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Abstract - This review paper provides a 
comprehensive analysis of aerodynamic principles, 
drag reduction techniques, and instability effects in 
both heavy and light vehicles. It begins with 
fundamental airflow behaviour and governing 
equations, followed by the evolution of vehicle 
aerodynamics over the decades. A detailed 
comparison of various vehicle shapes, from passenger 
cars to race cars, highlights the aerodynamic trade-
offs between drag and downforce. Experimental and 
computational studies are examined to evaluate the 
effectiveness of drag-reducing devices such as rear 
diffusers, spoilers, vortex generators, and fairings. 
Specific focus is given to crosswind effects and 
instability risks, particularly in heavy trucks and 
high-speed race cars. Techniques like underbody 
optimization, spoiler angle tuning, and wake 
management are discussed for enhancing stability 
and performance. The review concludes by 
emphasizing the role of advanced CFD modeling and 
wind tunnel testing in aerodynamic development and 
the need for cost-effective design integration in 
commercial vehicles. 
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1. INTRODUCTION 

Aerodynamics is a crucial aspect of modern automotive 
engineering, influencing key factors such as vehicle 
performance, fuel efficiency, safety, and stability. It is the 
study of air flow around objects and can be analyzed 
using three primary research approaches: theoretical, 
numerical, and experimental. Since the early days of 
automobile manufacturing, engineers have sought to 
improve vehicle aerodynamics to enhance efficiency and 

driving experience. However, with the increasing global 
emphasis on fuel economy, sustainability, and 
environmental regulations, the role of aerodynamics in 
automotive design has become more significant than 
ever [1]. 

A well-optimized aerodynamic design reduces air 
resistance (drag force), which is one of the most 
dominant forces acting against a moving vehicle. The 
drag force is generated due to the interaction between 
the car’s surface and the surrounding air, and its 
reduction can lead to substantial fuel savings. Studies 
indicate that for passenger vehicles traveling at 
highway speeds, nearly 50% of the total engine 
power is consumed to overcome aerodynamic drag 
[2]. Even a slight decrease in drag coefficient (Cd) can 
contribute to significant fuel efficiency improvements 
over long-distance travel, making aerodynamics a 
primary focus for automakers and researchers. In 
addition to fuel economy, reducing drag also leads to 
higher top speeds, improved acceleration, and better 
handling [3]. 

Apart from drag, lift and downforce are other critical 
aerodynamic forces that impact vehicle performance and 
stability. The lift force acts in the opposite direction to 
the vehicle’s weight, reducing traction and making the 
car unstable at high speeds. Excessive lift, particularly at 
the rear, can lead to dangerous driving conditions, 
especially during high-speed maneuvers such as 
overtaking or cornering. Conversely, downforce is 
beneficial, as it increases tire grip on the road surface, 
enhancing control and maneuverability. 
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Fig. 1. Illustrates the drag force acting on a race car, highlighting the aerodynamic challenges faced at high speeds and 
the necessity of optimized design solutions [5] 

Modern vehicles, particularly sports cars, Formula 1 
race cars, and high-performance road cars, use 
advanced aerodynamic devices such as spoilers, 
diffusers, and vortex generators to maximize 
downforce and minimize lift, ensuring better road 
adhesion and stability [4]. 

In recent decades, advancements in computational fluid 
dynamics (CFD), wind tunnel testing, and 
experimental aerodynamics have enabled more 
precise and efficient vehicle designs. The ability to 
simulate and optimize airflow in a virtual environment 
has reduced reliance on costly prototypes and has 
accelerated the development of aerodynamically efficient 
vehicles. Active aerodynamics, a cutting-edge 
technology that dynamically adjusts airflow based on 
real-time driving conditions, has gained traction in the 
automotive industry. This includes movable spoilers, 
adaptive air vents, and deployable underbody 
diffusers that automatically optimize airflow to balance 
drag reduction, cooling, and downforce generation [5]. 

Beyond performance benefits, aerodynamics also plays a 
vital role in reducing vehicle emissions and improving 
environmental sustainability. The global automotive 
industry is under immense pressure to comply with 
strict government regulations regarding fuel 
consumption and carbon emissions. With the push 
toward electrification and alternative energy 
vehicles, aerodynamics has become even more critical. 
Electric vehicles (EVs), for instance, have lower energy 
reserves compared to traditional internal combustion 
engine (ICE) vehicles. To maximize their driving range, 
manufacturers must focus on minimizing aerodynamic 
losses. Many modern EVs, such as Tesla Model S and 
Lucid Air, incorporate highly optimized body designs 

with smooth surfaces, closed grilles, and streamlined 
shapes to achieve exceptionally low drag coefficients [6]. 

Moreover, aerodynamics is not just limited to reducing 
drag but also contributes to noise reduction and 
passenger comfort. Wind noise, which becomes more 
noticeable at higher speeds, is directly related to the 
aerodynamic shape of the vehicle. By refining body 
contours, sealing gaps, and optimizing side mirror 
placement, engineers can significantly reduce 
aerodynamic noise, leading to a quieter cabin 
experience [7]. 

In addition to the effects of aerodynamics on individual 
vehicles, aerodynamic forces also play a crucial role in 
traffic interactions, vehicle stability in crosswinds, 
and safety during high-speed maneuvers. When two 
vehicles pass each other at high speeds, the airflow 
disturbance and wake effects can cause sudden forces, 
affecting vehicle stability. Studies have shown that 
trucks, buses, and large commercial vehicles create 
strong aerodynamic wakes that can influence the 
handling of nearby smaller vehicles, increasing the risk 
of accidents [8]. Understanding these aerodynamic 
interactions is essential for ensuring road safety and 
designing vehicles that can withstand real-world driving 
conditions. 

This review paper provides a comprehensive analysis 
of the role of aerodynamics in vehicle design, focusing 
on key aspects such as drag reduction, fuel efficiency, 
stability improvement, and the application of 
aerodynamic components. By synthesizing findings 
from experimental research, numerical simulations, 
and computational studies, this paper highlights the 
latest advancements in the field and explores innovative 
techniques for optimizing airflow around vehicles. 
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2. COMPUTATIONAL FLUID DYNAMICS (CFD) IN 
VEHICLE AERODYNAMICS 

Computational Fluid Dynamics (CFD) employs numerical 
methods and algorithms to analyze and solve fluid flow 
problems, particularly in the field of vehicle 
aerodynamics [9]. CFD serves as a crucial tool for 
understanding the governing equations of fluid motion, 
enabling engineers to simulate and optimize airflow 
patterns around automobiles [10-12]. According to a 
recent study by Soares [13], different turbulence models 
integrated into CFD software play a vital role in 
determining aerodynamic characteristics in both 
passenger and commercial vehicles. Three widely 
utilized CFD approaches for airflow and aerodynamic 
simulations include Reynolds-Averaged Navier-Stokes 
(RANS), Unsteady RANS (URANS), and Large Eddy 
Simulation (LES) [14-19]. The RANS method solves 
steady-state, time-averaged Navier-Stokes equations, 
whereas URANS extends this approach to account for 
transient, unsteady flows [20-22]. On the other hand, LES 
focuses on resolving spatially averaged Navier-Stokes 
equations by capturing large turbulence structures, 
making it particularly effective for complex aerodynamic 
assessments. 

Among these approaches, Reynolds-Averaged Navier-
Stokes (RANS) remains the most commonly applied 
CFD technique due to its relatively low computational 
cost and ability to generate reliable simulation results 
efficiently. The RANS method is based on time-averaged 
equations governing fluid motion, making it a preferred 
choice for modeling turbulent flows [23-25]. Since 
turbulence is inherently unpredictable and chaotic, the 
RANS framework provides a more manageable 
approximation by breaking down velocity and pressure 
into mean and fluctuating components [26,27]. However, 
due to the non-linear nature of the RANS equations, 
direct numerical solutions are impractical, necessitating 
the use of turbulence models. 

Various turbulence models have been developed within 
the RANS framework, including Standard k-ε, RNG k-ε, 
Realizable k-ε, Spalart-Allmaras, Standard k-ω, SST 
k-ω, and the Smagorinsky model. Each of these models 
has distinct advantages and limitations based on specific 
aerodynamic applications. The k-ε model, while widely 
used, is known to be less accurate in near-wall regions 
compared to k-ω turbulence models [28]. This 
limitation arises due to the complexity of modeling the 
dissipation rate equation (ε), which requires additional 
wall treatment techniques for better accuracy in 
boundary-layer simulations, as discussed in research by 
Al-Saadi [28]. The k-ε model provides moderate 
accuracy in predicting drag forces but struggles to fully 
capture wake vortices and flow separation around a 
vehicle, making it less suitable for highly detailed 

aerodynamic studies [13]. However, its efficiency in 
terms of computational resources requiring lower 
processing power, memory, and simulation time makes it 
a cost-effective option. 

In contrast, the k-ω model delivers greater precision in 
drag predictions and aerodynamic flow characteristics, 
particularly in wake regions and near-wall boundary 
layers. However, it also predicts larger wake vortices and 
increased recirculation zones compared to the k-ε 
model, which can impact overall aerodynamic efficiency 
[13,29]. Despite its higher computational cost, the k-ω 
model is often preferred for studies requiring fine-tuned 
accuracy in boundary-layer interactions and flow 
separation analysis. 

The findings from multiple studies in this review indicate 
that both the k-ε and k-ω models are widely employed 
in CFD-based vehicle aerodynamics research due to their 
ability to simulate airflow characteristics effectively. The 
k-ε model is typically selected for simulations focusing 
on free-shear layers and wake field analysis, whereas 
the k-ω model is more suitable for investigations 
requiring higher accuracy in near-wall boundary-layer 
flows [30-33]. 

2.1 Different Car Model Geometries 

To gain a deeper understanding of established design 
approaches and functional requirements in vehicle 
aerodynamics, it is essential to thoroughly examine 
previous research. This section highlights studies that 
have analyzed the impact of different car body 
geometries on aerodynamic forces. Information has been 
critically gathered from various sources, including 
research papers, theses, and online references, to 
provide a comprehensive review. Car body geometries 
are generally categorized into three main types: 
simplified shapes, fundamental car profiles, and 
production (commercial) vehicles. 
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2.1.1 Simplified Geometries 

Reference models in this category play a crucial role in 
explaining the fundamental flow behavior around 
vehicles, aligning with the concept of "simplified" 
structures [42,34]. These simplified geometries are 
essentially highly abstracted models used for analysis, 
where all external components are excluded. One of the 
most widely recognized models for aerodynamic studies 
under this classification is the Ahmed model [35,36]. 
This model closely resembles the proportions of a typical 
family car, as it is slightly larger, longer, and exhibits 
similar airflow characteristics. It features a blunt front 
end with rounded edges, a box-like midsection, and a 
sloped rear surface. A study conducted by Thabet and 
Thabit [37] utilized the Ahmed model with a slant angle 
(ϕ) of 40°,  

Fig. 2. The Ahmed model’s dimensions [37]. 

along with dimensions of 1044 mm in length (L), 288 
mm in height (H), and 389 mm in width (W), as 
illustrated in Figure 2. At an inlet velocity (𝑣 ) of 40 m/s, 
the corresponding drag coefficient (𝐶 𝐷 ) and lift 
coefficient (𝐶 𝐿 ) were found to be 0.323 and 0.0368, 
respectively. The k − ε turbulence model was chosen 
due to its efficient convergence properties. The Ahmed 
model is widely preferred in aerodynamic studies 
because of its simple geometry, well-defined geometric 
parameters, ease of airflow analysis, accessible drag 
coefficient data, and extensive CFD validation. 

Another well-known simplified model is the 
Aerodynamics Studien Model (ASMO model), 
developed by the Daimler-Benz research division over a 
decade ago. This model was specifically designed to 
analyze low-drag shapes and to serve as a neutral 
reference body for CFD validation studies [38,39]. Its 
geometry consists of a square-back rear, smooth 
surfaces, a boat tail, and an underbody diffuser, with 
no pressure-induced boundary layer separation, as 
reported by Le Good and Garry [42]. Han incorporated 
the ASMO model in his study, using dimensions of 810 
mm (L), 270 mm (H), and 290 mm (W) [40]. The study 

applied an inlet velocity (𝑣 ) of approximately 50 m/s, 
yielding drag and lift coefficient values of 0.165 and 
0.125, respectively, using the Smagorinsky turbulence 
model. Researchers favor the ASMO model due to its 
smooth shape, which facilitates easier meshing without 
requiring extensive computational resources while still 
delivering accurate aerodynamic simulations, as shown 
in Figure 3 [40]. 

Fig. 3. The Aerodynamics Studien Model (ASMO model) 
utilised by Han et al., [40] 

Similarly, the Davis model is another simplified bluff-
body geometry widely employed by researchers to 
analyze fundamental flow properties. Originally 
developed by Davis, this model is valued for its ability to 
provide precise measurements of steady aerodynamic 
forces and moments under fixed yaw angles, assuming 
quasi-steady flow conditions [42]. Mansor et al. [41] 
utilized the Davis model in his research, with dimensions 
of 625 mm (L), 160 mm (H), and 225 mm (W), along 
with a rear angle of 20°, as depicted in Figure 4 [41]. 
The study applied an inlet velocity (𝑣 ) of 40 m/s, with a 
Reynolds number of 1.7×10⁶, based on the model length. 
The drag coefficient (𝐶 𝐷 ) obtained was 0.228. For CFD 
simulations, the k – ε turbulence model was selected, as 
it provided the closest agreement with pressure 
coefficient values compared to the k − εmodel. 

 
Fig. 4. The Davis model configurations used by Mansor et 

al., [41] 
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2.1.2 Fundamental Vehicle Shapes 

The geometries categorized under this section present a 
more defined representation of vehicle shapes compared 
to simplified models. These designs maintain the 
proportions of production vehicles while incorporating 
streamlined surfaces with minimal external components 
such as side mirrors. Fundamental vehicle shapes are 
primarily employed for research, validation, and 
experimental testing [43]. In this review, two primary 
models under this category are discussed: the Motor 
Industry Research Association (MIRA) model and the 
TATA model. 

The MIRA concept car is among the most widely 
referenced concept vehicle models, cited in at least 20 
academic studies [42]. It was originally developed based 
on the design references of the Volkswagen 1600 and 
FIAT 124. Lai et al. [44] implemented the MIRA model in 
their research, developing its geometry using CATIA 
software. The model dimensions include 520.625 mm in 
length (L), 203.125 mm in width (W), and 177.625 
mm in height (H), as illustrated in Figure 5. The study 
configured an inlet velocity (v) of 30 m/s, defining the 
outlet as a pressure outlet, with reference pressure set to 
atmospheric levels. The resulting drag coefficient (CD) 
from the analysis was 0.329. The k − ε turbulence 
model was selected for computational fluid dynamics 
(CFD) analysis due to its efficiency in predicting diverse 
airflow patterns. Previous studies indicate that the MIRA 
model is advantageous for aerodynamic simulations due 
to its systematic scaling, simplified surface geometry, 
reduced computational demands, and suitability for 
numerical airflow predictions [42]. 

Fig. 5. Dimension of the MIRA model applied in Lai et al., 
[44] 

The TATA model, originating from India, is a one-third 
scaled-down vehicle prototype that serves as a 
simplified base model by excluding external features 
such as side mirrors and spoilers. The TATA model 
comprises multiple subcategories, including the TATA 
Safari, TATA Nano, and TATA Indica. A literature review 

identified research conducted by Samy et al. [53], who 
utilized the TATA Safari model for studying the SUV 
segment. The dimensions used in the study were 4655 
mm (L) and 1855 mm (W) [53], with the windshield 
positioned at a 32° angle, located 100 mm from the 
front wheel centre (Figure 6). The research determined 
the drag coefficient (CD) and lift coefficient (CL) to be 
0.620 and 0.099, respectively, using an inlet velocity of 
35 m/s and an ambient temperature of 34°C. The k − 
ε turbulence model was employed due to its ability to 
reduce computational load while maintaining accurate 
aerodynamic predictions. The study concluded that this 
model effectively optimizes computational efficiency 
while providing reliable aerodynamic insights. 

Fig. 6. TATA Safari model used by Samy et al., [53] 

In another study, Ansari [54] utilized the TATA Indica 
model, where the vehicle’s geometry was developed 
through blending 2D and 3D curves to generate a 
realistic visual representation. Classified as an A-
segment compact car, the model exhibited a drag 
coefficient (CD) of 0.841, with an inlet velocity of 
19.44 m/s. The k − ε turbulence model was 
implemented to evaluate the airflow field due to its 
efficiency in dissipating turbulence energy and 
ensuring short computational times (Figure 7). 

Fig. 7. TATA Indica model used by Ansari [54] 

Furthermore, Datta et al. [45] conducted research using a 
generic car model, stripped of external components to 
simplify the CFD process. Figure 8 presents the 
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dimensions of the base model vehicle, which measures 
approximately 4 meters (L), 2 meters (W), and 1.8 
meters (H). To enhance computational feasibility, the 
design was downscaled to a 1:10 ratio. The study 
applied an inlet velocity of 27.78 m/s (perpendicular 
to the boundary) and obtained drag (CD) and lift (CL 

coefficients of 0.3385 and 0.2531, respectively. The k − 
ε turbulence model was selected for CFD analysis, as it 
provides robust performance, reduced computational 
effort, and is widely adopted by automotive engineers for 
aerodynamic assessments [45]. 

Fig. 8. Full-scale base model car utilised by Datta et al., 
[45] 

2.1.3 Production (Series) Vehicles 

Swift Dzire: Dias et al. [55] analyzed this model by 
simplifying certain features (e.g., exhaust and door 
handles) to optimize computational efficiency while 
retaining side mirrors. The vehicle dimensions were 
3995 mm (L), 1555 mm (W), and 1695 mm (H), with 
an inlet velocity of 40 m/s and a drag coefficient (𝐶 𝐷 ) 
of 0.375.  

KIA Pride: Saleh and Ali [58] conducted a study by 
removing components like side mirrors and grilles to 
streamline simulation. With dimensions of 3935 mm 
(L), 1605 mm (W), and 1455 mm (H), this model 
recorded a drag coefficient (𝐶 𝐷 ) of 0.355 at an inlet 
velocity of 30 m/s. The k − ε turbulence model was 
applied for efficient handling of free-shear layer flows. 

Fig. 10. The base model for the KIA pride used in 
simulation by Saleh and Ali [43] 

Resnick Model: Le Good et al. [50] introduced this 
model to study vehicle aerodynamics, particularly for 
autonomous vehicle technology. Designed as a high-
riding coupe/SUV, it had dimensions of 267 mm (L), 108 
mm (W), and 98 mm (H). With an inlet velocity of 40 
m/s, the drag coefficient (𝐶 𝐷 ) was determined to be 
0.27. The k − ε turbulence model was used for its 
reliability in simulating wall-bounded flows and free-
shear layer conditions with minimal pressure gradients 
[45]. 

Fig. 11. Full-scale specification of the Resnick model 
applied in Le Good’s et al., [50] simulation 

Hybrid Electric Vehicle (HEV): Ramasamy et al. [49] 
conducted a CFD study on this model, which was 
originally developed by Drayton and Coombs [51]. The 
HEV design was simplified by removing several external 
elements except for the tires to minimize simulation 

Fig. 9. The Swift Dzire model applied in computational 
analysis by Dias et al., [55] 
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complexity. The model had dimensions of 4110 mm (L), 
1655 mm (W), and 1360 mm (H), with a 2380 mm 
wheelbase. The velocity inlet varied between 11.11 m/s 
and 30.56 m/s, producing drag coefficient (𝐶 𝐷 ) values 
of 0.312 to 0.356. The k − ε turbulence model was 
applied due to its suitability for analyzing diverse fluid 
dynamics and its balance between accuracy and 
computational efficiency [52]. 

3. DESCRIPTION OF AERODYNAMIC FORCES 

In general, the drag force on a vehicle is influenced by its 
body profile, surface characteristics, and airflow 
interactions. When air flows over the vehicle surface, 
flow separation occurs at sharp edges, leading to 
pressure variations between the front and rear of the 
vehicle [56]. This phenomenon creates turbulence in the 
wake region, increasing aerodynamic drag and reducing 
overall efficiency. 

One of the major contributors to drag is profile drag, 
which consists of pressure drag and surface friction 
drag, contributing 80-90% of total aerodynamic 
resistance [56]. To optimize vehicle aerodynamics, 
minimizing wake turbulence at the rear is crucial. 
Ventilation base integration is one approach to reduce 
rear-end turbulence by modifying airflow patterns. 

The ventilation base system consists of two 
converging hollow tubes positioned under the vehicle 
floor. These tubes function by injecting low-velocity air 
into the wake region, reducing pressure differences and 
mitigating drag [56]. As shown in Figure 13, the vent 
base system is integrated without affecting the structural 
design of the vehicle. 

 

 

 

 

Fig.13. Basic connection of ventilation in the car 
model [57]. 

3.1 Experimental Analysis of Ventilation Base 
System 

To assess the effectiveness of the ventilation base system, 
laboratory tests were conducted by optimizing the 
following key parameters: 

Bf: Distance between the two converging hollow tubes at 
the front 

Br: Distance between the ventilation pipes at the rear 

Hf: Height of the front ventilation base from the ground 

Hr: Height of the rear ventilation base from the ground 

Fig.14. Schematic drawing of the car model with 
pressure valves [57]. 

Pressure distribution across the vehicle surface was 
measured with and without the ventilation base 
system using 40 pressure valves (P1 to P40) placed 
along the vehicle’s centreline. These pressure valves 
were connected to a Digital Scanner Array (DSA) for 
precise data collection, as illustrated in Figure 14 [57]. 

The results demonstrated that incorporating a 
ventilation base system reduces rear-end turbulence, 
leading to improved aerodynamics, lower drag 
coefficients, and enhanced vehicle efficiency. 

Fig. 12. The Hybrid Electric Vehicle (HEV) car model 
utilized in CFD simulation by Ramasamy et al., [49] 
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4. AERODYNAMIC DRAG REDUCTION 
TECHNIQUES 

4.1 Drag Reduction in Heavy Vehicles 
D =1/2 ( CdρV2A ) 

During testing, various wind speeds and yaw angles were 
examined while sensors recorded drag, lift, and side 
forces, along with yaw, pitch, and roll moments. The 
baseline truck model exhibited the highest drag 
coefficient, whereas incorporating side skirts, front 
skirts, and closing the tractor-trailer gap resulted in the  

 

 

 

 

To assess the effectiveness of external attachments in 
minimizing aerodynamic drag, researchers conducted 
wind tunnel experiments using a scale truck model. 
Aerodynamic drag (D) is influenced by the frontal area 

(A), drag coefficient (Cd), air density (ρ\rhoρ), and 
vehicle speed (VVV), as defined by the equation: 

  

Table 1:  Summary of literature reviews based on various car geometries model 

Car Model 
Classification 
(Type) 

Author Inlet Velocity, 𝑣 
/ Reynolds Number 

Aerodynamic 
Loads 

Car 
Dimensions 
(𝐿 × 𝐻 × 
𝑊) mm 

Turbulence 
Models 

Software 

Simple Bodies 
(Ahmed Model) 

Thabet and 
Thabit 
[37] 

𝑣 = 40 𝑚/𝑠 - 𝐶𝐷 = 0.323 

- 𝐶𝐿 = 0.0368 

(1044 mm × 
288 mm × 
389 mm) 

𝑘 − 𝜀 
Turbulence 
model 

Ansys Fluent 
Software 

Simple Bodies 
(ASMO Model) 

Han et al., 
[40] 

𝑣 = 50 𝑚/𝑠 - 𝐶𝐷 = 0.165 

- 𝐶𝐿 = 0.125 

(810 mm × 
270 mm × 
290 mm) 

Smagorinsky 
Turbulence 
model 

XFlow 
Software 

Simple Bodies 
(Davis Model) 

Mansor et 
al., [41] 

- 𝑣 = 40 𝑚/𝑠 
- Reynolds Number 
= 1.7 × 
106 

- 𝐶𝐷 = 0.228 (625 mm × 
160 mm × 
225 mm) 

𝑘 − 𝜔 
Turbulence 
model 

Ansys 
Fluent 
Software 

Basic Car 
Shapes (MIRA 
Model) 

Lai et al., 
[44] 

𝑣 = 30 𝑚/𝑠 - 𝐶𝐷 = 0.329 (520.625 
mm × 
177.625 mm 
× 203.125 
mm) 

𝑘 − 𝜀 
Turbulence 
model 

STAR 
CCM+ 
Software 

Basic Car 
Shapes (TATA 
Safari Model) 

Samy et 
al., [53] 

𝑣 = 35 𝑚/𝑠 - 𝐶𝐷 = 0.620 

- 𝐶𝐿 = 0.099 

(L = 4655 
mm × W = 
1855 mm) 

𝑘 − 𝜀 
Turbulence 
model 

Ansys 
Fluent 
Software 

Basic Car 
Shapes (TATA 
Indica Model) 

Ansari [54] 𝑣 = 19.44 𝑚/𝑠 - 𝐶𝐷 = 0.841 Imported 3D 
sketches 

𝑘 − 𝜀 
Turbulence 
model 

Ansys 
Fluent 
Software 

Basic Car 
Shapes (Base 
Generic Model) 

Datta et 
al., [45] 

𝑣 = 27.78 𝑚/𝑠 - 𝐶𝐷 = 0.3385 

- 𝐶𝐿 = 0.2531 

(4000 mm × 
1800 mm × 
2000 mm) 

𝑘 − 𝜀 
Turbulence 
model 

Ansys 
Fluent 
Software 

Production (Series) 
Cars 
(Swift Dzire Model) 

Dias et al., 
[55] 

𝑣 = 40 𝑚/𝑠 - 𝐶𝐷 = 0.375 (3995 mm × 
1695 mm × 
1555 mm) 

𝑘 − 𝜔 
Turbulence 
model 

Ansys Fluent 
Software 

Production 
(Series) Cars (KIA 
Pride Model) 

Saleh and 
Ali [43] 

𝑣 = 30 𝑚/𝑠 - 𝐶𝐷 = 0.355 (3935 mm × 
1455 mm × 
1605 mm) 

𝑘 − 𝜀 
Turbulence 
model 

Ansys 
Fluent 
Software 

Production 
(Series) Cars 
(Resnick Model) 

Le Good et 
al., [50] 

𝑣 = 40 𝑚/𝑠 - 𝐶𝐷 = 0.270 (267 mm × 
98 mm × 

108 mm) 

𝑘 − 𝜀 
Turbulence 
model 

Ansys 
Fluent 
Software 

Production (Series) 
Cars 
(Hybrid Electric 
Vehicle Model) 

Ramasamy 
et al., [49] 

𝑣𝑀𝑖𝑛 
= 11.11 𝑚/𝑠 
𝑣𝑀𝑎𝑥 
= 30.56 𝑚/𝑠 

- 𝐶𝐷𝑀𝑖𝑛 = 0.312 

- 𝐶𝐷𝑀𝑎𝑥 = 0.356 

(4110 mm × 
1360 mm × 
1655 mm) 

𝑘 − 𝜀 
Turbulence 
model 

Cosmos 
Flo- 
Workstm 
software. 
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lowest drag. Maximum drag reduction of 26% was achieved 
through these modifications [58]. 

Further studies employing wind tunnel and computational fluid 
dynamics (CFD) methods analyzed the effects of underbody 

airflow on a 15-ton truck and a 40-foot trailer. Different 
aerodynamic configurations were examined, including standard 
side skirts and new designs incorporating additional inclined 
flap panels. Results showed that a 45-degree inclined flap 
reduced drag by 5.3% for the 15-ton truck and 4.7% for the 40-
foot trailer compared to conventional skirts. A skirting design 
with a 60-degree folded inner panel achieved reductions of 
5.1% and 5.0%, respectively. Large Eddy Simulations (LES) 
confirmed a 5.4% drag reduction for the flap-type side skirt, 
closely matching wind tunnel results [59]. 

To enhance truck fuel efficiency, three primary strategies were 
explored: energy management, adaptive aerodynamics, and 
Human-Machine Interface (HMI). The studied truck, a long-haul 
tractor-semitrailer, was modified with electrically controlled 
actuators such as a radiator shutter, electric fans, a water pump, 
an additional generator, a controllable thermostat, and an 
electrohydraulic power steering system. Active aerodynamic 
components were also integrated to optimize fuel consumption. 
CFD simulations demonstrated that side deflectors improved 
fuel savings by 0.3–1.5%, a controllable radiator shutter 
contributed 0.3%, and a roof deflector offered potential gains of 
up to 2% [60]. 

 Wind tunnel tests also explored plasma vortex generator
 actuators positioned on the A-pillar. At a yaw angle of 9
 degrees, drag reduction of up to 20% was achieved [65]. 

Experiments also investigated the influence of rear flaps on 
drag reduction without requiring major structural changes. 
Various flap shapes elliptical, rectangular, and triangular were 
tested at different mounting angles. The best drag reduction 
occurred at a 50-degree mounting angle, with elliptical flaps 
yielding the greatest effect. Maximum drag reduction of 11.1% 
was observed using elliptical flaps compared to the baseline 
model. Even perforated elliptical flaps outperformed other 
designs, demonstrating that an optimized aerodynamic shape 
enhances efficiency [61]. 

Truck aerodynamics in South Asia were also analyzed, 
revealing that many deflectors in Bangladesh and Pakistan are 
designed for aesthetic appeal rather than efficiency. Compared 
to an optimized streamlined deflector, which reduced drag by 
13%, traditional Bangladeshi deflectors increased drag by 33%, 
while Pakistani designs worsened drag by 56% [62]. Another
 study investigated the optimal placement of truck fairings,
 comparing three configurations: (1) a truck without a fairing,
 (2) a truck with an old fairing design, and (3) a truck with a
 modified fairing positioned 500 mm forward. Pressure contour

 analysis revealed that the repositioned fairing significantly
 reduced pressure on the truck's glass window by 75.45
 Pa and improved airflow separation between the tractor
 and trailer, leading to lower drag forces [63]. 

Another effective drag reduction method involved the 
use of vortex generators (VGs). A study using a 1:20 scale 
tractor-trailer model tested counter-rotating backward-
facing vane-type VGs of two sizes (VG1 and VG2) placed

at the front and rear of the trailer. The larger VG (VG2) at 
the front reduced wake vortex formation by 12.9%, while 
placement at the rear resulted in a 5.8% reduction [64].

Additionally, convoy rolling effects on aerodynamic 
resistance were studied using CFD simulations. Four 
truck models were arranged in a convoy with a 3-meter 
spacing, which is considered safe in real-world traffic. 

The leading truck experienced the highest drag, while 
subsequent trucks benefited from reduced aerodynamic 
resistance. The second truck had the greatest pressure 
reduction of 75%, whereas the remaining trucks saw 
smaller yet significant reductions. However, a potential 
downside was reduced airflow to heat exchangers, which 
may necessitate cooling system optimization [67]. 

Overall, substantial drag reduction can be attained 
through external modifications such as side skirts, rear 
flaps, vortex generators, and optimized fairing 
placement. The most effective approach involved - 
closing gaps on heavy vehicles, although practical 
implementation challenges remain. Further research is 
needed to refine convoy spacing, determine the optimal 
VG size and placement, and enhance active aerodynamic 
systems for improved efficiency [66]. 

4.2 Drag Reduction in Light Vehicles 

Aerodynamic enhancements, such as rear spoilers, 
significantly impact the drag reduction of hatchback 
models, ultimately improving fuel economy. Wind tunnel 
experiments on a scaled car model analyzed airflow at 
the rear, comparing conditions with and without a 
spoiler. Results demonstrated that a car equipped with a 
spoiler exhibited lower pressure variation and reduced 
drag force, with its pressure coefficient proving more 
effective at high speeds [68]. 

Computational studies using Reynolds-Averaged Navier-
Stokes (RANS) simulations investigated the influence of 
rear roof spoilers on hatchback aerodynamics. Findings 
revealed that a simple strip-type spoiler efficiently 
reduced drag at pitch angles between 0° and 5°, though 
drag increased at higher angles. The spoiler mitigates 
drag primarily by controlling airflow acceleration at the 
leading edge of the sloped section and preventing the 
formation of longitudinal vortices. However, real-world 
vehicle motion, including pitching effects, was not 
considered in this study [69]. 
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Race car aerodynamics have also been examined through 
wind tunnel experiments and CFD simulations. A 
comparative study assessed the aerodynamic 
characteristics of a race car wing, obtaining results from 
STAR-CCM CFD software and wind tunnel tests. The 
relative error between the two methods was 4%. When 
the sideslip angle remained constant, no correlation was 
observed between aerodynamic forces, moments, and 
speed. However, as the sideslip angle increased, 
aerodynamic force and torque coefficients exhibited 
distinct variation patterns [70]. 

Braking performance in race cars, particularly during 
cornering, is as crucial as acceleration. The NITK Racing 
Formula Student Car integrated a mechanical actuator to 
convert brake pedal motion into rotational movement of 
the rear wing’s aerofoil blade. Testing various angles of 
attack led to an optimized wing design that improved 
aerodynamic braking by generating controlled drag. 
Using the equation CD=2sin 2αC_D = 2 \sin^2\alphaCD
=2sin2α, maximum drag was estimated based on aerofoil 
thickness and position, with values ranging from 30° to 
80° [71]. 

Further aerodynamic research focused on the rear wing 
designs of Formula 1 (F1) cars. A 2D CFD model, 
incorporating k-ε, k-ω, and k-kl-ω turbulence models, 
analyzed airflow around an F1 wing at 43 m/s, the 
average speed during corner entry. The study evaluated 
different flap wing configurations and Drag Reduction 
System (DRS) effects. Results indicated that thicker 
aerofoil designs reduced drag, while larger flaps 
increased downforce. However, when DRS was activated, 
smaller flaps effectively reduced drag, making them more 
suitable for circuits with long straight sections [72]. 

The combined effects of underbody, front, and rear wings 
on open-wheel race car aerodynamics were also 
investigated using CFD. The study analyzed four vehicle 
configurations: (A) a flat underbody, (B) an underbody 
with a rear diffuser, (C) a combination of a rear diffuser 
with two-element front and rear wings, and (D) a similar 
setup but with three-element wings. Diffusers improved 
downforce without significantly increasing drag, while 
wings enhanced downforce at the cost of increased drag. 
Despite similar aerodynamic effects, the three-element 
wing (model D) was preferred due to its lighter weight. 
Wool tuft flow visualization confirmed CFD findings, 
ensuring aerodynamic accuracy [73]. 

Another study utilized CFD to optimize the aerodynamics 
of a production car model by testing various rear diffuser 
angles. Wind tunnel validation using the Ahmed body 
confirmed that CFD accurately predicted aerodynamic 
coefficients. The best diffuser angle was found to be 8°, 
as it reduced lift coefficient (CLC_LCL) with a negligible 
increase in drag coefficient (CDC_DCD). Beyond this

 angle, drag increased significantly despite further 
reductions in lift [74]. 

The first prototype of a Formula SAE race car from the 
University of Perugia underwent aerodynamic 
refinement using wind tunnel and CFD analysis. Initially, 
only the nose section was examined to compare 
experimental and numerical drag results. In the second 
phase, two complete race cars (RB11.1_a and RB11.1_B) 
were evaluated numerically, revealing that individual 
design modifications significantly influenced drag and 
downforce. The wind tunnel test yielded a CDC_DCD of 
0.46, while CFD simulations produced a value of 0.43 
[75]. 

The ARTeC EMo-C race car, a hybrid between Formula-
type and urban cars, was designed for maximum fuel 
efficiency. Its aerodynamics were assessed using CFD and 
wind tunnel tests. A CATIA-generated car model was 
analyzed in FLUENT at 13.9 m/s, while a 1:10 scale wind 
tunnel model was tested at 10–30 m/s. CFD results -
underestimated drag compared to wind tunnel findings, 
primarily due to the omission of skin friction. Tire 
aerodynamics contributed significantly to drag, 
accounting for a 25.7% increase in profile drag 
coefficient. At an average speed of 40 km/h, aerodynamic 
drag accounted for no more than 20% of engine power 
consumption [76]. 

Aerodynamic studies have also examined side mirror 
designs using ANSYS Fluent. Three mirror shapes were 
tested at speeds of 17 m/s and 33 m/s. The semi-circular 
mirror design exhibited the least drag and pressure 
coefficient variation, reducing surface oscillations and 
minimizing image blurring caused by aerodynamic forces 
[77]. 

Advancements in vehicle aerodynamics have led to 
modern passenger cars achieving lower drag coefficients 
(down to 0.3). Internal engine bay airflow contributes 
approximately 10% of total aerodynamic drag. A study in 
Tokai University’s wind tunnel examined 48 different 
grille configurations, varying inlet opening size, radiator 
placement, and engine orientation. Findings revealed 
that increased inlet size generally raised drag and front 
lift while reducing rear lift. In models with a radiator, 
drag increased with larger inlet heights, though position 
had minimal effect [78]. 

Innovative drag reduction methods include air jet wheel 
deflectors, which create an air curtain ahead of the 
wheel, diverting airflow and lowering aerodynamic 
resistance. As the jet speed increases, stagnation 
pressure on the tire surface decreases, leading to drag 
reduction. A study found that aligning jet speed with 
vehicle velocity achieved a 6.4% drag reduction. This 
system also enhances brake cooling by directing airflow 
towards the callipers [79]. 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 12 Issue: 05 | May 2025               www.irjet.net                                                                       p-ISSN: 2395-0072 

  

© 2025, IRJET       |       Impact Factor value: 8.315       |       ISO 9001:2008 Certified Journal       |     Page 490 
 

Comparisons of grooved and slick tires revealed that 
grooved tires generate greater aerodynamic resistance 
due to pressure differentials near the contact patch. 
Numerical studies, validated by wind tunnel tests at PSA 
Peugeot Citroe n, confirmed that slick tires experience 
greater pressure drops, leading to higher profile drag 
[80]. 

Various external aerodynamic modifications, including 
spoilers, diffusers, and optimized mirror designs, 
effectively reduce drag in passenger cars. Spoilers 
mitigate rear turbulence and increase downforce, though 
improper attack angles can lead to increased drag. Active 
spoilers with adjustable actuation provide the best 
results by generating additional downforce only when 
necessary [68–73]. Diffusers primarily manage lift rather 
than reducing drag [74]. A summary of different drag 
reduction techniques is provided in Table 2 

 

Table 2: Comparing the different methods used by different papers to reduce aerodynamic drag 

 

Vehicle type 

 

Description 

 

Advantages 

 

Limitations 

 

Remarks 

Semi-trailer truck 
[58][60] 

Use of side-skirts and 
different fairings 

Drag was reduced Complex nature of 
design 

The real size model 
has to be tested 

Truck-trailer 
[59][64][66] 

Different side skirts. 
Different types of VGs 

Maximum drag 
reduction for 45o 
inclined skirt. VG 
reduces drag. 

ground clearance is 
reduced 

The VG position and 
design must accurate 

Truck [61–63] Different types of 
flaps and fairings are 
tested 

Elliptical flaps and 
aerodynamic 
deflectors placed 
forward, reduced 
drag 

Tests done were 
limited 

Drag reduction is 
possible by using 
these methods 

Hatchback car 
[68][69] 

Drag reduction by 
rear spoiler 

The spoiler reduced 
drag 

Proper angle must be 
maintained for the 
spoiler 

Spoilers can both 
create and reduce 
drag 

Race car [70] [76] Characteristics of the 
wing, diffuser and 
underbody were 
tested. 

Model equipped with 
front and rear wing 
and diffuser had the 
best result 

Angle of attack must 
be varied to adopt to 
the situation 

Actuated wings adapt 
to required situations 

Passenger car 
[77][78] 

Design of side view 
mirrors and engine 
room flow 

Semi-circle shape 
mirror were best. 

Tests were limited. 
10% drag can be from 
engine room 

More mirror shapes 
and engine layouts 
can be tested 

 

 

 

 

 

 

 

 

 

 

5. INSTABILTY CAUSED DUE TO AERODYNAMIC 
EFFECTS 

5.1 In heavy vehicles 

Crosswinds pose a significant rollover hazard for heavy 
vehicles, increasing the risk to passengers [89], [90]. In a 
flat-ground scenario, the impact of low and mean 
turbulent conditions becomes more pronounced at 
higher yaw angles. The simulated vertical wind speeds 
play a crucial role in determining both the roll moment 
and lateral forces acting on the vehicle. At the windward 
roof edge, the vertical component of airflow is most 
affected at the detachment point. As suction over the roof 
intensifies, this detachment point shifts upward, leading 
to a greater upward-directed vertical force. More 

detailed insights into crosswind effects are available in 
[99–]. 

The lateral force and roll moment admittance functions 
follow a similar trend, both decreasing from 1 to 0 as the 
non-dimensional frequency increases from 0 to ∞. 
Meanwhile, the admittance function for vertical force 
begins at 1 when the non-dimensional frequency is 0 and 
reaches its peak when the frequency is equal to 1. Unlike 
lateral forces, vertical forces are primarily influenced by 
the pressure distribution above and below the vehicle 
rather than by the lateral surface pressure. 

When heavy vehicles operate in environments other than 
flat terrain, such as embankments, single and double 
viaducts, and situations involving upward or downward
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A moving vehicle model was validated using an 
experimental setup involving two prisms in relative 
motion under crosswind conditions. The numerical wind 
tunnel results were compared with experimental data 
from previous studies to ensure accuracy. Due to the 
asymmetrical geometry of real trucks, variations in side 
force and yaw moment near peak values were evident. As 
a vehicle approaches and exits the wake of a structure, 
the crosswind-induced lateral force and yaw moment 
fluctuate, with a 30% reduction in lateral force occurring 
when the vehicle is positioned in the center of the wake 
[25]. 

A comparison of different trailer designs revealed that 
tank trailers, with their smooth surfaces, experienced 
lower lateral forces. In contrast, trailers with larger side 
areas exposed to wind were more prone to rollover due 
to higher lateral forces acting on them. The yaw moment 
was found to be primarily influenced by the length of the 
vehicle, whereas the lateral force admittance function 
was mainly dependent on the side area exposed to the 
wind. Larger side areas resulted in smaller amplitude 
variations in the lateral force admittance function, 
emphasizing the role of aerodynamic design in 
minimizing rollover risks [24], [25]. 

5.2 In light vehicles 

 The addition of rear spoilers on hatchback vehicles helps 
minimize turbulence at the rear while increasing 
downforce, leading to improved stability [11]. 
Computational Fluid Dynamics (CFD) simulations using 
Reynolds-Averaged Navier-Stokes (RANS) equations 
have been utilized to study the impact of rear roof 
spoilers on aerodynamic drag. Results suggest that a 
simple strip-type spoiler provides beneficial effects when 
set at a pitch angle of 0° to 5° [12]. 

In formula-style race cars, the rear wing plays a key role 
in generating significant downforce for stability during 
cornering while minimizing drag on straight paths. 
Actuators adjust the wing angle to optimize 
performance, with the ideal angle in straight-line travel 
depending on the design, whereas maximum braking -
efficiency is achieved when the wing is perpendicular to 
airflow [14], [15] 

Open-wheel race cars equipped with front and rear 
wings, as well as a diffuser, perform better than those 
without these aerodynamic components or with only one 
of them [16]. 

Experiments on rear diffusers at different angles 
revealed that an 8° angle was the most effective. At this 
setting, the coefficient of lift (CL) decreased by -0.01968, 
while the coefficient of drag (CD) increased only slightly 
(+0.0019) compared to a model without a diffuser. When 
the diffuser angle exceeded 8°, CD values rose. Since the 
wake region behind the vehicle significantly contributes 
to positive lift, reducing it and directing airflow upwards 
through a rear diffuser was effective in lowering lift and 
increasing downforce [17]. Further studies 
demonstrated that modifying or removing individual 
aerodynamic components directly impacts drag and 
downforce [18]. 

 

wind flows, the rollover risk varies. Among all yaw 
angles, flat-ground scenarios present the least risk. The 
highest rollover threat occurs on single viaducts at larger 
yaw angles (α > 50°) and on embankments and double 
viaducts at smaller yaw angles. Additionally, on viaducts 
and embankments, lateral aerodynamic forces and roll 
moments tend to decrease as the wind transitions from 
an upward to a downward flow, particularly at high yaw 
angles. A notable difference in yaw moments between 
viaduct and embankment conditions was observed, with 
both scenarios having similar amplitude but opposite 
signs [24]. 

box fish of Ostraciidae 
fish family. 

CD= 0.073 at a Reynolds 
numbers equivalent to 
100 km/h of inflow 
velocity. 

Shape of the vehicle is 
different from 
conventional vehicles 

The CD values are lesser 
than the values of 
normal vehicles 

New tail shape of car 
[36] 

Upgrading the tail- 
shape of the car to 
improve air flow 

Drag was reduced by 
4.5% and lift was 
decreased 

Only the tail shape has 
been studied 

Other parts also have to 
be considered 

Horas Mesin USU [37] The new design was 
compared with respect 
to ford fiesta 

The CD and CL were 
found to be lesser than 
ford fiesta 

The ford fiesta had 
better aerodynamic 
characteristics 

The design failed to be 
better than any produ-
ction car. 

Car with expanded 
windshield [38] 

Expanding windshield to 
study the aerodynamic 
effects 

The drag coefficient was 
diminished by 8.85%. 

Expanding the front 
windshield of the car 
impacts the streamlined 
drag and wind current 

The change on the 
vehicle did not have any 
major impact. 

                                          Table 3:  Comparing the methods used to control the aerodynamic instability 

Vehicle type Description Advantages Limitations Remarks 

Boxfish design [35] Bio-mimicry of yellow 
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The influence of tires on lift was also examined, showing 
that the lift coefficient without tires was -0.053, but with 
tires, it increased to 0.339 [19]. Among various 
aerodynamic modifications, the underbody rear diffuser 
plays a vital role in controlling airflow. The impact of 
diffuser angles was studied without additional 
components like separators or end plates. CFD 
simulations were performed on an optimized model with 
diffuser angles set at 0°, 3°, 6°, 9.8°, and 12°, with the 
initial model featuring a 9.8° angle. Results showed that 
increasing the diffuser angle led to significant changes in 
underbody airflow and wake, affecting pressure 
distribution. Initially, the aerodynamic drag coefficient 
decreased but started increasing beyond a certain angle, 
while the lift coefficient continued to decrease [26]. The 
effectiveness of rear spoilers is also dependent on their 
height and inclination angle. 

A smaller attack angle results in gownforce. A spoiler set 
at a 12° inclination was found to be the most effective, 
but it caused a 1.56% increase in CD compared to a 4° 
inclined spoiler. Maintaining a low CL is essential for 
better handling at high speeds [27]. A comparative study 
on a Formula SAE race car’s aerodynamic performance 
was conducted using FLUENT software under two 
conditions: without a wing package and with a wing 
package at various angles of attack. In the absence of 
wings, high static pressure was observed on the vehicle’s 
front body, tires, and the driver’s chest and head, while 
large vortices behind the driver created negative 
pressure. When equipped with wings, the aerodynamic- 

setup significantly increased downforce, improving 
performance in dynamic conditions. An 8° rear wing 
angle contributed approximately 65% of the vehicle’s 
total downforce, providing crucial design parameters for 
aerodynamic enhancement [28]. 

The front wing of a race car was also examined under 
ground effect conditions. Simulations revealed that net 
downforce increased in this scenario. The lift coefficient 
(CL) showed a 20% increase when the attack angle 
changed from 0° to 120°, but beyond 120°, CL dropped 
by about 45%, indicating a potential stall between 120° 
and 160°. Additionally, CD increased by around 50% up 
to 120° but remained stable afterward [29]. Airfoil 
design references were taken from [70], [71]. 

In automobiles, instability is largely caused by positive 
lift, which can be countered by generating negative lift 
(downforce) [11], [12], [14], [19], [26]–[29]. Downforce 
can be achieved using rear diffusers [16], [17], [26], rear 
spoilers  

[11], [12], [14]–[16], [27]–[29], and front spoilers [16], 
[19], [29]. While some aerodynamic techniques from 
race cars can be adapted to passenger vehicles, 
production costs may make them impractical for mass 
adoption. Table 2 presents a comparison of different 
instability control methods. 

 

 

Table 4: Comparing the different methods used by different papers to reduce aerodynamic drag 

 

Vehicle type 

 

 

Description 

 

Advantages 

 

Limitations 

 

Remarks 

Truck[24][25] Effects of crosswind 
which causes rollover 

Smooth windward 
surface can reduce the 
chances of rollover 

The surroundings effect 
the force acting on the 
vehicles 

Vehicle design has to 
be improved to avoid 
rollover. 

Hatchback car [11][12] Using spoiler to create 
down-force 

Angle of 0 to 5 degrees 
create high down-force 

If the attack angle is too 
high it can create drag 

Down force should be 
created without drag. 

Race car [14]– 

[19], [28],[29] 

The wing, diffuser and 
underbody were tested 

8 to16 degree attack 
angle provided enough 
down-force 

Further increase in angle 
can also increase drag. The 
tires produced lift 

Actuated spoiler 
creates drag when 
required and reduces 
when not required. 

Passenger car [17][26], 
[27] 

The effects of a rear 
diffuser and spoiler on 

airflow were studied 

Angle of 8o of diffuser 
had sufficient down- 
force. Spoiler of 12 
inclination was ideal 

Beyond 8 degree angle of 
diffuser the drag increases. 
The 12 degree spoiler 
increases CD. 

The lift can be 
reduced but it should 
not increase the drag. 
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