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Abstract A rear wing designed to improve motoring per-

formance and enhance stability during cornering needs to

generate a large downforce at a relatively low speed. If the

angle of attack of the rear wing is large, then air resistance

is increased during high-speed driving, and thus, fuel

consumption is increased due to the large drag values. On

the other hand, the performance on high-speed cornering

will improve overall lap time with an increased angle of

attack. To mitigate this disadvantage, we aimed to reduce

the angle of attack during high-speed driving to reduce

downforce and drag and thus to reduce fuel consumption.

Meanwhile, during low-speed driving, for example in

cornering, the angle of attack was increased and a large

downforce generated to improve driving stability. In order

to achieve both goals, we developed a passive-type variable

rear wing. This rear wing was designed to have a three-step

shape where the second step in the center was designed to

swing. We first confirmed the behavior through both

computer-aided engineering analysis and wind tunnel

experiments, and then we constructed a full-size rear wing

and measured the downforce on a student Formula SAE

vehicle. The results showed that it is possible to generate a

downforce of 80 N at a low speed of 30 km/h (8.3 m/s) and

a downforce of 145 N at a high speed of 50 km/h (13.9 m/

s).
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1 Introduction

Formula SAE is a collegiate design competition in which

groups of students design, build, and race their own open-

wheel racing cars. The performance of high-speed running

vehicles and racing cars is strongly influenced by their

aerodynamic characteristics [20], and aerodynamics have

become an important factor in the design and performance

of Formula SAE cars and of racing cars in general. For

example, if drag is reduced, then efficiency in the high-

speed range can be greatly improved. On the other hand, by

increasing the downforce to a considerable degree, the

kinetic performance of the vehicle in actions such as

cornering can be improved. This downforce adds a lifting

surface [5, 9, 11] to the car body and the ground effect of

the car body [3, 15] by using or adding a wing [10, 26, 27].

But despite its being well-known that the downforce of a

racing car increases with a properly designed front and rear

wing, there is still little known about the influence in stu-

dent Formula SAE cars [8]. To verify these effects, CAE

analysis, wind tunnel experiments, measurements of actual

vehicles, and so on may be employed.

Since changing the shape of an actual vehicle is com-

plicated and expensive, it is difficult to perform a road test

to examine the different parameters which are dependent

on the state of the atmosphere and the road. On the other

hand, CAE analysis [14, 22] is used as a complement to

wind tunnel tests and has succeeded in estimating the

aerodynamic force generated by a lifting surface [25]. The

influence of the position and orientation of the underbody

channel and the wing on the aerodynamic characteristics of

a car body have also been clarified. Although the road-to-

road aerodynamics are complicated by the existence of the

wind tunnel’s boundary layer [24], it can be avoided, as it

does not exist on an actual road surface in wind tunnel
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experiments using actual car shapes [4]. Thanks to a new

multi-set level method, boundary layer meshes can be built

over an immersed complex geometry that is applied in a

metric tensor field using gradation [2]. This method allows

the generation of an anisotropic semi-structured mesh with

a smooth gradation of mesh size from a geometry

immersed in an arbitrary coarse domain, while capturing

and keeping the interface.

Flow comparisons between the experiments and CAE

performance of large eddy simulations (LES) were per-

formed and revealed that the flow structures were well cap-

tured [1]. Detached eddy simulation (DES)was performed at

a lower Reynolds number (2 9 105) to satisfactorily predict

the flow separations [7]. The influence of compressibility

effects was investigated for high-lift aerodynamic designs

operating in close ground proximity; the effects of com-

pressibility are significant at speeds well below theMach 0.3

threshold normally applied [16]. Previous studies of racing

car aerodynamics have shown that small changes in param-

eters for a racing car can have significant effects on aero-

dynamic performance [10, 12]. The addition of front and rear

wings to an open-wheel racing car can produce a large

amount of downforce by using a lifting body [6, 13]. These

studies show that to use simulations as tools to maximize

performance, a racing car must be modeled properly in both

the wind tunnel and in computation. Since it is difficult to

completely match wind tunnel conditions or numerical

boundary conditions to track conditions, tests have been

performed to determine the proper way to evaluate the

effects of wings on a racing car. An isolated full-size rear

wing and a 40% scale model of a vintage Indy car have been

compared [18]. The comparison revealed that the perfor-

mance of the wing is enhanced by the presence of the car,

indicating some degree of cross-coupling between the wing

and the body. However, it is feasible to perform these tests

separately and still be able to estimate the effects on the

complete racing car.

The studies mentioned above primarily dealt with

aerodynamics and the effects on the performance of an

open-wheel racing car. In the case of the performance of

single-element front wings with NACA 0015 [21] and 4412

airfoils [22], a comparison between experimental and

computational results showed fairly good agreement at

ground clearances greater than 0.1 chord lengths. The key

to the research and development of aerodynamics of a

racing car is to provide sufficient downforce and minimum

aerodynamic drag. The rear wing is an essential part of the

aerodynamic package of a racing car. However, the exis-

tence of a rear wing inevitably increases aerodynamic drag.

How to balance the downforce and aerodynamic drag of

rear wings has been an ongoing concern. The aerodynamic

characteristics of a rear wing are affected by many

parameters, such as the angle of attack, camber, and profile

of the airfoil. The aerodynamic performance of a multi-

element airfoil in a rear wing was studied using numerical

and experimental methods. If the rear wing’s angle of

attack is designed to be large, so as to generate a large

downforce at low speed, then the air resistance will become

large during high-speed driving, so the performance and

fuel economy will decrease. In order to mitigate this dis-

advantage, we aim to reduce the angle of attack during

high-speed driving in order to reduce downforce and drag

and thus reduce fuel consumption. Meanwhile, during low-

speed driving such as cornering, the angle of attack is

increased and a large downforce is generated to improve

driving stability. In order to make these different approa-

ches compatible, we studied the passive variable rear wing.

However, it is only with properly designed wing shape. In

case of a badly designed wing shape, the flow around the

wing surface will stall which will significantly reduce

downforce by simultaneously increased drag. Thus, it is

necessary to design the airfoil shape carefully.

2 Concept and design of passive variable rear-
wing

2.1 Concept

A rear wing for an automobile is composed of a transverse

board shaped like a wing of an airplane turned upside down

and wing end plates attached to each end of it. With a rear

wing installed on the rear part of a car body and generating

a downforce to hold a moving car against the ground, the

grip force of the rear tire increases, which improves

cornering performance, acceleration performance, and

stability at high speed. However, in proportion to the

square of the speed, drag occurs in a direction opposite to

the direction of travel of the running car. By adjusting the

shape of the wing, a rear wing can achieve both a reduction

in air resistance and an improvement in downforce.

In order to evaluate the aerodynamic performance, the

lift coefficient CL related to the downforce FL, and the air

resistance coefficient CD related to the drag FD were used.

The smaller the CL value is below zero, the greater the

downforce, and the larger the CD value, the greater the

drag. The relationship between the lift coefficient CL, the

downforce FL, and the air resistance coefficient CD, and the

drag FD is expressed by the following equations:

FL ¼ 1

2
CLqSv

2; ð1Þ

FD ¼ 1

2
CDqSv

2; ð2Þ

where the variables and constants are as follows: FL

downforce, N; CL lift coefficient; FD drag force, N; CD air
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resistance coefficient; q air density, kg/m3; S front pro-

jected area, m2; v airspeed, m/s.

Since the downforce and drag are proportional to the

square of the speed, it can be seen that the resistance due to

air rapidly increases as the speed increases. By making CL

a large negative value, the contact between the tire and the

ground improves and the road grip is enhanced. On the

other hand, by reducing the air drag coefficient CD, air

resistance can be reduced and fuel consumption can be

improved.

2.2 Wing profile

For the cross section of the wing, we chose the Airfoil

Tools BE50 original [17, 23], which is often used for

automobile rear wings, owing to its good manufacturabil-

ity, light weight, and low resistance. BE50 has max

thickness 7.3% at 25% chord and max camber 4.1% at 45%

chord. The wing actually produced was intended to be

attached upside down to a student Formula SAE vehicle,

with a wing width of 1 m. Generally, the rear wing is fixed

to the blade end plate, and the angle of the flap does not

change during running. In this case, the values of CL and

CD are constant, and the downforce during cornering and

low-speed running can be obtained, but drag occurs during

high-speed running and the acceleration performance

deteriorates. Figure 1a shows the cross-sectional shape of

BE50 original. Figure 1b shows a schematic diagram of the

main wing. Also Fig. 1c shows a schematic view of the

three-stage rear wing.

An ideal wing would have large CL when cornering or

during low-speed running, with a large downforce gener-

ated, and small CD during high-speed running. Therefore, it

is desirable to have both small CL and CD, by causing the

rear wing to collapse or be variable, such that the angle of

attack becomes small. There is drag reduction system

(DRS) that reduces drag. However, because it is an electric

type, advanced electronic control is necessary. To develop

a passive-type rear wing, we investigate mechanical wings

with a flow rate that is passively variable with speed. In the

passive-type wing, a mechanism is required such that the

wing rises when traveling at low speed and falls at high

speed. The position of the shaft for this rotation was set

near the center of gravity of the wing so as to reduce the

influence of acceleration/deceleration of the vehicle and

10% tip side of chord was set so that passive operation

could be performed smoothly. We designed a passive-type

wing with a structure giving rotation springing and rotation

damping around its rotation axis. According to the rule of

the size of the wing, the chord length was determined to be

500 mm for the first-stage wing, the second stage was set to

300 mm which is 60% of the first-stage, and the third stage

was set to 180 mm of 60% of the second stage.

3 CAE analysis

3.1 CAE analysis method

In order to produce a large downforce during low-speed

traveling and to reduce drag during high-speed traveling,

optimum attack angles for the rear wing during both low-

speed and high-speed running are obtained through com-

putational fluid dynamics (CFD). Originally, the synergis-

tic effects the rear wing with the car surface is important,

but this time we only analyzed the rear wing for the pur-

pose of confirming the three-stage-rear wing effect inde-

pendently. Reynolds number (Re) is 9.01 9 105 at 13.9 m/

s, and 5.42 9 105 at 8.37 m/s. Here, the representative

length is set to 980 mm that is the total code lengths of the

three wings. In this rear wing design, Reynolds number is

smaller than 1 9 106 which is the minimum of regular

airfoil design. Besides, the flow is a complicated flow

because of the three-stage wing. The aerodynamic char-

acteristics of the airfoil at the low Reynolds number has a

nonlinearity in the lift coefficient and at the same time the

stalling characteristic also changes [19]. Therefore, it is

necessary to design that the separation flow does not occur

as much as possible on the lower surface of the wings.

The tool used is Cradle SCRYU/Tetra for Windows,

version 12, with an Intel Xeon 3.00 GHz CPU, 4.00 GB of

memory, on Windows 7 Ultimate. The calculation time

was approximately 10 h. In order to improve the accuracy

of separating flow analysis, boundary layer elements with

thickness of 0.2 mm are inserted. The number of boundary

layers is 3. Thus, the total number of points in the mesh is

approximately 1,000,000. The mesh arrangement is shown

in Fig. 2.

The flow is treated as a turbulent flow. The RANS

equations are used to model the turbulent flow and the

turbulence model is the low-Reynolds-number k - e tur-

bulence model. The boundary condition was set at the

inflow and the speed of the flow was set to range from

5.6 m/s (20 km/h) to 16.7 m/s (60 km/h). To obtain the

values of CL and CD for a given angle of attack of each rear

wing, we created 3D models of the rear wing with angles of

attack ranging from 10� to 50� with increments of 10�. The
3D CAD models of the rear wing with angles of attack of

50�–10� are shown in Fig. 3.

3.2 CAE analysis results

As an example of the analysis results, the pressure contours

around the rear wing with an attack angle of 50� are shown
in Fig. 4a. The streamlines around the rear wing with an

attack angle of 40� are shown in Fig. 4b. From these

results, it can be seen that at an attack angle of 40�, the air
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flows between the second and third panels of the wing and

the pressure drops. Thus, it is expected that the resistance

will decrease. At 50�, since all the streamlines are heading

upward and it is not observed separation flow near the

lower surface of the wing. It is predicted that downforce is

efficiently generated like with a single wing. In case of a

bad designed series of wings the flow will stall that will

significantly reduce downforce by simultaneously

increased drag. Based on the analysis results, CL achieves a

maximum when the second wing angle is 50�. Figure 5a

shows the relationship between vehicle speed and down-

force while Fig. 5b shows the relationship between vehicle

speed and drag. As can be seen from Fig. 5a, the down-

force is larger at 40� than at 50�. On the other hand, drag is

almost the same at 40� and at 50� from Fig. 5b.

From these CAE results and Eqs. (1) and (2), the rela-

tionship between CD and CL is calculated and plotted on a

graph in Fig. 6. From Fig. 6, at low speed, it can be seen

that the value of CD/CL is optimal at 40�. At high speed, CD

and CL are the smallest at 10�, indicating this is optimal.

Thus, the rear wing should be designed to be variable with

an initial attack angle of 40� at a low speed of 8.3 m/s

(30 km/h) and an attack angle of 10� at high speed of

13.9 m/s (50 km/h), such that CD and CL are the smallest.

(a) Profile of BE50 (original)

(UIUC Airfoil Data Site; http://airfoiltools.com/airfoil/details?airfoil=be50-il)

(b) 3D image of BE50 wing

(c) Three-stage rear wing

Name = BE50 (original)

1000

800

55
0

10

0 10      20      30      40      50      60      70      80      90     100 %

Fig. 1 Schematic view of wing

Fig. 2 Mesh arrangements
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4 Wind tunnel experiment

In order to verify the results of the CAE analysis, we

constructed a 1/8th-size scale model and tested it in a

smoke-filled wind tunnel. The blade length of the scale

model was 120 mm. In order to easily observe the flow in

the wind tunnel experiment, the wing’s end plates were

made of a transparent acrylic plate. A photo of the exper-

imental 1:8 scale model of three-stage wing is shown in

Fig. 7. The variable wing was constructed so that the angle

of attack could be changed within a range of 0�–50�. We

fixed the rear wing model in place using the wind tunnel’s

experimental equipment and photographed it with a high-

speed camera. A smoke wind tunnel experiment was con-

ducted with a flow rate of 44.4 m/s and rear wing attack

angles of 40� and 10�. These tests will compare the results

of CFD analysis and the flow around the rear wing in the

actual scale model. Due to the wind tunnel device, the flow

velocity could not be raised any further. Reynolds number

in 1/8th-size scale model is 3.60 9 105. This number

corresponds to 5.56 m/s (20 km/h) in the full-size model.

Therefore, the comparison has become qualitative.

(a) 50 deg (b) 40 deg

(c) 30 deg   (d) 20 deg

(e) 10 deg

Fig. 3 3D-CAD models of the rear wing with angles of attack of

50�–10�

(a) Pressure contours for 40 .

(b) Streamlines at 50 .

Fig. 4 Examples of CAE results

(a) Downforce.

(b) Drag.
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Fig. 5 Relationships between vehicle speed and downforce and drag
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However, it is sufficiently useful for observing the flow

situation.

The results of the wind tunnel experiment are compared

with the streamlines of the CFD analysis results in Fig. 8.

Figure 8a shows the case when the angle of attack of the

rear wing is 40� and Fig. 8b shows the case when the angle

of attack is 10�. From Fig. 8a, the flow at the upper part of

the second wing flows to the lower surface of the third

wing, and it appears that downforce is effectively achieved

while reducing drag. The concentration of smoke appears

to be highest is in the main stream. From these results, it

can be seen that the wind tunnel experimental results agree

well with the CAE analysis results.

5 Production and measurement of a full-size rear
wing

5.1 Design and production

The full-size rear wing was designed based on the analysis

results. The CAD model and a photo of the actual model

are shown in Fig. 9. The wing was made of GFRP from the

production performance, and wood was used for the wing’s

end plates. The spring constant was set such that the por-

tion of the second wing would undergo downforce and

drag, and vary at a predetermined speed. A tension spring

was attached at a position 170 mm from the rotation axis.

A dynamic model of the second wing is shown in Fig. 10.

The load F, resulting from the drag FD
0 and downforce FL

0,
applied to the tension springs in the second-stage wing is

expressed by the following equation:

F ¼ F0
D cos

p
2
� h

� �
þ F0

L cos h

¼ F0
D sin hþ F0

L cos h:
ð3Þ

In order to determine the strength of the spring, the

moment around the shaft was obtained by CAE analysis.

From the results of CAE analysis of the downforce and

drag for the second-stage rear wing, the load force is cal-

culated to be F = 51.1 N at a low speed of 30 km/h for a

wing attack angle of 40�, and to be F = 98.0 N at a high

speed of 50 km/h for a wing attack angle of 10�. Therefore,
using Eq. (3), the spring was set to an initial tension of

50 N and a spring constant of 550 N/m.

5.2 Experimental method with an actual vehicle

Figure 11 shows how the passive rear wing is attached to

the experimental vehicle. In order to actually measure

downforce, a strain gauge was attached to the stay sup-

porting the rear wing, and the force was measured. In the

experiment, two sets of downforce data were measured:

with a fixed wing attached and with the passive rear wing

attached. Sampling was performed at 1 kHz. In addition, a

DL1 data logger made by race technology was used to

measure the speed and acceleration of the vehicle. A dia-

gram of the arrangement of measuring devices is shown in

Fig. 12. Measurement of the angle of attack of the passive-

type rear wing was performed using a camera from the

front and side directions. In actual driving, five laps were

made of a course 600 m long and data were acquired.

5.3 Results of experiment

The driving experiment was performed at the closed circuit

with both passive-type and fixed-type rear wing. The

course map is shown in Fig. 13a. This course is 603 m in

length and average lap time is around 32 s. A measured

sample of GPS image of the vehicle experiment is shown in

Fig. 13b. The color of each line denotes the time. Also the

lap times were obtained. From the speed that is differen-

tiated the measured time, the relationships between speed

and wing attack angle and downforce were obtained.

Photos of the rear wing from the front taken while driving

are shown in Fig. 14. Figure 14a shows the case at 0 m/s,

-1.5 

-1.0 

-0.5 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

C L

CD

40 deg

30 deg

10 deg

20 deg

50 deg

Angle of wing

Fig. 6 Relationship between CL and CD for a variable rear wing

Fig. 7 Photo of the experimental 1:8 scale model of three-stage wing
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Fig. 14b shows the case at 8.3 m/s (30 km/h), and Fig. 14c

shows the case at 13.9 m/s (50 km/h). Side views of the

passive rear wing are shown in Fig. 15. From these figures,

the angle of attack was read from the side of the wing

during image processing.

Figure 16 shows the measured variation in downforce

over 3 s while driving at a constant speed. Figure 16a

shows the case at a speed of 8.3 m/s (30 km/h) and

Fig. 16b shows the case at a speed of 13.9 m/s (50 km/h).

From these figures, the measured downforce at a low speed

of 8.3 m/s for both the passive wing and the fixed wing are

around 70–100 N. The passive wing has a slightly smaller

(a) 40 deg

(b) 10 deg

Fig. 8 Results of the wind

tunnel experiment and CFD

analysis

Fig. 9 CAD model and photo

of the actual full-size rear wing

( 90- ）

F = FD sin +FL cos
FL

FD

Fig. 10 Dynamic model of the second wing
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value, owing to the influence of the vibration of the wing.

On the other hand, at 13.9 m/s, the downforce of the fixed

wing is approximately 175 N and for the passive wing it is

approximately 150 N. Since the vibration of the wing is

high, the downforce also exhibits oscillation.

Figure 17 shows the downforce measurements at 8.3

and 13.9 m/s for the passive-type variable wing and the

fixed wing and the CAE analysis results. From Fig. 17, it

can be seen that by changing from a fixed wing to a passive

wing, the downforce at low speed can be kept the same,

and at high speed it can be reduced by 14.0% from

approximately 171–145 N. However, the downforce of the

passive rear wing at high speed does not decrease as much

as in the results of CAE analysis. This is considered to be

caused by vibration resulting from the unevenness of the

road surface when driving at high speed, and the corre-

sponding change in the angle of attack.

Figure 18 shows the relationship between vehicle speed

and the lift coefficient CL. From this figure, it can be seen

that at around 30 km/h, CL exhibits little difference, but at

higher speeds, the difference is greater.

6 Discussion

Downforce can be measured by attaching a strain gauge to

the wing stay. However, since it is difficult to directly

measure drag, CAE results were used for estimation. The

drag was estimated from the angle of attack measured from

the video recorded from the side and the speedometer using

Figs. 13 and 15. At a speed of 8.3 m/s (30 km/h), the drag

is estimated to be 69.4 N at an angle of attack of 40�, and at
speed of 13.9 m/s (50 km/h) it was estimated to 149.2 N at

an angle of attack of 10�. The estimated drags of the fixed

wing and passive wing at 8.3 and 13.9 m/s are shown in

Fig. 19. Figure 20 shows the relationship between vehicle

speed and the drag coefficient CD. This figure is calculated

from Fig. 19 and Eq. (1). From this figure, it can be seen

that CD can be reduced. However, the downforce of the

Fig. 11 Setup for driving experiment

(a)  Downforce measurement                   (b)    DL1

Fig. 12 Diagram of the

arrangement of measurement

devices

(a) Test course map

(b) GPS image of vehicle path

20m

Fig. 13 Test course map and GPS image of vehicle path (600 m)
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passive rear wing at high speed around 50 km/h did not

decrease as much as the CAE analysis result. This is con-

sidered to be caused by the fact that the wind speed of

about 2.0 m/s was blowing in the experiment, and the angle

of attack of the second-stage rear wing fluctuated due to the

vibration caused by the unevenness of the road surface.

From these results, it is clearly necessary to consider the

implementation of a damper in the passive rear wing design

in the future and to properly suppress the vibration of the

wing. Furthermore, in order to optimize the lift coefficient

CL and the air resistance coefficient CD, it is necessary to

appropriately change the angle of attack depending on the

vehicle speed. For that purpose, we consider it is necessary

to optimize the position of the rotational axis of the wing

and optimize the spring constant as a parameter in the

design. From Fig. 8b, it can be seen that the third-stage

(a) 0 m/s           (b) 8.3 m/s (30 km/h)       13.9 m/s (50 km/h)(c)

Fig. 14 Photos of the rear wing from the front

Fig. 15 Side view of the passive rear wing
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(b) m/s (50 km/h)

0

50

100

150

200

0 1 2 3

D
ow

m
fo

rc
e,

N

Time,sec

Passive wing Fixed wing

0

50

100

150

200

0 1 2 3

D
ow

m
fo

rc
e,

N

Time,sec

Passive wing Fixed wing

8.3

13.9

Fig. 16 Measured downforce

8.3m/s 13.9m/s
0

50

100

150

200

D
ow

n 
Fo

rc
e,

   
N

Vehicle Speed

Passive

Fixed

CAE Analysis

Fig. 17 Results of downforce measurements and CAE analysis

-1.0 

-0.9 

-0.8 

-0.7 

-0.6 

-0.5 

5 7 9 11 13 15 17 

C L

Vehicle Speed , m/s

Passive wing 

Fixed wing 

Fig. 18 Relationship between vehicle speed and lift coefficient CL

Automot. Engine Technol. (2017) 2:107–117 115

123



wing is stalled even at low speed. Therefore, it is consid-

ered that the performance is further improved if the third-

stage wing is made variable.

As a confirmation of the effect of passive-type wing,

the time was actually measured with the course shown in

Fig. 13a. Lap time comparison between passive and

fixed wing is shown in Fig. 21. The average time of 30

laps was shortened to 30.5 s of the passive wing and

about 1.5 s compared with 32.0 s of the normal wing.

However, it was found that the passive-type wing is

susceptible to the influence of the wind and the ground

vibration, and the variation in the lap time becomes

large.

7 Conclusion

Based on the results of CFD analysis, a passive-type

variable rear wing was manufactured and measured. The

passive-type rear wing generates a downforce equivalent

to a fixed-type rear wing at low speed, and reduces

downforce at high speed. That is, it makes it possible to

reduce drag. As a confirmation of the effect of passive-

type wing, the average lap time was shortened. In future,

it is necessary to optimize the rotational axis and spring

constant of the wing. Also, we consider it necessary to

implement countermeasures against vibration from the

road surface. Furthermore, if the third-stage wing can be

made variable, further performance improvement can be

expected.
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