higher relative rotational speed, while the rear
wheel typically exhibits weaker vorticity as it rotates more closely in sync with the vehicle’s forward speed.
It reveals the vortex phenomena induced by airflow disturbance, which comprise: the counter-rotating
vortex pair generated at the tire shoulder, the shear vortex formed at the wheel rim opening, and the wake
vortex behind the wheel. Johnson et al. [42] conducted a quantitative analysis of tire and rim effects on
wheel aerodynamic drag using a quarter-car model. Their study revealed that the tire sidewall and shoulder
influence aerodynamic drag in the wheel region. This occurs as they alter the flow field characteristics
around the contact patch. Huminic et al. [43] investigated the effects of wheels and underbody diffusers on
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aerodynamic drag. Their findings indicate that increasing the diffuser angle amplifies vortex formation in
the wheel wake region. It subsequently modifies the rear wake structure and ultimately leads to increased
aerodynamic drag. The tread pattern exerts a shearing effect on the flow field around rotating wheels.
Due to irregular deformation of tread patterns, numerical simulation of rotating wheels often encounters
convergence difficulties. To address this challenge, Wang et al. [44] employed a multiple reference frame
(MRF) approach combined with surface roughness treatment for longitudinal groove tires. Their method
successfully achieved consistency with measured aerodynamic drag data for complex tread pattern tires.
However, determining the appropriate surface roughness value required multiple iterative attempts. Yang
et al. [45] conducted a study using smooth tires as the research subject, employing the MRF method. Their
research demonstrated that varying wheel ventilation ratios significantly influence low-speed turbulent
flow within the wheel cavity, consequently altering the wheel wake and ultimately affecting the vehicle’s
drag coefficient. Wang et al. [46] systematically analyzed the influence of wheels on vehicle flow field
characteristics. Their findings highlight that the front wheel region exhibits the most significant impact on
the overall vehicle flow field. Bastian et al. [47] demonstrated through wind tunnel testing that tread pattern
configurations significantly influence flow separation along the tire sidewall and the vortex structures
in the vehicle wake. Consequently, Cho et al. [48] investigated the aerodynamic characteristics of wheel
layouts, specifically dual and tandem axle configurations. Their results revealed that drag increases with
axle spread. As the spread widens, the rear wheels move out of the front wheel’s slipstream, causing a sharp
drag increase, while the front wheels’ drag remains constant across all spreads. Yu et al. [49] systematically
investigated the aerodynamic effects of wheel width variations. Their study quantifies that a 5% reduction
in wheel width yields a corresponding 2% decrease in total vehicle drag coefficient. An increase in offset
distance reduced drag by approximately 4.30%, whereas increased axle spread increased drag by 4.62%.
To improve the airflow characteristics around wheel and reduce aerodynamic drag, some measures of
decreasing the wheel opening area are used to suppress flow separation and improve the flow uniformity,
but how does the wheel opening area influence the vehicle lateral stability? Focus on this topic, Yi et al. [50]
using the wind tunnel test to study the effects of the tire width, automatic grille shutter and the front wheel
deflectors on drag coefficient, and the results are useful tools for investigating wheel regional aerodynamic
in vehicle design. Josefsson et al. [51] investigates the effect of altering the tyre profile in the transition
region between the tyre and the rim by adding a so-called rim protector, and the results show that the rim
protector can influence the flow around the front and side of the wheel, and this will change the wake
pressure acted on the rear of vehicle. The drag increase with the wide rim protector was explained by
larger outer contact patch and rim vortices at the front wheel. The front wheel wake was also larger and
more outwash dominated, reducing the shielding of the rear wheel. To have a clearer understanding of the
flow characteristics around wheels and inside wheel houses, Semeraro et al. [52] studied the effect of tire
deformation and vehicle ride height on the aerodynamics of passenger cars using CFD simulations, and
pointed out that tire deformation consistently has a bigger effect on drag than vehicle ride height changes,
and even small tire deformation levels can significantly affect the aerodynamic drag, however, the front
wheels typically have a larger share of the total drag, but are less sensitive both to ride height changes and
increasing deformation levels. Besides, when the outside flow passes through the wheel region, the vehicle
fender is the first contacting component, after then, the airflow moves into the wheelhouse and contact
with the rim, therefore, the shape of the vehicle fender has also influenced the aerodynamic drag of the
passenger car [53,54]. Zhou et al. [55] conducted the works on the aerodynamic shape optimization of car
fender using the FFD method and adaptive simulated annealing (ASA) algorithm; in comparison with the
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original design, the optimized fender can reduce flow separation and decrease the flow impact, the flow
stability has been effectively improved.

To clarify the summary of studies on wheel-region flow instability, it is summarized and presented in
Table 1.

Table 1: Summary of studies on wheel-region flow instability.

ID Research Findings

Zhou et al. [38] Study aerodynamics under crosswinds and
validate simulation accuracy.

Simulations accurately captured key wheel flow
features like wake vortices and ground jetting.

Johnson et al. [42] Quantitatively analyze tire and rim effects
on wheel drag.

The tire sidewall and shoulder influence drag by
altering the flow field around the contact patch.

Huminic et al. [43] Investigate effects of wheels and underbody
diffusers on drag.

A larger diffuser angle amplifies vortex formation in
the wheel wake, modifying the rear wake and

increasing drag.

Wang et al. [44] Address convergence in simulating rotating
wheels with tread patterns.

An MRF method with surface roughness treatment
achieved consistency with measured drag data for

complex treads.

Yang et al. [45] Study the effect of wheel ventilation ratio
using smooth tires and MRF.

Ventilation ratio significantly influences low-speed
flow in the wheel cavity, altering the wake and

affecting vehicle drag.

Wang et al. [46] Systematically analyze the influence of
wheels on the vehicle flow field.

The front wheel region has the most significant
impact on the overall vehicle flow field.

Bastian et al. [47] Investigate the influence of tread pattern
configurations.

Tread pattern configurations significantly influence
flow separation along the sidewall and vortex

structures in the wake.

Cho et al. [48] Investigate aerodynamic characteristics of
dual and tandem axle layouts.

Drag increases with axle spread; rear wheels move
out of the front’s slipstream, causing a sharp drag

increase.

Yu et al. [49] Systematically investigate the aerodynamic
effects of wheel width variations.

A 5% reduction in wheel width yielded a 2%
decrease in total vehicle drag. Increased offset

reduced drag by approximately 4.3%; increased axle
spread increased drag by 4.62%.

Yi et al. [50] Effects of tire width, active grille shutter &
front wheel deflectors on drag coefficient.

Provides practical methods/tools for wheel-region
aerodynamic design.

Josefsson et al. [51] Effect of adding a rim protector on the
tire-rim transition profile.

Alters front-wheel flow, increases drag, and reduces
rear-wheel shielding.

Semeraro et al. [52] Effect of tire deformation & vehicle ride
height on car aerodynamics.

Tire deformation affects drag more than ride height;
front wheels are less sensitive.

Zhou et al. [55] Aerodynamic shape optimization of fender
using FFD & adaptive simulated annealing.

Optimized shape reduces flow separation and
improves stability.

3 Aerodynamic Characteristics of the Rim

The aerodynamic shear effect generated by rotating wheel spokes represents the primary mechanism
responsible for flow disturbance and vortex formation in the wheel wake region [56–59]. Gleason et al. [60]
and Lounsberry et al. [61] demonstrated that wheel spoke configurations significantly affect flow separation
characteristics and wake field patterns in the wheel region. Their research revealed that these aerodynamic
modifications alter the tire-edge vortex system, consequently influencing the wheel’s overall drag coefficient.



6 Fluid Dyn Mater Process. 2026;22(3):1

From a fundamental fluid dynamics perspective, vortices serve as the “tendons” governing fluid motion.
The formation of coherent vortex structures inherently involves substantial energy dissipation. Therefore,
effective vortex control strategies present a crucial pathway for enhancing aerodynamic efficiency in
wheel design. To mitigate fluid vortices in the wheel region, two effective aerodynamic treatments were
implemented. One is complete wheel housing enclosure and the other is fully enclosed spoke designs. These
solutions effectively suppress flow separation, reduce wheel aerodynamic drag, and consequently improve
overall vehicle aerodynamic performance [62]. However, the wheel enclosure approach not only adversely
affects brake system cooling performance but also compromises vehicle crosswind stability. To address
these challenges, Brandt et al. [63] established a linear correlation between wheel spoke porosity ratio and
the vehicle’s overall drag coefficient. Guzman et al. [64] demonstrated that, for equivalent coverage areas,
aerodynamic drag reduction proves more effective when implementing rim-edge enclosures compared to
central wheel coverage. Based on this concept, the BMW iX3 is equipped with low-drag wheels, which
reduces the overall vehicle drag by 5%, lowers power consumption by 2%, and increases the range by 10
km. Zhou et al. [65,66] conducted a comparative analysis of the impact of different spoke opening ratios
on the aerodynamic drag coefficient, and explained the mechanism of aerodynamic drag changes from
aspects such as the distribution of the vehicle body boundary layer, the velocity distribution in the wheel
area, and the distribution of tail streamlines, and also using optimization method improve wheel rim design
to improve the aerodynamics of an Ahmed body. Hirose et al. [67] and Bhardwaj et al. [68] analyzed the
impact of structural parameters such as rim geometry, opening ratio, and number of openings on the flow
field in the wheel region. Su et al. [69] explored the mechanism by which spoke offset distance and different
curvatures affect automotive aerodynamic drag. Landström et al. [70] demonstrated that aerodynamically
optimized spoke contours with smooth transitional geometries can effectively mitigate the shear-induced
jet vortex formation in the wheel wake region. This design approach results in a measurable reduction
of wheel aerodynamic drag, thereby enhancing overall vehicle aerodynamic performance. Link et al. [71]
proposed that fan-shaped spoke designs could accelerate airflow around the wheel region, thereby reducing
energy dissipation and decreasing aerodynamic drag. However, Bolzon et al. [72] counter this finding,
demonstrating through experimental validation that fan-type spokes actually increase wheel drag under
both static and rotating conditions. This apparent contradiction highlights the nuanced aerodynamic
impact of wheel design, which is highly sensitive to specific test conditions and geometric parameters. The
discrepancy may stem from several key factors: (1) Speed regime: The beneficial flow-accelerating effect
noted by Link et al [71]. may dominate only within a specific speed range, beyond which flow separation
induced by the spokes becomes detrimental. (2) Rim geometry integration: The interaction between the
spoke profile and the specific rim’s inner and outer contours can drastically alter the local flow field, turning
a potentially beneficial design into a flow disruptor. (3) Tread pattern interaction: The compounded effect
of tread grooves and rotating spokes creates a complex unsteady flow; the net drag outcome likely depends
on the specific phase relationship between these features. (4) Reynolds number effects: The aerodynamic
performance of intricate spoke shapes is known to exhibit strong Reynolds number dependency, meaning
results from scaled experiments or different operational speeds may not directly translate. This analysis
underscores that a universally optimal wheel design does not exist; rather, aerodynamic performance must
be evaluated within the complete system context, including its operating envelope.

The aerodynamic influence of wheels on a vehicle is systemic rather than isolated. As demonstrated in
the above, wheel wakes significantly alter the overall wake structure of the vehicle, primarily through three
coupled mechanisms: First, the vortical structures and momentum deficit generated by the wheels interact
with the vehicle’s boundary layer and its own wake, creating a synergistic effect that may either amplify
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or counteract the total pressure drag. Second, rotating wheels and their cavity structures modify the flow
velocity and pressure gradient in the underbody region, directly affecting the development of the trailing
wake and underbody drag. Finally, the unsteady wakes from the rear wheels, in particular, are entrained
into the vehicle’s base area, impeding pressure recovery and contributing significantly to the low-pressure
zone at the base. Thus, wheel drag acts as a key modulator of the vehicle’s aerodynamic system, exerting
its influence through complex interactions with the body, underbody, and base flows. This makes wheel
design an indispensable aspect of achieving holistic aerodynamic optimization.

To clarify the mentioned research of aerodynamic characteristics of the rim, it is summarized and
presented in Table 2.

Table 2: The mentioned research of aerodynamic characteristics of the rim.

ID Research Findings

Gleason et al. [60] &
Lounsberry et al. [61]

Investigate the effect of wheel spoke
configurations.

Spoke designs significantly affect flow separation
and wake patterns, altering the tire-edge vortex

system and the wheel’s drag coefficient.

Brandt et al. [63] Establish a relationship between spoke
porosity and drag.

A linear correlation exists between wheel spoke
porosity ratio and the vehicle’s overall drag

coefficient.

Guzman et al. [64] Compare effectiveness of rim-edge vs.
central wheel enclosures.

For equal coverage, rim-edge enclosures are more
effective at reducing aerodynamic drag than central

coverage.

Zhou et al. [65] Analyze impact of spoke opening ratio on
drag.

Explained the drag change mechanism via body
boundary layer distribution, wheel area velocity,

and tail streamline distribution.

Hirose et al. [67] &
Bhardwaj et al. [68]

Analyze impact of rim geometry, opening
ratio, and number of openings.

Studied how these structural parameters affect the
flow field in the wheel region.

Su et al. [69] Explore how spoke offset and curvature
affect drag.

Investigated the mechanism by which spoke offset
distance and different curvatures influence

aerodynamic drag.

Landström et al. [70] Demonstrate the effect of aerodynamically
optimized spokes.

Spokes with smooth transitional geometries
mitigate shear-induced jet vortex formation,

reducing wheel drag.

Link et al. [71] Propose fan-shaped spoke design.
Suggested that fan-shaped spokes accelerate airflow
around the wheel, reducing energy dissipation and

drag.

Bolzon et al. [72] Experimentally validate the effect of
fan-type spokes.

showing fan-type spokes increase wheel drag in
both static and rotating conditions.

4 Aerodynamic Characteristics of Tires

Due to the time-consuming and resource-intensive nature of wind tunnel testing, as well as its limited
ability to capture fine-scale flow features, numerical modeling methods have gained increasing popularity,
driven by advances in computing power and computational fluid dynamics (CFD). Lew et al. [73] used an
embedded boundary method to analyze the flow field around rotating tires, revealing that tread patterns
account for approximately 20% of the wheel’s aerodynamic drag. They also demonstrated that deformation
of a loaded tire significantly alters the vortex structures in the wheel region. Wittmeier et al. [74] investigated
the impact of shoulder contour design on the aerodynamic characteristics of tires, and found that variations
in shoulder curvatures lead to significant changes in the vehicle’s drag coefficient. Blacha et al. [75]
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performed wind tunnel tests on an Audi Q5 and reported that a smoothly contoured sidewall reduces flow
separation, thereby lowering the overall aerodynamic drag coefficient of the vehicle. Hobeika et al. [76]
proposed that lateral tread patterns on the tire enhance shear forces in the airflow, which intensifies
vortex formation and increases aerodynamic drag on the wheel. Zhou et al. [77] conducted wind tunnel
tests on three treaded tires to examine their surface pressure distributions. They compared the effects
of different turbulence models on the flow field and further analyzed how tread geometry influences the
vortex structures around the tires. Lee et al. [78] used numerical simulations to investigate the effects of
tire width, shoulder curvature, and other parameters on the vehicle’s aerodynamic drag coefficient. They
found that different design parameters could either increase or decrease the drag coefficient. Rajaratnam
et al. [79] investigated the aerodynamic effects of closed-spoke rotating wheels on the Ahmed body model.
Their results indicated that, compared to the stationary case, wheel rotation induced flow disturbances
around and beneath the body, leading to increased drag, as shown in Fig. 3. Chen et al. [80] investigated the
influence of tire shoulder radius and Reynolds number on the aerodynamics of an isolated rotating wheel in
contact with a moving ground. Four shoulder radii and six Reynolds numbers were examined. The results
demonstrated that increasing the shoulder radius significantly reduced both drag and lift, notably due to
improved flow attachment and a consequent reduction in wake size. Furthermore, larger shoulder radii
delayed the formation of the upper counter-rotating vortex pair and weakened the strength of the “jetting”
flow ahead of the contact patch.

Kuraishi et al. [81,82] put forward a new simulation method, which have enabled high-fidelity
computational analysis of tire aerodynamics with near-actual tire geometry, road contact, tire deformation,
and aerodynamic influence of the car body, and the flow field around the complex tread grooves is analyzed,
and it is found that the discontinuous pattern grooves can results in flow separation in the contact zone
and the vortex shedding around the tire sidewall. Burgbacher et al. [83] using the real vehicle conduct the
effects of tire geometry and deformation on the flow features, and pointed out that to generate the most
accurate flow predictions possible using CFD, the tire geometry and tire deformation should be mapped as
best as possible in CFD. Rath et al. [84] studies the impact that specific tire attributes have on the overall
aerodynamic drag on the vehicle through a systematic sensitivity study, and the drag contribution of
different parameters of the tire is presented, and the sensitivity analysis of the tire–vehicle assembly model
performed gives a better insight into the modeling and simulation for vehicle aerodynamic research for
future tire model optimization. Zhou et al. [85] studied the effects of the three types of tread pattern on the
tire aerodynamics using wind tunnel test and simulation, and with the help of the difference of flow field
among these three patterns, the results shows that the angle of tire lateral groove has great effect on the
flow field characteristics. The effects of the two rim configurations and three tyres on the flow around a
full-scale crossover SUV were studied using wind tunnel test by Josefsson et al. [86], and the results show
that the main features of the flow were identified for three sets of tyres with distinct shoulder profiles and
sidewall geometry, and a tire combining the narrow sidewall with a narrow tread can help improve flow
stability and reduce drag.

Electric vehicle is one of the mainstream trends in the automotive industry’s development, and without
the ICE fuel consumption, the aerodynamic drag is one of the most important factors for the range of
EVs, thus the aerodynamic features about the electric vehicles became a hot spot in the aerodynamic
configuration design of vehicles [87–90]. Chao et al. [91] using the test and simulation methods to study the
influence of four different production tires combined with two rim designs on the vehicle’s aerodynamic
performance based on an electric SUV, and the results show that the difference in drag coefficient between
tires reaches up to 0.015.
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Figure 3: Simplified vortex structure around the wheel [79].

To clarify the mentioned research of aerodynamic characteristics of the tires, it is summarized and
presented in Table 3.

Table 3: The mentioned research of aerodynamic characteristics of the tires.

ID Research Findings

Lew et al. [73] Analyze flow around rotating tires.
Tread patterns cause proximately 20% of wheel

drag; Load-induced deformation significantly alters
wheel vortex structures.

Wittmeiert et al. [74] Investigate tire shoulder contour design. Variations in shoulder curvature significantly
change the vehicle’s drag coefficient.

Blacha et al. [75] Wind tunnel tests on an Audi Q5. A contoured sidewall reduces flow separation,
lowering overall vehicle drag.

Hobeika et al. [76] Investigate the influence of lateral tread
patterns.

Lateral tread grooves enhance shear, intensifying
vortices and increasing wheel drag.

Zhou et al. [77] Study pressure distribution on treaded tires. Compared turbulence models; analyzed how tread
geometry influences tire vortex structures.

Lee et al. [78] Study effects of tire width & shoulder
curvature.

Different design parameters can either increase or
decrease the drag coefficient.

Rajaratnam et al. [79] Study aerodynamic effects of rotating
wheels on an Ahmed body.

Rotation induces flow disturbances around and
under the body, increasing drag.

Chen et al. [80] Investigate shoulder radius & Reynolds
number effects on an isolated wheel.

Larger shoulder radius reduced drag by improving
flow attachment and reducing wake size.

Kuraishi et al. [81,82]
Effect of different tread patterns (including

rain grooves) and rim designs on
aerodynamics.

Rain grooves typically reduce drag; the effect of
lateral grooves depends on the rim configuration.

Burgbacher et al. [83] Influence of tire geometry and deformation
on flow features

For accurate CFD predictions, tire geometry and
deformation should be mapped as precisely as

possible.

Rath et al. [84] Sensitivity analysis of tire attributes on
overall vehicle aerodynamic drag.

Quantified the drag contribution of different tire
parameters, providing insights for future tire model

optimization.

Zhou et al. [85] Effect of three tread patterns on tire
aerodynamics.

The angle of the lateral grooves has a significant
effect on the flow field characteristics.

Josefsson et al. [86] Effect of two rims and three tires on the
flow around a full-scale SUV.

A tire combining a narrow sidewall with a narrow
tread improves flow stability and reduces drag.

Chao et al. [91] Effect of four production tires and two rims
on the aerodynamics of an electric SUV.

The maximum difference in drag coefficient
between tires reached 0.015.
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5 Drag Reduction Strategies in the Wheel Region

Fang et al. [92] reported that enclosing the wheel structure can reduce the aerodynamic drag coefficient
of a single wheel by up to 5 counts. Fu et al. [93] explored the effects of spoke perforation ratio and
arrangement on the aerodynamic performance of both the wheel and the vehicle. They found that, under a
constant perforation ratio, increasing the number of perforations contributes to improved aerodynamic
characteristics. Gu et al. [94] varied both the number and ratio of spoke perforations and found that, when
the area of each hole remains constant, increasing the number of perforations initially increases, then
decreases, the drag coefficients of the front wheel and the entire vehicle.

Flow separation along the outer contour of the wheel alters the surrounding flow structures and wake
dynamics, thereby affecting the aerodynamic characteristics of both the wheel and the entire vehicle. Xu
et al. [95] investigated the influence of wheel width on the surrounding flow field and found that increasing
wheel width leads to a corresponding increase in the aerodynamic drag coefficient. Yang et al. [96] conducted
a comprehensive analysis of the flow field around isolated wheels of varying widths. The results show
that a 5% reduction in wheel width yields an approximately 9.2% decrease in aerodynamic drag. Zhang
et al. [97] achieved a 14.5% reduction in the wheel’s aerodynamic drag coefficient by optimizing the design
parameters of the outer wheel contour. Rohit [98] proposed an innovative wheel design featuring a fan and
partial enclosure. Numerical analysis showed that channeling airflow through the spokes toward the brake
disc not only improves aerodynamic performance but also enhances brake cooling efficiency. Moreover,
the improvement of overall vehicle aerodynamics through optimization of wheel and rim aerodynamic
features has gained increasing recognition and attention within the automotive industry. The drag reduction
mechanism of bionic non-smooth surfaces has inspired its application in the aerodynamic configuration
design of vehicles [99,100], Huang et al. [101] studied the effects of bionic groove structures applied to
wheel spokes on the aerodynamics of a car model, and three types of designed grooves are presented, and
the forward grooves exhibited the strongest drag reduction effect, and the positive correlation between
the flow stability of the wheel region and the aerodynamic drag coefficient of the entire vehicle was put
forward.

To clarify the mentioned research of drag reduction strategies in the wheel region, it is summarized
and presented in Table 4.

Table 4: The mentioned research of drag reduction strategies in the wheel region.

ID Research Findings

Fang et al. [92] Investigate drag reduction through wheel
enclosure.

Enclosing the wheel structure can reduce the
aerodynamic drag coefficient of a single wheel.

Fu et al. [93] Explore effects of spoke perforation ratio
and arrangement.

Under a constant perforation ratio, increasing the
number of perforations improves aerodynamic

performance.

Gu et al. [94] Study the effect of number and ratio of
spoke perforations.

With constant hole area, increasing the number of
perforations first increases then decreases drag

coefficients.

Xu et al. [95] Investigate influence of wheel width on
surrounding flow field.

Increasing wheel width leads to an increase in the
aerodynamic drag coefficient.

Yang et al. [96] Analyze flow field around isolated wheels
of varying widths.

A 5% reduction in wheel width yields an
approximately 9.2% decrease in aerodynamic drag.
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Table 4: Cont.

ID Research Findings

Zhang et al. [97] Optimize design parameters of the outer
wheel contour.

Achieved a 14.5% reduction in the wheel’s
aerodynamic drag coefficient through contour

optimization.

Rohit et al. [98] Propose an innovative wheel design with
fan and partial enclosure.

Channeling airflow through spokes improves
aerodynamic performance and enhances brake

cooling efficiency.

Huang et al. [101] Effects of bionic groove in wheel spokes on
the Aerodynamics of a Car Model.

The bionic groove parameters including number,
angle and depth influence the drag, and the drag
relationship between wheel and whole car is also

provided.

6 Prospect

The framework of established in Fig. 4 provides a foundation for clarifying the complex relationships
within this field. However, this framework also reveals several critical questions that require in-depth
exploration, which constitute the main directions for future research.

Flow Instability in The 
Wheel Region

Aerodynamic 
Characteristics of The 

Rim

Aerodynamic 
Characteristics of Tires

Drag Reduction 
Strategies in The Wheel 

Region

Analyze the flow field characteristics
Flow separation
Vortex phenomena

Explore the impact of spoke design
Rim closure

Analyze the impact of tire treads
Shoulder contours

Width

Wheel region structure optimization

Numerical simulation
Wind tunnel tests
Quantitative analysis

Numerical simulation 
Wind tunnel tests
Case studies

Numerical simulation
Experimental verification
Case studiesMulti-element flow control

Numerical simulation 
Wind tunnel tests
Case studies

Research Process  MethodsResearch Content

 

Figure 4: The framework of primary research.

Aerodynamic noise is also one of the key indicators for evaluating vehicle comfort. Existing research
has primarily focused on the flow drag around the rotating wheel region. However, flow instabilities
can also lead to the generation of aerodynamic noise, which has a direct impact on the vehicle’s NVH
(noise, vibration, and harshness) performance. Future studies could therefore focus on optimizing the
configuration of related components and developing flow control methods for the wheel region that take
both aerodynamic noise and drag into account. This integrated approach would maximize the goal of
automotive drag reduction.

The aerodynamic design of tires and rims in the wheel area directly affects the volume and pattern
of airflow entering the wheel cavity, which in turn influences the cooling performance of the brake
discs. Therefore, researching the influence mechanisms of different design elements (e.g., tires, rims)
on the flow disturbances and temperature distribution within the wheel cavity is crucial. Building on
this understanding to develop strategies that use flow control to simultaneously achieve drag reduction



12 Fluid Dyn Mater Process. 2026;22(3):1

and cooling in the wheel region can provide theoretical and methodological guidance for innovation in
automotive aerodynamic design.

While this review focuses on aerodynamic mechanisms and drag-reduction strategies, translating
these findings into viable vehicle components requires moving beyond isolated performance metrics.
Therefore, future research must proactively integrate practical engineering constraints into the design
optimization cycle. Key efforts should be directed toward conducting systematic trade-off analyses that
balance aerodynamic gains against factors such as manufacturability, material limitations, and structural
strength under dynamic loads. Specifically, future research could focus on the synergistic optimization
of tires, rims, and fenders as an integrated aerodynamic assembly. This includes developing AI-driven
topology optimization frameworks to generate novel wheel architectures centered on efficiency, as well
as multi-objective design strategies that simultaneously address drag, NVH, and cooling requirements.
Furthermore, the creation of open parametric geometry databases is essential to standardize CFD validation
and accelerate community-wide benchmarking. These directions aim to bridge fundamental research
with engineering implementation, fostering a more systematic and actionable approach to wheel-region
drag reduction.

7 Conclusions

Current research and engineering practices in wheel-region aerodynamics remain reliant on isolated
or simplified wheel models, which do not fully capture real-world conditions. Although tires are known to
significantly affect aerodynamic resistance, the specificmechanisms bywhich their profiles alter local airflow
are still not well understood. Further investigation is needed to clarify vortex formation, development, and
corresponding flow control strategies in this region. Additionally, most current drag-reduction methods
focus on modifying individual components rather than adopting an integrated approach that considers the
combined aerodynamic effects of tires, rims, and fenders. The absence of such holistic research hinders the
development of effective drag-reduction technologies for next-generation low-drag vehicles. The following
critical issues demand resolution:
(1) Rotating wheels not only affect the flow field in the wheel region but also influence the vehicle’s

external flow field. However, current analyses of the aerodynamic characteristics of both the wheel
region and the full vehicle primarily focus on flow field differences, using qualitative approaches to
explain how flow variations impact aerodynamic drag. Quantitative evaluation methods for flow
energy loss in the rotating wheel region remain undeveloped, hindering the effective guidance of
aerodynamic drag reduction strategies based on understanding wheel-region flow patterns.

(2) As components in direct contact with airflow, the aerodynamic profiles of tires and rims play critical
roles in guiding and diverting airflow within the wheel region. While existing research has emphasized
analyzing wheel structure effects on isolated wheels, the relationship between flow instabilities in
rotating wheel regions and vehicle aerodynamic drag remains unclear. This limits innovation in
low-drag wheel design and results in a lack of targeted aerodynamic drag reduction methods for tires
or rims.

(3) Current studies on flow field influences and control methods predominantly address single elements,
such as air dams or grille shutters. However, these approaches are primarily investigated at
the full-vehicle level and fail to systematically develop targeted drag reduction strategies for
the aerodynamic profiles of individual components within the wheel region based on the flow
characteristics of rotating wheels. Consequently, vehicle shape design faces certain bottlenecks.
Therefore, addressing multi-element flow control with considering tires, wheels, body fenders, and
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other components can provide crucial support for innovation in low-drag vehicle design methods and
technologies.

(4) However, traditional numerical simulations and experimental methods face inherent limitations
including high computational costs and constrained exploratory dimensions when addressing transient
vortex evolution, quantitative energy loss assessment. There is an urgent need to introduce deep
learning technology. This entails developing physics-informed intelligent surrogate models to achieve
real-time flow feature extraction and precise energy dissipation quantification, while establishing a
generative design-reinforcement learning co-optimization framework. Such integration will pioneer
a data-driven, high-efficiency drag reduction approach, thereby providing systematic solutions for
wheel-region aerodynamic mechanism research and low-drag vehicle design.
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