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Abstract The purpose of this article is to observe the

effect of an air brake on the aerodynamics of a ground

vehicle and also to study the influence of change in the

parameters like the velocity of the vehicle, the angle of

inclination, height, and position of the air brake on the

aerodynamics of the vehicle body. The test subject used is

an Ahmed body which is a generic 3D car body as it retains

all the aerodynamic characteristics of a ground vehicle.

Numerical investigation has been carried out by RNG k-e
turbulence model. Results are presented in terms of

streamlines and drag coefficient to understand the influence

of pertinent parameters on flow physics. It is found that

with the use of an air brake, though the drag coefficient

remains more or less constant with velocity, it increases

with the increase in height and angle of inclination of the

air brake. But the effect of position of air brake on the

coefficient of drag is surprising since for certain heights of

the air brake the drag coefficient is maximum at the fore-

most point and as the air brake moves towards the rear it is

first observed to decrease and then increase. It is also

observed that with the increase in height of the air brake

the drag coefficient monotonically decreases as the position

of the air brake is moved towards the rear. Taguchi method

has been employed with L16 orthogonal array to obtain the

optimal configuration for the air brake. For each of the

selected parameters, four different levels have been chosen

to obtain the maximum drag coefficient value. The study

could provide an invaluable database for the optimal design

of an airbrake for a ground vehicle.
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Abbreviations

ABS Anti-lock braking system

BL Boundary layer

RNG Re-normalization group

Notations

Adj MS Adjusted mean squares

Adj SS Adjusted sums of squares

CD Drag coefficient

C1e, C2e, Cl, re, rk RNG k-e model parameters

DF Total degrees of freedom

F F-value

G Gravity, 9.81 m/s2

H Height of the air brake, cm

K Turbulent kinetic energy per unit

mass, m2/s2

L Length of the car, m

P Pressure, N/m2

p p value

Re Reynolds number

Seq SS Sequential sums of squares

Sij Mean strain rate tensor

U Velocity, m/s

V Velocity of the vehicle, m/s

X Length of the air brake from the

defined origin, cm

& Jaya Krishna Devanuri

djayakrishna.iitm@gmail.com

1 Department of Mechanical Engineering, National Institute of

Technology Warangal, Warangal 506004, Telangana State,

India

123

J. Inst. Eng. India Ser. C (June 2018) 99(3):329–337

https://doi.org/10.1007/s40032-017-0385-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s40032-017-0385-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40032-017-0385-7&amp;domain=pdf
https://doi.org/10.1007/s40032-017-0385-7


Greek letters

q Density, kg/m3

l Viscosity, N-s/m2

e Dissipation rate of turbulent kinetic energy per

unit mass, m2/s2

h Angle of Inclination of the air brake, degree

re,rk Constants in RNG k-e model

g Ratio of turbulence to mean shear time scale

go RNG k-e model parameter

Subscripts

Eff Effective

i, j, k Spatial coordinates

t Turbulent

Introduction

Braking system is one of the most crucial part of any

automobile. The conventional braking, that is, mechanical

braking is ubiquitous in the automotive world. The con-

ventional braking is achieved due to friction between a

stationary part when acted against a rotating part [1]. With

the evolution of high speed cars or colloquially called fast

cars, braking systems also had to improve. Hence came in

innovations like disc brakes, ceramic discs, ABS [2]. But

simultaneously, though gradually, aerodynamic brake or

‘air brake’ was also developed by getting inspired from

their airplane counterparts. Though these kinds of air

brakes are exclusive to fast moving cars, the principle is to

increase the drag force acting on the automobile [3]. It may

be noted that at low speeds the aerodynamic brakes are of

hardly any use. But the drag forces really become signifi-

cant as the speed reaches about 45–50 m/s [4]. History tells

us that one of the first attempts at using such an air brake

was in the Mercedes 300 SLR in 1955 in the Le Mans 24

Hour Challenge and was driven by the racing legend

Fangio [5]. Cars like the Bugatti Veyron also use a rear air

brake wherein the rear wing itself acts as an air brake [6]. It

was observed that in most of the passenger cars, the

boundary layer separates just behind the car thus creating a

wake behind the car. The resultant pressure drag accounts

for about 85% of the total drag on the car [7]. A larger

wake implies more drag [8]. The principle behind the air

brake is to prepone the separation of the boundary layer

thus increasing the size of the wake. Further the air brake

also increases the net effective frontal area which also adds

to the net increase in the drag force, albeit not as signifi-

cantly as the increase in the drag coefficient. A detailed

numerical analysis of a ground vehicle with an air brake

can provide an insight of flow physics and can enhance the

understanding of phenomena of drag on the vehicle.

Therefore, in the present study the influence of air brake on

the drag coefficient is quantitatively examined. Since of all

the regular shapes, a flat plate will offer the highest drag

coefficient [8], it is logical to use the same as an air brake.

It may be noted that any further reference to the air brake in

the article would mean a flat plate.

Further, the study provides an insight of flow physics

and variation of drag coefficient with parameters like angle

of inclination, the brake’s height, the position of the brake

and speed. To analyze the proposed parameters, an Ahmed

body [7] is used as the test subject. Emmanuel [9] con-

sidered the Ahmed body to study the influence of flow

structure on the drag. It was mentioned that the insight of

the flow behavior can be better understood by considering a

simplified vehicle shape as employed by Ahmed, et al [7]

in spite of going for a real life automobile due to its very

complex shape. As Ahmed body generates similar flow

structures and near wake as that of a real ground vehicle

Ahmed body may be considered over a real automobile.

Bruneau, et al [10] have used a square back Ahmed body to

study different active and passive control techniques to

reduce the drag coefficient. Hsu and Davis [11] considered

a 3D Ahmed baseline model to investigate new add on

devices to reduce drag of a tractor trailer. It was mentioned

that the predicted drag coefficient could satisfactorily agree

with experimental data. It may be noted that Ahmed body

has been used as a reference body to observe the effects of

using aerodynamic devices like vortex generators [12] and

rear diffusers [13]. Therefore, by considering the above

literature Ahmed body has been considered as the test

subject to study the influence of change in the parameters

like the velocity of the vehicle, the angle of inclination,

height, and position of the air brake on the aerodynamics of

the vehicle body.

Along with the understanding of individual parameters

on drag coefficient the optimized set of values will be very

much needed for the efficient design of an air brake.

Taguchi method can be considered as a powerful tool to

study the influence of various parameters based on

orthogonal array. The method provides an optimum set of

parameters with minimum variance [14]. Taguchi-analysis

of variance (ANOVA) method can be employed to mini-

mize the number of simulation runs using an orthogonal

array. Follett, et al. [15] used Taguchi method to optimize

different nozzle configurations for bell annular tri-propel-

lant engine. Juan and Piniella [16] employed CFD-Taguchi

method to study the flow over four digit NACA airfoil

using signal to noise (S/N) ratio concept. Jafari, et al. [17]

used CFD- Taguchi method to study the influence of

controllable parameters on thermo-magnetic convection in

Ferro-fluids. Jaya and Ruturaj [18] developed a correlation

by using CFD-Taguchi-regression analysis. Based on the

above literature it may be noted that Taguchi-ANOVA can

be an attractive option to obtain the optimum set of
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parameters for the design of an air brake with maximum

drag coefficient. Therefore, in the present study initially the

influence of pertinent parameters, namely, velocity of the

vehicle, the angle of inclination, height, and position of the

air brake on the drag coefficient is studied. Later, by

employing an orthogonal array of Taguchi, the S/N ratio of

each simulation is evaluated and the optimal set of

parameters are derived.

Numerical Methodology

Test Model

The test model considered in the present study is Ahmed

body. Ahmed body is a three-dimensional ground vehicle

which retains all the important aerodynamic features of a

car. Figure 1 shows the dimensions of an Ahmed body. As

the study aims to understand the influence of air brake on

the drag of the ground vehicle the Ahmed body is provided

with air brake as shown in Fig. 2. The width of the air

brake considered is 389 mm. The Reynolds number for

flow over a ground vehicle is defined in terms as

Re = qVL/l where L is the length of the vehicle and V is

the velocity [7]. The range of Reynolds number considered

is 2.6 9 106 (40 m/s) - 4.23 9 106 (60 m/s) which is

based on the range of average speed of race cars. A com-

mercial finite volume based tool, Ansys-Fluent is employed

for our simulations. The flow field is based on RNG k-e
model derived using the renormalization group theory. The

criteria for the selection of RNG k-e has been discussed in

detail and may be referred to Ozalp and Jaya Krishna [19]

and Jaya Krishna and Ozalp [20]. The steady state equa-

tions [Eqs. (1)–(4)] pertaining to the present study are as

follows.

Governing Equations

Continuity equation

o quið Þ
oxi

¼ 0 ð1Þ

Momentum equation

o q uiuj
� �

oxj
¼ oPeff

oxi
þ o

oxj
leff

oui

oxj
þ ouj

oxi

� �� �
� qgi ð2Þ

k-equation

o q k uið Þ
oxi

¼ o

oxj
l þ lt

rk

� �
ok

oxj

� �
þ Gk � qe ð3Þ

e-equation

o q e uið Þ
oxi

¼ o

oxj
l þ lt

re

� �
oe
oxj

� �
þ C1e

e
kGk

� C2eq
e2

k

� Re

ð4Þ

where

leff ¼ l þ lt

lt ¼ qCl
k2

e

Peff ¼ P þ 2

3
qk

Cl ¼ 0:0845

C1e ¼ 1:42

C2e ¼ 1:68

C3e ¼ tanh
u3ffiffiffiffiffiffiffiffiffi
u21 þ

p
u22

					

					

Fig. 1 Side, rear and top views

of an Ahmed body
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Gk ¼ ltSij
oui

oxj

Re ¼ Clqg3 1� g=goð Þ
1þ bg3

e2

k

g ¼ Sk

e
; S ¼ 2SijSij

� �1=2
; g o ¼ 4:38; b ¼ 0:012

Sij ¼
oui
oxj

þ ouj
oxfi


 �

2

rk ¼ 0:7179 ; re ¼ 0:7179

Computational Domain

Since, the Ahmed Body is symmetric about the center

plane, only half a model was used for simulation in order to

reduce the computational time. The distance between the

inlet and the Ahmed Body is five car lengths where one car

length is 1044 mm and the distance between the outlet and

the Ahmed body is 7.5 car lengths. From both the top and

side wall it is at a distance of three car lengths. The lengths

have been chosen in order to prevent the wall effects from

affecting the solution. No-slip condition was applied to the

Ahmed Body and the road. Zero-shear was applied to the

top and side walls.

Grid Independence and Validation

Figure 3 shows the mesh for the Ahmed body without the

air brake (Fig. 3a) and with air brake (Fig. 3b). The area in

the vicinity of the body is provided with a finer mesh in

order to capture the wake and boundary effects more

efficiently.

It may be noted that the range of Reynolds number

considered is 2.6 9 106 (40 m/s) - 4.23 9 106 (60 m/s).

Initially the grid independence test was carried out on the

Ahmed body without the air brake at a velocity of 60 m/s.

It is observed that the variation of drag coefficient between

grid sizes of 1,869,075 elements and 2,076,126 elements is

observed to be less than 1%. Therefore a grid size of

1,869,075 elements has been considered. The value of drag

coefficient thus obtained for 60 m/s is 0.281 which is in

good agreement with the experimental value of 0.28 [21].

In line to the earlier, the grid independence test has been

performed for the Ahmed body with air brake. The varia-

tion of drag coefficient values for a velocity of 60 m/s

between 1,974,608 and 2,328,103 elements is observed to

be less than 1%. Therefore an element size of 1,974,608

has been considered for the parametric study.

Simulation Details for Optimization

Four parameters, namely, velocity of the vehicle (V),

height (h), inclination (h) and position (x) of the air brake

each with four levels within the operating range of the

input parameters (40 B V, m/s B 60, 5 B h, cm B 20,

15 B h, degree B 75 and 0 B x, cm B 50) have been

considered. By employing Taguchi method an L16

orthogonal array with 16 different simulations at four

levels are studied. The details pertaining to input parame-

ters with their values considered at each level used for

orthogonal array is provided in Table 1.

Results and Discussion

The aim of the present study is to understand the flow

physics of the air brake and its pertinent parameters on the

drag of the Ahmed body. Therefore the study is classified

into three parts. In the first part, the effect of the use of the

air brake on the drag coefficient is studied and is followed

by the results of the parametric studies in the second part.

The parameters considered are angle of inclination of the

air brake (h), position of the air brake (x) and height (h) of

the brake plate which are as shown in Fig. 2. In the third

part the optimum set of parameters for the drag coefficient

Fig. 2 Position of air brake on

Ahmed body
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is obtained by employing Taguchi method with L16

orthogonal array.

Effect of Air Brake

In order to study the influence of air brake the comparison

is made for the vehicle with and without air brake. The

position of air brake is as shown in the Fig. 2. In this case

the angle of inclination of the air brake is taken as h = 55�
its position is x = 0 and height h = 7 cm with a vehicle’s

velocity of 40 m/s (Re = 2.6 9 106). The streamlines thus

obtained without and with air brake are shown in Fig. 4. It

is observed that with the presence of air brake the drag

coefficient has increased from 0.28 (without air brake) to

0.44 (with air brake) which represents an increase of

57.2%. The reason can be attributed to the early separation

of the boundary layer thus creating a larger wake and hence

more drag as can be seen from Fig. 4.

Fig. 3 Mesh a without air brake b with air brake

Table 1 Input parameters and level values for L16 orthogonal array

Input parameters Levels

1 2 3 4

Velocity, V, m/s 40 50 55 60

Height, h, cm 5 10 15 20

Inclination of air brake, h, degree 15 35 55 75

Position, x, cm 0 15 35 50

(a) 

(b)

Wake behind body 

Vehicle direc�on 

Wake behind body 

Wake behind air brake 

Air brake 

Vehicle direc�on 

Fig. 4 Streamlines for flow over the vehicle a without air brake

b with air brake
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Effect of Change in Parameters

Variation with Velocity of the Vehicle (V)

To study the influence of vehicle speed the parameters such

as position, inclination and height of the air brake are kept

constant and the velocity is varied from 40 m/s to 60 m/s

with every 5 m/s increment in the velocity. The air brake is

fixed at a position, x = 0 cm, the angle of inclination,

h = 55� and the height of the brake, h = 10 cm. The

results thus obtained for the variation of drag with the

velocity of the vehicle are provided in Table 2. For the

considered range of velocity the flow pattern is observed to

follow a similar trend as shown in Fig. 4b. A recirculation

zone is observed behind the air brake and also at the

trailing portion of the vehicle.

From Table 2 it may be inferred that the influence of

vehicle’s velocity for the considered range is insignificant.

It may be noted that the variation of drag coefficient of the

vehicle with velocity is similar to the variation observed for

the drag coefficient of the Ahmed body without the air

brake [7]. Further, similar trend can be expected for the

variation of drag coefficient with speed due to the change

in other parameters. Hence, the velocity of the vehicle can

be considered as 40 m/s in the subsequent parametric

studies.

Variation with Angle of Inclination (h)

The details pertaining to angle of inclination (h) may be

referred to Fig. 2. In order to understand the influence of

the angle of inclination, h is varied from 15� to 75� by

fixing other parameters, that is, position (x) = 50 cm,

height (h) = 10 cm and velocity (V) = 40 m/s. The trend

pertaining to the variation of drag coefficient with the angle

of inclination is provided in Table 3. As expected with the

increase of ‘h’ the value of drag coefficient increased

monotonically. The increase is due to the fact that as the

angle of inclination is increased, the amount of wake

formed behind the brake also increased leading to an

increase in drag coefficient of the vehicle.

Variation with Height (h)

The variation of drag coefficient with height for the air

brake when position x = 50 cm, angle of inclination

h = 55� and velocity V = 40 m/s is given in Table 4. The

details pertaining to variation in height (h) of the air brake

may be referred to Fig. 2. It may be noted that the maxi-

mum limit on the brake height is set by the possibility of

mechanical failure of the brake due to bending moment

being higher the critical value. It can be observed that with

the increase in height of the air brake drag coefficient is

observed to increase monotonically. The primary reason is

due to the increase in size of the wake behind the air brake

with the increase in the air brake’s height.

Variation with Position (x)

To study the influence of the position of the air brake the

velocity is set at 40 m/s, the height of the air brake is taken

Table 2 Variation of drag coefficient with velocity of the vehicle

Velocity of the vehicle, V, m/s Drag coefficient, CD

40 0.42

45 0.42

50 0.42

55 0.43

60 0.44

Table 3 Variation of drag coefficient with angle of inclination

Angle of inclination, h, degree Drag coefficient, CD

15 0.29

55 0.38

60 0.41

75 0.44
Fig. 5 Variation of drag coefficient with position

Table 4 Variation of drag coefficient with height of the brake

Height of the brake, h, cm Drag coefficient, CD

7 0.42

10 0.44

15 0.49

20 0.52
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at h = 10 cm and inclination at h = 55�. The parameter

‘x’ is used to define the position as shown in Fig. 2. The

variation of drag coefficient with the position of the air

brake is observed by varying ‘x’ from 0 to 50 cm. The

trend for the variation of drag coefficient with the position

of air brake for h = 10 cm is given in Fig. 5. It is expected

that as the air brake is moved towards the rear, the recir-

culation zones at the back portion of the air brake and a

rear slant portion of the vehicle may boil down to a smaller

wake at the rear portion which may lead to decrease in drag

coefficient. But surprisingly results suggest a decrease and

then increase in the drag coefficient. In the case of the

Ahmed body as shown in Fig. 4a without the air brake, the

separation occurs at the rear slant portion of the vehicle.

To understand the flow physics of the phenomenon

provided in Fig. 5, streamlines are plotted over the vehicle

with the air brake of height (h) = 10 cm placed at

x = 40 cm and x = 50 cm and are shown in Fig. 6. As

shown in Fig. 6a with the air brake at the position

x = 40 cm, there is a wake formation behind the air brake

and a possible hint of reattachment of flow and a second

separation at the rear of the vehicle. But in the case of the

brake been placed at x = 50 cm as seen in Fig. 6b, there is

a separation behind the air brake. But the area around the

vehicle’s rear portion falls in the wake of this initial sep-

aration and thus altogether a larger wake is formed. The

increase in size of the wake for x = 50 cm when compared

to that of x = 40 cm contribute to the increase in drag

coefficient. From Fig. 5 it may be noted that for x = 0 the

drag coefficient is higher to that of x = 40 cm and 50 cm.

This behavior can be inferred to the formation of recircu-

lation zones both at the rear portion of the air brake and

rear slant portion of the vehicle.

In order to further analyze this unusual behavior, the

influence of the position of the air brake with a variation of

height (that is, h = 15 and 7 cm) is also studied. When the

height of the brake is 15 cm, as shown in Fig. 5 the drag

coefficient is observed to decrease with the increase in

position from 0 to 50 cm. At x = 0 with h = 15 cm a

larger wake preventing the reattachment of flow at the back

portion of the air brake and the wake at the rear portion of

the vehicle lead to a drag coefficient value of 0.52. When

the position of this air brake moves towards the rear, the

wake at the back portion of the air brake is observed to

gradually reduce resulting in the decrease of drag coeffi-

cient. The variation of the drag coefficient for h = 7 cm

with position is given in Fig. 5. Similar trend may be

observed for h = 7 cm as that of h = 10 cm. The marginal

variation at x = 0 is due to the reduction in obstruction to

flow area when the height of the air brake (h) is reduced

from 10 cm to 7 cm. But when the position is varied from

15 cm to 45 cm for heights 7 cm and 10 cm did not make

any difference due to the reattachment of the boundary

layer as seen in Fig. 6a.

Optimization of Air Brake Parameters using

Taguchi Method

Taguchi method is a promising tool to study the influence of

process parameters by using an orthogonal array (OA) to

attain optimized economical results [14]. The method

accentuates the use of loss function by which the S/N (signal

to noise) ratio can be evaluated to obtain an optimal solu-

tion. In this study L16 orthogonal array as shown in Table 5

(a) 

(b) 

Vehicle direc�on 

Air brake 

Vehicle direc�on 

Air brake 

Fig. 6 Streamlines over the vehicle with the air brake placed at

a x = 40 cm; b x = 50 cm

Table 5 L16 orthogonal array

Velocity,

V, m/s

Height, h,

cm

Inclination, h,
degree

Position,

x, cm

Drag

coefficient, CD

40 5 15 0 0.37

40 10 35 15 0.51

40 15 55 35 0.61

40 20 75 50 0.76

50 5 35 35 0.36

50 10 15 50 0.38

50 15 75 0 0.67

50 20 55 15 0.57

55 5 55 50 0.45

55 10 75 35 0.53

55 15 15 15 0.34

55 20 35 0 0.52

60 5 75 15 0.47

60 10 55 0 0.55

60 15 35 50 0.5

60 20 15 35 0.37
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is used to perform the simulations. Table 6 show the influ-

ence of process parameters on the drag coefficient. The

optimum process parameters on the drag coefficient are

obtained as velocity at 40 m/s (level 1), height at 20 cm

(level 4), inclination at 75� (level 4) and position at 0 cm

(level 1). It is seen that higher values of S/N ratio are

obtained for lower value of velocity and position, and higher

values of height and inclination. The optimised condition to

get maximum drag coefficient is for the condition:

V = 40 m/s, h = 20 cm, h = 75� and x = 0 cm.

The degree of importance of each parameter such as

velocity, height, inclination and position is considered for

each response and is given in Table 7. From the ANOVA

table, it can be observed that that inclination of the air

brake is the most significant factor, which affects the drag

coefficient with 65.30% contribution while height is the

second most significant factor with 20% contribution. As

the contribution of velocity and position is less than 10%

these parameters can be considered to influence less on

drag coefficient when compared to that of inclination and

height of the air brake.

Conclusions

The studies conducted in this paper throw light on the

parametric analysis of an air brake. The same procedure

can be followed to determine the air brake’s parameters on

any other vehicle. The first objective is to observe the

aerodynamic effect of using an air brake. It is followed by

parametric analysis and optimization of the air brake on

drag coefficient. The following conclusions can be drawn

from the present study:

• For the considered velocity range, that is, 40 to 60 m/s

the change in drag coefficient of the vehicle with the air

brake is more or less negligible.

• As the height of the brake increases the coefficient of

drag increases.

• As the angle of inclination of the air brake increases,

the coefficient of drag increases.

• The drag coefficient first decreases and then increases as

the position of the brake is moved towards the fore of the

body for certain heights of the air brake. This effect has

been attributed to possible reattachment of flow. A

further increase in the height of the brake increases the

size of the wake so that there is no reattachment of flow.

• The drag coefficient is highest when the air brake is

placed at the foremost point of the Ahmed body. This

clearly implies that the use of the air brake would be

more effective, at least in terms increase of drag forces

if the position of the brake is moved towards the fore of

the vehicle as opposed to the current trend of air brakes

in which it is placed almost at the rear end of the car.

• Taguchi-ANOVA technique with L16 orthogonal array

is employed to attain the optimum set of parameters for

the drag coefficient for the considered range of

parameters, namely, 40 B V, m/s B 60, 5 B h,

cm B 20, 15 B h, degree B 75 and 0 B x, cm B 50

for air brake. Based on the study it can be concluded

that the optimised condition to attain maximum drag is

V = 40 m/s, h = 20 cm, h = 75� and x = 0 cm.

Table 6 Response for signal to noise ratios (larger is better)

Level Velocity, V, m/s Height, h, cm Inclination, h, degree Position, x, cm

1 -5.29 -7.751 -8.762 -5.747

2 -6.41 -6.24 -6.606 -6.665

3 -6.875 -5.791 -5.326 -6.829

4 -6.602 -5.396 -4.484 -5.936

Delta 1.585 2.355 4.278 1.083

Rank 3 2 1 4

Table 7 ANOVA (analysis of variance) for SN ratios

Source DF Seq SS Adj SS Adj MS F P Percentage contribution

Velocity 3 5.8123 5.8123 1.9374 41.12 0.006 9.12

Height 3 12.7443 12.7443 4.2481 90.16 0.002 20.00

Inclination 3 41.6026 41.6026 13.8675 294.33 0 65.30

Position 3 3.4072 3.4072 1.1357 24.11 0.013 5.35

Residual 3 0.1413 0.1413 0.0471 0.22

Total 15 63.7077 100.00
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The reasons for the above observations are mentioned in

their respective sections. It is to be noted that air brakes are

not really effective at low speeds. But their effectiveness

increases as the velocity of the vehicle increases. As

opposed to conventional braking which relies on traction

between the tire and the road for its functioning [4], air

brakes do not require traction for their working. Hence, air

brakes can be crucial in the case of loss of grip between road

and tire which occur in phenomena like hydroplaning [22].
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