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ABSTRACT 

An experimental study was performed at the University of 
Illinois at Urbana-Champaign Low-Speed Wind Tunnel to 
quantify the performance and flowfleld effects of two-ele
ment open-wheel-race-car front wing configurations. Four 
distinct configurations were tested in- and out-of-ground 
effect and at various speeds (Reynolds numbers), angles 
of attack, and flap positions. A splitter plate was installed 
in the wind tunnel to act as the ground plane. Data pre
sented include balance force measurements, surface 
pressure data, and downstream flow measurements 
using a seven-hole probe. Results show that these ele
mentary factors in the design of race-car front wings have 
a significant effect on wing performance and behavior of 
the downstream flowfield. 

INTRODUCTION 

BACKGROUND - In recent years, aerodynamics has 
become an Increasingly important factor in the design 
and performance of open-wheel race cars. The large 
amounts of downforce produced by these cars, typically 
greater than two times the car's weight, allow cornering 
accelerations of well over 4g's. Despite recent gains 
made In aerodynamic design, there is still little known 
about the influence that race-car wings have on the pro
duction of a car's overall downforce, specifically in 
Champ Cars where the underbody channels produce a 
majority of the downforce. 

Previous studies of race-car aerodynamics ranging from 
full-car wind-tunnel tests, numerical investigations, and 
combined experimental and numerical studies have 
shown that the effect of small changes in parameters on 
a race car can have significant effects on aerodynamic 
performance.[1 ,2,3] Hurst [1] shows that a 1-deg change 
in wheel camber, a seemingly unimportant aerodynamic 
variable, can change downforce by up to 2%. Katz [2] 
demonstrates through the use of a panel method that the 
addition of a front and rear wing to an open-wheel race 
car can change a lifting body to one that produces a large 
amount of downforce. These studies show that that in 
order to use simulations as a tool to maximize perfor
mance, a race car must be modeled properly in the wind 
tunnel or computations. Since it is difficult to completely 
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match wind-tunnel conditions or numerical boundary con
ditions to the track conditions, tests have been performed 
to determine the proper way to evaluate the effect of 
wings on a race car. Berchak and Camosy [4] tested an 
isolated full-size rear wing and a 40% scale model of a 
vintage Indy-style car and compared results. Their study 
revealed that performance of the wing is enhanced by the 
presence of the car indicating some degree of cross-cou
pling between the wing and body. This idea is also sup
ported in Refs. 2 and 3. Knowing that wing-alone results 
will underestimate performance when used on a race car, 
it is feasible to perform these tests and still be able to 
estimate the effects on the complete race car. 

The studies mentioned above primarily deal with rear
wing aerodynamics, and there is still much to learn about 
how the front wing of an open-wheel race car effects per
formance. A series of investigations performed by Ran
zenbach and Barlow [5,6,7] begin to address the 
performance of front wings with two-dimensional experi
mental and numerical methods. These studies focused 
mostly on the effects of the various simulations of the 
ground plane boundary conditions on the performance of 
two-dimensional airfoil sections. In the case of single-ele
ment tests of the NACA 0015 [5] and 4412 airfoils [6], 
comparison between experimental and computational 
results show fairly good agreement at ground clearances 
greater than 0.1 chord lengths. At tower heights, bound
ary layers from the airfoil and ground plane begin to inter
act, which becomes difficult to predict accurately with 
current computational methods. An additional study of a 
two-element airfoil (NACA 632-215 Mod B) with a 30% 
slotted flap shows little agreement of absolute values of 
lift coefficient, but similar trends.[?] Ranzenbach and Bar
low state that this discrepancy was due to problems with 
the experimental setup. 

The tests above indicate that it is possible to perform sim
plified tests and still be able to extract information that is 
beneficial to the design of a race car despite the com
plexity of the overall problem. 

MOTIVATION - Motivation for the current study surfaced 
because of the tack of information available on three
dimensional downforce wings in ground effect. The flow
field near the front wing of an open-wheel race car Is 
complicated despite being In relatively undisturbed air, 



although the close proximity of the wing to the front 
wheels tends to have a large effect on the flowfield. The 
current method of race-car wing design is based on trial 
and error: a wing is designed, a model is built and tested 
in the wind tunnel. If favorable results are obtained, the 
design is improved until the desired effect is met. The 
information gained from this study can help designers 
improve and shorten the design process by identifying 
crucial factors in the design of a front wing and how they 
affect performance before testing them in the wind tun
nel. Knowledge gained from this study will be used to fur
ther enhance current design tools and verify various 
numerical tools that are used during the design cycle. 

EXPERIMENTAL APPARATUS 

WIND TUNNEL - Experiments using configurations 
based on the UIUC700 two-element airfoil were per
formed at the University of Illinois at Urbana-Champaign 
Low-Speed Wind Tunnel. The wind tunnel is a conven
tional open-return type with a contraction ratio of 7.5:1 
and test section dimensions of 0.853 x 1.219 m. The test 
section diverges approximately 1.27 em over its 2.43-m 
length to allow for boundary layer growth. Flow velocity is 
limited to 71.52 m/s (160 mph), corresponding to a Rey
nolds number of approximately 4.9 x 1 06/m. 

MODEL- Tests were performed on wing/airfoil configura
tions based on the UIUC700 two-element airfoil. Due to 
structural and space requirements, as well as available 
construction techniques, the UIUC700 airfoil was 
designed specifically for this experiment using methods 
described in Ref. [8] and has no relation to profiles used 
on actual race cars. The wind-tunnel model was tested 
as a semi-span wing with a span of 46.23 em without 
endplates, with a main-element chord of 22.86 em, and 
2D flap having a chord of 10.16 em, resulting in a com
bined reference chord length of 33.02 em. All distances 
were non-dimensionalized using this chord length, inde
pendent of the flap setting. Additionally, aerodynamic 
forces obtained with configurations using the Champ Car 
front wing were non-dimensionized using 1654.7 cm2 as 
the reference area, while 1728.7 cm2 was used for the 
Formula One front wing reference area. These reference 
areas are also independent of flap setting. Both the main 
element and 2D flap were constructed using molded car
bon-fiber skins with steel bar spars. The main element 
had pressure taps at five spanwise locations of 1 0.16, 
20.38, 29.49, 36.83, and 42.42 em from the root of the 
wing. The 2D flap had pressure taps at three locations at 
1 0.1 6, 29.49, and 42.42 em. The taps were aligned paral
lel to the chord-line. The UIUC700 two-element airfoil 
was tested in two-dimensional flow and, when combined 
with a large endplate, in a configuration similar to a 
Champ Car rear wing. Flap deflection for these configura
tions could be manually set in 5 deg increments from 6 to 
41 deg. Results from these tests are beyond the scope of 
this paper and will not be discussed. 
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Figure 1. Front wing and endplate planforms (in em). 

Two additional flaps were designed such that, when com
bined with the main element, would approximate the 
planforms of either a Champ Car or Formula One front 
wing planform. For these flaps, the chord increases from 
10.16 em at the root to 17.78 em at the tip. The Champ 
Car flap was designed to have a long, constant root sec
tion with a sharp "cutout" that transitions into the tip, while 
the F1 flap design has shorter tip and root sections with a 
long, sweeping transition. The 3D flaps used typical 
foam-core construction with carbon-fiber skins and were 
not pressure tapped. Flap deflection, as measured at the 
root, was adjustable from 4 to 44 deg in 5 deg incre
ments. Two endplates were designed to approximate the 
profile for either a Champ Car or Formula One front wing 
endplate. Each endplate could be combined with the 
above wing planforms to form four different front wing 
configurations. Front wing and endplate planforms are 
shown in Figure 1. A summary of the possible test config
urations is given in Table 1. 

Table 1. Two-element test configurations 

Designation Description Test Flap End plate 

UIUC700 Two-element 2D "2D" n/a 
baseline ai rfoil 

UIUC700R Champ Car 3D "2D" Champ 
rear wing Car rear 

UIUC7001 Champ Car 3D Champ Champ 
front wing Car f ront 

UIUC700F F1 front wing 3D F1 F1 front 

UIUC700G Hybrid front 3D Champ F1 front 
wing 

UIUC700H Hybrid front 3D F1 Champ 
wing Car front 



GROUND PLANE - To simulate ground effect, a 183 x 
85.41 x 1.905-cm thick clear acrylic sheet with a full
radius leading edge was installed in the wind tunnel. The 
ground plane could be mounted at clearances of 3.302 
(0.1c), 6.604 (0.2c), and 9.906-cm (0.3c). The leading 
edge of the ground plane was placed 66.04 em (2c) for
ward of the leading edge of the main element to reduce 
the effects of boundary layer growth and provide for 
proper isolation of the wing in the tunnel. Preliminary 
investigations showed that at ground heights at and 
below 0.2c with lift coefficients greater than 2, the trailing 
vortex system of the wing induced boundary-layer sepa
ration on the ground plane, thereby limiting the ground 
clearances that could be tested. Data for ground clear
ance of 0.3c is the only data presented. Investigations at 
this height showed that wingtip vortex and ground-plane 
boundary-layer interaction was minimal and acceptable 
for the scope of this study. 

EXPERIMENTAL METHODS- Lift, drag, and pitching 
moment data were acquired with a three-component 
external floor balance manufactured by Aerotech ATE 
Limited using methods as described in Refs. 9 and 10. 
Data were acquired at both increasing and decreasing 
angles of attack. Data for both directions will be shown in 
the results. The model was mounted to the balance so 
that pitching moment measurements were taken about 
the quarter-chord of the main element. This point was 
also to center of rotation to set the angle of attack. Error 
analysis of the balance setup indicated that errors in lift, 
drag, and moment coefficient were typically less than 2%. 
At low-speed and low-drag conditions, error in drag coef
ficient peaked at approximately 6%. 

Downstream flowfield measurements were acquired at 
selected conditions using an Aeroprobe Corporation 
3.175-mm diameter seven-hole probe. The probe was 
mounted to a two-axis traverse manufactured by Lintech, 
Inc. and was positioned approximately 33 em, or one-ref
erence chord length, behind the trailing edge of the wing . 
Scans included approximately 3600 individual locations 
with the extents and resolution that are shown in Figure 
2. The upper, lower, and right boundaries of Figure 2 cor
respond to the wind tunnel ceiling, floor, and wall. Reso
lution was chosen to capture as much detail as possible 
in areas where large gradients in flow direction were 
expected while allowing for reasonable run times of 
approximately 2 1/2 hours. Three components of flow 
velocity were determined by using a combination of the 
seven pressures from the probe through methods out
lined by Rediniotis et. al [11 ], as originally reported by Zil
liac.[12) Measurement errors in dynamic pressure and 
flow angle from the seven-hole probe were typically 0.5 
deg and 1 %, respectively, as quoted by the manufacturer. 
The manufacturer provided a 1600-point calibration map, 
which included data for cone angles up to 70 deg. Seven
hole probe and surface pressure measurements were 
acquired using a Pressure Systems, Inc. 8400 pressure 
system with ±7 kPa and ±35 kPa electronic pressure 
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scanners. Pressure scanner accuracy was quoted as 
0.05% of full -scale. 
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Figure 2. Seven-hole probe scan resolution. 

TEST MATRIX- The test matrix was chosen to cover the 
effects of changing major variables of flap planform, end
plate planform, angle of attack, flap deflection, and Rey
nolds number at a ground clearance of 9.906 em (0.3c). 
Table 2 summarizes the test matrix that was performed. 
The four possible flap and endplate combinations formed 
the UIUC7001, F, G, and H configurations as described in 
Table 1. Due to maximum balance loads, especially at 
higher speeds, the number of possible flap deflections 
that could be tested was limited. The Reynolds number 
was set by varying tunnel RPM and was based on the 
reference chord of 33.02 em. In the cases with the For
mula One flap (UIUC700F and H), the maximum Rey
nolds number was lower than cases with the Champ Car 
flap (UIUC700G and 1). This was the maximum speed 
that was possible without exceeding balance load 
ranges. 

Table 2. Front Wing Test Matrix 

Configuration a (deg) Re ll,(deg) 

UIUC7001 -3thru18 0.7 X 106 14 
UIUC7001 -3 thru 18 1.1 X 106 4, 14,24 

UIUC7001 -3 thru 18 1.3 X 106 14 
UIUC700F -3thru18 0.7 X 106 14 
UIUC700F -3 thru 18 1.0 X 106 4, 14,24 

UIUC700F -3 thru 18 1.2 X 106 14 

UIUC700G -3thru18 0.7 X 106 14 

UIUC700G -3 thru 18 1.1 X 106 4, 14, 24 

UIUC700G -3 thru 18 1.3 X 106 14 

UIUC700H ·3 thru 18 0.7 X 106 14 

UIUC700H -3 thru 18 1.0 X 106 4, 14,24 

UIUC700H -3 thru 18 1.2 X 106 14 
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Figure 3. CL vs. <X and CL vs. C0 for UIUC7001 at l>t=14 
deg and h/c=0.3. 

Downstream flowfield measurements are summarized in 
Table 3. The aim of these measurements was to gain an 
understanding of the general flow structure behind the 
wing, including vortex development, and changes that 
would occur with varying the aforementioned parameters. 
The UIUC7001, Champ Car front wing, configuration was 
tested extensively, while a limited number of scans were 
performed with other configurations. The changes in the 
flowfield due to parameter changes such as angle of 
attack, Reynolds number, and flap deflection that 
occurred for the UIUC7001 can be used to infer results for 
the other configurations. 
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RESULTS 

REYNOLDS NUMBER- In a typical road or street 
course, race-car speeds may vary from as low as 50 mph 
to upwards of 200 mph. With this extreme change in con
ditions, performance of a wing can vary greatly. There
fore, it becomes important to quantify the effects that 
speed, or Reynolds number, has on performance of a 
race-car wing. Figure 3 shows the effect of Reynolds 
number on lift curves and drag polars for the UIUC7001 
configuration. As Reynolds number increases, lift coeffi
cient increases and drag coefficient decreases. Typical 
increases in lift coefficient for an increase in Reynolds 
number from 0. 7 x 106 to 1.1 x 106 averaged 2.5%, while 
an increase in Reynolds number from 1.1 x 106 to 1.3 x 
106 caused an average increase in CL of 1.9%. 
Decreases in total C0 for the same changes in Reynolds 
number were, on average, 2.3% and 1.2%, respectively. 
In the sense of an open-wheel race car, a desired effect 
would be a decrease in lift coefficient as speed (Re) 
increases, since high speeds typically occur on straight
aways where downforce is not needed. From an aerody
namic standpoint, as the present data show, this is not 
likely with the current fixed-wing configurations allowed in 
open-wheel racing. An expected result is an increase in 
induced drag with higher speed, since the wing is operat
ing at a higher lift coefficient. But the results show a 
reduction in overall drag coefficient. For this wing design 
the results indicate that the decrease in profile drag due 
to Reynolds number effects is larger than the associated 
increase in induced drag. 

Figure 4 presents the downstream flowfield measure
ments for the UIUC7001 configuration at a= 6 deg, 81 = 
14 deg, and Re = 1.1 x 1 06. Note the formation of two 
large trailing vortices rolling up from the endplate edges, 
as well as a smaller vortex forming off of the "cutout." 
This smaller vortex is a result of the abrupt change in lift 
that occurs between the smaller chord root region and 
longer chord tip and does not appear in measurements 
taken with the UIUC?OOH, which had the Formula One 
flap. Downstream flow measurements for the UIUC700H 
configuration are presented in Figure 5. Data taken at Re 
= 0.7 x 106 and Re = 1.3 x 106 of the UIUC?OOI show no 
significant movement of the trailing vortex system. Also 
noticable in the flowfield measurements, although not 
captured in the extents of Figures 4 and 5, is an interfer
ence region between the wing, tunnel floor, and ground 
plane. 

Table 3. Seven-hole probe scan test matrix 

Configuration o: (deg) Re 61 (deg) 

UIUC7001 6 0.7 X 106 14 

UIUC7001 6 1.1x106 4, 14, 24 

UIUC7001 3, 6, 9 1.1 X 106 14 

UIUC7001 6 1.3x 106 14 

UIUC700F 6 0.7 X 106 14 

UIUC700G 6 1.0 X 106 14 

UIUC700H 6 1.2 X 106 14 
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Figure 4. Downstream flowfield measurements for the UIUC7001 at a=6 deg, 51=14 deg, and Re=1 .1 x 106 

as viewed from upstream of wing. 
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Figure 5. Downstream flowfield measurements for the UIUC700H at a=6 deg, 51=14 deg, and Re=1.2 x 106, 

as viewed from upstream of wing. 
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Figure 6. CL vs. ex. and CL vs. C0 for UIUC7001 at 
Re=1.1 x 106 and h/c=0.3. 

Due to clearance requirements between the seven-hole 
probe and the ground plane, measurements in this region 
are incomplete. Results on the overall flowfield structure 
due to this feature are unclear. 

FLAP DEFLECTION - During a race, the ability to 
change the front-wing flap angle is the only way to adjust 
the aerodynamic performance of the car barring a com
plete change of the front nose cone, and hence changing 
the front wing completely. Therefore, the ability to quan
tify the effects of changing flap deflection on wing perfor
mance becomes extremely important. As listed in Table 
2, each configuration was tested at flap deflections of 4, 
14, and 24 deg. Figure 6 shows the lift curves and dra~ 
polars for the UIUC7001 configuration at Re = 1.1 x 10 
for these flap deflections. The average, minimum, and 
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maximum increases in lift coefficient for each step 
change in flap deflection are summarized in Table 4. 
These results show that as flap deflection is increased by 
10 deg, at a constant angle of attack, an average 
increase of 0.5 in lift coefficient occurs. Figure 6 also 
shows that although there is a large shift in the lift curves, 
there is no appreciable change in overall drag, when 
compared at a constant CL. Because the values of overall 
drag are essentially constant at similar lift coefficients 
and constant Reynolds number, it is inferred that the 
changes in profile drag are small with respect to the over
all drag, and that drag characteristics of a front wing are 
dominated by induced effects. 

Table 4. Increase in lift with changes in flap deflection 
of UIUC7001 

Change In 81 (deg) Avg~CL Min~CL Max t.CL 

4 to 14 0.5540 0.4492 0.6842 

14 to 24 0.4472 0.3685 0.5360 

Figure 4 and Figure 7 show the flowfield measurements 
for the UIUC7001 at a= 6 deg with flap deflections of 14 
and 24 deg, respectively. Lift coefficients for these cases 
are 1.95 for 51 = 14 deg and 2.37 for S1 = 24 deg. Compar
ison of these plots show that the trailing vortex from the 
suction side of the wing at the endplate moves closer to 
the root by approximately 1.2 em, as well as 1.2 em fur
ther from the ground. The movement of the vortex with 
increasing flap deflection has two competing effects. 
First, the increased lift at high flap deflections will cause 
more induced drag, requiring more engine power and 
decreasing top speed. Alternatively, more flow might be 
forced through the underbody because of the vortex 
being moved closer to the root of the car. An increase in 
flow to the underbody channels of a race car, particularly 
in a Champ Car, will manifest itself as an increase in 
downforce, and higher cornering speeds can be 
achieved. The wing/floor/ground-plane interaction region, 
not fully captured in Figure 7, also appeared to grow with 
increasing flap deflection. This is likely due to the higher 
speeds over the suction side of the wing that result from 
the increased loading provided by the flap deflection 
increase. Since the complete area of this flow was not 
captured in the seven-hole probe scans, it is not known 
how this affects the rest of the flowfield. 

FLAP PLAN FORM - In addition, the effect of flap plan
form was compared. Here, the two different flap plan
forms were tested with the same endplate. Comparisons 
were made between the UIUC7001 and UIUC700H, both 
having the Champ Car front endplate, and the UIUC700F 
and UIUC700G, both having the Formula One-style front 
endplate. Lift and drag data for the I and H configurations 
are shown in Figure 8, while selected pressure distribu
tions over the main element for both configurations are 
shown In Figure 9. Results for the UIUC700F and G com
parison are not shown, but are consistent with the 
UIUC700l and H configurations. As a result of increasing 



the wing planform area by 4.5%, the average increase in 
CL is 0.15 over the range of angles of attack tested . This 
effect, however, is not explained by the increase in area. 
At first glance, it might be expected that an increase in 
area without an increase in span would result in higher 
induced drag and lower lift coefficients, which are results 
of increased aspect ratio. But Figure 8 shows that an 
increase in CL occurs. This is largely in part due to the 
increase in local chord that occurs over much of the flap. 
The main element can be loaded more because of this, 
and as a result lift coefficient is increased. Examination of 
the pressure distributions of Figure 9 confirms this result. 
The drag polar of Figure 8 also shows that there is no sig
nificant effect on overall drag due to a change in wing 
planform, suggesting that planform does not have a large 
effect on induced drag. 

The downstream flowfield measurements for the 
UIUC?OOH are shown above in Figure 5. Comparing 
these measurements with those for the UIUC?OOI (see 
Figure 4), it is seen that the suction side vortex is stron
ger, moves closer to the root and further from the ground 
with the Formula One-style flap (UIUC?OOH). An 
increase in induced drag would be the expected result; 
however, no significant increase is shown. 

ENDPLATE PLAN FORM- The overall effect that end
plate planform area has on performance of the front wing 
is, perhaps, the most interesting. Although racing rules in 
both CART (Champ Car) and Formula One are extremely 
restrictive in terms of endplate size and position, it is still 
essential that a car manufacturer maximize performance. 
Figure 10 compares the UIUC?OOF with the UIUC?OOH, 
both having the Formula One flap and Formula One and 
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Champ Car front-wing endplates, respectively. When the 
Champ Car endplate was used, lift coefficient increased 
by an average of 0.0958 at constant a, while drag coeffi
cient at constant CL decreased by an average of 13. 7%. 
Hence, adding endplate area produces a more efficient 
wing. This effect can also be partially explained by the 
positioning of the wing within the endplate. It is difficult to 
separate the two without further study. As shown in Fig
ure 1, the positioning of the wing is closer to the edge of 
the Formula One endplate than with the Champ Car front 
endplate. The lack of endplate area between the wing's 
suction surface and the freestream allows the trailing vor
tex to roll-up earlier, which can result in more induced 
drag and less lift. 

CONCLUSION 

The results from this study show that many defining 
parameters in the design and setup of open-wheel race
car front wings have a significant effect on performance. 
Reynolds number effects were least significant, with 
changes in lift and drag of typically 3-4% over the Rey
nolds number range tested. Changes in flap deflection of 
10 deg, caused an average increase in CL of 0.5, while 
drag coefficient was largely unaffected at a constant lift 
coefficient. A study of changes in flap planform show sig
nificant increases in lift. This is largely due to the 
increased loading that occurs on the main element. 
Changing endplate planform reveals that endplate design 
is quite significant in determining the performance of a 
race-car front wing. When endplate area is increased, 
overall lift coefficient increases while there is a significant 
reduction in drag coefficient. 
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Figure 7. Downstream flowfield measurements for the UIUC7001 at a=6 deg, 81=24 deg, and Re=1.1 x 106, as viewed from 
upstream of wing. 
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Figure 10. CL vs. a and CL vs. C0 for UIUC700F and 
UIUC700H at Ot=14 deg, Re=1.1 x 106 , and h/ 
C=0.3. 




