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1. Project Description 

Oregon State University has a formula racing team that develops racecars for 

international student competitions. This voluntary club effort has many dedicated 

students working on technical details every year. The racecars must meet stated design 

constraints which can change somewhat each year. This is described below. This research 

paper presents a technical analysis of an aerodynamic concept to determine if it would be 

worthwhile pursuing in the future for installation on the racecars. For several years the 

racecar designs have included an aero package consisting of inverted wings that create 

downforce on the car, which helps to maintain better contact with the track. These wings 

also increase drag, so there is a balance between beneficial and detrimental in the design. 

One sign of inefficiency in wing design is that the airflow under the wings loses contact 

towards the trailing edge of the airfoil. This results in loss of effective downward “lift” 

and in more drag force on the car. The concept analyzed for this report has been used in 

aviation designs, but there is no record of it being used for automotive purposes. It 

utilizes pressured air, ejected close to the trailing edge, which assists in holding the 

airflow longer against the airfoil, thereby adding to the overall efficiency of the 

aerodynamic downforce. 

Using Computational Fluid Dynamics (CFD) modeling, this research considered 

and analyzed several key design factors such as wing geometry, augmented air flow rates, 

velocity of air past the wing, and angle of attack with reference to the air flow. Each step 

in the analyses involved optimizing the design factor, and using that selection in 

analyzing the next factor. Once all four factors were studied, the selected design was used 
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to build a prototype test rig for commercial-size wind tunnel testing. The results of those 

tests were then compared to the CFD simulation results for validation. 

  The conclusion of the research is that the technical concept of augmenting the 

flow at the tip of the airfoil, thereby better delaying or eliminating the separation of 

airflow, is a worthwhile application for Global Formula Racing. It is recommended that 

this be included in the future racecar designs. 

1.1 Introduction 

Formula SAE (FSAE) is a worldwide student design competition in which teams 

design, manufacture, test, and race formula racecars. The cars compete in two sets of 

events: dynamic events and static events. The static events consist of a business 

presentation, a cost and manufacturing analysis, and engineering design. Dynamic events 

include acceleration, skidpad, autocross, fuel efficiency, and endurance. Teams earn 

points in each event based on how well their vehicle performs. At the end of the 

competition, the team with the most points overall wins. 

Global Formula Racing (GFR) is an international collaboration between the 

Beaver Racing Team from Oregon State University (OSU) and the BA Racing Team 

from Duale Hochschule Baden Württemberg Ravensburg (DHBW-R), a German 

university. The collaboration marks the first of its kind internationally. Each year GFR 

builds two racecars, a combustion car (cCar) in the United States and an electric car 

(eCar) in Germany. The combustion car then competes in both US events and Formula 

Student events throughout Europe while the electric car stays in Europe to compete. The 

success of the team has led them to win 16 competitions in the last six years. 
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GFR’s team goal is to win competitions through the design philosophy of 

“simplicity, reliability, and simulation validated by physical testing”. One way this is 

done is by use of a student built lap simulation which varies design parameters to 

determine which parts of the car are most sensitive to points in the competition. One of 

the parameters found to have a strong impact was the downforce and drag created by the 

aerodynamics package, which can be proven by the net points earned in the teams Aero 

Run/Ran spreadsheet[1]. The Aero Run/Ran spreadsheet is used to organize results and 

make them easier to compare and view for the years to come. The goal of this project is 

to increase the competition points of the car by providing more downforce and less drag. 

This research project explores a new design that no other SAE formula car has 

ever used before. The new concept, called a circulation control wing, involves flow 

augmentation and circulation control using wall jet effects. This report focuses 

specifically on the research of a new rear wing design through Computational Fluid 

Dynamics (CFD) modeling and wind tunnel verification. The research is used to 

determine if the new wing design is worth pursuing for the rear wing in the future.  

1.2 Technical Concept and Objectives  

Unlike the majority of GFR projects in 2016, this project is not applied to the 

2016 racecars. This project researches an experimental high lift concept involving flow 

augmentation and circulation control using wall jet effect. Another name for this is the 

coandă effect, which is the tendency of a fluid jet to be attracted to a nearby surface.[3] 

The use of this high-lift device is used on the main rear wing of the car to increase the 

coefficient of lift (CL). The circulation control wing works by increasing the velocity of 
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the airflow over the leading and trailing edge using a slotted flap. For the wing in this 

project, the high velocity jet of air is created by a leaf blower. The specific requirements 

for the project were: 

 CFD simulations 

 Building a test wing 

 Physical wind tunnel testing 

Multiple sensitivity analyses were run using the CFD model. These comprise of: 

 Trailing edge geometry 

 Mass flow 

 Airspeed 

 Angles of attack 

Building the test wing/rig also had requirements in of itself, some of which include: 

 Manufacturing a wing with a slot 

 Incorporating a leaf blower and directing air flow 

 Designing a test rig 

Finally, there was physical testing. The wing was tested in the wind tunnel at Daimler 

and data was recorded using a laptop and sensors. The data recorded was then compared 

to the CFD results. Though it is not implemented on the 2016 GFR vehicles, the goal of 

the project was to determine if the new design is worth pursuing for future designs. 
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1.3 Design Rules and Constraints 

Cars competing in FSAE must follow the current year rules of the competition. 

The 2016 FSAE Rules[2] (which have not changed from 2015) contain constraints for the 

design of the vehicle, including the aero package. The following are the rules that pertain 

to the rear wing which have been copied from the 2016 FSAE rules. Comments have 

been included for each section pertaining to the restrictions for designing an adequate 

circulation control wing. It is important to note that none of the following rules define 

how the wing functions and do not exclude a device such as a circulation control wing. 

Rules T1.2.2 and T1.2.3 

T1.2.2 Once the vehicle is approved to compete in the dynamic events, the ONLY 

modifications permitted to the vehicle are those listed below. They are also referred to in 

Part S of the Formula SAE Rules – Static Event Regulations. 

a. Adjustment of belts, chains and clutches 

b.  Adjustment of brake bias 

c. Adjustment of the driver restraint system, head restraint, seat and pedal 

assembly 

d. Substitution of the head restraint or seat insert for different drivers 

e. Adjustment to engine operating parameters, e.g. fuel mixture and ignition 

timing, and any software calibration changes 

f. Adjustment of mirrors 

g. Adjustment of the suspension where no part substitution is required, (except 

that springs, sway bars and shims may be changed) 

h. Adjustment of tire pressure 

i. Adjustment of wing angle, but not the location 

j. Replenishment of fluids 

k. Replacement of worn tires or brake pads. Replacement tires and brake pads 

must be identical in material/composition/size to those presented and 

approved at Technical Inspection. 

l. The changing of wheels and tires for “wet” or “damp” conditions as allowed 

in Part D of the FSAE Rules – Dynamic Event Regulations. 

m. Recharging low voltage batteries 

n. Recharging high voltage accumulators 
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 T1.2.3 The vehicle must maintain all required specifications, e.g. ride height, suspension 

travel, braking capacity (pad material/composition), sound level and wing location 

throughout the competition. 

 What it mean for the new wing design: 

The rule T1.2.2.i allows for the adjustment of the wing angle and forbids 

changing the location of the wing after the vehicle is approved to compete in the dynamic 

events. This means that the team can change the angle of the entire rear wing and/or the 

individual flaps for different events. This also means that any component of the aero 

package that is intended to have its angle adjusted must be built to do so without moving 

its location. Rule T1.2.2.m is important as a battery will need to be used to supply power 

to the air intake device, in this case it is two leaf blowers. This allows recharging of the 

battery between events. See  

Rule T2.1 

T2.1 Vehicle Configuration 

The vehicle must be open-wheeled and open-cockpit (a formula style body) with four (4) 

wheels that are not in a straight line. 

Definition of "Open Wheel" – Open Wheel vehicles must satisfy all of the following 

criteria: 

a. The top 180 degrees of the wheels/tires must be unobstructed when viewed 

from vertically above the wheel. 

b. The wheels/tires must be unobstructed when viewed from the side. 

c. No part of the vehicle may enter a keep-out-zone defined by two lines 

extending vertically from positions 75mm in front of and 75mm behind, the 

outer diameter of the front and rear tires in the side view elevation of the 

vehicle, with tires steered straight ahead. This keep-out zone will extend 

laterally from the outside plane of the wheel/tire to the inboard plane of the 

wheel/tire. See the figure “Keep Out Zones” below. 

d. Must also comply with the dimensions/requirements of Article 9 

Aerodynamic devices. 

NOTE: The dry tires will be used for all inspections. 
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Figure 1.1: “Keep Out Zones” 

What it mean for the new wing design: 

In T2.1, the rear wing cannot be above the rear tires in any way. Figure 1.1 

displaces these “keep out zones” around the wheels. T2.1.d also states that the 

aerodynamic devices must also comply with what is defined in Article 9.  

Rules T9.3 through T9.7 

T9.3 Location Rear Mounted Devices: 

T9.3.1 In plain view, no part of any aerodynamic device, wing, undertray or splitter can 

be: 

a. Further rearward than 250 mm (9.8 inches) rearward of the rear of the rear 

tires 

b. Further forward than a vertical plane through the rearmost portion of the front 

face of the driver head restraint support, excluding any padding, set (if 

adjustable) in its fully rearward position (excluding undertrays). 

c. Wider than the inside of the rear tires, measured at the height of the hub 

centerline. 
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T9.3.2 In side elevation, no part of the rear wing or aerodynamic device (including end-

plates) may be higher than 1.2 meters above the ground when measured without a driver 

in the vehicle 

 

Figure 1.2: Display of aero location restrictions 

 

T9.4 Location – General 

T9.4.1 Between the centerlines of the front and rear wheel axles, an aerodynamic device 

(e.g. undertray) may extend outboard in plan view to a line drawn connecting the outer 

surfaces of the front and rear tires at the height of the wheel centers 

T9.4.2 Except as permitted under T9.3.1, any aerodynamic devices, or other bodywork, 

located between the transverse vertical planes positioned at the front and rear axle 

centerlines must not exceed a height of 500 mm (19.7 inches) above the ground when 

measured without a driver in the vehicle. (Bodywork within vertical fore and aft planes 

set at 400 mm (15.75 inches) outboard from the centerline on each side of the vehicle is 

excluded from this requirement). 
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The Keep out zones of T2.1 (3) must not be infringed. 

T9.5 Minimum Radii of Edges of Aerodynamic Devices 

T9.5.1 All forward facing wing edges including wings, end plates, Gurney flaps, wicker 

bills and undertrays that could contact a pedestrian must have a minimum radius of 5 mm 

(0.2 inches) for all horizontal edges and 3mm (0.12 inches) for vertical edges (end 

plates). The 3/5mm radius requirements must be achieved with permanently affixed 

components and with specific design intent to meet this radius requirement. 

For example, pushed on pieces of split tube relying on friction for retention are not a 

satisfactory engineering method of achieving the radii. 

T9.6 Ground Effect Devices 

No power device may be used to move or remove air from under the vehicle except fans 

designed exclusively for cooling. Power ground effects are prohibited. 

T9.7 Aerodynamic Devices Stability and Strength 

T9.7.1 All aerodynamic devices must be designed such that the mounting system 

provides adequate rigidity in the static condition and such that the aerodynamic devices 

do not oscillate or move excessively when the vehicle is moving. In Technical Inspection 

this will be checked by pushing on the aerodynamic devices in any direction and at any 

point. 

NOTE: The following should be seen as guidance as to how this rule will be applied but 

actual conformance will be up to technical inspectors at the respective competitions. The 

overall aim is to reduce the likelihood of wings detaching from cars whilst they are 

competing. 

1. If any deflection is significant, then a force of approximately 200N can be 

applied and the resulting deflection should not be more than 25mm and any 

permanent deflection less than 5mm. 

2. If any vehicle on track is observed to have large, uncontrolled movements of 

aerodynamic devices, then officials will have the right to Black Flag the car 

for inspection and the car may be excluded from that run and until any issue 

identified is rectified. 

 What it mean for the new wing design: 

Article 9 defines the aerodynamic devices. One thing to note is that there are no 

rules that pertain to the design, and shape, of the trailing edge of the wings. This is 

important to this research because there is nothing limiting how the rear wing functions, 

allowing circulation control to be implemented. T9.3 only defines the location and size of 

the aero package. T9.4 says that no aerodynamic device between the front and rear axles 
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can be above 19.7 inches. T9.5 is important to the design of the leading edge; all forward 

facing edges must have a minimum radius of 5 mm for horizontal edges and 3 mm for 

vertical edges. This should not affect the design because the horizontal flap along the 

trailing edge should exceed 90° from the horizon for optimization. T9.6 is important for 

how the control air intake is set up, for it cannot be drawn from under the vehicle since 

that can be interpreted as a ground effect device. T9.7 enforces that the aerodynamic 

device must be secure.   
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2. Current State Analysis and Benchmarking 

2.1 Current State Analysis 

This section chronicles the development of the rear wing and how it has evolved 

over the past few years. It also documents GFR’s current knowledge of flow separation 

on the trailing edge and gives further details on how circulation control works.  

2011 Rear Wing 

 

Figure 2.1: Rear wing CAD model of the 2011 and 2012 car [4] 

2011 was the first year GFR incorporated a rear wing in their aerodynamics 

package and was used on the cCar only. The wing (shown in Figure 2.1), consisted of a 

main element with an Angle of Attack (AoA) of 10 degrees and a second flap that could 

be adjusted between 25 and 66 degrees, both conforming to a Joukowski airfoil profile. 

According to the GFR Rear Wing Specification sheet, the setting used for the 2011 rear 

wing was calculated to generate 234N of downforce, while creating 66N of drag at 65 

kph.[5] This produces a lift-to-drag (L/D) ratio of 3.55. The main element had a chord 

length of 350 mm while the flap had a chord length of 140 mm. The wing was mounted 

to the car, seen in Figure 2.2, by two vertical supports.  
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Figure 2.2: 2011 GFR cCar with aerodynamic package [4] 

Important to this project is the wind flow around airfoils. Figure 2.3 shows a 

STAR-CCM+ (CFD software program used throughout this report and by GFR for flow 

analysis) rendering of the 2011 wing configuration with the velocity flow field around the 

wings. The simulation is run at 65 km/hr, roughly 18 m/s. Air flowing under the rear 

wing reaches up to 23m/s, but is close to nothing at the trailing edges, where stagnation 

occurs. This results in inefficient air movement and adds drag. 

 

 

Figure 2.3: Velocity field for the 2011 rear wing airfoils [6] 
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2012 Rear Wing and Design 

2012 marked the first time GFR compared CFD results with wind tunnel testing. 

The test performed was to determine the optimal gap between the two elements of the 

rear wing. To go about testing, an 18 inch section was inverted to create lift instead of 

downforce. Figure 2.4 shows the testing apparatus and CFD model. Overall, there was 

only a ~10% difference between the simulation and testing. This wing also has faster 

airflow around the wing compared to the 2011 design, reaching up to 35m/s. It can be 

seen that the airflow also separates from the smaller airfoil near the trailing edge.[7] This 

separation is what the circulation control wing is designed to prevent. 

 

Figure 2.4: 2012 wind tunnel test apparatus and CFD model [7] 

A new wing was designed using the research but was not able to be built for the 

2012 car due to late delivery of the molds, therefore the 2011 wing was reused. The only 

difference was how the wing was mounted because the 2012 car did not use an undertray. 

To compensate for this, the wing was mounted to the roll hoop using six links with tie 

rods at each end (seen in Figure 2.5). 
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Figure 2.5: 2012 GFR cCar with aerodynamic package [4] 

2013 Rear Wing 

 

Figure 2.6: A Comparison of the 2011 wing size to the 2013 wing size [4] 

The 2012 wing design was modified slightly and put into effect on the 2013 car 

(shown above in Figure 2.6). This wing is 130% larger than its predecessors and was 

simulated to produce 349.4N of downforce according to the 2013 Design Iterations 

Baseline of the Aero Run/Ran spreadsheet.[1] The new rear wing also produced a drag of 

130.6N and has a L/D ratio of 2.68. Overall, the 2013 wing produces 49% more 

downforce compared to the previous year. The wing was mounted to the chassis and roll 
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hoop using six links, which allowed for the rear wing system to be rotated about the 

leading edge. Figure 2.7 shows a CFD rendering of the 2013 wing configuration, with the 

velocity flow field around the wings. The air flowing around the rear wing reaches an 

upwards of 35m/s and confirms the results of the 2012 research. 

 

Figure 2.7: Velocity field for the 2013 rear wing airfoils [8] 

2014 Rear Wing and Design 

In 2014 the Aero Team added a third element to the 2013 wing and switched the 

main element with the profile used for the front wing in 2012. More slot gap testing was 

conducted in the OSU wind tunnel using a design where the main element was fixed, 

while the two flaps moved around to adjust the slot gap. Load cells were used to collect 

data on the downforce and drag produced by the wing as seen in Figure 2.8. The chosen 

design generated 425.8N of downforce and 195N of drag with a L/D ratio of 2.19.[9] 

 



17 

 

 

 

Figure 2.8: 2014 wind tunnel test apparatus and CAD model [9] 

The new element also included a 10 mm gurney flap perpendicular to the angle of 

attack. Figure 2.9 shows how the gurney flap works to reduce flow separation on the 

trailing edge. This was the first attempt to maintain flow attachment on the rear wing. 

Both the 2014 and 2015 cars also use gurney flaps to redirect flow. 

 

Figure 2.9: Rear Element Velocity Flow Field [9] 
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2015 Rear Wing 

A change in the 2015 rules restricted the size of the rear wing, therefore requiring 

a redesign. Because of the limitations, the rear wing is a lot smaller than the previous 

years. The new wing design (seen in Figure 2.10), contained two main elements with 

chord lengths of 400 mm and two flaps with chord lengths of 260 mm. The flaps allowed 

for rotation around the trailing edge while the main elements are held fixed. This allows 

for less drag being produced on the acceleration event when the flaps are at 0° AoA.  

 

Figure 2.10: 2015 Rear wing design with flap rotation illustrated [10] 

The 2015 rear wing assembly created a downforce of 216.8 N and drag of 117 N, 

which was significantly less than the 2014 car due to the new size constraints. Figure 

2.11 shows the completed wing on the 2015 cCar. 
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Figure 2.11: 2015 GFR cCar with aerodynamic package [11] 
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Current Wing Profiles 

Below is a table of all the current wing profiles that GFR has access to. Also 

included in the table is when the wings were first used and what else they are used on. All 

profiles are Joukowski and the data provided are for airfoils prior to the 2016 car. 

Table 2.1: Wing Profiles [12] 

Origin Code 
Chord 

[mm] 

Thickness 

[%] 

Camber 

[%] 
Also used on 

2015 FW, RW 

main 
J 400 12t 10c 400 12 10  

2013 UT J 1000 12t 10c 1000 12 10  

2013 FW J 520 12t 10c 520 12 10 
2014 main elements, 2015 

SW main 

2013 FW Flap J 260 12t 10c 260 12 10 
2014 Flaps, 2015 

FW,SW,RW flaps 

2011 FW Flap J 200 12t 10c 200 12 10 2012 FW Flap 

2011 RW J 350 15t 15c 350 15 15 2012 RW 

2011 RW Flap J 140 15t 15c 140 15 15 
2012 RW Flap, 2015 FW 

little flap 

2013 RW J 490 15t 15c 490 15 15  

2013 RW Flap J 196 15t 15c 196 15 15  

2011 FW 

Outer 
J 400 12t 10c 400 12 10 2012 FW 

2011 FW Inner J 400 7.5t 0c 400 7.5 0 2012 FW 

2011 FW Flap J 200 12t 10c 200 12 10 2012 FW Flap 

Legend: FW = Front Wing, RW = Rear Wing, SW = Side Wing, UT = Under Tray 
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Trailing Edge Flow Separation 

It is important to set a baseline for this circulation control research by looking at 

trailing edge configurations. A CFD simulation in 2015 shows how flow begins to 

separate from the wing as the angle of attack increases (seen in Figure 2.12). The fluid 

flow becomes detached from the surface and forms eddies and vortices that are seen by 

the low velocity (blue) regions.  

 

Figure 2.12: Trailing edge flow separation visualized with velocity line integral 

convolution at different angles of attack [13] 

When it comes to wing design, trailing edge flow separation can often lead to an 

increase in drag and decrease in downforce. For this reason, lots of effort has gone into 
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the research and design of surfaces that delay separation and keep the local flow attached 

for as long as possible. Some examples of these are leading edge extensions, vortex 

generators, turbulators, and multi element wings with slots. As stated, the method 

analyzed for this research thesis is a circulation control wing. Circulation control has 

been studied for almost 60 years, and has been primarily used on aircrafts. It is 

considered one of the most efficient methods for lift augmentation at low Mach numbers, 

which is ideal for automobiles. By ejecting a thin jet of high momentum air tangentially 

over a rounded trailing edge, the flow remains attached to the surface because of the low 

static pressures that are greater than the centrifugal forces acting to detach the flow (seen 

in Figure 2.13). This process moves the separation point around the trailing edge toward 

the lower surface of the wing (upper surface in the care of an inverted wing).[14]  

 

Figure 2.13: Circulation Control Device [14] 

In 2015 Phillip Arscott, a past graduate student from OSU, considered and 

modeled circulation control, but did not analyze it to a practical degree. Figure 2.13 

shows one of the CFD simulation results. The inclusion of the flow jet out of the slot on 

the trailing edge helps redirect and pull the airflow around and up, increasing downforce.  
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Figure 2.14: Circulation Control Wing [15] 

2.2 Benchmarking 

2.2.1 Baseline Analysis 

As a benchmark, the 2013 and 2016 rear wings were analyzed for forces produced 

and potential competition points received. The 2016 wing was chosen because it is the 

current design and is used as a comparison for the circulation control wing. Because the 

2013 main element profile is used for the circulation control wing, the wing is used as the 

overall baseline for the project to see what improvements are achieved by the change in 

geometry and inclusion of a slot ejecting a jet of air. The full 2013 rear wing is also 

analyzed because it is a product of the main element and a flap. The 2013 main element is 

a Joukowski profile with a 490 mm chord and has 15% thickness and camber (see Table 

2.1). 

In figure 2.15, the 2013 main element is shown in a velocity field. Separated flow 

is seen at the trailing edge, represented by the lower velocities that are blue. Flow 
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separation produces stall, which is the reduction in the lift coefficient generated by a foil 

as the angle of attack is increased. The use of a circulation control flap moves the 

separation point further along the surface and, as a result, increases the lift coefficient. 

The lift coefficient (CL) is a dimensionless coefficient. The greater the value, the greater 

the lift force per area of the airfoil (with relation to fluid density and velocity). The CL of 

the 2013 main element at an AoA of 10 degrees in wind speeds of 65 kph is -1.2051. CL 

is a negative number in this case because the element is inverted and produces 

downforce, the opposite of lift on a plane.  

 

Figure 2.15: 2013 Main Element (Code J_490_15t_15c) 

Figure 2.16 is the complete 2013 rear wing and includes the main element from 

above and an additional flap (Code J_140_15t_15c). The purpose of a multi-element 

wing is to delay the flow separation, which increases downforce and the CL. The majority 

of the flow separation is no longer at the trailing edge of the main element and has now 

moved to the flap. A circulation control wing works in the same way as a multi-element 
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wing but instead of the flap and element being separated by a slot that is supplied by fluid 

from above the element, the element and flap are now one and fluid is ejected out of a 

slot via an internal source.  

 

Figure 2.16: 2013 Rear Wing 

Below in Figure 2.17 is the 2016 rear wing; it consists of a main element (Code J-

400_12t_10c) and three flaps (Code J_260_12t_10c). Two of the flaps incorporate 10mm 

gurney flaps which help keep the flow attached to the lower surface of the trailing edge.  
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Figure 2.17: 2016 Rear Wing 

After running CFD simulations in STAR-CMM+ on the previous wings and 

elements, downforce and drag were recorded in the “2016 Circulation Control CFD” 

section of the Aero Run/Ran spreadsheet.[1] Each of the three wings configurations above 

have 900 mm wingspans and are run in a simulation without endplates at 65 kph. Note 

that 900mm is smaller than the span used on the 2013 car, which is done for consistency 

of the current design restriction. As a result, the circulation control wing that is later 

tested in the wind tunnel has a wingspan of 900mm. Table 2.2 tabulates the forces and 

equates them to competition points. Competition points for downforce and drag are 

calculated using the following equations that were formulated by GFR team members: 
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Eqn 2.1)  Downforce Points =  (1.803 × Downforce)/10 

Eqn 2.2)  Drag Points =  (−0.587 × Drag)/10 

Net points are then determined as follows: 

Eqn 2.3)  Net Points =  Downforce Points +  Drag Points 

Table 2.2: Rear Wings and Main Elements 

Description 

Total 

Downforce 

(N) 

Total 

Drag 

(N) 

L/D 
Downforce 

Points 

Drag 

Points 

Net 

points 

2013 Main Rear Wing  Element 

(J_490_15t_15c), 900mm wide, 

w/o Endplates 

106.12 24.86 4.27 19.133 -1.459 17.674 

Rear Wing from 2013 (main 

element and flap), 900mm wide, 

w/o Endplates 

236.6 102.2 2.32 42.659 -5.999 36.660 

Rear Wing from 2016 (main 

element and 3 flaps), 900mm 

wide, w/o Endplates 

331.4 196.2 1.69 59.751 -11.517 48.234 

Further analyses is performed in section 3 using the 2013 main rear wing 

element’s net points (17.674) as a baseline.  

2.2.2 Leaf Blower Mass Flow Analysis 

 

Figure 2.18: Black & Decker Leaf Blower 
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Two Black & Decker leaf blowers (Figure 2.18) are used to power the circulation 

control wing, and prior to testing needed to have their mass flows calculated. This is used 

for CFD analysis in Section 3. The leaf blowers have three settings: Off, Setting 1, and 

Setting 2. The manual says that setting 1 can reach upwards of 180 mph while setting 2 

has a max velocity of 250 mph. An initial calculation using the provided velocities from 

the manual to determine mass flow was performed as follows: 

Mass flow is defined as: 

Eqn 2.4)  ṁ = ρυA 

For a circular area the equation can be written as: 

Eqn 2.5)  ṁ = ρυ(
π

4
D2) 

Where the density (ρ) is 1.225 kg/m3 for air, the outlet diameter of the leaf blower (D) is 

0.065 m, and the velocities are 180 mph and 250 mph (or roughly 80.5 m/s and 111.7 m/s 

respectively) for the two settings. The results of solving Equation 2.5 are recorded in 

Table 2.3, which shows multiple combinations of leaf blowers at different settings. 

Table 2.3: Mass flow (kg/s) using a combination of settings for the two leaf blowers, 

based off velocities given by the manual. 

Setting One Leaf Blower Two Leaf Blowers 

Setting 1 (180 mph) 0.327 0.654 

Setting 2 (250 mph) 0.454 0.909 

The mass flow ranges from 0.327 kg/s to 0.909 kg/s, and are based off the specs 

in the manual. It is assumed the given velocities are from the leaf blower attachment and 

not the leaf blower itself, which has a narrower outlet. To find more accurate velocities, a 

static pitot tube was made to find the difference in water height that correlated to the 
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actual velocities of the leaf blower. This analysis is subject to variances and is not 

completely exact, only defining the airflow produced by the leaf blowers. This method 

does not take into account the restrictions that are be imposed by the internal duct 

structure of the wing (see section 4.1) and does not reflect the actual mass flow from the 

slot. A basic schematic of a static pitot tube can be seen in Figure 2.19. 

 

Figure 2.19: Static Pitot Tube schematic 

The following equations were used to solve for the leaf blower velocities, 

stemming from bernoulli's equation (Eqn 2.6). 

Eqn 2.6)  
ν1

2

2g
+  

P1

ρ1g
+ h1 =

ν2
2

2g
+ 

P2

ρ2g
+ h2 

Many of the variables can be canceled to simplify to equation 2.7. 

Eqn 2.7)  
1

2
ν1

2ρ1 = ρ2gΔh 

Solving for v1 gives equation 2.8. 

Eqn 2.8)  ν1 = √
2gρ2Δh

ρ1
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Where v1 is the velocity from the leaf blower, g is acceleration due to gravity 

(9.81 m/s2), ρ1 is the density of air (1.225 kg/m3), ρ2 is the density of water (1000 kg/m3), 

and Δh is the change in height. The static pitot tube was set up using ½” vinyl tube and 

tests were performed for each of the leaf blower settings. The change in height of the 

water for multiple trials is recorded in Table 2.4. Figure 2.20 shows the measurement of 

one of the setting 1 trials. From the average height changes of setting 1 and 2, velocities 

were calculated using equation 2.8. These velocities are also recorded in Table 2.4. 

Table 2.4: Change in water height trials 

 Setting 1 Setting 2 

Trial 1 16.2 cm 30.1 cm 

Trial 2 18 cm 32.5 cm 

Trial 3 22.3 cm 30.9 cm 

Average 18.8 cm 31.17 cm 

Velocities 54.87 m/s 70.65 m/s 

 

Figure 2.20: Static Pitot Tube measuring the height change of setting 1, Trial 3 
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The velocity range from the static pitot tube are roughly two-thirds less than what 

the manual states. The velocities calculated in Table 2.4 are then plugged into equation 

2.5 to solve for mass flow. Table 2.5 shows the mass flow of different combination of 

leaf blowers at different settings.  

Table 2.5: Mass flow (kg/s) using a combination of settings for two leaf blowers, based 

off velocities found with the static pitot tube. 

 One Leaf Blower Two Leaf Blowers 

Setting 1 (54.87 m/s) 0.223 0.446 

Setting 2 (70.65 m/s) 0.287 0.574 
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3. Design Analysis 

To understand how a circulation control wing affects downforce, drag, CL, etc., a 

model was drawn in CATIA. Figure 3.1 shows the circulation control wing and flap that 

were used to analyze various parameters under a variety of conditions. The analysis that 

were performed include: geometry, mass flow, airspeed, and Angle of Attack (AoA). The 

results of the analyses were compared to the 2013 main rear wing element baseline, 

determined in section 2.2.1. After the sensitivity analysis a chosen design version was 

selected for manufacturing and wind tunnel testing. The results of the wind tunnel test 

were then compared to the CFD simulation results for the test rig model (See Section 6).  

 

Figure 3.1: Circulation Control Wing (Left) and Circulation Control Flap (Right) CATIA 

Models 
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3.1 Geometry Analysis 

Table 3.1: Flap geometry of different versions 

Version 

(V#) 

Slot Size 

(mm) (see 1 

in Figure 

3.2) 

Radius of 

Lower Flap 

Surface (mm) 

(see 2 in Figure 

3.2) 

Vertical Length of 

Lower Flap 

Surface (mm) (see 

3 in Figure 3.2) 

Angle at Flap 

(degrees) (see 4 

in Figure 3.2) 

Radius of 

Upper Flap 

Surface (mm) 

(see 5 Figure 

3.2) 

V1 2 12 30 15 50 

V2 2 10 30 15 50 

V3 2 15 30 15 50 

V4 3 12 30 15 50 

V5 2 12 35 15 50 

V6 2 12 40 15 50 

V7 2 12 30 10 50 

V8 2 15 35 15 50 

V9 2 15.875 35 15 50.8 

 

Figure 3.2: Circulation Control Flap Geometry Parameters 

Table 3.1 above represents various geometries of the flap that were chosen for 

analysis, which vary in 5 different dimensions. Figure 3.2 shows each of these 
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dimensions. They include: slot size (1), radiuses of the upper (5) and lower (2) flap 

surfaces, the vertical length (3), and angle of the trailing edge (4). The dashed line is the 

original trailing edge of the 2013 main element. From the research done in the summer of 

2015, the two main parameters affecting the wing the most are the flaps lower radius and 

vertical length.[15] The previous research suggests that a smaller radius and a larger 

vertical length provides more downforce and drag, allowing for more points. For 

simplicity, each version is denoted as “V#”, where “V” represents version and “#” is the 

version number or iteration. All the versions were modeled with an AoA of 10 degrees, 

which matches the 2013 main element orientation on the vehicle. All versions were 

modeled with a wingspan of 900mm, the wingspan of the 2016 rear wing. The first seven 

versions were chosen by varying the parameters using V1 as a baseline (seen in Table 

3.1). The basis for V8 and V9 is explained later. Table 3.2 catalogs the results of the CFD 

simulations and are compared to the 2013 main element’s baseline. Each simulation was 

run with a wind tunnel airspeed of 65 kph and a mass flow of 0.6 kg/s coming out of the 

slot, unless otherwise stated. 0.6 kg/s was used because of the calculated value of 0.574 

kg/s from section 2.2.2 (Note: This was prior to calculating the actual slot mass flow 

using the purchased anemometer on the built test rig. The value recorded from the test rig 

slot was 0.17 kg/s and is calculated in Section 6.2). In general, unless otherwise stated, all 

the design analysis simulations have a 12mm trimmer mesh applied to the whole element 

and a 1mm trimmer applied to the region around the slot. 
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Table 3.2: Forces and points of different flap geometries 

Version 

(V#) 

Downforce 

(N) 

Drag 

(N) 
L/D 

Downforce 

Points 

Drag 

Points 

Net 

points 

Points 

Compared 

to V1 

Points 

Compared to 

2013 Airfoil 

V1 337.8 245 1.38 60.905 -14.382 46.524 0.000 28.850 

V2 333.8 240.4 1.39 60.184 -14.111 46.073 -0.451 28.399 

V3 345 254.2 1.36 62.204 -14.922 47.282 0.758 29.608 

V4 299 189 1.58 53.910 -11.094 42.815 -3.708 25.141 

V5 341.6 252.8 1.35 61.590 -14.839 46.751 0.227 29.077 

V6 342.2 256.6 1.33 61.699 -15.062 46.636 0.112 28.962 

V7 336 241 1.39 60.581 -14.147 46.434 -0.090 28.760 

V8 346 258.1 1.34 62.384 -15.150 47.233 0.709 29.559 

V9 345.7 258 1.34 62.330 -15.145 47.185 0.661 29.511 

Of the first seven versions (V1-V7), V4 had the least amount of points. This 

makes sense because when there is a larger slot with the same mass flow the velocity is 

smaller and thus flow separation occurs earlier along the lower surface. The two versions 

with the highest points were V3 and V5, which have the largest vertical length and 

smallest lower surface radius. This confirms the research conducted in the summer of 

2015. From V3 and V5, V8, a combination of the two was modeled and run in STAR-

CCM+. The geometry and results of V8 are included in Tables 3.1 and 3.2 respectively. 

V8 produced more downforce and drag than V3, yet had less points. From theses first 

eight designs, V3 and V8 were chosen to move forward for analysis. The basis for V9 is 

discussed further in the next section, but for a quick summary it was chosen for ease of 

manufacturing due to the unavailability of metric pipes in the OSU GFR workshop. 
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3.2 Mass Flow Analysis 

The two most promising geometries, V3 and V5, were chosen to move on to the 

mass flow analysis. They were each analyzed at eleven mass flows values, ranging from 

0 to 1 kg/s, paying more attention to lower mass flows. Table 3.3 charts the data collected 

for V3 at each of the eleven mass flows. 

Table 3.3: Mass flow analysis of V3 

Mass 

Flow 

(kg/s) 

Downforce 

(N) 

Drag 

(N) 
L/D 

Downforce 

Points 

Drag 

Points 

Net 

points 

Points 

Compared to 

No Mass Flow 

Points 

Compared to 

2013 Airfoil 

0 126.8 37.1 3.42 22.862 -2.178 20.684 0.000 3.010 

0.05 136.2 41.2 3.31 24.557 -2.418 22.138 1.454 4.464 

0.1 161.6 55.4 2.92 29.136 -3.252 25.885 5.200 8.210 

0.15 186.5 73.1 2.55 33.626 -4.291 29.335 8.651 11.661 

0.2 207.1 90.1 2.30 37.340 -5.289 32.051 11.367 14.377 

0.3 242.9 124.5 1.95 43.795 -7.308 36.487 15.802 18.813 

0.45 294.3 184.2 1.60 53.062 -10.813 42.250 21.565 24.576 

0.6 345 254.2 1.36 62.204 -14.922 47.282 26.598 29.608 

0.75 392.5 331.9 1.18 70.768 -19.483 51.285 30.601 33.611 

0.85 426.3 391.7 1.09 76.862 -22.993 53.869 33.185 36.195 

1 478.7 489.9 0.98 86.310 -28.757 57.552 36.868 39.878 

The downforce and drag were then plotted against mass flow in Figure 3.3. Both 

downforce and drag are fairly linear and start off with slopes close to zero. Around 0.97 

kg/s, downforce and drag intersect at 465 N. Overall, as the mass flow increases the 

forces produced also increase. 
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Figure 3.3: Mass Flow vs Downforce and Drag of V3 at 65 kph 

Table 3.4 tabulates the data collected from the mass flow analysis of V8. V8 

follows the same trends as V3, which can be seen in Figure 3.4. 

Table 3.4: Mass flow analysis of V8 

Mass 

Flow 

(kg/s) 

Downforce 

(N) 

Drag 

(N) 
L/D 

Downforce 

Points 

Drag 

Points 

Net 

points 

Points 

Compared to 

No Mass Flow 

Points 

Compared to 

2013 Airfoil 

0 128.9 38.8 3.32 23.241 -2.278 20.963 0.000 3.289 

0.05 139.1 43.4 3.21 25.080 -2.548 22.532 1.569 4.858 

0.1 163.9 57.6 2.85 29.551 -3.381 26.170 5.207 8.496 

0.15 188.7 75.6 2.50 34.023 -4.438 29.585 8.622 11.911 

0.2 209.6 92.9 2.26 37.791 -5.453 32.338 11.375 14.663 

0.3 245.2 127.8 1.92 44.210 -7.502 36.708 15.745 19.034 

0.45 295.8 187.5 1.58 53.333 -11.006 42.326 21.363 24.652 

0.6 346 258.1 1.34 62.384 -15.150 47.233 26.270 29.559 

0.75 393.2 335.9 1.17 70.894 -19.717 51.177 30.214 33.502 

0.85 427.3 396.3 1.08 77.042 -23.263 53.779 32.816 36.105 

1 477.3 493.3 0.97 86.057 -28.957 57.100 36.137 39.426 
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Figure 3.4: Mass Flow vs Downforce and Drag of V8 at 65 kph 
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The net points of V3 and V8 are plotted against mass flow in Figure 3.5. The 

trends of each version follow a similar parabolic curve. 

 

Figure 3.5: Mass Flow vs Net Points of V3 and V8 at 65 kph 

V3 begins lower than V8 and ends at a higher point value. Due to the range of the 

mass flow produced from the leaf blowers (see section 2.2.2), which is determined to be 

less than 0.6 kg/s, the better option is V8, as it nets more points in this range. Midway 

through simulations a problem was identified. The problem with V8, and all previous 
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versions, is that to fabricate the circulation control flap (see section 4) it would require 

metric pipe. This is because the simulations and measurements of the CAD model were 

in metric units as they are the primary units GFR uses with both the OSU and German 

teams. It is more practical to work with English dimensioned piping which is more 

readily available in the United States.  For this reason a ninth geometry (V9), based off of 

V8, was analyzed as well. This closer represents the planned circulation control wing’s 

geometry that was manufactured later. The exact wing is modeled and simulated in 

sections 4.1 and 6.2 respectively. Table 3.5, below, is a section of Table 3.1 which shows 

the comparison in geometries between V8 and V9. 

Table 3.5: Flap geometry of V8 and V9 

Version 

(V#) 

Slot Size 

(mm) (see 1 

in Figure 

3.2) 

Radius of 

Lower Flap 

Surface (mm) 

(see 2 in Figure 

3.2) 

Vertical Length of 

Lower Flap 

Surface (mm) (see 

3 in Figure 3.2) 

Angle at Flap 

(degrees) (see 4 

in Figure 3.2) 

Radius of 

Upper Flap 

Surface (mm) 

(see 5 Figure 

3.2) 

V8 2 15 35 15 50 

V9 2 15.875 35 15 50.8 

A mass flow analysis was run in STAR-CCM+ on the new version (V9) and the 

results are recorded in Table 3.6. It is important to look at the points compared to the 

2013 airfoil. The 2013 main element operates without a circulation control flap, which 

means there is no slot with a mass flow. Even when V9 is simulated with no mass flow, it 

is still an improvement with 3.313 more points making it a promising candidate. At a 

mass flow of 1 kg/s, the circulation control wing earns 39.292 more points than the 

baseline under the same conditions.  
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Table 3.6: Mass flow analysis of V9  

Mass 

Flow 

(kg/s) 

Downforce 

(N) 

Drag 

(N) 
L/D 

Downforce 

Points 

Drag 

Points 

Net 

points 

Points 

Compared to 

No Mass Flow 

Points 

Compared to 

2013 Airfoil 

0 129.1 39 3.31 23.277 -2.289 20.987 0.000 3.313 

0.05 139.9 43.8 3.19 25.224 -2.571 22.653 1.665 4.979 

0.1 164.8 58.2 2.83 29.713 -3.416 26.297 5.310 8.623 

0.15 189.2 76.1 2.49 34.113 -4.467 29.646 8.658 11.972 

0.2 209.9 93.4 2.25 37.845 -5.483 32.362 11.375 14.688 

0.3 245.2 128.1 1.91 44.210 -7.519 36.690 15.703 19.016 

0.45 295.8 187.8 1.58 53.333 -11.024 42.309 21.321 24.635 

0.6 345.7 258 1.34 62.330 -15.145 47.185 26.198 29.511 

0.75 392.7 335.4 1.17 70.804 -19.688 51.116 30.128 33.442 

0.85 426.4 395.4 1.08 76.880 -23.210 53.670 32.683 35.996 

1 476.1 491.9 0.97 85.841 -28.875 56.966 35.979 39.292 

A plot of mass flow against the downforce and drag produced by V9, with an 

AoA of 10 degrees at 65 kph, can be seen in Figure 3.6. It follows the same trend as both 

V3 and V8. 

 

Figure 3.6: Mass Flow vs Downforce and Drag of V9 at 65 kph 
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To compare the difference between V8 and V9 after the change in geometry, the 

net points were plotted for each version against the mass flow (seen in Figure 3.7). 

Unlike the comparison of V3 to V8 (see Figure 3.5), V8 and V9 are nearly identical. This 

means that the small adjustment made by converting the metric circulation control flap to 

an English version was unnoticeable. 

 

Figure 3.7: Mass Flow vs Net Points of V8 and V9 at 65 kph 
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Figure 3.8: From top left going clockwise the mass flows out of the slot on V9 are:         

0 kg/s, 0.05 kg/s, 0.15 kg/s, 0.1 kg/s 

 

Figure 3.8 shows V9 with various slot mass flows ranging from 0 to 0.15 kg/s. 

The important takeaway from this is the flow separation at the trailing edge of the wing. 

With a mass flow of 0 kg/s, the flow separates from the flap in a similar way as the 2013 

main element does without the flap (see Figure 2.15 for baseline), but the separation point 

has now moved further along the wing. With no mass flow, the circulation control flap 

acts like a gurney flap, where the extra low pressure at the trailing edge reduces flow 

separation on the underside of the wing and in, a way, sucks the air upwards. This 

explains why the circulation control wing, with a mass flow of 0 kg/s, earns 3.313 more 

points than the baseline. It is not until the mass flow is 0.15 kg/s that no vortices are 

formed.  
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Figure 3.9: From top left going clockwise the mass flows out of the slot on V9 are: 0.3 

kg/s, 0.6 kg/s, 1.0 kg/s, 0.85 kg/s. Note that the first two are on a scale of 0-275 m/s while 

the second two are on a scale of 0-450m/s. 

 

Figure 3.9 illustrates the wake created by the circulation control wing at mass 

flows between 0.3 and 1 kg/s. As the velocities from the slot increase more air is pulled 

upward and the pressures above the wing increase, as denoted by the lower darker blue 

velocities; this increases the downforce produced as well as the drag. The vertical column 

of low pressure also increases as the mass flow increases, which can be easily seen 

between the 0.85 and 1 kg/s mass flow simulations.  
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3.3 Airspeed Analysis 

After the geometry and mass flow were analyzed, airspeed was studied. Below, in 

Table 3.7, are the results of nine simulations ran with the V9 circulation control wing at 

an AoA of 10 degrees and a mass flow of 0.6 kg/s. Points are compared to 65 kph 

because it is the standard airspeed that GFR has selected in the past for CFD simulations.  

 

Table 3.7: Airspeed analysis of V9  

Airspeed 

(kph) 

Downforce 

(N) 

Drag 

(N) 
L/D 

Downforce 

Points 

Drag 

Points 

Net 

points 

Points 

Compared to 

65 kph 

Lift 

Coefficient 

(CL) 

5 37.5 106.6 0.35 6.761 -6.257 0.504 -46.681 -73.8120 

10 44.8 112.5 0.40 8.077 -6.604 1.474 -45.711 -22.0452 

20 80.7 134.9 0.60 14.550 -7.919 6.632 -40.554 -9.9277 

35 150.1 169.5 0.89 27.063 -9.950 17.113 -30.072 -6.0295 

50 235.5 207.3 1.14 42.461 -12.169 30.292 -16.893 -4.6354 

65 345.7 258 1.34 62.330 -15.145 47.185 0.000 -4.0263 

80 467.5 309.6 1.51 84.290 -18.174 66.117 18.932 -3.5945 

90 557.7 346.8 1.61 100.553 -20.357 80.196 33.011 -3.3881 

100 654.1 385.5 1.70 117.934 -22.629 95.305 48.120 -3.2187 

The lift coefficient in the last column is calculated with equation 3.1. 

Eqn 3.1)  CL =
2L

ρν2A
 

Where L is downforce, ρ is the density of air (1.225 kg/m3), 𝜈 is the velocity, and A is the 

wing area. The wing area is calculated with equation 3.2. 

Eqn 3.2)  A =  Wingspan × Wing Chord 

For the circulation control wing the wingspan is 900 mm while the chord length is 

477.773 mm, ultimately making the wing area (A) equal to 0.429995 m2. Nine airspeeds, 

ranging from 5 to 100 kph, were used to calculate the CL values and charted in Table 3.7.  
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Figure 3.10: Airspeed vs Downforce and Drag of V9 at a 0.6 kg/s Mass Flow 

Figure 3.10 plots the downforce and drag from the simulations against the 

airspeed. While drag is fairly linear, downforce is more parabolic. At low airspeeds, the 

wing produces more drag than downforce; but above 42 kph the downforce is greater 

than drag. 



47 

 

 

 

Figure 3.11: Airspeed vs Net Points of V9 at a 0.6 kg/s Mass Flow 

The net points of V9 are plotted against airspeed in Figure 3.11, showing a 

parabolic trend. This can be proven via race results. As the race car goes faster, not only 

does it decrease its lap time to earn points, but it also increases competition points from 

the combination of downforce minus drag. 
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Figure 3.12: Airspeed vs Lift Coefficient of V9 at a 0.6 kg/s Mass Flow 

Figure 3.12 plots the correlation between airspeed and CL, showing an 

exponential trend.  
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Figure 3.13: V9 with a Mass Flow of 0.6 kg/s in an Airspeed of 10 m/s 

 

Figure 3.14: V9 with a Mass Flow of 0.6 kg/s in an Airspeeds of 65 and 100 m/s 

Figure 3.13 shows V9 at an airspeed of 10 m/s. The vertical column of air affects 

the flow 8 meters above the circulation control wing. This occurs because the flow of the 

air is not fast enough to overcome the initial vertical velocity off the trailing edge. Figure 

3.14 includes two simulations at faster speeds. At a speed of 100 m/s, only 1 meter above 

the circulation control wing is affected.  
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3.4 Angle of Attack Analysis 

This analysis determines how changing the angle of attack (AoA) affects the 

performance of the circulation control wing. Table 3.8 catalogs the results from the CFD 

simulations at AoAs between 0° and 50°. Each simulation was performed with an 

airspeed at 65 kph with a mass flow of 0.6 kg/s out of the slot.  Points are compared to 

the wing with 10°AoA because all previous analyses were run at 10°, the angle of the 

2013 rear wing main element. From this comparison, it is determined that the wing 

produces the most points at a 5° AoA. This can be seen in Figure 3.16 as well. 

Table 3.8: Angle of Attack analysis of V9 

AoA 

(degrees) 

Downforce 

(N) 

Drag 

(N) 
L/D 

Downforce 

Points 

Drag 

Points 

Net 

points 

Points 

Compared to 

2013 Airfoil 

Lift 

Coefficient 

(CL) 

0 326.3 207.8 1.57 58.832 -12.198 46.634 -0.551 -3.8004 

2.5 334.8 221.3 1.51 60.364 -12.990 47.374 0.189 -3.8994 

5 341.2 236.2 1.44 61.518 -13.865 47.653 0.468 -3.9739 

7.5 341.8 244.3 1.40 61.627 -14.340 47.286 0.101 -3.9809 

10 345.7 258 1.34 62.330 -15.145 47.185 0.000 -4.0263 

12.5 351.1 274.4 1.28 63.303 -16.107 47.196 0.011 -4.0892 

15 348.9 279.7 1.25 62.907 -16.418 46.488 -0.697 -4.0636 

20 345.7 300.8 1.15 62.330 -17.657 44.673 -2.512 -4.0263 

25 338.8 315.3 1.07 61.086 -18.508 42.578 -4.608 -3.9460 

30 333.3 334 1.00 60.094 -19.606 40.488 -6.697 -3.8819 

40 323.8 369.4 0.88 58.381 -21.684 36.697 -10.488 -3.7713 

42.5 289.2 328.9 0.88 52.143 -19.306 32.836 -14.349 -3.3683 

45 107.8 214.7 0.50 19.436 -12.603 6.833 -40.352 -1.2555 

50 65.3 206 0.32 11.774 -12.092 -0.319 -47.504 -0.7605 
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Figure 3.15: Angle of Attack vs Downforce and Drag of V9 at a 0.6 kg/s Mass Flow and 

65 kph 

Figure 3.15 plots the recorded downforces and drags from Table 3.8 against their 

associated AoAs. Both downforce and drag are fairly linear at AoAs of 0° to 40°. After 

40° they start to drop.  
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Figure 3.16: Angle of Attack vs Net Points of V9 at a 0.6 kg/s Mass Flow and 65 kph 

Figure 3.16 plots the net points the wing produced at the various AoAs. The 

additional points earned are fairly similar between 0 and 12.5 degrees with a maximum at 

5 degrees. The points produced follow a linear trend between 12.5° and 40° after which 

the points plummet. It is advised to not use this wing at AoAs above 40°. 
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Figure 3.17: From top left going clockwise V9’s angle of attack are: 40°, 42.5°, 50°, 45° 

The reason for the drop in points is observed in Figure 3.17. Between 42.5° and 

45°, leading edge separation occurs and the wing produces a wake behind it. The wake 

becomes more defined at 50° where large vortices are formed. This can be seen by the 

low speeds indicated in dark blue.  
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4. Test Rig Design, Manufacture, and Wind Tunnel Plan  

This section outlines the planned test rig design that was later manufactured, as 

well as the technical specifications, planned manufacturing plan, and planned wind tunnel 

testing. Some deviations were made while implementing and these changes are described 

in Sections 5 and 6. 

4.1 Test Rig Design 

 

Figure 4.1: Planned Test Rig 

To test the circulation control wing concept a test rig was designed to be tested in 

the wind tunnel at Daimler in Portland, OR. The planned test rig is seen in Figure 4.1, 
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where everything but the two leaf blowers are modeled in CATIA. The test rig is 

comprised of four products: the circulation control wing, the internal duct and flap, the 

supply tubes, and the rig fixture. The rig fixture includes the endplates, baseplate, and 

two load cells connected to two load plates. The base and end plates are made of MDF 

board while the load plates, as seen in Figure 4.2, are made of 8 gauge A36 steel. Each 

load plate is connected to both endplates and a Futek Tri-Axial Load Cell. The procedure 

for gathering data from the load cells follows the procedures outlined in the 2014 Slot 

Gap Testing.[9] It is important to read and understand the directions for the Futek Sensit 

Software before using the load cells. 

 

Figure 4.2: Load Plate 

A leaf blower is to be connected to each of the supply tubes (seen in Figure 4.3). 

These tubes are made up of 4 components: a 135 degree elbow of 2 3/4" I.D. Silicone 

Hose with 4" Legs, 2 3/4" I.D. straight Silicone Hose, Aluminum Hose Joiners, and Hose 

Clamps. The reason for such a large tube size is because the leaf blowers have a 70mm 

outside diameter, and the 2.75” tube provides a snug fit. 
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Figure 4.3: Air Supply Tubes 

These supply tubes are connected to a steel internal duct, Figure 4.4. The purpose 

for an internal duct is so that the carbon fiber wing does not deform or come apart from 

the high pressures inside of the wing. Another advantage to using a steel duct is that the 

circulation control flap can be made out of steel and welded to the duct. Because of the 

high velocities around the flap, if made out of carbon fiber, it could deform. It is essential 

for this proof of concept that the wing stays as rigid as possible. Ideally there would be no 

steel to reduce weight. The two inlet pipes that connect to the silicone tubing were to be 

welded to the top of the duct. The outlet at the trailing edge is designed to 2 mm which 

was found to be the optimal slot size from the analysis in the previous section. 
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Figure 4.4: Internal Steel Duct and Flap 

The main portion of the duct is designed out of A36 12 ga steel. First the bottom 

and top halves were to be welded together as seen in Figure 4.5. Next, two sides (seen in 

Figure 4.6), are welded on the complete the duct. 

 

Figure 4.5: Top and Bottom of Internal Duct 

 

Figure 4.6: Internal Duct Side 
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Finally the flap (Figure 4.7) is welded to the end of the duct. The flap is 

comprised of a vertical A36 12 ga steel plate that is 900mm by 35mm and a 62.5° wedge 

section of a 1” O.D. tube with .109” thickness (Figure 4.8). 

 

Figure 4.7: Steel Flap 

 

Figure 4.8: Steel Tube Section for Flap 
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The internal duct is then to be put into the carbon fiber wing (seen in Figure 4.9), 

and secured with insulation foam. 

 

Figure 4.9: Carbon Fiber Wing (without wing inserts) 

Finally, to connect the completed circulation control wing to endplates, wing 

inserts are to be made using the wing insert mold shown in Figure 4.10. It consists of 

three parts that are bolted together. The wing profile mold can be flipped to be able to 

manufacture both inserts. 

 

Figure 4.10: Wing Insert Mold 
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4.2 Technical Specification 

The following are the engineering drawings for the parts and molds outsourced at 

GK Machine Inc. Figure 4.11 shows the load plates, which were made out of 8 ga A36 

steel sheet metal. Two were made, one for the front and one for the back of the test rig.  

 

Figure 4.11: Load Plate Drawing 

The internal duct, as mentioned before, is divided into three parts: the top, bottom, 

and sides. Figures 4.12, 4.13, and 4.14 show these parts respectively. Each part of the 

duct were made out of 12 ga A36 steel sheet metal. 
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Figure 4.12: Top Duct Wall Drawing 

 

Figure 4.13: Bottom Duct Wall Drawing 
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Figure 4.14: Duct Side Drawing 

The vertical flap, as drawn in figure 4.15, was also to be made out of 12 ga A36 

steel sheet metal. 

 

Figure 4.15: Vertical Flap Drawing 
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The final part that was outsourced is the molds for the wing inserts. This mold 

was comprised of three parts: two .25” aluminum wing profile molds (Figure 4.16) and a 

16 ga A36 steel back plate (Figure 4.17). The three pieces are connected with .25” 

screws. The back plate has 4 additional holes that indicate where the wing is to be fixed 

to the endplates.  

 

Figure 4.16: Wing Insert Profile Mold Drawing 

 

Figure 4.17: Wing Insert Mold Back Drawing 
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4.3 Manufacturing Plan 

Table 4.1 is a list of the parts, arranged by product, which were made either in 

house or at a vendor. All parts list whether or not the part is purchased and the vendor 

that will provide the parts material. 

Table 4.1: List for Circulation Control Wing Test Rig Parts 

Product Part Name Purchased? Vendor 
Manufacturing 

Location 

Wing 

CC Wing No Toray In House 

Wing Inserts No Toray In House 

Wing Insert 

Mold 

Yes GK Machine At Vendor 

Internal 

Duct 

Ducting Yes GK Machine At Vendor/ In House 

CC Flap Yes GK Machine/ Coyote 

Steel 

At Vendor/ In House 

Tube Connection Yes Coyote Steel At Vendor/ In House 

Tubing 
Tubing and 

Connectors 

Yes Pegasus Auto Racing 

Supplies 

At Vendor/ In House 

Test Rig 

Fixture 

Endplates Yes Home Depot In House 

Base Plates Yes Home Depot In House 

Load Plates Yes GK Machine At Vendor 
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Table 4.2 is the planned manufacturing schedule for Winter Term. Deviations 

from this plan were made due to late shipments of parts from the vendors.  

Table 4.2: Manufacturing Schedule Plan 

Week 1 Manufacture the carbon fiber wing 

Start manufacture the test rig fixture 

Week 2: Finish manufacture the carbon fiber wing 

Continue manufacturing the test rig fixture 

Week 3: Cut 62.5° section of steel pipe for flap 

Week 4: Start welding internal duct/flap 

Manufacture wing inserts 

Week 5: Finish welding internal duct/flap 

Bond carbon wing and steel duct together 

Week 6: Complete test rig 

Week 7: Complete test rig 

Dry run test 

Week 8: Wind tunnel testing 

Week 9: Data analysis 

Help others if needed 

Week 10: Data analysis 

Help others if needed 

4.4 Wind Tunnel Testing Plan 

Table 4.3 is the wind tunnel test plan. Two parameters were planned to be tested: 

change in mass flow and change in airspeed. There was to be 9 tests, with 3 trials of each, 

for a total of 27 runs. The first 3 tests test were to be done without any wind (0 kph) and 

would not be performed in a wind tunnel for sake of time. The remaining 18 runs were to 

be conducted at the Daimler wind tunnel. Deviations from this plan were made in section 
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6.1 and can be seen in Table 6.1. In essence, a greater variety of wind speed were run 

with less trials.  

Table 4.2: Planned Wind Tunnel Tests 

Run #’s Wind Speed 

(kph / mph) 

Leaf Blower Setting 

(Off, 1, 2) 

1-3 0 / 0 Off 

4-6 0 / 0 1 

7-9 0 / 0 2 

10-12 35 / 21.75 Off 

13-15 35 / 21.75 1 

16-18 35 / 21.75 2 

19-21 65 / 40.4 Off 

22-24 65 / 40.4 1 

25-27 65 / 40.4 2 
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5. Implementation 

There are four overall steps in building the test rig. They are: 

1. Manufacturing the carbon wing. 

2. Constructing the internal steel duct. 

3. Combining the carbon wing with the duct. 

4. Building the test rig frame and combining all the components. 

A major problem with the manufacturing of the overall test fixture was that the 

GK Machine order was delayed due to incomplete or incorrect drawings from others and 

similar issues. This meant that the planned Daimler wind tunnel test had to be pushed 

back from week 8 of winter term to spring break, a four week loss of time.  

5.1 Carbon Fiber Wing Manufacturing 

The first step in building the test rig was making the carbon fiber elements. This 

included a top and bottom half of the 2013 main rear wing and two wing inserts. Figure 

5.1 shows the two halves of the 2013 rear wing mold. After properly cleaning the mold 

and applying mold release, 6 layers of M40J unidirectional carbon fiber prepreg were laid 

down, as seen in Figures 5.2 and 5.3. The first two layers ran lengthwise at a length of 

900 mm. These layers were followed by two layers in the direction of the chord. Finally, 

two more layers were laid down following the length once again. The ply notation is 

[90/90/0/0/90/90]. Wedges were used to help get the carbon into the tight corners so that 

no bridging would occur. Next, a layer of peel ply and release film were layered on top. 

A strip of breather was laid down the middle to allow airflow to the valve. Both parts 
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were then bagged using vacuum bag and sealant tape. Unlike many of our current molds, 

these were not combined to form a single element and were cured separately, after which 

they were bonded together. The cure cycle run was: ramp up from room temp at 5º F/min, 

hold temp at 350º for 2 hours, ramp down at 5º F/min. Once the cure process was 

complete, the vacuum bag was removed and post processing was performed.  

 

Figure 5.1: 2013 Main Rear Wing Molds (Top on left, Bottom on right) 
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Figure 5.2: Laying Up Carbon Fiber Wings 

 

Figure 5.3: Carbon Fiber Wings Showing Layers 
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Figure 5.4 shows the two halves of the cured wing. They were, then, trimmed to 

900mm in length using a dremel. The upper and lower halves of the wing were not 

bonded together until step 3, when the internal duct was combined with the carbon 

elements.  

 

 

Figure 5.4: Completed Carbon Fiber Wing Halves 

Figure 5.5 shows the wing insert mold; it is a composite of two parts: the back 

plate and the wing insert profile mold. The back plate has six holes in it, two of which are 

used to secure the insert profile to it and four which are used to make indents in the 

carbon to show where to put screws when connecting the wing to the endplates. The mold 

was designed so that it could be used for both wing inserts by removing the form and 

securing it to the other side of the back plate. After cleaning the mold, blue tape was lined 

around the profile form to give a clean release surface for the carbon fiber. The wing 



71 

 

 

inserts were designed to fit on the outside of the wing, unlike many of the male wing 

inserts used on the GFR vehicles. This is because they are a key component to providing 

support and structure to the wing, which is heavy due to the steel duct and flap.  

 

Figure 5.5: Wing Insert Mold 

T700 carbon was used in making the wing inserts. The first step was to cut strips 

1 inch wide that would be used in making the wing inserts, as seen in Figure 5.6.  

 

Figure 5.6: Wing Insert Carbon Fiber Strips 

The strips were then laid on the mold, Figure 5.7, with a total of five layers. This 

is because they are used to connect the heavy circulation control wing to the endplates. 

Slits were cut to help with bending and the leading edge had an additional layer added for 

reinforcement.  
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Figure 5.7: Wing Insert Layup 

The wing inserts were then cured at 270 °F for two hours (seen in Figure 5.8), 

then removed from their mold and trimmed with a dremel so that the flanges were around 

half an inch (seen in Figure 5.9). Using the indents from the mold, four holes were then 

drilled to be used for securing the wing to the MDF endplates of the test fixture’s 

structure. The placement of the holes can be seen indicated in red. Though four holes 

were drilled, only the leading and trailing edge holes are used to secure the circulation 

control wing to the endplates. 

 

Figure 5.8: Wing Insert Vacuum Seal 
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Figure 5.9: Wing Inserts (Cured and Trimmed) 

5.2 Internal Steel Duct and Flap Manufacturing 

Due to the GK order coming in late and the internal duct being a major 

component to the circulation control wing, the manufacturing of this component was 

pushed back to week 7 of winter term 2016. The manufacturing of a 62.5° wedge section 

of the 1” O.D. pipe with .109” thickness was able to be completed on time and ready for 

assembly. Figure 5.10 displays the top and bottom pieces of the steel duct while Figure 

5.11 shows the two sides and the vertical plate, which is part of the flap.  

 

Figure 5.10: Top and Bottom Halves of the Internal Duct 
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Figure 5.11: Sides of the Internal Duct and Flap 

The first step was to manufacture the section of pipe which would create the 

round section connecting the flap to the duct. This is a critical part of the design’s 

geometry, as discussed in section 3.1, because it helps to redirect the airflow upwards out 

of the slot. The 1” pipe was delivered to OSU in stock length and was cut down to 1 

meter using a hacksaw. Only a 900mm section was needed, but for structural purposes 

when cutting the pipe in the mill, extra material was left in place. The .109” thick pipe 

was clamped to the mill using two chucks and cut using a ¼” drill bit (seen in Figure 

5.12).  
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Figure 5.12: Milling Steel Tube Section for Flap 

Figure 5.13 illustrates the cuts made with the drill, colored red, to produce the 

62.5° section, colored green. Figure 5.14 shows the final product the mill produced. 

Using a hacksaw, a 900mm piece was removed and deburred. It was essential that the 

two edges were clean for welding purposes. 

 

Figure 5.13: Milling Cuts 
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Figure 5.14: Steel Pipe Section 

The next step was to weld the vertical flap, pipe section, and upper half of the 

duct together. This left welding beads along the trailing edge where air would being 

coming out of the slot, Figure 5.15. This area where the slot is located is very critical and 

any imperfections would result in inaccurate data. An angle grinder (seen in Figure 5.16), 

was used to smooth out this section to make a nice round surface for air to flow around.  
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Figure 5.15: Flap Welded to the Top Half of the Internal Duct 

 

Figure 5.16: Smoothing out Weld for Clean Surface 

Another change in the design were the two inlet pipes that are connected to the 

silicone supply tubing. Originally, Coyote Steel was going to provide a section of a 2 ¾” 

O.D. pipe, but they did not have any in stock at the time of the request. Instead, the inlet 

pipes were made out of 16 ga sheet metal. 4” sections were rolled into the desired 

diameter using a manual slip roll, Figure 5.17. This turned out to be beneficial, as the 

sheet metal was able to be rolled into a slight cone shape to allow the silicone tubing an 

easier connection when slipping on.  
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Figure 5.17: Bending Sheet Metal for Inlet Pipes 

The final step was to weld all the duct components together. This included the top 

half, which was already welded to the flap, along with the two sides and two inlet pipes. 

There were two key components to the final product. First, the duct needed to have a 

hermetic seal. This is important, as there can be no leaks in the system so that all air 

going into the duct through the inlet pipes would exit out of the slot. Second, the slot 

needed to have a gap of 2mm. This is also crucial, as the results found in section 3.1 

determined that a 2 mm gap produced the best downforce. The final steel duct after 

welding is seen in Figure 5.18.  
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Figure 5.18: Complete Internal Steel Duct 

5.3 Combining Steel Duct with Carbon Fiber Wing 

Once the internal steel duct and carbon fiber wing components were complete, it 

was time to bond them together. The first step was to cut holes in the top half of the 

carbon wing to fit the two inlet pipes of the duct through. The two components were 

fitted together, Figure 5.19, and it was determined where the holes should be based off 

sight. Measurements were made from the CAD drawings, but the locations of the holes 

on the carbon fiber were not where they were determined to be. A dremel was used to cut 

out the holes and the carbon fiber pieces were fitted to the internal duct once again to 

make sure everything lined up (seen in Figure 5.20). 
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Figure 5.19: Testing Fit between Carbon Wing and Internal Duct 

 

Figure 5.20: Cutting Holes for Inlet Pipes 
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The first hole cut (top one hole in the Figure 5.20) was not a perfect fit due to 

removal of extra material. The circulation control wing was fitted and bonded together in 

a vertical position because the steel duct is heavy and almost crushed the carbon when 

placed horizontally. It was also easier to wrap the carbon pieces around the duct in this 

state. The next act was to bond the carbon wing to the steel duct. All surfaces that were to 

be epoxied together were roughed up with 80 grit sandpaper to help provide better 

adhesion. Once all surfaces were sanded, acetone-soaked cloths were used to remove all 

dust and loose particles. The epoxy is a two part solution with mixing ratios of 100:43 

part A to part B and was measured using a scale (Figure 5:21). The wing used close to 

200 grams of epoxy to bond all the elements. Clamps were used to hold the wing together 

while it cured for 24 hours.  

 

Figure 5.21: Mixing Epoxy 

The parts that were bonded together include the leading edge, the two wing inserts 

to the top and bottom halves of the wing, as well as the carbon at the trailing edge to the 

steel.  At this current state, Figure 5.22, the steel duct was still loose in the carbon wing 
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and the center areas of the wing were flimsy due to having no core. Insulating foam 

sealant was sprayed into the gaps between the carbon and steel where it expanded, Figure 

5.23, to provide structure and support. This resulted in a rigid circulation control wing 

that would not deform and skew results during wind tunnel tests.  

 

Figure 5.22: Epoxying Components Together 

 

Figure 5.23: Insulating Foam Sealant 
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5.4 Test Rig Fixture Manufacturing 

With the main element complete, the final action was to build the test rigs 

structure and complete the fixture. The primary structure is composed of two endplates 

and two load plates. These load plates are then connected to load cells which are mounted 

to a base plate. The two endplates and base plate were cut out of two 4x8 MDF boards. 

Three ¼” holes were drilled (Figure 5.24) into the endplates using the wing insert mold 

as a template to locate where the wing would be positioned. Two ⅜” holes were drilled at 

the base of each endplate for connection to the load plates.  

 

Figure 5.24: Cut MDF Board and Drilling Holes 

First, the load plates were connected to the endplates (Figure 5.25) using ⅜” nuts 

and bolts, after which the wing was secured between the endplates using four ¼” nuts and 

bolts. A level was used make sure the wing was horizontal. It was determined that the 1° 

incline (seen in Figure 5.26) was due to bonding the wing vertically at a slight angle. 
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Figure 5.25: Construction of Test Rig 

 

Figure 5.26: Leveling Wing 

Finally, the top portion of the fixture was secured to the load cells and connected 

to the base plate using ¼-28 hex head fasteners. Figure 5.27 shows the final planned test 

fixture, but it was not rigid due to the 8 gauge steel load plates. The load plates acted as 

leaf springs and allowed the test rig to bounce and sway side to side and front to back. 

This is not ideal because when in the wind tunnel, the rig would move around and cause 
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inaccurate data. The test fixture needs to be as rigid as possible to test accurate loads 

when wind flows around the wing. 

 

Figure 5.27: Planned Test Rig 

To fix this problem, the load plates were reinforced with a vertical steel plate to 

create a large L beam. Figure 5.28 shows the added support which turned the load plate 

into a rigid structure. This eradicated the bouncing that the test rig saw but not the 

swaying.  
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Figure 5.28: Adding Rigidity 

To help prevent swaying from side to side, pipes were used to provide diagonal 

support. The final product can be seen in Figures 5.29 and 5.30. Though the top of the 

test rig is completely rigid, there was still concern because it could sway left to right 

slightly along the connection to the load cells. To fix this, GFR inquired about buying a 

third load cell but the cost was greater than the team wanted to spend. As a precaution 

foam pads are installed beneath the endplates to prevent the fixture from moving too 

much.  
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Figure 5.29: Complete Test Rig 
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Figure 5.30: Alternative View of Complete Test Rig 

The test rig can be dismantled and put back together at any time. This is important 

as it allows the rig to be stored in a smaller place and therefore not take up much shop 

space. It also is useful for transportation to the test site.  
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6. Testing and Results 

6.1 Wind Tunnel Test 

The circulation control wing test rig was disassembled and loaded into a vehicle 

to be transported from Corvallis, OR, to Daimler’s Wind Tunnel in North Portland, OR 

(Figure 6.1). Once there, the rig was rebuilt and placed in the center of the tunnel in front 

of Daimler’s truck load cells which are built into the floor (Figures 6.2 and 6.3). 

 

Figure 6.1: Test Rig Loaded into Vehicle for Transport to Daimler 
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Figure 6.2: Test Rig in Daimler Wind Tunnel 

 

Figure 6.3: Alternate view of Test Rig in Wind Tunnel 

Figure 6.3 shows the load cells plugged in and the cables taped down so they 

would not move during high airspeeds. The base plate and leaf blowers were weighed 
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down with sandbags. New holes were also drilled into the base plate and the structure 

was secured using bolts provided by Daimler. 

 

Figure 6.4: Leaf Blowers 

 

Figure 6.5: Computer setup for data collection 

The data collection computer (Figure 6.5) was placed outside of the chamber 

while the cables were threaded through a slot to connect with the load cells. A series of 

18 tests were performed in the wind tunnel and fog tests were also conducted (Figures 6.6 
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and 6.7). Additional videos and pictures can be found in the “CFD/ Circulation Control” 

folder of GFR’s 2016 aero team on the team’s Google Drive.[16] The conditions of the 21 

tests are cataloged in Table 6.1. 

 

Figure 6.6: Fog Test 

 

Figure 6.7: Fog Test Alternate View 
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Table 6.1: Wind Tunnel Test Conditions 

Test # - 

Trial # 

Leaf Blower 

Setting (0 

[OFF], 1, 2) 

Calculated 

Mass Flow 

(kg/s) 

Airspeed 

(mph) 

Actual 

Airspeed 

(mph) 

Temperature 

(°F) 

Humidity 

(%) 

1.1 0 0 0 0 N/A N/A 

2.1 1 0.1367 0 0 N/A N/A 

3.1 2 0.1698 0 0 N/A N/A 

4.1 0 0 15 17.1 46 75 

4.2 0 0 15 16.3 47 74 

5.1 1 0.1367 15 16.1 46 75 

5.2 1 0.1367 15 16 47 74 

6.1 2 0.1698 15 16.7 46 75 

6.2 2 0.1698 15 15.8 47 74 

7.1 0 0 25 25.4 49 71 

7.2 0 0 25 25 49 71 

8.1 1 0.1367 25 25.6 49 71 

8.2 1 0.1367 25 24.9 49 71 

9.1 2 0.1698 25 26.3 49 71 

9.2 2 0.1698 25 25.3 49 71 

10.1 0 0 42 46 49 71 

10.2 0 0 42 46.3 48 69 

11.1 1 0.1367 42 45.9 49 71 

11.2 1 0.1367 42 45.9 48 69 

12.1 2 0.1698 42 46.3 49 71 

12.2 2 0.1698 42 46.3 48 69 

The first three physical tests were performed at OSU in stagnant air. No 

temperature or humidity measurements were collected during these tests. The mass flow 

for each leaf blower setting was calculated in section 2.2.2. Two trials were performed 

for each of the 9 test in the wind tunnel. The range of tests consisted of three airspeeds 

(15, 25, 42 mph) at the three different leaf blower settings. As the day of testing 

continued, the temperature increased while humidity decreased.  
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Figure 6.7: Test Rig Orientation 

The orientation of the test rig was important for data collection purposes as the 

axes of the two load cells were inverts of each other. Figure 6.7 shows the orientation 

where the y-axis of the orange load cell pointed to the leading edge of the wing, while the 

z-axis points out of the page. The data recorded from each load cell is tabulated in Table 

6.2. The values of the orange load cell are negative because of the orientation compared 

to the green load cell. Most of the drag and downforce was produced from the rear load 

cell (green) located under the trailing edge of the circulation control wing. This is due to 

the forces of the fluid mechanics induced by air flowing around the circulation control 

flap.  
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Table 6.2: Wind Tunnel Load Data 

Test # 

- Trial 

# 

Leaf 

Blower 

Setting (0 

[OFF], 1, 2) 

Actual 

Airspeed 

(mph) 

Green 

Load Cell 

Drag (Fy) 

(S/N 

499596) 

Green Load 

Cell 

Downforce 

(Fz) (S/N 

499597) 

Orange 

Load Cell 

Drag (Fy) 

(S/N 

499599) 

Orange Load 

Cell 

Downforce 

(Fz) (S/N 

499600) 

1.1 0 0 0 0 0 0 

2.1 1 0 0.69 -5.05 -0.13 -0.09 

3.1 2 0 0.58 -9.79 -1.44 -4.24 

4.1 0 17.1 4.69 -15.87 -2.43 -5.88 

4.2 0 16.3 3.96 -14.7 -2.59 -6.4 

5.1 1 16.1 21.03 -53.77 2.48 1.05 

5.2 1 16 26.25 -64.14 5.1 1.45 

6.1 2 16.7 30.36 -71.54 6.33 5.44 

6.2 2 15.8 35.44 -81.35 8.64 6.93 

7.1 0 25.4 12.59 -41.86 -6.03 -15.01 

7.2 0 25 13.38 -42.31 -5.62 -14.59 

8.1 1 25.6 32.53 -111.99 -5.52 -8.11 

8.2 1 24.9 39.22 -104.87 1.78 -9.2 

9.1 2 26.3 40.66 -142.7 -6.9 1.1 

9.2 2 25.3 51.37 -133.45 5.38 -3.75 

10.1 0 46 52.61 -133.65 -8.34 -25.2 

10.2 0 46.3 54.93 -135.6 -8.26 -19.47 

11.1 1 45.9 57.37 -203.44 -23.27 -14.15 

11.2 1 45.9 71.72 -195.08 -8.53 -14.33 

12.1 2 46.3 61.04 -231.61 -27.51 -4.42 

12.2 2 46.3 72.83 -227.02 -16.1 -7.23 

Table 6.3 contains the cumulative results of the drag and downforce as well as the 

wing’s properties and points scored based off equations 2.1, 2.2, and 2.3. The overall 

drag and downforce increases in two ways. The first is with the three tested airspeeds. As 

the airspeed increased, so did the downforce and drag. This, in effect, increased the points 

the team would score in competition. The second impact was the leaf blower setting. As 

more air flowed out of the slot beneath the flap, the downforce and drag increased. It was 

deemed that the second trial of each test was more accurate than the first. This is because 

the fixturing of the leaf blowers and tubing was not taken into account when building the 
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test rig. In the first trial, the leaf blowers and silicon tubing would re-adjust from the 

different wind speeds and apply additional forces on the rig. After the first trial, the wind 

tunnel was turned off and the load cells were zeroed so that the movement of the rig, due 

to the first trial, was not seen in the data of the second trial. When the second trial of each 

test were concluded, there was an average of 1.64 N in downforce and 0.57 N in drag 

difference in the load cells from when they were zeroed prior to testing. These values 

were far less then what was seen from the first trials. The conditions of the second trials 

were then used to create the CFD simulation results in section 6.2.  

Table 6.3: Wind Tunnel Results 

Test # - 

Trial # 

Leaf 

Blower 

Setting 

Actual 

Airspeed 

(mph) 

Downforce 

(N) 

Drag 

(N) 

L/D Downforce 

Points 

Drag 

Points 

Net 

points 

Lift 

Coefficient 

(CL) 

1.1 0 0 0 0 0 0 0 0 N/A 

2.1 1 0 5.14 0.82 6.27 0.927 -0.048 0.879 N/A 

3.1 2 0 14.03 2.02 6.95 2.53 -0.119 2.411 N/A 

4.1 0 17.1 21.75 7.12 3.05 3.922 -0.418 3.504 -3.6602 

4.2 0 16.3 21.1 6.55 3.22 3.804 -0.384 3.42 -3.9079 

5.1 1 16.1 52.72 18.55 2.84 9.505 -1.089 8.417 -10.0083 

5.2 1 16 62.69 21.15 2.96 11.303 -1.242 10.062 -12.0502 

6.1 2 16.7 66.1 24.03 2.75 11.918 -1.411 10.507 -11.6628 

6.2 2 15.8 74.42 26.8 2.78 13.418 -1.573 11.845 -14.6694 

7.1 0 25.4 56.87 18.62 3.05 10.254 -1.093 9.161 -4.3376 

7.2 0 25 56.9 19 2.99 10.259 -1.115 9.144 -4.4799 

8.1 1 25.6 120.1 38.05 3.16 21.654 -2.234 19.42 -9.0178 

8.2 1 24.9 114.07 37.44 3.05 20.567 -2.198 18.369 -9.0533 

9.1 2 26.3 141.6 47.56 2.98 25.53 -2.792 22.739 -10.0737 

9.2 2 25.3 137.2 45.99 2.98 24.737 -2.7 22.038 -10.5475 

10.1 0 46 158.85 60.95 2.61 28.641 -3.578 25.063 -3.6941 

10.2 0 46.3 155.07 63.19 2.45 27.959 -3.709 24.25 -3.5596 

11.1 1 45.9 217.59 80.64 2.7 39.231 -4.734 34.498 -5.0822 

11.2 1 45.9 209.41 80.25 2.61 37.757 -4.711 33.046 -4.8911 

12.1 2 46.3 236.03 88.55 2.67 42.556 -5.198 37.358 -5.418 

12.2 2 46.3 234.25 88.93 2.63 42.235 -5.22 37.015 -5.3772 
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6.2 Test Rig CFD 

For the CFD simulations performed in section 3, a mass flow of .6 was chosen 

from the highest value in Table 2.5. After completion of the sensitivity analyses it was 

realized that this value was only for the discharge of the blower itself and was not the 

actual flow at the slot. The flow did not take into account the dampening of the systems 

resistance and backpressure on the open impeller design of the blower. As this value is 

crucial for accurate simulations of the test rig an anemometer (seen in Figure 6.8), that 

can read an upwards of 100 m/s and was purchased. The velocities recorded with this 

method are more accurate and was used for simulations of the test rig in this section. 

Setting 1 produced 0.1367 kg/s with two leaf blowers while setting 2 produced 0.1698 

kg/s. These were measured after the test rig was built. These mass flows are less than 

those calculated in Table 2.5 and are far more accurate as it is what the slot is exhausting 

and not what the leaf blowers are.  

 

Figure 6.8: Static Pitot Tube and Manometer/Anemometer 
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The conditions of the second trial of test 4-12 in section 6.1 were then input into 

STAR-CCM+, the results of which are displayed in Table 6.4.  Two simulations for each 

of the nine trials were conducted, one with just the wing and one with the full test rig. 

Overall, the wing by itself produced more downforce and less drag then when the wing 

was mounted in the test fixture. The lift-to-drag ratio, points, and lift coefficient were 

calculated using the results. As seen in all other data collected throughout the project, 

more mass flow and air speed increase the downforce and drag.  

Table 6.4: Test Rig CFD Results 

Leaf 

Blower 

Setting 

Mass 

Flow 

(kg/s) 

Air 

Speed 

(mph) 

Wing 

Down 

force 

(N) 

Total 

Test 

Rig 

Down 

force 

(N) 

Wing 

Drag 

(N) 

Total 

Test 

Rig 

Drag 

(N) 

L/D Down 

force 

Pts 

Drag 

Pts 

Net 

Pts 

(CL) 

0 0 16.3 21.6 20.7 4 7.5 2.76 3.73 -0.44 3.29 -3.83 

1 0.137 16 82.6 81.4 30.2 34.5 2.36 14.68 -2.03 12.65 -15.65 

2 0.170 15.8 92.7 91.5 40.4 44.7 2.05 16.50 -2.62 13.87 -18.04 

0 0 25 54.5 52.2 9.5 17.4 3 9.41 -1.02 8.39 -4.11 

1 0.137 24.9 146.3 143.8 40.2 49.3 2.92 25.93 -2.89 23.03 -11.41 

2 0.170 25.3 183.3 180.6 56.7 66.5 2.72 32.56 -3.90 28.66 -13.88 

0 0 46.3 171.8 164.5 33.2 59.1 3.2 34.11 -3.47 30.64 -4.34 

1 0.137 45.9 279.8 271.9 66.7 90 3.4 49.02 -4.70 44.33 -6.35 

2 0.170 46.3 322.4 315.1 81.5 109.5 3.52 78.97 -7.31 71.66 -10.05 

6.3 CFD and Wind Tunnel Comparison 

One of the most important aspects of this project is seeing how the wind tunnel 

results match the CFD predictions. Table 6.5 contains the data from both section 6.1 and 

6.2 to correlate these environments. The leaf blowers, in their off state from the wind 

tunnel test, almost identically matches the CFD results when there is no mass flow from 

the slot. This means that the CAD model of the test rig accurately replicated the built 
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product. Unfortunately, the results of the leaf blowers’ settings at 1 and 2 did not match 

the CFD simulations with the calculated mass flow from section 2.2.2. In general, the 

CFD results were higher than the data collected in the wind tunnel when mass flow from 

the slot was introduced into the system. The reason for this is that the calculated mass 

flow must have been higher than it actually was, skewing the results. Linear factoring 

indicates air blower rates for the wind tunnel test rig were about 0.105 kg/s for setting 1 

and 0.125 kg/s for setting 2. These are around 75% of the estimate used in the CFD 

modeling. 

Table 6.5: CFD vs Wind Tunnel Results 

Leaf 

Blower 

Setting 

Mass 

Flow 

(kg/s) 

Airspeed 

(mph) 

Total Test 

Rig 

Downforce 

(N) [CFD] 

Total Test Rig 

Downforce (N) 

[Wind Tunnel 

Test] 

Total 

Test Rig 

Drag 

(N) 

[CFD] 

Total Test Rig 

Drag (N) from 

[Wind Tunnel 

Test] 

0 0 16.3 20.7 21.1 7.5 6.55 

0 0 25 52.2 56.9 17.4 19 

0 0 46.3 164.5 155.07 59.1 63.19 

1 0.137 16 81.4 62.69 34.5 21.15 

1 0.137 24.9 143.8 114.07 49.3 37.44 

1 0.137 45.9 271.9 209.41 90 80.25 

2 0.170 15.8 91.5 74.42 44.7 26.8 

2 0.170 25.3 180.6 137.2 66.5 45.99 

2 0.170 46.3 315.1 234.25 109.5 88.93 

Though the data from the CFD is slightly off due to not accurately calculating the 

correct mass flow, the data still matches the same trends as the wind tunnel test. Figures 

6.9 and 6.10 show this correlation for downforce and drag. The trend lines all follow 

roughly the same slope which means that if the test rig was producing more mass flow, it 

would display similar results as the CFD simulations. It also can be said the other way, in 

which if the CFD simulations had less mass flow, it too would display the results of the 
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wind tunnel test. In conclusion, the wind tunnel test gave an accurate account of what the 

test rig observed and the CFD showed the correct values given the info provided to the 

software.  

 

Figure 6.9: CFD vs. Wind Tunnel Downforce Results 

 

Figure 6.10: CFD vs. Wind Tunnel Drag Results 
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It is also important to compare the results from the CFD and wind tunnel tests to 

our current and previous wings, Table 6.6 is a collection the data. The results at 65 kph 

for the CFD and wind tunnel were collected from the trend lines in Figures 6.8 and 6.9. 

Results for the 2013 through 2016 rear wings were taken from their respective reports. 

The downforce and drag reported for the past rear wings were calculated using CFD 

while simulated on the whole car. There are added benefits from the front and side wings, 

in which case more flow is introduced to the rear wings. For this reason, the downforce 

and drag are slightly higher than if the wings were by themselves. The 2013 and 2014 

rear wings had different constraints than the 2015 and 2016 wings, which allowed more 

downforce to be produced as well. The main element for the 2013 design was used as the 

template for the circulation control wing but had a 1275 mm wing span instead of 900 

mm. The current and previous wings also have more wing elements than was tested for 

the circulation control wing. While there was just the main element for the wing designed 

in this report, the 2016 and 2015 rear wings had 4 elements, the 2014 wing had 3, and the 

2013 rear wing had 2. This allowed for more downforce and drag. Testing only the single 

element for this experiment, though the forces produced are lower than past wings, shows 

that this concept has great potential for use on future wings, as it is competitive in the 

same range. It is highly recommend for further research be done on this design because 

this concept could benefit GFR greatly in future races. The most important take away 

from the table is the net points. From the wind tunnel test is at par with the 2015 rear 

wing. With additional flaps the circulation control wing will produce much more  
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Table 6.6: CFD and Wind Tunnel Forces compared to current and previous wings. 

Wing Design Test Conditions 
Airspeed 

(kph) 

Slot Mass 

Flow 

Downforce 

(N) 
Drag (N) 

Net 

Points 

Circulation Control 

Wing 

Wind Tunnel, 

Test Rig 
65 Setting 2 204 77 32.26 

Circulation Control 

Wing 
CFD, Test Rig 65 0.170 kg/s 275 97 43.89 

2016 Rear Wing CFD, Full Car 65 NA 285.8 171 41.49 

2015 Rear Wing CFD, Full Car 65 NA 216.8 117 32.22 

2014 Rear Wing CFD, Full Car 65 NA 425.8 195 65.33 

2013 Rear Wing CFD, Full Car 65 NA 349.4 130.6 55.33 

6.4 Further Testing That Can Be Done 

There is a lot of research and testing that can still be done prior to implementation 

on the vehicle. For this project, the primary goal was to see if the circulation control wing 

was feasible and if it would supply the extra downforce to help benefit the team, which is 

confirmed in this report. This section will cover further testing and design changes that 

can be made.  

The next step in research and development would to be make a full carbon fiber 

circulation control wing without using an internal steel duct for rigidity, using core for 

structure, which will greatly reduce weight. To do this, a new wing mold will need to be 

made where the flap is incorporated into the upper surface. The silicon tubing will also 

need to be replaced with a new design that is more reasonable for use on the car. It is 

suggested to use supports like the 2011 cCar, which are hollowed out. These will act as 

the supply for the air to the wing and will create less aerodynamic drag. This will also 
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look less obvious to spectators, which is a goal as GFR will not want other teams to catch 

on to how the wing works. A mounting plan for the leaf blowers will also need to be 

considered; it is suggested that one leaf blower is placed behind each side wing. Though 

it has not been done yet, the leaf blower can be taken apart and the internal components 

can be re-worked into a slimmer design for mounting purposes. This may mean designing 

a carbon fiber intake structure that the internal leaf blower components are housed in. A 

battery will also need to be installed on the car to provide power the leaf blowers. Tests 

will need to be done to determine how much power is required for the leaf blowers to last 

through a few minute race. It is recommend that this be a two person project where one 

person designs the side wings with air intake and the other designs the circulation control 

wing and air supply path from the intake. A multi-element design is also highly 

recommended as it will provide more downforce to the car. A Drag Reduction System 

(DRS) can also be included on one of these elements to provide even more reduction of 

drag on the straightaways. Chord length analysis can be performed, too, and changes to 

the wing geometry can be made if deemed beneficial. A weight analysis is also needed to 

evaluate the addition of the leaf blowers and battery. It is suggested that this be a winter-

spring 2017 project to prototype a design for the 2018 car.   
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7. Conclusion 

From the results of the project, it is highly recommended for GFR to pursue the 

use of a circulation control wing for future cars. As mentioned in section 6.3, though the 

downforces created from the wing are less than our current design, the incorporation of 

more elements will make up for the difference. The design is also beneficial for the 

acceleration test as it does not provide a lot of drag when the leaf blowers are turned off. 

GFR may be able to get away with using this design one year, but SAE may ban it 

because of how well it works and the team will have to evaluate if it is worth the effort if 

it cannot be used the following year. The main contribution from this research is that a 

circulation control device significantly improve the downforce generated by the wing and 

that simulations were validated by physical testing.  
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