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Abstract
In the spirit of competition, Cardinal Formula Racing at Saginaw Valley State University explored aerodynamic modifications to its Formula SAE race car to increase the car’s aerodynamic grip in an effort to
improve acceleration, braking, and cornering speed. The undergraduate research project was inspired in
part by a two-day workshop, presented by SAE International and attended by Cardinal Formula Racing
team members, that addressed the fundamentals of vehicle aerodynamics. The aerodynamic lift on a prototype rear spoiler was investigated through wind tunnel testing and computational fluid dynamics (CFD)
simulation. Good agreement was observed between the experimental and numerical data for the angles
of attack that were explored. A prototype rear spoiler for the race car was sized from the data that was
generated in the study.
Introduction
Formula Society of Automotive Engineers Collegiate Design Series competition is organized by SAE
International and promotes engineering through design, development, and testing of small-scale Formulastyle race cars. Each team designs within the same set of constrains, and innovation provides the competitive edge. Cardinal Formula Racing (CFR) at Saginaw Valley State University (SVSU) has a dedicated
team of students, faculty, administrators, and industry sponsors and has achieved high marks in competition, placing 1st in acceleration in 2008, 2nd in acceleration in 2013, and 1st in acceleration in 2014
against more than 120 colleges and universities worldwide. The team strives to be on the leading edge of
technological innovation.
CFR explored aerodynamic modifications to its Formula SAE race car to increase the car’s aerodynamic
grip in an effort to improve acceleration, braking, and cornering speed. Aerodynamic grip is the negative
lift generated by airflow over an inverted airfoil. Typical airfoils generate lift. The inverted airfoils of
a race car include the front wing, undertray, and rear wing. These devices work in tandem to distribute
aerodynamic load across the chassis. A car with too little grip at the front will tend to understeer as it
turns through a corner, whereas a car with too little grip at the rear will tend to oversteer. Optimizing these
devices requires knowledge of aerodynamics, flow testing methodologies, and flow simulation.
SAE International presented a two-day training workshop which team members Brandon Verhun and
Trevor Haight attended with support from the SVSU Foundation. The workshop addressed the fundamentals of vehicle aerodynamics and offered the students best practices for vehicle design, wind tunnel and
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Fig. 1. Aerodynamic drag and lift generated by pressure and shear on the surface of an airfoil.

on-road methods for assessing vehicle performance, and the basics of flow visualization and instrumentation. The students then conducted an aerodynamic study of a NACA-0012 airfoil, which included wind
tunnel testing and computational fluid dynamics (CFD) simulation, to determine the aerodynamic drag
and lift on the airfoil as a function of vehicle speed. The students had little prior knowledge of wind tunnel
testing and CFD simulation at the onset of the study.
Background and Theory
Vehicle aerodynamics can have a significant impact on vehicle performance. A vehicle is considered
streamlined when its shape is optimized to offer minimal resistance to the fluid flowing over it. The
resistance a vehicle encounters as it moves through a fluid increases as the square of velocity. Its power
consumption increases as the cube of velocity. A vehicle consuming 5 horsepower at 35 mph may require
40 horsepower at 70 mph due to the increased aerodynamic drag at the higher speed. A streamlined vehicle
performs optimally at high speed and the output of its engine is consumed efficiently, leading to better fuel
economy. Formula SAE race cars can reach speeds of up to 60 mph, but an upper speed of 50 mph is
typical. The cars feature high power to weight ratios. The typical 600 cubic centimeter, four-stroke engine
has an output of about 80 horsepower with an intake restrictor installed, and the typical car weighs less
than 500 lbs. The cars are generally traction limited as opposed to power limited. Drivers demand full
power from the engine less than twenty percent of the time while on the track 1 . Traction is crucial and can
be improved by modifying the overall body shape to generate negative lift. Aerodynamic modifications to
the body can include the front wing, undertray, and rear wing.
The aerodynamic forces acting on the surface of an airfoil consist of normal forces and tangential forces,
as shown in Fig. 1. Depending on the shape of the airfoil, these forces typically have components in the
direction of flow. The differential aerodynamic drag force acting on the differential area dA is the sum of
the component forces in the direction of flow 2
dFD = −P dA cos θ + τw dA sin θ

(1)

where P is the normal pressure, τw is the wall shear stress, and θ is the angle that the outward normal
vector to dA makes with the flow direction. The differential lift force acting on the differential area dA is
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the sum of the component forces normal to the flow direction
dFL = −P dA sin θ − τw dA cos θ

(2)

The total aerodynamic drag and lift are calculated by integrating the differential aerodynamic drag and lift
over the surface of the airfoil
Z

FD =

A

Z

dFD =

Z

FL =

A

Z

dFL =

(−P cos θ + τw sin θ ) dA

(3)

(−P sin θ − τw cos θ ) dA

(4)

A

A

The total aerodynamic drag and lift are functions of pressure, wall shear stress, surface area, and angle θ ,
as shown in Eqs. (3) and (4). The dimensionless drag and lift coefficients representing the drag and lift
characteristics of the airfoil can be defined as
CD =

FD
1
2
2 ρV A

(5)

CL =

FL
1
2
2 ρV A

(6)

where V is the free-stream velocity and A = cb is the planform area or product of the chord length c and
the wingspan b. Reducing surface area reduces aerodynamic drag, as shown in Eq. (3), and improves fuel
economy. When the surface is flat relative to the approaching airflow (θ = 90◦ ), the aerodynamic drag is
dependent on wall shear and surface area only. When the surface is perpendicular (θ = 0) relative to the
approaching airflow, the aerodynamic drag is dependent on pressure and surface area only. Aerodynamic
drag can be reduced by streamlining an airfoil to reduce wake and flow separation. Drag reduction is an
objective of Formula SAE competition.

Fig. 2. The solid model of a proposed CFR race car shows an undertray being studied to increase aerodynamic grip.
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Aerodynamic grip or negative lift can be generated by inverting an airfoil. The shape of an inverted
airfoil is such that velocity decreases over its upper surface, causing pressure to increase according to
the Bernoulli principle, resulting in a downward force. The upper surface is referred to as the “pressure
surface” (relative to atmospheric pressure) and the lower surface as the “suction surface.” Aerodynamic
grip is the resultant force generated by the upper and lower pressure and wall shear distributions, as shown
in Eq. (4), acting over the respective areas of the airfoil. Aerodynamic grip can come at the expense of
aerodynamic drag, but the tradeoff is often resolved in favor of aerodynamic grip to increase traction in
performance applications.
In addition to the front and rear wings, an undertray can be incorporated into the chassis for additional
aerodynamic grip. A solid model of a proposed CFR race car with an undertray is shown in Fig. 2. The
undertray operates in ground effect (airflow over a body near a fixed surface). Ground effect is simulated in
a wind tunnel by placing the vehicle above a rotating belt moving at the free-stream velocity 3 . The undertray is situated below the chassis and may consist of two or more tunnels. The tunnels offer the properties
of a nozzle (at center of car) and diffuser (at rear of car). The nozzle accelerates the flow, causing pressure
to decrease locally according to the Bernoulli principle, which creates a downward force near the center
of the car. The diffuser gradually decelerates the flow as its wall rakes upward towards the rear of the
car, which prevents the flow from separating 4;5 . Separation would otherwise reduce the downward force
and induce aerodynamic drag. Like the front and rear wings, the undertray has the potential to improve
aerodynamic grip and improve acceleration, braking, and cornering speed.

Experiments and Discussion
The experiments were conducted in the wind tunnel at SVSU. The open circuit wind tunnel features a 40
hp variable-pitch fan and has a top speed of just over 100 mph. The test section has a cross-section of
24 × 24 in. Pressure and temperature in the laboratory were measured and the air density was calculated
by applying the ideal gas law. The fluid was assumed to be incompressible due to the low Mach number.
A Mach number of less than three-tenths the speed of sound is the general criterion used to establish
incompressible flow. The fluid properties during the experiments are given in Table I. The load cell of the
wind tunnel was calibrated. The wind speed was measured by employing an inclined-tube manometer and
hot-wire anemometer.
The aerodynamic drag and lift on a NACA-0012 airfoil were explored experimentally for angles of attack
α = 0, −5, −10, and − 15◦ . The negative angle of attack causes an asymmetrical pressure distribution
over the airfoil, resulting in negative lift. The airfoil had a chord length c = 0.202 m (7.8 in) and wingspan
b = 0.610 m (24 in). The geometry and angle of attack α relative to a fluid of free-stream velocity V
TABLE I
P ROPERTIES OF AIR .

Temperature
T , ◦C
25.0

Pressure Density
P, kPa ρ, kg/m3
97.6
1.140

Dynamic viscosity
µ, kg/m · s
1.837 × 10−5
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Fig. 3. The NACA-0012 airfoil of chord length c and angle of attack α in a fluid of free-stream velocity V .

are shown in Fig. 3. The NACA-0012 is a familiar production airfoil and can be found on the B-17
Flying Fortress and Cessna 152 airplanes as well as on the Sikorsky SH-3 Sea King helicopter 7 . The four
digits following the National Advisory Committee for Aeronautics (NACA) designation define the airfoil
profile: the first digit specifies the maximum separation between the mean camber line and the chord line
as a percent of the chord, the second digit specifies the distance from the leading edge to the position of
the maximum camber in tenths of the chord, and the last two digits specify the maximum thickness of the
airfoil as percent of the chord.
The measured aerodynamic drag and lift coefficients of the NACA-0012 airfoil are shown in Table II
for the range of wind speeds typically encountered by a Formula SAE race car. The Reynolds number
Re = V c/ν is shown for reference. From the data it can be seen that the drag and lift coefficients are
fairly independent of Reynolds number for each angle of attack α. The value of the lift coefficient at zero
angle of attack is zero due to the symmetrical pressure distribution over the airfoil. The lift coefficient
rises from 0 to 1.05 as the angle of attack decreases from 0 to −10◦ for a free-stream velocity of 22.5 m/s.
The lift coefficient decreases beyond an angle of attack of −10◦ due to flow separation. The airfoil will
stall beyond an angle of attack of approximately −15◦ . The drag coefficients ranged from 0.010 to 0.049
as the angle of attack decreased from 0 to −10◦ for a free-stream velocity of 22.5 m/s. The drag coefficient increased sharply at an angle of attack of −15◦ and reached a maximum of 0.251 for a free-stream
velocity of 22.5 m/s. The large drag coefficient at large negative angles of attack can be attributed to flow
separation. Large negative angles of attack are known to cause flow instability and stall.
TABLE II
A ERODYNAMIC DRAG AND LIFT COEFFICIENTS OF NACA -0012 AIRFOIL FROM WIND TUNNEL TESTS .

V (m/s)
17.9
22.5
27.3

Re (×105 )
2.25
2.83
3.42

α = 0◦
α = −5◦
CD
CL
CD
CL
0.011 0.000 0.012 0.564
0.010 0.000 0.016 0.568
0.010 0.000 0.017 0.568

α = −10◦
α = −15◦
CD
CL
CD
CL
0.050 1.02 0.256 0.960
0.049 1.05 0.251 0.981
0.046 1.05 0.245 0.995
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CFD Simulations and Discussion
Computational fluid dynamics, in contrast to the experimental and analytical approaches, is a numerical
approach to solve problems that involve fluid flow. The fundamental governing equations of fluid motion
are conservation of mass and momentum. Conservation of mass and momentum for an incompressible,
laminar flow can be expressed as
∇ · ~V = 0
(7)
D~V
ρ
= −∇P + ρ~g + µ∇2~V
(8)
Dt
where ~V = uî + v jˆ + wk̂ is the velocity, P is the pressure, ρ is the density, ~g is the gravity vector, µ
is the dynamic viscosity, and t is the time. Formulations of the governing equation set for a variety of
applications as well as solution approaches can be explored in Computational Fluid Mechanics and Heat
Transfer 9 and Computational Fluid Dynamics 10 . The solution of the equation set reveals the flow fields
of velocity and pressure. Streamlines generated from the velocity field can be used to visualize the flow.
An experimental analog would be streaklines, generated by passing plumes of smoke over an airfoil in a
wind tunnel. A streamline is a curve everywhere tangent to the instantaneous local velocity vector, while
a streakline is the locus of fluid particles that have passed sequentially through a prescribed point in the
flow 2 . Streamlines and streaklines are coincident when the flow is steady. The pressure field can be used
to determine loading on an airfoil.
SolidWorks Flow Simulation was chosen as the CFD software package for this educational study. In the
software package, the equations of fluid motion, conservation of mass and momentum, are expressed in
discretized form on a computational domain constructed of a mesh. The boundary conditions at the edges
(2-D) or faces (3-D) of the domain are specified and the initial conditions are chosen for the flow variables
velocity and pressure. The thermo-physical properties of the fluid are specified. The flow variables are
then solved in space and time. The boundary layer formed on a flat plate in a flow of a comparable
Reynolds number to the experiments was explored analytically prior to applying the software package to
establish the boundary layer thickness. The mesh generation feature of Flow Simulation was applied to
increase the density of the mesh in the vicinity of the airfoil to better resolve wall shear. The small solid
feature (SSF) and curvature refinement settings were used to better resolve the geometry. The influence of
mesh size on the solution was studied to ensure a mesh independent solution. The number of cells used
in the simulations was approximately 250,000. The fluid properties specified in the model are given in
Table I.
TABLE III
A ERODYNAMIC DRAG AND LIFT COEFFICIENTS OF NACA -0012 AIRFOIL FROM CFD SIMULATIONS .

V (m/s)
17.9
22.5
27.3

α = 0◦
α = −5◦
Re (×105 ) CD
CL
CD
CL
2.25
0.011 0.000 0.012 0.512
2.83
0.010 0.000 0.015 0.529
3.42
0.010 0.000 0.017 0.519

α = −10◦
α = −15◦
CD
CL
CD
CL
0.049 1.01 0.254 0.950
0.048 1.04 0.250 0.969
0.046 1.04 0.230 0.981
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Fig. 4. The streamlines over the NACA-0012 airfoil at α = 0, −5, −10, −15◦ for a free-stream velocity of 22.5 m/s.

The aerodynamic drag and lift coefficients of the NACA-0012 airfoil determined by using the CFD software are shown in Table III over the range of Reynolds numbers and angles of attack investigated. The
drag and lift coefficients are fairly independent of Reynolds number for each angle of attack. The drag
and lift coefficients generally show good agreement with the experimental coefficients shown in Table II.
The lift coefficient decreases and the drag coefficient increases sharply with the onset of stall at an angle
of attack of −15◦ .
The streamlines over the NACA-0012 airfoil as a function of angle of attack were studied to explore flow
separation and are shown in Fig. 4 for a free-stream velocity of 22.5 m/s. The clustering of the streamlines
along the lower surfaces of the airfoils reveal regions of high velocity. Pressure in these regions will be low
consistent with the Bernoulli principle. A high degree of flow separation along the lower surface of the
airfoil is observed at an angle of attack of −15◦ . Separation begins near the leading edge of the airfoil and
continues beyond the trailing edge. The pressure field over the airfoil is shown in Fig. 5. High pressure is
observed along the upper surface of the airfoil, especially near the leading edge.
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Fig. 5. The pressure contours over the NACA-0012 airfoil at an angle of attack α = −10◦ and free-stream velocity of 22.5
m/s. The negative lift caused by high pressure acting along the upper surface of the airfoil will result in improved traction for
the race car, which will lead to better acceleration, braking, and cornering speed.

Sizing the Airfoil
A prototype NACA-0012 airfoil was sized for the race car by exploring the aerodynamic drag and lift as
a function of chord length. The drag and lift per unit wingspan are shown in Table IV as a function of
chord length c for angle of attack of −10◦ and a free-stream velocity of 22.5 m/s (50 mph). The table
was interpolated from the data generated in the experimental study and is based on a similarity analysis
of the model and prototype. The selected free-stream velocity is the typical maximum speed of the race
car, while the chosen angle of attack generates the maximum lift while ensuring aerodynamic stability.
Table IV will be applied to size an appropriate airfoil for the race car as the team explores overall body
designs. For example, an airfoil of chord length c = 0.50 m and wingspan b = 1.5 m will generate an
aerodynamic drag and lift of FD = 10.6 N and FL = 228 N, respectively.
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TABLE IV
A ERODYNAMIC DRAG AND LIFT PER UNIT WINGSPAN ON PROTOTYPE NACA -0012 AIRFOIL
AS A FUNCTION OF CHORD LENGTH c (α = −10◦ , V = 22.5 M / S ).

c (m)
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

FD (N/m)
2.83
3.54
4.24
4.95
5.66
6.36
7.07
7.78
8.49
9.19
9.90
10.6
11.3
12.0
12.7
13.4
14.1

FL (N/m)
60.6
75.8
90.9
106
121
136
152
167
182
197
212
227
242
258
273
288
303

Conclusions
In an effort to increase the aerodynamic grip of the Cardinal Formula race car to improve acceleration,
braking, and cornering speed, the aerodynamic drag and lift were investigated on a NACA-0012 airfoil
through wind tunnel testing and computational fluid dynamics simulation. Good agreement was found
between the experimental and numerical data for angles of attack −15◦ ≤ α ≤ 0◦ . The experimental
data was then used to size a prototype NACA-0012 airfoil for the race car. Over the course of the study,
the undergraduate students learned the basics of wind tunnel testing, grew comfortable operating CFD
software, and gained an understanding of applied CFD and flow visualization.
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