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Abstract— Recent spikes in fuel prices and concern 

regarding greenhouse gas emissions, automotive design 

engineers are faced with the immediate task of introducing 

more efficient aerodynamic designs vehicles. The 

aerodynamic drags of a road vehicle is responsible for a 

large part of the vehicle’s fuel consumption and contribute 

up to 50% of the total vehicle fuel consumption at highway 

speeds. This review intends to provide information on the 

current approaches and their efficiency in reducing pressure 

drag of ground vehicles. The review mainly focuses on the 

methods employed to prevent or delay air flow separation on 

the body of vehicle. The exterior styling and 

aerodynamically efficient design for reduction of engine 

load which reflects in the reduction of fuel consumption are 

the two essential factors for a successful operation in the 

competitive world. The main objective of the study is to 

predict the drag coefficient experimentally as well as 

computationally. Several factors that influence the drag 

coefficient such as flow separation, vortex and the effect of 

pressure coefficient have been studied. Passive control 

methods such as Vortex Generator (VG), Spoiler, Surface 

dimples and Diffuser are among the methods that have been 

reviewed. 
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I. INTRODUCTION 

The rapidly increasing fuel prices and the regulation of 

greenhouse gasses to control global warming give 

tremendous pressure on design engineers to enhance the 

current designs of the vehicle using the concepts of 

aerodynamics as to enhance the efficiency of vehicles [9]. 

Fuel consumption due to aerodynamic drag consumed more 

than half of the vehicle’s energy. Thus, the drag reduction 

program is one of the most interesting approaches to cater 

this matter. Aerodynamic drag consists of two main 

components: skin friction drag and pressure drag. Pressure 

drag accounts for more than 80% of the total drag and it is 

highly dependent on vehicle geometry due to boundary layer 

separation from rear window surface and formation of wake 

region behind the vehicle. The location of separation 

determines the size of wake region and consequently, it 

determines the value of aerodynamic drag. According to 

Hucho [10], the aerodynamic drag of a road vehicle is 

responsible for a large part of the vehicle’s fuel consumption 

and contributes up to 50% of the total vehicle fuel 

consumption at highway speeds. Reducing the aerodynamic 

drag offers an inexpensive solution to improve fuel 

efficiency and thus shape optimization for low drag become 

an essential part of the overall vehicle design process [11]. It 

has been found that 40% of the drag force is concentrated at 

the rear of the geometry [12]. 

 

 Flow separation control is of major interest in 

fundamental fluid dynamics as well as in various 

engineering applications. Numerous techniques have been 

explored to control the flow separation either by preventing 

it or by reducing its effects. These methods range from the 

use of passive to active control devices either steady or 

unsteady (e.g. synthetic jets, acoustic excitation). Among the 

various strategies employed in aerodynamic control, 

conventional passive control techniques, consisting in 

modifying the shape of the vehicle or attaching add-on 

devices to reduce the aerodynamic drag, appears as the 

easiest to implement. 

 Reduction of drag is essential for improving fuel 

consumption and driving performance, and if an aero- 

dynamically refined body is also aesthetically attractive, it 

will contribute much to increase the vehicle’s appeal to 

potential customers. The drag coefficient (CD), is generally 

between 0.2 and 0.5, while that of more bluff cubic objects 

is greater than 1.0 and that of the least bluff bullets is less 

than 0.1. Taper at the rear has the effect of delaying flow 

separation or shifting the flow separation point 

downstream). A well-known example for intensifying the 

flow separation delaying effect is utilizing a dimple (like the 

ones on golf balls). Adding dimple-shaped pieces can lower 

the CD to a fraction of its original value. 

 The spoiler is used as a tool to minimize 

unfavourable air movement around the vehicle and can be 

divided into the front spoilers and the rear spoilers. A front 

spoiler, connected with the bumper, is mainly used to direct 

air flow away from the tires to the underbody. A rear spoiler 

is commonly installed upon the trunk lid of a passenger 

vehicle. The added spoiler can diffuse the airflow passing a 

vehicle, which minimizes the turbulence at the rear of the 

vehicle, adds more downward pressure to the back end and 

reduces lift acted on the rear trunk [14]. 

 The simulation of external aerodynamics is one of 

the most challenging and important automotive CFD 

applications. With the rapid developments of digital 

computers, CFD is used as a practical tool in modern fluid 

dynamics research. It integrates fluid mechanics disciplines, 

mathematics and computer science.  

A. Effect of Spoiler on Aerodynamic Drag 

The car body experiences aerodynamic forces and moments 

from the air when it moves through the air. The force on the 

vehicle in the direction opposite to its moving direction is 

called drag, and the force perpendicular to the drag and 

normal to the ground is called lift. The higher the drag force 

is, the more the horsepower is required. 

 ANSYS Fluent [16] was used to build a virtual 

prototype and the performance of proposed and existing 

designs was simulated. The model is simplified by removing 

wheels and rear-view mirrors and the bottom portion of the 

car was assumed to be a flat surface. 
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Fig. 1: 3D vehicle model without spoiler [5] 

 Two positive pressure areas can be found: one is at 

the front of the vehicle body, and the other is between the 

hood and the windshield. At the same time, high negative 

pressure areas can be found at the front and rear end of the 

roof and a small area at the front end of the hood. It is 

believed that positive pressure at the bottom and negative 

pressure at top will make the rear portion of the car to lift up 

from the ground and reduce the pressure between the wheels 

and ground, which causes loss of steering on the front axle 

and loss of traction on the rear axle. Pitching moment is 

usually negative i.e. the nose down, and this makes the rear 

axle lift off the ground, which further reduces the available 

traction. 

 The development of a rear spoiler should consider 

the following conditions [15]: 

1) The spoiler should act as a diffuser when it is attached 

to the upper surface of the trunk so that vehicle with 

rear-spoiler should have higher pressure in the back 

compared with the vehicle without the rear-spoiler. 

2) Normally an additional attachment to a vehicle causes 

an additional drag and lift due to the presence of it 

attached to a moving body. The rear-spoiler should be 

designed in such a way that the additional drag on the 

spoiler should be much smaller than the total drag on 

the car. Furthermore, it would be much better if it is 

possible to design a rear spoiler in such a way that the 

force on the spoiler along the direction of the vehicle 

motion acts in the same direction as the vehicle motion. 

3) The value of the additional lift on the new spoiler 

should be very small if it is positive. Furthermore, it 

would be much better if it is possible to design a rear 

spoiler in such a way that the lift on the spoiler is 

negative. 

 
Fig. 2: 3D vehicle model with spoiler [5] 

 The aerodynamic lift, drag and flow characteristics 

of a high speed sedan car were numerical investigated. 

There are two additional contributions to the total pressure 

force on a vehicle without the spoiler. The first contribution 

is made by the pressure force on the spoiler, and the second 

contribution is due to the increase in pressure on the back 

surface of the vehicle due to the diffuse effect of the spoiler. 

A standard   k -ε model was selected as the turbulence 

model for numerical simulations. And then three-

dimensional external flows around the car body with a rear-

spoiler were investigated [5] 

 In the present study, three parameters were taken 

into consideration. The parameters include: the attachment 

position, the shape of the spoiler, and the variable of 

clearance A between the rear window and the leading edge 

of the rear-spoiler and the clearance B of spoiler bottom to 

the trunk. Through comparing the results of 24 cases, a rear 

spoiler of better performance has been developed. The high 

speed passenger car with new rear spoiler shows that the 

aerodynamic Drag is reduced by 1.7% and also it increases 

negative lift. [5] 

B. Effect of Surface Damples on Aerodynamic Drag 

The successful application of dimples on a golf ball has 

brought inspiration to the vehicle aerodynamics engineers. 

A golf ball with dimple surface can travel higher and further 

than a smooth surface golf ball when subjected to identical 

force (i.e. club swing). Dimples on the golf ball induce 

turbulence at lower Reynolds number (a non-dimensionless 

number that determines whether the flow is laminar or 

turbulent) providing extra momentum or energy to the 

boundary layer causing delay in flow separation, as shown 

in Fig. 3 [18], [19]. This phenomenon causes smaller wakes 

area(i.e. swirling flow region) behind the ball thus reducing 

the total drag [17].Every single body that moves in fluid will 

experience drag. Basically, the drag force can be divided 

into two different types which are pressure drag and friction 

drag [18], [19].Friction drag comes from friction between 

the fluid and the contacted surface. Friction drag is related 

with the development of boundary layer (thin layer of flows 

close to the surface due to fluid viscosity) and the Reynolds 

number. Pressure drag forms due to the eddying motions 

that are set up in the fluid by the passage of the body. 

Pressure drag is related with the formation of a wake (i.e. 

shape or form of the body). 

 When drag force of a body is dominated by friction 

drag, the body will be defined as a streamline body (i.e. fish, 

bird, or` an airfoil that is in small or zero angles of attack). 

On the other hand, the drag force of a bluff body (i.e. brick, 

golf ball or an airfoil that is in large angle of attack) is 

dominated by pressure drag. 

 
Fig. 3: Dimple Pattern on golf ball [6] 
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 In a famous science entertainment television 

program Mythbusters in 2009 has made an experiment on 

applied dimples on the car surface (Fig. 4). In the program, 

Jamie and Adam have created dimples on a car surface with 

clay. They found out that there was increased of fuel 

consumption efficiency. The efficiency was increased by 

11% when compared to a normal surface car, which was 

considered as a major improvement. Although it was not an 

official experiment or research, but it has shown that there is 

a possibility to apply dimples on the car surface or even 

other transportation mode like trains and aircrafts to reduce 

fuel consumption. 

 
Fig. 4: The Mythbusters crew experimented with dimples on 

the Ford Tauras [6] 

 In order to have more precise result, a parameter 

called dimple ratio (DR) has been introduced. Basically, 

dimple ratio is the ratio between the depths of the half 

dimple over the print diameter of the dimple. 

 All the dimple ratio models give smaller coefficient 

of drag , CD compared to the model without dimple. The 

coefficient of drag, CD is reduced by 1.95% for the model 

with DR = 0.4. The results are encouraging since the 

simulation is only based on one dimple. Different 

parameters like dimples position, number of dimples, 

dimples orientation will be tested in order to fully 

understand the performance of the dimple application on 

vehicle aerodynamics [6] 

C. Effect of Vortex Generators on Aerodynamic Drag 

A VG is an aerodynamic surface which is basically a small 

vane that creates a vortex. VG widely used in the aerospace 

industry, mainly to control boundary layer transition and to 

delay flow separations. 

 
Fig. 5: Schematic of velocity profile around rear end [2] 

 
Fig. 6: Schematic of flow around vortex generator [2] 

 Fig (5) shows a schematic of flow velocity profile 

on the vehicle’s centreline plane near the roof end. Since 

purpose of using VGs is to control flow separation at the 

roof end of a sedan. To determine the shape of sedan VGs, 

the data on aircraft VGs are referred to the vehicle height in 

this section becomes progressively lower as the flow moves 

downstream, an expanded airflow is formed there. This 

causes the downstream pressure to rise, which in turn 

creates reverse force acting against the main flow and 

generates reverse flow at downstream Point C. No reverse 

flow occurs at Point A located further upstream of Point C 

because the momentum of the boundary layer is prevailing 

over the pressure gradient (dp/dx). Between Points A and C, 

there is separation Point B, where the pressure gradient and 

the momentum of the boundary layer are balanced. As 

shown in Fig. (5), in the lower zone close to the vehicle’s 

surface within the boundary layer, the airflow quickly loses 

momentum as it moves downstream due to the viscosity of 

air. The purpose of adding VGs is to supply the momentum 

from higher region where has large momentum to lower 

region where has small momentum by stream wise vortices 

generated from VGs located just before the separation point, 

as shown in Fig. (6). this allows the separation point to shift 

further downstream. Shifting the separation point down- 

stream enables the expanded airflow to persist 

proportionately longer, the flow velocity at the separation 

point to become slower, and consequently the static pressure 

to become higher. The static pressure at the separation point 

governs over all pressures in the entire flow separation 

region. It works to reduce drag by increasing the back 

pressure. Shifting the separation point downstream, 

therefore, provides dual advantages in drag reduction:-one is 

to narrow the separation region in which low pressure 

constitutes the cause of drag; another is to raise the pressure 

of the flow separation region. A combination of these two 

effects reduces the drag acting on the vehicle. However, the 

VGs that are installed for generating stream wise vortices 

bring drag by itself. The actual effectiveness of installing 

VGs is therefore deduced by subtracting the amount of drag 

by itself from the amount of drag reduction that is yielded 

by shifting the separation point downstream. Larger-sized 

VGs increase both the effect of delaying the flow separation 

and the drag by itself. The effect of delaying the flow 

separation point, however, saturates at a certain level, which 

suggests that there must be an optimum size for VGs.[2] 
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Fig. 7: Position of Vortex Generators at the rear end of the 

roof [2] 

 
Fig. 8: Dimensions of a bump shaped vortex generators [2] 

 The size and the thickness of the boundary layer is 

measured based on the assumption that the optimum height 

of the Vortex Generator (VG) would be nearly equal to the 

boundary layer thickness. The boundary layer thickness at 

the roof end immediately in front of the flow separation 

point is about 30 mm [3]. Therefore, the optimum height for 

the VG is found to be up to approximately 30 mm. The 

shape of the VG selected for the analysis is a bump-shaped 

piece with a rear slope angle of 25 to 30°. As to the location 

of Vortex Generators, a point immediately upstream of the 

flow separation point exists and a point at an optimum 

distance of 100 mm in front of the roof end was selected as 

shown in Fig (7) The front half contour of the bump-shaped 

VG was smoothly curved to minimize drag and its rear half 

was cut in a straight line to an approximate angle of 27° for 

maximum generation of a stream wise vortex. Three bump-

shaped Vortex Generators similar in shape but different in 

height (15, 20 and 25 mm) to those shown in Fig (8) are 

examined. Experimental analysis shows that the drag 

coefficient was lower at the height of 20 to 25 mm, so a 

height in this range was considered to be optimum for the 

VG [3]. However, a taller VG might cause a decrease in the 

lift. The rather small change in drag coefficient resulting 

from change in height can be accounted for as follows. As 

mentioned before, an increase in height of the VG 

simultaneously causes two effects: one is reduced drag 

resulting from delayed flow separation and the other is 

increased drag by the VG itself. These two effects are 

balanced when the VG’s height is between 20 and 25 mm. 

From these results, a reduction of CD is 0.003 with this 

bump-shaped VG when the shape and size are optimized. 

[3] 

D. Effect of Diffuser on Aerodynamic Drag 

To reduce the aerodynamic drag it is of great importance to 

have a good pressure recovery at the rear. Since pressure 

drag is the dominating aerodynamic drag force for a 

passenger vehicle, the drag force will be a measure of the 

difference between the pressure in front and at the rear. 

There is high stagnation pressure at the front which requires 

a base pressure as high as possible. The pressure will 

recover from the sides by a taper angle, from the top by the 

rear wind screen, and from the bottom, by a diffuser. It is 

not necessarily the case that an optimized lower part of the 

rear end for a wagon-type car has the same performance as 

for a sedan or hatch-back car [20].  

 Marklund et al. [20] focused their study on the 

function of an under-body diffuser applied to a sedan and 

wagon car. The diffuser geometry was chose from a 

feasibility stand-point of a production vehicle such as a 

passenger car. The fluid dynamic function and theory of the 

automotive under-body diffuser working as a drag reduction 

device was discussed. The flow physics of the under-body 

and the wake was analysed to understand the diffuser 

behaviour in its application to lift and drag forces on a 

vehicle in ground proximity. The results show a potential to 

reduce aerodynamic drag of the sedan car approximately 

10%, and the wagon car by 2–3 %. The possible gain was 

much bigger for the sedan vehicle and the optimum occurs 

at a higher diffuser angle. This was most likely due to the 

fact that the sedan car in its original shape produced more 

lift force than the wagon, a wagon usually produces very 

little lift or even down-force. Lift forces were also reduced 

with the use of under-body covers with diffuser. The down-

force increased, or lifts force decreased, linearly with 

increased diffuser angle, and the trend was the same for both 

sedan and wagon rear ends. Flow analysis of the wake 

showed the importance of how the wake is balanced.  

 This research aims to develop an actively 

translating rear diffuser device to reduce the aerodynamic 

drag experienced by passenger cars. One of the features of 

the device is that it is ordinarily hidden under the rear 

bumper but slips out backward only under high-speed 

driving conditions. Kang et al. [21] designed a movable arc-

shaped semi-diffuser device, round in form, to maintain the 

streamlined automobile’s rear underbody configuration. The 

device was installed in the rear bumper section of a 

passenger car. Seven types of rear diffuser devices whose 

positions and protrusive lengths and widths are different 

(with the basic shape being identical) were installed and 

Computational Fluid Dynamics (CFD) analyses were 

performed under moving ground and rotating wheel 

conditions. The main purpose of this study was to explain 

the aerodynamic drag reduction mechanism of a passenger 

car cruising at high speed via an actively translating rear 

diffuser device. The base pressure of the passenger car was 

increased by deploying the rear diffuser device, which then 

prevents the low-pressure air coming through the underbody 

from directly soaring up to the rear surface of the trunk. At 

the same time, the device generates a diffusing process that 

lowers the velocity but raises the pressure of the underbody 

flow, bringing about aerodynamic drag reduction. Finally, 

the automobile’s aerodynamic drag was reduced by an 
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average of more than 4%, which helps to improve the 

constant speed fuel efficiency by approximately 2% at a 

range of driving speeds exceeding 70 km/h. 

II. SUMMARY  

Flow control Methods 
Percentage of Drag coefficient 

Reduction and Reference 

Vortex Generator 4.2-10%[23] , 21.5%[4] 

Rear Spoiler 3%[24] , 1.7% [5] 

Diffuser 21%[25] , 10%[20] , 4%[21] 

Surface dimple 1.95% per dimple[6] 

Table 1: Studied Results 

For the car with flow angle = 0 degree and with a rear 

spoiler at angle = +45 degree, combined with the co-rotating 

orientation of the VG lined in series, it gives the best 

performance by reducing the drag coefficient value with an 

impressive 68.18% [22]. 

III. REMARKS 

1) The aerodynamic drag of a road vehicle is responsible 

for a large part of the vehicle’s fuel consumption and 

contributes up to 50% of the total vehicle fuel 

consumption at highway speeds. Reducing the 

aerodynamic drag offers an inexpensive solution to 

improve fuel efficiency. 

2) Conventional passive control techniques, consisting in 

modifying the shape of the vehicle or attaching add-on 

devices to reduce the aerodynamic drag, appears as the 

easiest to implement but unfortunately it only dedicated 

for particular application. 

3) The review provides information on the methods that 

could be possibly used to improve fuel efficiency and as 

guidance for aerodynamic design. 

4) The selection of mathematic model of flow, Reynolds 

number, vehicle model, design parameters, forcing 

parameters need for further investigation as it influences 

the result of aerodynamic drag. 

5) Vortex generators on cars can achieve measurable, 

scientifically proven improvements in car aerodynamics 

reducing both lift and drag. Vortex generator  cause the 

pressure of the vehicle’s entire rear surface to increase 

therefore decreasing drag, also the velocity around the 

rear spoiler to increase, and the lift to decrease. 

6) .The high speed sedan car with a spoiler shows a drag 

reduction of 1.7%, which would result in fuel saving. 

Also, it increases the negative force which generates the 

following advantages: 

 Increases tires capability to produce Cornering               

force; 

 Stabilizes vehicles at high speed; 

 Improves braking performance; 

 Gives better traction and increases the Fuel efficiency. 

7) G. Experiments in the wind tunnel showed: dimples in 

the surface of a body massively reduce the flow 

resistance. 

8) H. The base pressure of the passenger car was 

increased by deploying the rear diffuser device, which 

then prevents the low-pressure air coming through the 

underbody from directly soaring up to the rear surface 

of the trunk. At the same time, the device generates a 

diffusing process that lowers the velocity but raises the 

pressure of the underbody flow, bringing about 

aerodynamic drag reduction. 

IV. FUTURE SCOPE 

Combining all the above passive control methods for drag 

reduction and implementing them computationally and 

experimentally on a passenger vehicle we can achieve 

significant results of drag reduction and improved fuel 

efficiency. 
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