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Abstract

Aerodynamic efficiency in competition vehicles is 
considered one of the most important aspects to 
achieve the best results and turns out to be a funda-

mental factor in reducing fuel consumption in a vehicle, as is 
the case with the Shell Eco-marathon Competition. Vehicle 
aerodynamics has a daily interest in new car prototype design 
in order to attempt to save fuel. Pressure forces play an impor-
tant role in car fuel economy and require a detailed study. 
Wind tunnel experiments play an important role in the study 
of aerodynamic parameters. The aerodynamics around a 

vehicle will affect the power, economy, handling stability, and 
comfort during driving and fuel consumption. In this work, 
pressure coefficients (Cp) at midline around the car model 
were measured at three different flow speed wind velocities, 
14 m/s, 24 m/s, and 30 m/s. Zones with high-, medium-, and 
low-pressure coefficients were identified on the surface of the 
vehicle. The low-value Cp found in this study reveals that the 
geometry of the car model is quite aerodynamic. However the 
flow visualization showed some areas with turbulence. Drag 
coefficient based on Cp and unit span length of the car was 
evaluated, this coefficient was of the order of 9 × 10−2.

1. �Introduction

Throughout the history of road cars, it has been observed 
that their behavior on the track performance depends 
on aerodynamic forces. However the study of vehicle 

aerodynamics only began to gain importance in the early 
1960s, with the development of the first race car competitions. 
Since then, this research area has found great advances, and 
in the last 30 years, these improvements have developed great 
technological progress in the automotive industry. In the 
1970s, the car industry had to face the oil price crisis, for which 
it was forced to try to minimize the use of fuel for it to be less 
harmful to the environment, adopting the aerodynamics of 
the car as an important design parameter among others such 
as lightweight materials and alternative fuels [1, 2]. To promote 

the design and development of energy-efficient vehicles, Shell 
Company, an international energy and petrochemicals corpo-
ration, organized an annual event called Shell Eco-marathon 
Competition for young engineers from around the world. The 
challenge is to design, build, and drive an energy-efficient 
vehicle, following the Shell Eco-marathon Official Rules [3].

Aerodynamic aspects must be considered in the design 
of this type of vehicle, taking into account that the flow over 
vehicle bodies is mainly turbulence, characterized by complex 
wake flow, such as recirculation, separation, and long trailing 
vortex [4]. In the case of the wake studies, Islam et al. [5] 
showed an unsteady aerodynamics analysis of a squareback 
and a 40 slant back Windsor body using computational fluid 
dynamics (CFD) and explores the correlations between the 
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unsteady force coefficients and vortex interaction in the wake. 
Bonnavion et al. [6] revealed the importance of analyzing the 
behavior of the wake of a vehicle because they affirm that the 
control of the wake state with rear side plates improves the 
drag reduction. The aerodynamics around bluff and stream-
lined bodies have been widely studied through experimental 
work and numerical simulation of CFD. Most of these studies 
have been done on simplified models, such as the Ahmed body 
[7, 8, 9]. Some studies over realistic car models are also 
reported in the literature [10, 11]. The study reported by [12] 
highlighted the importance of conducting wind tunnel tests 
at different yaw angles in order that the calculated drag faith-
fully represents the drag experienced by the real vehicle. With 
this methodology, adequate predictions of the fuel consump-
tion of the prototypes can be  expected. Additionally, 
Bonnavion et al. [13] reported that the influence of lateral 
wind has to be taken into account as it is almost always present 
in real driving conditions and has large consequences not only 
on the drag of the car, thus reducing its fuel efficiency, but also 
on the lift, therefore modifying its stability. The latter is of 
importance for the safety of the pilot of the prototypes 
designed for the Shell Eco-marathon Competition.

Even though a lot of work has been done on the aerody-
namics of both prototypes and real car models, every time a 
new model is designed, it is essential to carry out an aerody-
namic study. Therefore, in this work it was proposed to do an 
experimental study of the proposed model based on the Shell 
Eco-marathon Competition Rules. During this type of experi-
mental studies, it is required to take measurements of the 
pressure on the surface of the vehicle to evaluate the aerody-
namic forces. Despite the simplicity of pressure taps, they are 
still used, for example, in wind tunnel testing by Formula 1 
(F1) teams. According to Senft et al. [14], the F1 test models 
are equipped with 500 surface pressure taps on the wing, 
diffuser, and specific locations. On the other hand, it is well 
known that there are more sophisticated techniques to identify 
the flow field in slices located throughout the vehicle, one of 
them is the Particle Image Velocimetry technique that allows 
to detect complex vortex structures that are formed down-
stream of different vehicle structures, such as the front tires. 
To measure aerodynamic forces, there are balances with 
multiple degrees of freedom that allow sensing not only the 
downforce of the entire vehicle but also the front and rear 
downforce of the vehicle. Regardless of the technological 
advances of each of these techniques and their costs, Senft 
et al. [14] indicate that successful F1 teams do not use a tech-
nique in isolation and understand the limitations of 
each technique.

2. �Motivation
In Shell Eco-marathon Competition, at least three different 
model geometries have been shown: (1) irregular geometry, 
(2) drop geometry, and (3) oval geometry. According to the 
previously proposed geometries, a new prototype design 
was proposed. The lateral geometry shape (plan view) was 
based on a symmetrical airfoil (NACA 0035). The upper 
profile of the side view does not fit into any airfoil according 

to the Shell Eco-marathon Competition Rules; therefore, a 
sixth-order polynomial was proposed (s = a + bx − cx2 + 
dx3 − ex4 + fx5 − gx6); see Figure 1.

The next challenge was to print a 3D scale model to study 
experimentally and analyze its aerodynamics in a wind 
tunnel. Two approaches will be applied, a qualitative approach 
to determine the behavior of the airflow over the car body by 
implementing a visualization technique and a quantitative 
approach to measure the aerodynamic pressure forces by pitot 
tube manometers.

Drag forces acting over a car body are the consequence 
of the movement of the flow over the walls of the body. These 
drag aerodynamic forces directly affect vehicle fuel consump-
tion. The drag force is the sum of perpendicular force (pressure 
force) over the car surface and the tangential force (shear 
stress) over the body surface, but the main component of drag 
force is due to pressure force. The pressure force is observed 
at the front and the rear of the body. Thus the study of pressure 
coefficients plays a significant role in understanding 
car aerodynamics.

3. �Experimental Setup
In this section we describe the facilities applied on the experi-
mental tests carried out. Two techniques were used: qualitative 
method (f low visualization) and quantitative method 
(pressure measurements.

3.1. �Wind Tunnel Facility
The experiments were carried out in the 0.41 m × 0.61 m × 
1.40 m wind tunnel at the Aeronautics Engineering Program 
at the Fundación Universitaria Los Libertadores, Bogota, 
Colombia; see Figure 2. The cross-sectional area of the test 
zone is 0.2501 m2. This is an open-loop suction wind tunnel 
with a test section zone with a high-quality glass wall to 
facilitate the visualization of the experiment. The range of 
the air velocity in the tunnel test section is from 5 m/s to 41 
m/s. The wind tunnel facility has an entrance section, with 
a contraction area built of composite materials and with a 
honeycomb wall of aluminum. Outside of the bottom wall 

 FIGURE 1  Shell Eco-marathon prototype.

©
 T

he
 A

ut
ho

rs
.

Downloaded from SAE International,  Friday, April 12, 2024



EXPERIMENTAL STUDY OF PRESSURE COEFFICIENTS AND FLOW FIELD VISUALIZATION 	 3

of the wind test zone, a metallic adjustable base is located to 
fix the model; see Figure 3.

3.2. �Scaled Car Model
A drawing of the studied scaled car model based on Shell 
Eco-marathon Competition Rules is shown in Figure 4. The 
scaling used between the model and the prototype was 1 to 

6. As shown in Figure 4, the car model was tested without 
wheels; this is because, due to the scaling, only a very small 
part of the wheels (less than 3 mm) were outside of the wheel 
covers. The maximum cross section in the X-axis direction of 
the model is 0.0058 m2. According to the wind tunnel dimen-
sion, the blockage area ratio is 2.32%, which is less than the 
value of 7.5% recommended by Barlow et al. [15]. The main 
flow direction is in the X-axis, the Y-axis is in the vertical 
direction, and the Z-axis is in the horizontal direction, as 
shown in Figure 4.

For the test series, the car model was mounted through 
an attachment support located at the middle of the car model 
as shown in Figure 3. Fourteen holes were made along the 
longitudinal X-axis of the car model; the holes are distributed 
as shown in Figure 5(a). The first hole to measure the pressure 
is located at 30 mm from the front point (X = 0). This design 
allowed the study of pressures both at the top and bottom of 
the model surface. The holes adaption was made in order to 
measure the pressure on the upper and bottom sides of the 
car model; see Figure 5(b).

3.3. �Surface Pressure 
Instrumentation

The mean pressure distributions on the car model were 
measured at the fourteen locations shown in Figure 5. The 
mean pressure distribution on the top and bottom sides of the 
car model was taken independently as shown in Figure 6(a) 
and 6(b), respectively.

A 16-manometer rake was used to measure the mean 
pressure. The minimum scale used on this U-tube manometer 
is one millimeter. A total of three lectures were taken until 
the flow inside the test zone was steady (no more than 10 
minutes longer). The manometric liquid used in the experi-
ments is water at 25°C with a density of 997 kg/m3. The 
measured mean pressure was used to determine the pressure 
coefficient (Cp) defined by Equation 1.

	 C
p p

V
p

ref�
�

0 5 2. �
	 Eq. (1)

where
pref is the reference pressure
p is the measured pressure
ρ is the fluid density
V is the free stream velocity

 FIGURE 3  Scale model experimental setup at wind tunnel 
test section.
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 FIGURE 2  View of the open-circuit wind tunnel.
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 FIGURE 4  Sketch and main dimensions of the car model. (a) Side view and (b) front view.
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3.4. �Flow Visualization 
Instrumentation

Flow field velocity around the car model was analyzed using 
one of the traditional techniques of flow visualization, tufting 
technique [16, 17]. For flow visualization the car model was 
painted in opaque black. On the other side, tuft method is 
widely used in wind tunnel experiments for a large range of 
flow velocity to describe qualitatively the surface velocity. 
Tufts were applied over the entire car model with a mesh of 
5 cm × 1 cm. The tuft material is white cotton threads with 
an estimated length of 5 cm. In order to qualitatively observe 
the flow field behavior at the rear of the car model, a thin plate 
with the same mesh pattern of the tufts was placed.

4. �Results and Discussion
All experiments were carried out under average environ-
mental conditions in the laboratory with a pressure and 
temperature of 74,900 Pa and 20.5°C, respectively. Three 
different wind speeds in the wind tunnel were tested, 14 m/s, 
24 m/s, and 30 m/s.

4.1. �Pressure Measurements 
Results

Mean pressure measurements were obtained at the upper and 
bottom sides independently. The test series were carried out at 
Reynolds numbers 2.17 × 105, 3.73 × 105, and 4.7 × 105, based 
on the length of the car model and fluid properties. With the 
mean pressure measured, we obtained the Cp using Equation 1. 
Figure 7(a) shows the upper side Cp for the three different 
velocities studied in this work. The three Cp curves show the 
same pattern with no considerable difference, except for the 
lower velocity on the first half of the car. Higher values of Cp 
are observed at the front of the car model (0.1 < Cp < 0.2). The 
lowest values are observed at the first half of the car (−0.3 < Cp 
< −0.15). A slight increase in the Cp on the second half of the 
car is observed (−0.15 < Cp < −0.1). On the other side, Figure 
7(b) shows the bottom side Cp for the three-speed wind tunnel 
experiment. From the nose of the car to around 40% of length 
the car, the values of the Cp remain almost constant (0 < Cp < 
−0.1). In the central part of the car (0.4 < x/l < 0.8), a great 
variation of the Cp is observed (−0.4 < Cp < 1.5); this is mainly 
attributed to the support bar of the model inside the tunnel. 
Finally, in the rear part of the car model (0.8 < x/l < 1.0), the 
Cp variations observed in the central part of the model begin 

 FIGURE 5  The holes for pressure measurement. (a) Holes location and (b) holes adaption.
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 FIGURE 6  Pressure arrangement used to measure the mean pressure. (a) Top side and (b) bottom side.
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to stabilize (−0.14 < Cp < −0.15). The errors found in our experi-
ments agree with those established by Barlow et al. [15] and 
Stuart [18] where it is reported that the measurement errors 
when using manometers are around 5%. Our Cp results are 
reported with the random error bars as shown in Figure 7.

4.2. �Drag Coefficient 
Estimation

In this work we calculate the drag coefficient based on the 
pressure forces measured on the upper and bottom sides of the 
car model. The friction forces were neglected in this report. The 
drag coefficient per unit span was calculated applying Equation 2.

	 C
c

C
dy

dx
C

dy

dx
dxD p

c

p u
u

p b
b

, , ,� ��
�
�

�
�
��1

0

	 Eq. (2)

where
CD,p is the drag coefficient due to pressure
c is the length of the car model
Cp,u is the pressure coefficient on the upper side
Cp,b is the pressure coefficient on the bottom side
dy

dx
u  is the derivative of the upper side

dy

dx
b  is the derivative of the bottom side

�dx is the derivative in the X-axis (distance between points, 
∆x = 0.03 m)

The drag coefficients for three speed wind velocities tested 
in this work are shown in Table 1. The last line in Table 1, a 
total drag coefficient over a streamlined body for Reynolds 
number of the order 105, is also shown in [19].

4.3. �Flow Visualization
As stated by Russo [20] and Atkins and Boer [21], flow visu-
alization techniques can provide useful qualitative and graph-
ical information understandable immediately without any 
data processing. Different techniques could be  used for 
different zones in the flow, e.g., over superficies or around the 
body. Tufts are a technique that can be used either for flow 
over a surface body or flow field around the body. On the other 
hand, smoke is a technique in wind tunnel experiments to 
observe the flow field around a body.

(c) Cp distribution to Re = 4.7 � 105

(a) Cp distribution at Re = 2.17 � 105
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(b) Cp distribution to Re = 3.73 � 105
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 FIGURE 7  Pressure coefficients Cp, as a function of model length. Each figure shows two lines, a continuous line corresponding 
to the upper side and a dashed line corresponding to the bottom side.
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TABLE 1 Car drag coefficient for different velocities.

Car model velocity
U [m/s]

Drag coefficient/unit span
CD [—]

14 0.0085

24 0.0084

30 0.0086

Streamline body 0.12*

* Total drag coefficient, 20.5
D

D

F
C

V Sρ
= .
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4.3.1. Smoke Flow Visualization Figure 8 shows a 
top view of the smoke technique used in this work and recom-
mended by [22]. The smoke flow was applied on the left side 
of the model. Figure 8 shows laminar flow until approximated 
80% of the vehicle length. However, in the rear part of the car, 
f low separation is observed by both tuft and smoke 

visualizations. The small zone disturbances verified that the 
geometry design methodology for the proposed prototype 
using a symmetrical airfoil allows to reduce the form 
drag coefficient.

4.3.2. Tufting Flow Visualization Flow visualization 
over the surface of the car model was observed applying the 
tuft technique. Tuft flow visualization is a common technique 
used to capture the instantaneous flow patterns [23]. Flow 
patterns are depicted through tufts orientation with respect 
to the main flow stream direction. They can reveal flow sepa-
ration, reattachment points, and recirculation.

Tufting at the Lateral Side of the Car Body. As shown 
in Figure 9(a), no flow disturbances are observed over the car 
model surface at the front. Figure 9(b) shows the lateral 
surface, in this zone some disturbances are clearly observed; 
this vorticity is probably generated by the tire cover. Figure 
9(c) and 9(d) show turbulence generated at the rear of the car 
model, these instabilities over the surface body are due to 
boundary layer separation.

The smoke technique and tuft technique show an excel-
lent correlation, as shown in Figure 8, and Figure 9(c) and 
9(d), zones with f low disturbances due to boundary 
layer separation.

Tuft Downstream the Car Body. In order to observe quali-
tatively the flow field behind the car model, the tuft technique 
was applied. A thin plate with a tuft mesh of 5 cm × 1 cm was 
positioned behind the car. Figure 10 shows an experiment at 

 FIGURE 8  Flow visualization over a car model using smoke 
technique, V = 14 m/s.
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 FIGURE 9  Visualization of flow on different important areas of the car model using tufts to a speed wind of 30 m/s.
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a speed wind of 30 m/s. In this experiment the tufts were 
painted with a fluorescent liquid, and ultraviolet light was 
applied. This technique shows a better phenomenon observed 
behind the car model; however, special care must be taken 
when painting the threads as this can increase the stiffness of 
the tufts. In this experiment tufts were made of white cotton 
threads with a 5 cm length. Figure 10(a) shows turbulent flow 
close to the ground floor of the test zone. These flow distur-
bances could be caused by both the vehicle body and the car 
support. Figure 10(b) shows a zoom in of the disturbances 
zone. For 14 m/s and 24 m/s flow velocities, flow patterns are 
like those observed for a 30 m/s velocity.

5. �Conclusions
In this work we studied experimentally pressure coefficients 
in a midplane along the main flow direction on a prototype 
vehicle based on the Official Rules of Shell Eco-marathon 
Competition. Three different wind tunnel speeds were studied, 
2.17 × 105, 3.73 × 105, and 4.7 × 105. Pressure Coefficients 
results show higher values at the front part of the car model, 
lower values at the mid-zone, and intermediate values at the 
rear part. Drag coefficients in 2D were calculated based on 
the pressure coefficients, a slight change was found with a 
1.2% difference between the low and height velocities. By 
implementing the tuft visualization technique for the surface 
and flow field, it was possible to identify areas of flow instabili-
ties. In the front area of the vehicle, laminar flow was observed; 
while in the lateral side and the rear area of the car, flow distur-
bances were observed. These qualitative findings can be used 
to make decisions before building the prototype.

It is important to note that the reported drag coefficient 
does not correspond to the condition that will prevail in the 
vehicle’s driving cycle. This is due to the fact that experiments 
that do not take into account yaw angles lead to the minimum 
drag condition and to underestimate the aerodynamic effects 
of drag on fuel consumption. Therefore, it is advisable to refine 
the results with tests at different yaw angles that allow 
including in the analysis the possible effects that the variation 
of the wind direction would have both in the drag and in a 
study of efficiency in fuel consumption.
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