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ABSTRACT 

During the Formula 1 auto racing season of 2010, team McLaren developed an 

aerodynamic device called an F-Duct. This device was an ingenious way of out-thinking the 

regulations of the Fédération Internationale de l‘Automobile (FIA) by providing a means of 

notably controlling car performance. 

More specifically, the F-Duct is a device that allows a driver to alter air flow over the 

car‘s rear wing in order to gain higher speed on long straight sections of the race track (up to 10 

kmph). In general, Formula 1 teams do not share technological details about their cars in order to 

keep an advantage over other teams. Available public information is vague in nature and does 

not provide any technical details. 

This thesis studied the existing F-Duct system and its requirements, including the 

location of  key components and their functions.  First, a working concept was proposed, and a 

simplified model was prepared to test the concept. Wind tunnel testing was performed on a 

physical model and the data analyzed. Continuous improvements were made to achieve drag 

reduction through passive flow control. Finally, an improved model was prepared, drag reduction 

was observed, and wind tunnel data presented.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

 For more than 50 years, Formula 1 auto racing has been a true contest between drivers on 

the track, rule makers, and engineers who design and build the cars. It is the most technologically 

advanced sport in the world. Unlike other sports, it is played at astonishing speeds above 300 

km/hr. Interestingly, the engineering is more akin to that of an airplane than an automobile.  

 The Formula 1 competition rules define nearly all aspects of the sport, including size of 

car, chassis dimensions, engine capacity, tire diameter, driver seating, and overall car safety. 

These rules greatly constrain the vehicle design. However, Formula 1 engineers more often than 

not have been successful in evolving the sport into a new era of top-end technology.  

1.1 Aerodynamics of Formula 1 Cars 

 Given the speeds involved, aerodynamics plays a major role in the design of Formula 1 

cars. The motion of air about the moving car affects all of its components in one way or another. 

Engine intake, multi-element wings, cooling flow, internal ventilation, tire and brake cooling, 

and overall external flow all fall under the vehicle aerodynamics. For many years, engineers 

worked to make the car more streamlined so that it could pass through the air smoothly with the 

least resistance possible. They have installed multi-element wings on the car to increase 

cornering speed by increasing downforce and improving tire grip. 

1.2 Importance of Downforce  

 By the end of the 1960’s, Formula 1 engineers knew that aerodynamics was the key to 

winning races. They saw the application of aerodynamic forces produced by the wings on the car 

and the advantages that this application could provide. 
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 Formula 1 cars experience three major forces during racing: negative-lift or downforce, 

drag, and side force, as shown in Figure 1. As a car moves at higher speeds, it will produce a 

higher negative-lift force. The vehicle moves on the surface by utilizing friction between the tires 

and the ground. This frictional force is directly proportional to the normal force on the ground 

and the friction coefficient. When the vehicle moves at higher speeds, more normal force is 

required to produce a frictional force that is sufficient for cornering requirements. Without a 

sufficient frictional force, a vehicle may be subject to skidding. To stop a vehicle from skidding 

and to improve handling at higher cornering speeds, more normal force or negative-lift is 

required. At the end of the 1960’s, race engineers started using inverted wings, and in the 1970’s, 

they introduced the lower body diffuser for producing negative-lift or downforce. Aerodynamic 

downforce improves a car’s cornering ability, increasing its chances of winning the race. 

 

Figure 1: Three components of aerodynamic force on Formula 1 car [1]. 

 From a competitive point of view, high downforce and minimum drag is the best 

combination. Simply stated, three major components on a car produce downforce: front wing, 

rear wing, and diffuser. The front and rear wings each produce about 30% of total vehicle 
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downforce, whereas the diffuser produces about 40% of total vehicle downforce, as shown in 

Figure 2. Since a higher downforce improves cornering speed, the front and rear wings are 

designed and optimized for maximum downforce. 

 

 

Figure 2: Aerodynamic components producing downforce on Formula1 cars: (a) front wing, 

 (b) diffuser [2, 3]. 

  

1.3 Rear Wing of Formula 1 Cars  

 The rear wing is one of the most crucial parts of a Formula 1 car. It produces almost one-

third of the total vehicle downforce. The rear wing of the car experiences comparatively clean air 

because it is normally mounted above the bodywork. According to the Fédération Internationale 

de l’Automobile (FIA)  regulations, no other part can be installed after the rear wing, so there is 

(a) 

(b) 
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less interaction between the rear wing and other parts of the car, which makes rear wing design 

relatively easy. 

 Normally the rear wing consists of a multi-element high-lift airfoil section and endplates, 

as shown in Figure 3. Multiple element wings produce higher downforce when compared to a 

single-element wing of the same chord length [4].  According to FIA 2010 rules, the number of 

elements is restricted to two. The rear wing is installed with an endplate on each side, to 

minimize the effects of tip vortices created by the wing, hence reducing drag. 

 

Figure 3: McLaren F1 rear wing [5]. 

 The rear wing is designed to obtain maximum downforce. Therefore, wing elements are 

designed aggressively, which unfortunately produces a larger amount of drag and hence reduces 

the top speed of the car. The challenge for the aerodynamicist is how to generate higher 

downforce while reducing the amount of drag force.  

1.4 Importance of Drag Reduction   

 Drag force is the force resisting forward motion of the car. Reducing the drag force will 

significantly improve the performance of the Formula 1 car on high-speed sections of the track. 

Due to the competitive nature of the sport, any gain in track position is very critical, thus the 
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aerodynamicist looks at ways to reduce drag force. Each and every part of the car is optimized to 

obtain the least amount of drag, e.g., suspension rods changed from the circular section to an 

airfoil section.  

 Engineers saw an opportunity with the rear wing, because it is one of the aerodynamic 

devices that produces the highest drag value and receives the cleanest air. Any modifications to 

the rear wing can have a significant effect on the overall drag of the car. The rear wing elements 

are optimized to obtain maximum downforce at cornering. As mentioned previously, this 

maximum downforce comes at the expense of increased drag. As stated in FIA regulation 3.15 

(see box below) [6], any moving aerodynamic surfaces on the car are not allowed, which means 

that aerodynamicists must stick with one configuration throughout the race. The 

aerodynamicist’s challenge is to find a way of reducing drag without moving any aerodynamic 

surfaces. Any changes made to the car must comply with FIA regulations. 

  

 

 

 

 

 

1.5 Introduction to F-Duct  

 In the Formula 1 season of 2010, McLaren engineers developed an ingenious device, 

called RW80, for the MP4/25 car (Figure 4). It was estimated that, with this device, the system 

would be able to increase the car’s top speed by 6 to 10 kmph. This device got its nickname “F-

Duct ” from its position where it connects the airbox and the rear wing, which is located near the 

3.15  Aerodynamic influence: 

Any specific part of the car influencing its aerodynamic performance 

 Must comply with the rules relating to bodywork. 

 Must be rigidly secured to the entirely sprung part of the car (rigidly 

secured means not having any degree of freedom). 

 Must remain immobile in relation to the sprung part of the car.[6] 
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letter “f” of the Vodafone sponsorship logo on the MP4/25 car’s rear wing. The F-Duct was an 

ingenious way of out-thinking the FIA regulations. This device allows the driver to selectively 

reduce the rear-wing drag by reducing the downforce on long straight sections of the race track. 

 

Figure 4: McLaren MP4/25 with F-Duct system [7]. 

1.5.1 Working Principles of F-Duct  

 Unfortunately, no exact explanation has been given about the working principles of the F-

Duct system. Such information is confidential to each team and the technical organizations. 

Formula 1 enthusiasts, websites, and blogs provide only vague and non-technical explanations. 

Because system photos are the only source of information available, some estimations are made 

by simply looking at these photos and applying a simple engineering analysis. The following 

provides a basic explanation of the F-Duct, based on the Internet resources available [8, 9, 10, 

11, 12, 13]. 

After McLaren introduced the F-Duct system, other teams quickly developed similar 

versions. This thesis focuses mainly on the system developed by the McLaren team. 
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Interestingly, the F-Duct system has two ducts, as shown in Figure 5. Duct number 1 

takes air from the nose of the car, runs it through the cockpit, and connects it to a fluid valve that 

is located somewhere inside the bodywork above the engine. The duct runs through the cockpit 

and has an opening for cockpit cooling. Duct number 2 has two outlets. It takes air from a 

partition in the airbox and passes it through the fluid valve. The fluid valve splits into two 

outlets, one carrying air to the transmission box and the other feeding air to the rear-wing flap 

element (Figure 6). 

 

Figure 5: Workings of McLaren F-Duct system [8, 9, 10, 12]. 

 

 When a race car is cornering, a maximum amount of rear-wing downforce is required. 

During this period, duct number 1 supplies air for cooling the cockpit, and duct number 2 feeds 
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air from the airbox to cool the transmission. When the car comes to a section of straight track, it 

does not require a large amount of downforce. At this point, the driver blocks the opening inside 

the cockpit with a hand or knee, which in-turn activates the system. Now duct number 1 routes 

air from the nose of the car to the fluid valve. This flow activates the fluid valve, which allows 

duct number 2 to supply air to the flap element instead of the transmission. The rear-wing flap 

element has a slot that blows out air, influencing the rear-wing flow field (Figure 6). It has been 

hypothesized that this influence causes the flap to stall, which in turn reduces the overall 

downforce of the rear wing and most importantly the drag. 

 
 

Figure 6: McLaren rear wing flap with and without blowing [8, 14]. 

 

 McLaren set up the system so well that there would be no legal issues. The F-Duct 

contains no movable aerodynamic devices, and the FIA rules do not specifically say anything 

about stalling aerodynamics. Because the FIA provided a clean legal notice for the F-Duct, it was 

left to other teams to either protest the F-Duct or copy it. Creating an air-scoop and connecting 

the airbox with the rear wing was not a major problem. The issue for other teams was finding a 

hole in the monocoque (i.e., body) to route the duct for activating the system, because they had 

already tested their monocoque and passed the FIA safety regulations. So if they wanted to make 
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changes in the monocoque, they would have to go through the entire process of redesigning and 

passing safety regulations set by the FIA. This represented a time- and money-consuming 

process, which many teams felt was not worth the investment. This strategy gave McLaren a 

straight-line speed advantage in the 2010 season. 

1.6 Research Aim and Objective 

 The technology used in the Formula 1 racing car is the result of cumulative efforts by 

some of the best engineers in the world. Any new components or modifications go through 

detailed analytical, computational, and experimental testing. The existing F-Duct system being 

used in Formula 1 cars is too complicated to be studied as a whole, so the objective of this thesis 

is to identify the key concepts from existing systems and to test them in a simple but systematic 

manner.  

 As mentioned earlier, no technical data for the F-Duct is publically available. Because of 

this lack of information, the McLaren system was used as a rough guide in this investigation, and 

with a basic theoretical knowledge of aerodynamics, a number of assumptions were applied 

based on the limited amount of information available. A mixture of fundamental aerodynamics, 

computational fluid dynamics (CFD), and experimental techniques were applied to complete the 

investigation. 
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CHAPTER 2 

 

CONCEPT BEHIND F-DUCT 
 

 

 According to publically available information, the slot on the rear-wing flap of the F-

Duct blows air to stall the flap element. Interestingly, this action influences the flow field over 

the rear wing, resulting in an overall reduction of downforce and drag. The rear wing of a 

Formula 1 car has a low aspect ratio (AR). Thus, it is important to discuss the different drag 

components involved for a low aspect ratio wing. 

2.1 Components of Drag Force on Low Aspect Ratio Wing 

 For subsonic conditions, the overall drag of a finite wing is categorized by two main 

components: lift-independent drag and lift-dependant drag, as shown in Figure 7. 

 

Figure 7: Categorization of drag for low aspect ratio wing [15]. 

Viscosity is a resistance in which fluid particles exhibit displacement in relation to each other 

and also with respect to the surface of a solid [16]. This type of resistance force, known as skin 



11 

friction drag, originates when fluid moves over the surface of a body. Pressure drag arises from 

the normal forces generated due to pressure distribution over the body surface [16]. 

 For two-dimensional bodies, the sum of skin friction and pressure drag is called profile 

drag [17]. For three-dimensional bodies, such as a complete airplane or its subsystems, this is 

normally referred to as parasite drag, which may also include a component of interference drag. 

This thesis deals only with wing and hence we will refer it as profile drag. 

 The profile drag coefficient at zero-lift is denoted by    
. The part of the profile drag 

coefficient that changes with lift is known as the coefficient of profile drag due to lift and is 

denoted by     
. It can be determined as the difference of total drag due to lift and the 

theoretical induced drag [15]: 

     
        

 (1) 

For the finite wing, there is an additional drag due to the pressure difference between the 

lower and upper surfaces. Because of this pressure difference, some flow starts to leak around 

the tip of the wing, creating a vortex downstream of the wing (Figure 8). 

 

Figure 8: Induced drag on an airplane [18]. 

The two wing-tip vortices downstream of a wing induce a small downward component of 

velocity, known as downwash. Downwash (ω) gives rise to a relative local component of 

freestream velocity to a wing section as shown in Figure 9. Furthermore, it creates a component 
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of lift in the direction of freestream velocity, known as induced drag (Di), also shown in Figure 

9. Induced drag, denoted by    
 is a quadratic function of the coefficient of lift. From the lifting 

line theory for incompressible flow over a finite wing, induced drag is given by equation (2). 

    
 

  
 

      
 (2) 

 

 

Figure 9: Effect of downwash on local flow over local airfoil section of finite wing [17]. 

 The lifting line theory neglects any effect of the vortex sheet on the chordwise loading; 

therefore, it is not applicable to the low aspect ratio wing [15]. For the low aspect ratio wing, 

equation (3) provides a more accurate answer [15]: 

    
 

  
 

        
 (3) 

Interestingly the difference between equations (2) and (3) is appreciable only for aspect ratios of 

about 1 or less [15]. 
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2.2 Drag on Rear Wing of Formula 1 Car   

 The size of the rear wing on the Formula 1 car is limited by FIA regulations. The rear 

wing has a low aspect ratio of about AR ≈ 2. It is designed to produce maximum downforce; 

hence, it is heavily loaded. The pressure difference between the two sides of the wing is high 

enough to produce a strong vortex flow, giving rise to a higher induced drag (Figure 10). For a 

low aspect ratio wing, the effect of induced drag is very prominent. At high lift coefficients, the 

majority of drag comes from induced drag because of the strong vortex generated by the wing. 

Since the drag due to lift is such a major component, if one can control the lift, then the drag can 

be controlled as well. 

 

Figure 10: Vortices coming from rear wing [19, 20]. 

 Controlling the amount of lift produced by the wing can be done in a few different ways. 

As mentioned previously, the 2010 FIA regulations do not allow movable aerodynamic surfaces 

or active control systems to influence the flow field [6]. It is hypothesized that the only available 

option to control lift is a passive system. Looking at the information available, it is assumed that 

the flow coming out of the slot separates the flow over the flap element to reduce the downforce 

produced by the rear wing, resulting in a system with less overall total drag. 
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CHAPTER 3 

 

WIND TUNNEL MODEL DESIGN 

 

 This chapter discusses the different components of the existing F-Duct system and its 

workings. Using the McLaren’s F-Duct system as a guideline, a simplified model was designed 

to test the concept motioned in Chapter 2. Finally, physical models were made, and preliminary 

wind tunnel data was obtained. During the wind tunnel testing, several improvements were 

implemented by observing the test data and identifying those areas that could be improved. 

3.1 Analyzing Existing System  

 Analysis of the F-Duct system was done by observation of pictures and reading blogs in 

order to make educated guesses. As mentioned in section 1.5, McLaren’s F-Duct system has two 

major components, a high-lift multi-element low aspect ratio wing, and a duct providing air to 

the rear wing flap element. 

 

Figure 11: Details of F-Duct system [21]. 
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3.1.1 High-Lift Multi-Element Low Aspect Ratio Wing 

 The rear wing consists of two elements, and each element is made from a high-lift airfoil 

section. Both are arranged to produce the maximum amount of downforce at cornering speeds. 

According to 2010 FIA regulations, the rear wing dimensions should be within a box 710 mm × 

350 mm × 220 mm [6]. The maximum chord of the rear wing was estimated to be 350 mm and 

aspect ratio of about AR ≈ 2. As shown in Figure 12, the rear wing is supported at the ends with 

large endplates, which increase the effective aspect ratio of the wing and reduce the effect of 

induced drag [16].The rear wing flap element has a blowing slot to disturb the flow over the rear 

wing.  

 

Figure 12: Blowing slot position on flap element (view of rear wing from behind) [14]. 

3.1.2 Duct System 

 Air is supplied to the flap element from the partition in the airbox. When the system is 

deactivated, the duct supplies air to cool the transmission box, and during activation it supplies 

air to the flap element. The workings of the F-Duct system are passive in nature. The jet velocity 

over the flap element is the result of a pressure difference between the air supplied by the duct 

and the air flowing over the rear wing. This indicates that the duct system must be providing 

higher pressure air compared to the static pressure of air flowing over the slot. To provide higher 

pressure to the flap element, the duct system likely has some internal geometry that recovers the 
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freestream pressure. Also, the flap element might have a pressure chamber for the purpose of 

pressure recovery. 

3.1.3 Parameters Required to Define F-Duct System 

 Previous sections have explained the F-Duct system’s mode of operation. The different 

components and their involvement or function are explained in this section. From analyzing the 

F-Duct system, a number of its key parameters are suggested in Table 1.   

TABLE 1 

 PARAMETERS OF F-DUCT SYSTEM 

1 Reynolds Number (Re) 

2 High-Lift Airfoil Section 

3 Multi-Element Configuration 

4 Aspect Ratio (AR) 

5 Slot Width 

6 Angle Of Blowing (Β) 

7 Slot Location 

8 Jet Velocity Ratio (Cv) 

9 Momentum Coefficient (Cμ) 

 

3.2 Simplifying F-Duct System   

 As previously mentioned, the McLaren F-Duct system is too complicated to be studied as 

a whole, because the technical data is not publically available for reference and the system has 

too many unknowns. The known parameters (Table 1) and number of combinations possible are 

nearly infinite; therefore, to understand and validate the concept behind the working F-Duct 

system, a simplified approach is necessary. 

To identify the operational Reynolds number, the car speed just entering the section of 

straight track is important, because at this point, the system is activated. From the Formula 1 
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official site (www.formula1.com), the speed of the car entering into the straight track is given for 

all race tracks. Table 2 outlines relevant operational speeds and Reynolds numbers. 

TABLE 2 

 OPERATIONAL REYNOLDS NUMBER RANGE 

Speed of Car Entering Straight Track 

(ft/sec) 

Reynolds Number  

for Chord Length of 

1.148 ft (350 mm) 

Maximum  259.73 1,766,669 

Minimum 76.55 520,702 

Average 177.71  1,208,773 

  

 In section 3.1.1, the chord (c) of the wing is given as 1.148 ft (350 mm). Considering the 

Wichita State University (WSU) wind tunnel balance limits and the operational Reynolds 

number, testing speeds and wing dimensions are defined in Table 3. 

TABLE 3 

 SIZING OF BASE WING AND REYNOLDS NUMBERS 

Chord (c) 1 ft 

Span (b) 2 ft  

Aspect Ratio (AR) 2 

  

Dynamic Pressure (q) 

(psf) 

U 

(ft/s) 

Reynolds Number 

(Re) 

10.00 91.92 580,206 

20.00 130.00 820,536 

 

High-lift airfoils were used for the rear wing because they need to produce high 

downforce. These high-lift airfoils were designed with a Stratford pressure recovery method, 

which is based on the path a flow can take for maximum pressure recovery without flow 
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separation [22]. As a result, high-lift airfoils are sensitive to shape and require tight 

manufacturing tolerances during construction. Also, there was not enough data available for the 

high Reynolds number range being investigated. From an experimentation point of view, testing 

these airfoils at an operational Reynolds number would exceed the balance limits of the existing 

WSU wind tunnel facility. Hence, a standard NACA 2412 airfoil was used. These airfoils are 

easy to make, and a vast range of Reynolds number data is easily available for them. Also, these 

airfoils can be tested in the existing facility without exceeding balance limits. 

As noted previously, the rear wing of a Formula 1 car has a multi-element configuration. 

The addition of a flap element to the main element will produce higher downforce but will limit 

the testing Reynolds numbers due to the wind tunnel balance limitation. The effect of drag 

reduction can be a function of the Reynolds number. Therefore, a single element airfoil was 

selected to test the model at a desirable Reynolds number. This also reduced the number of 

parameters that needed to be controlled for experimentation. It was assumed that the effects 

produced by the model slot flow could be small, but testing the wing at higher angles of attack 

should show effects with activation of the slot. 

Because no data was available about slot width, this was assumed to be 3.93 × 10
-2

 in.   

(1 mm). Given the expected model construction capabilities, this width was reasonable.  

The function of the flow slot is to disturb the flow. For maximum disruption, it was 

assumed that the slot flow would produce effects like a spoiler. The simplest way of disturbing 

the flow with spoilers is by deflecting them at 90 degrees; therefore, the blowing angle selected 

was 90 degrees. 

The slot location was assumed at 20% and 60% chord location as no data was available 

about it. 
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The F-Duct system is passive in nature, which makes prediction of jet velocity ratios and 

momentum coefficients difficult. By examining the airbox pictures, it was determined that the 

system has a diameter of about 0.524 ft (160 mm), and the airbox partition is about 15% of the 

total airbox area. After applying a scaling factor of 87% for the pilot model, the inlet area was 

determined to be 2.798 × 10
-2

 ft
2
 (2,600 mm

2
). Once the inlet area was known, the jet velocity 

was predicted by applying the conservation of mass. Considering a slot width of 1 mm, jet 

velocity was predicted, as shown in Table 4. Equations (4) and (5) were used for calculating the 

jet velocity ratio and the momentum coefficient, respectively.  

TABLE 4  

JET VELOCITY RATIO AND MOMENTUM COEFFICIENT 

Jet Velocity Ratio                                                                 

(Cv) 

Momentum Coefficient                            

(Cμ) 

3.2857 0.0299 
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Endplates on the wing increase the effective aspect ratio, which in turn increases the 

maximum lift coefficient. They also provide a space for connecting the ducts to the wing on the 

wind tunnel model. The endplates were made as large as possible to still be within the wind 

tunnel balance limits. The effective aspect ratio of the wing-endplate configuration was 

calculated using equation (6) [23]. Results are shown in Table 5. 
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TABLE 5 

ENDPLATE DIMENSIONS AND EFFECTIVE ASPECT RATIO (AR*) 

we (in) 13 

he (in) 8.7 

Effective Aspect Ratio (AR*) 2.7854 

 

 The function of the duct is to provide air to the wing slot. Many configurations for the 

location of the duct were considered, with duct routing and ease of experimentation as the two 

main concerns. Two configurations were finalized, as shown in Figure 13. 

 

Figure 13: Finalized wing and duct configurations. 

Configuration 2, which places ducts on the endplates, was chosen for the following 

reasons: 

 No interaction of ducts with leading edge. 

 Ease of connection between duct and wing. 

 Ease of changing duct with change in angle of attack of wing. 

 Ease in modifying duct geometry. 

Ducts capture air from the freestream and channel it to the internal chamber. Information 

about the inlet area for the duct was provided in section 3.2. The size of the total inlet area for 

duct was 2.798 × 10
-2

 ft
2
 (2,600 mm

2
). Each of the two ducts on each side of the wing had an 
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inlet area of 1.399 × 10
-2 

 ft.
2
 (1,300 mm

2
), and each was connected to an internal chamber 

through a port with an area of 4.305 × 10
-3

 ft
2
 (400 mm

2
), as will be shown later on in Figure 16. 

Connecting these two areas gave the duct a convergent shape. 

An internal chamber was provided to recover the freestream total pressure and to route air 

as uniformly as possible to the slot. By using this internal chamber, the pressure difference 

across the slot can be increased to achieve higher jet velocity. The cross sectional area of the 

internal chamber is the maximum area available inside the wing section without weakening the 

wing. The internal chamber of this configuration had an area of 2.68 × 10
-2

 ft
2
. 
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CHAPTER 4 

PROTOTYPE-1 

 

  

 Previous sections of this document outline the simplified F-Duct system for 

experimentation. This chapter will present more details about the Prototype-1 test model and the 

data gathered during wind tunnel testing for Reynolds numbers approximately 580,000 and 

820,000, which equate to about 63 mph and 89 mph, or about 101 kmph and 143 kmph, 

respectively. These speeds are within the range of system activation, which were noted in section 

3.2. The results were studied thoroughly, and modifications were made to improve overall model 

quality.  

4.1 Predictions of Aerodynamic Coefficients for Base Wing   

 Before testing Prototype-1 in the wind tunnel, it was important to predict the 

aerodynamic coefficients of the base wing. These predictions provided information about model 

function and helped to better size the model for balance limits. The base wing had an NACA 

2412 airfoil section and an aspect ratio of 2. Two-dimensional (infinite span wing) data for the 

NACA 2412 is readily available, but finding low-aspect-ratio data is rare, so the finite wing 

(three-dimensional) data was estimated using the two-dimensional data. 

 The lift coefficient of the finite wing can be calculated using Prandtl’s lifting line theory. 

This theory gives accurate answers when compared with experimental results, for high aspect 

ratio wings (AR > 4). For low aspect ratio wings (AR < 4), experimental results show a 

pronounced non-linear effect between lift coefficient (CL) and angle of attack (α). This non-

linearity in lift is produced by the tip vortices [24]. 

 Prediction of the lift coefficient for the base wing was done in two steps. Initially, 

equation (7), Helmbold’s equation, for a low aspect ratio straight wing was used to predict the 
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linear portion of the lift curve [17]. Then, equation (8), given by Flax and Lawrence [24], was 

used to predict nonlinearity in the lift.  
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where the cross-flow drag coefficient (C
DC

) = 2 for a wing with non-rounded edges. 

 Prandtl’s lifting line theory does not provide accurate answers for low aspect ratio wings 

at higher angles of attack, because it neglects the effect of the vortex sheet on chordwise loading 

due to induced curvature of the streamlines [15]. The lifting line theory is accurate only for very 

low angles of attack for a low aspect ratio wing. Therefore, drag for a low aspect ratio wing was 

predicted by referring to NACA TN-3324 [15], as shown in Equation (9). For predicting the 

profile drag on a three-dimensional wing using two-dimensional data, an effective two-

dimensional lift coefficient (c
l
’) was calculated using equation (10) [15]. The profile drag of a 

two-dimensional wing at an effective lift coefficient (c
l
’) was used as the profile drag for a three-

dimensional wing with a lift coefficient (CL). 
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4.2 Making of Prototype-1 

 The wing of Prototype-1 was constructed using ribs and spars (dimensions given in Table 

6). As shown in Figure 14, the wing had a total of eight ribs, which were laser cut from poplar 

plywood. Two balsa wood spars went through the ribs, creating a skeleton-like structure for the 

wing. A space was provided at the center of the wing for attaching to the wind tunnel balance. A 

port was provided at the wing tips to allow for the entry of the air from the inlet duct. The port 

had an area of 4.305 × 10
-3

 ft
2
 (400 mm

2
). 

TABLE 6 

  

BASE WING DETAILS 

 

Airfoil Section NACA 2412 

Chord (c) (ft)  1.0 

Span (b) (ft) 2.0 

Aspect Ratio (AR) 2.0 

 
 

 
 

Figure 14: Ribs and spars structure of Prototype-1. 
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 Two separate chambers were provided for each half of the wing. Both chambers were 

separated by ribs at the center of the wing. The chambers, made from foam and plywood, can be 

clearly seen in the cross section of the wing shown in Figure 15. The internal chamber, which 

recovers the freestream air pressure captured by the endplate ducts, had a cross-sectional area of 

2.6875 × 10
-2

 ft
2
. It was supported by “chamber support plates” to provide strength to the wing 

during high angle-of-attack testing and to retain its shape.  

 

Figure 15: Prototype-1 cross section. 

 The airfoil section was designed to provide a slot jet with a width of 3.93 × 10
-2

 in  

(1 mm) at 20% and 60% of the chord. The slots were made with thin wood strips. The openings 

of the slots were perpendicular to the surface of the wing (Figure 16). During construction of the 

model, the slot gap inadvertently increased to 5.905 × 10
-2

 in (1.5 mm), due to manufacturing 

errors.   

 Once the ribs, foam, spars, chamber support plates, and slot plates were glued together, a 

1/32 in. sheet of balsa was wrapped around the ribs and glued, thus creating a smooth surface 

(Figure 17). Then the surface was coated with primer and sanded to provide a good surface 

finish. The endplates were connected to the wing tips using screws, and the convergent duct was 
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glued to the endplates. The inlet area was decreased by 2.18% at an angle of attack of 12 

degrees, which was a negligible change. 

 

(a) 

 

(b) 

Figure 16: Prototype-1: (a) close-up view of 0.2 c slot, (b) side view of wing showing port area. 

 

Figure 17: Assembled Prototype-1 without priming. 

4.3 3 × 4-Foot Wind Tunnel Facility 

 The 3 ft x 4 ft wind tunnel facility at WSU, designed and built by faculty and students, 

was completed in 1985 (Figure 18). It is constructed of steel and fiberglass. The open-return type 

tunnel has two test sections: a pre-section (7 ft x 10 ft), capable of reaching up to 30 mph, and 

the main test section (3 ft x 4 ft), capable of reaching 110 mph. The facility is powered by a 
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 200 hp electric motor, which drives a four-bladed, 11 ft-diameter propeller. The model is 

mounted to a balance using a sting mount system. The three-component balance limits of the 

wind tunnel are as follows: 

Lift = 50 lb ± 4% ( CL = ± 0.05 for q = 20 psf, s = 2 ft
2
 ) 

Drag = 25 lb ± 1.2% ( CD = ± 7.5 × 10
-3

 for q = 20-psf, s = 2 ft
2
 ) 

Pitching Moment = 8 ft-lb ± 3% ( CPM = ± 6 × 10
-3

  for q = 20 psf, s = 2 ft
2
 ) 

α  = +22 deg to -14 deg ± 0.1%  

 

Figure 18: 3 x 4-Foot Wind Tunnel Facility at Wichita State University. 

Wind tunnel corrections were applied to all test data presented throughout this document 

[25] and include the following:  

 Buoyancy  

 Solid blockage 

 Wake blockage 

 Streamline curvature 
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4.4 Prototype-1 Results 

 Prototype-1 was tested to determine base-wing data, endplate effects, slot effects, jet 

velocity measurement, and duct effectiveness. A description of Prototype-1 tests and their 

purposes are shown in Table 7.  

TABLE 7 

PROTOTYPE-1 TEST DESCRIPTIONS AND PURPOSES 

No. Test Description Purpose 

1 Base Wing Compare data with predictions 

2 Base Wing + Endplate Measure effects of endplates 

3 
No Slot 

(model without slots open) 

Measure entire system performance 

(Base Wing + Endplates + Duct) 

4 
0.20 c Slot Open 

(20% of chord slot open) 
Measure effect of jet on aerodynamics coefficients 

5 
0.60 c Slot Open 

(60% of chord slot open) 
Measure effect of jet on aerodynamics coefficients 

6 Pressure Measurement Measure jet velocity and effectiveness of duct system 

 

4.4.1 Base Wing Results 

 Initially, the base wing was connected to the balance with the lower pressure side towards 

the mount. This was done in order to efficiently use the balance limits. The slots on the base 

wing were covered with tape to eliminate their influence. Data for the base wing is presented in 

Figure 19.  
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(a) 

 

(b) 

Figure 19: Aerodynamic coefficients for base wing: (a) CL vs α, (b) CD vs α. 
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 By inspection of Figure 19, it is clear that the base wing has some major issues. Figure 

19(a) shows the variation of lift coefficient with respect to angle of attack. Compared to 

predictions, the lift coefficient of the base wing was off by about 30% at an angle of attack of 8 

degrees for the test run at Re = 820,536. The zero-lift angle of attack was off by 1.37 degrees for 

both test runs at Re = 580,206 and Re = 820,536. Figure 19(b) shows poor correlation with the 

predicted drag coefficient, other than at low angles of attack. Since the lift data shows poor 

correlation with the predicted data, it is possible that the drag coefficients may have been 

overestimated. 

 After comparing lift and drag coefficients for the base wing, flow visualization was done 

to obtain insight into flow behavior on the wing surface. Surface flow visualization was used, 

whereby a oil visualization mixture of black color tempera paint powder, kerosene, and a few 

drops of bicycle oil was combined. Flow visualization was done at Re = 580,206 at an angle of 

attack of 6 degrees. Pictures were taken at the end of the test and studied thoroughly. The flow 

visualization pictures, shown in Figure 20, indicate a major separated flow just behind the 

opening provided for the attachment of the balance. The interference between the mount and 

wing surface produced a triangular-shaped reversed flow region, which could be the source of 

reduced lift and higher drag coefficients. 

 When examined closely, local separated flow regions exist throughout the leading edge 

region. This separated flow could also cause a major reduction in lift. When investigated, it was 

seen that the leading edge has some construction-related waviness. This fault was caused by 

unsupported areas between the ribs, allowing the balsa sheeting to deform and warp. 
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Figure 20: Flow visualization of base wing (top view) at α = 6 degrees, showing support and 

leading edge flow separation (close up). 

 

4.4.2 Effect of Endplates 

  Although the base wing had issues, testing of the model proceeded so that other problem 

areas could be identified. Figure 21 shows the effect of endplates on the base wing. As 

mentioned earlier, these endplates increase the effective wing aspect ratio. The lift prediction for 

the wing with endplates was done using the same methods presented in section 4.1, using an 

aspect ratio of 2.78.  

 Figure 21 (a) shows the variation of lift coefficient with respect to angle of attack. The 

addition of endplates increased the lift coefficient of the base wing, but this was still lower than 

predicted values, due to the same issues occurring in the base wing. The drag coefficient 

increased with the addition of endplates, due to the increased wetted area on the base wing, as 

shown in Figure 21(b), and the noted separated flow.  
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(a) 

 

(b) 

 

Figure 21: Effect of endplates on base wing at Re = 820,536: (a) CL vs α, (b) CD vs α. 
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4.4.3 Effect of Blowing Slots on Prototype-1 

Figure 22 shows the effect on Prototype-1 performance, tested at Re = 820,536, when the 

blowing slots were opened.  

 

(a) 

 

 

(b) 

Figure 22: Effect of slot on Prototype-1 at Re = 820,536: (a) CL vs α, (b) CD vs α. 
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From earlier discussions, it was noted that the drag reduction should be prominent at a higher 

angle of attack; hence, Prototype-1 was tested at angles of attack of 6 to 14 degrees, with steps of 

2 degrees. When the slots were opened, the lift coefficient of Prototype-1 decreased for both slot 

configurations: the 0.6 c slot showed a higher decrease in lift coefficient, about ∆CL = 0.0265 or 

4.6% (at α =10 degrees), compared to the no-slot model. Prototype-1 with the 0.2 c slot stalled 

earlier than with the no-slot or 0.6 c slot model (Figure 22(a)). 

 Both open-slot configurations showed higher drag coefficients than the no-slot 

configuration. The 0.6 c slot configuration showed a very small increase in drag coefficient 

compared with the no-slot configuration. However, the 0.2 c slot configuration showed higher 

drag, an increase of about 1.8 counts or ∆CD = 1.8 x 10
-3

.  

4.4.4 Jet Velocity Measurement and Effectiveness of Ducts 

 It is important to verify the velocity of the jet coming out of the slot. To measure this, 

pressure tubes were arranged along the slots for half of the wing. The arrangement of pressure 

tubes, shown in Figure 23, was done in such a way that they would have only a small influence 

on the wing. A total of 16 pressure tubes were arranged over half of the wing, and 5 pressure 

tubes were placed along the centerline of the internal chamber to measure static pressure inside 

the chamber. Another 5 pressure tubes were arranged along the slots in order to measure static 

pressure over the slot. These are denoted by number “1” in Figure 23. Five “L”-shaped tubes 

were arranged over the slot to measure total air pressure through the slot. These are denoted by 

number “2” in Figure 23. The last pressure tube, used to calculate the velocity of air flowing 

through the duct (via a static pressure reading), was placed 2.65 in. inside the inlet opening. Data 

was taken using a Scanivalve DSA 3212/16 px digital pressure sensor array. 
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Figure 23: Pressure tube arrangement for jet velocity measurement and effectiveness of duct. 

From earlier tests on Prototype-1, it was concluded that for better performance of the 

base wing, the lower pressure side of the wing should be kept away from the balance mount; 

therefore, all pressure measurement tests were done with the lower pressure side away from the 

mount. During initial tests, it was seen that the velocity inside the convergent duct decelerated 

from the freestream velocity, indicating that the inlet area was too large. This result was 

confirmed by putting tufts near the inlet of the convergent duct, as shown in Figure 24. The 

arrows in this figure show two tufts having reverse flow near the inlet of the duct. 
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Figure 24: Endplate and duct covered with tufts. 

Using the known velocity inside the duct, sudden expansion losses, elbow losses, and sudden 

contraction losses were calculated. It was found that the major pressure loss occurred as the 

result of sudden expansion through the port area, which could be reduced if there was a smoother 

transition region between the duct and the internal chamber. Therefore, to further reduce pressure 

losses and increase pressure recovery, a simple divergent duct was designed to replace the 

convergent duct by considering the desired jet velocity ratio (Cv) as 1.35. The resulting divergent 

duct is shown in Figure 25. 

 

Figure 25: Divergent duct. 
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 A divergence angle of 10 degrees was selected. After the divergence, a constant area 

section was provided so that it could accommodate the entire internal chamber up to a 12 degree 

angle of attack. From the convergent duct testing, it was noted that the variation of inlet area 

with the angle of attack increased the pressure losses; therefore, provisions were made to keep 

the duct inlet perpendicular to the freestream velocity at every angle of attack.    

After testing the divergent duct, it was noted that the shape of the duct created 

considerable drag, due to the rectangular cross section and the elbow creating additional pressure 

loss inside the pressure chamber. To improve the design, a half-circle inlet section was used to 

keep the inlet area the same as the divergent duct. The divergent angle was set to 7 degrees. The 

duct was constructed from a carbon fiber and fiberglass layup, with a foam mold used to 

maintain the desired shape (Figure 26). The 90 degree elbow was changed to a smooth curve to 

reduce elbow pressure losses. A guide plate was used to keep the duct inlet perpendicular to the 

flow and the endplates parallel to the flow for every angle of attack tested. 

 

Figure 26: Carbon fiber duct. 

 Testing results for all three ducts at an angle of attack of 12 degrees for a 0.2 c slot and at 

Re = 820,536 are shown in Figure 27. Pressure loss data was normalized with total tunnel 

pressure (Figure 27 b). The jet velocity ratio for the carbon fiber duct was higher than the other 

two ducts because fewer pressure losses were observed through the duct and internal chamber. 
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 All three ducts showed the highest jet velocity 6 in. out from the centerline. This was an 

unexpected result, because higher velocity ratios were expected near the centerline due to lift 

distribution over the wing. 

 

(a) 

 

(b) 

Figure 27: Comparison of jet velocity ratio and pressure losses between convergent duct, 

divergent duct, and carbon fiber duct along half wing span.  
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4.5.4 Modifications Required from Testing Prototype-1 

 After testing Prototype-1 and reviewing the data, it was clear that certain modifications 

needed to be made to improve the investigation and results: 

 Improve the mounting configuration by keeping the lower pressure side of the wing away 

from the sting mount to reduce its interference with the wing. 

 Improve the quality of the base wing to avoid local separation near the leading edge. 

 Provide a guide plate to keep the inlet face perpendicular to flow to reduce pressure 

variations with the angle of attack. 

 Provide for a maximum possible port area to reduce sudden expansion pressure losses.  

 Include a pressure recovery duct to accommodate the port area for the entire range of 

angle of attacks. 

 Require a nozzle-like shape for the slot to reduce sudden contraction losses. 

 Install  pressure taps along the chord for better understanding the effect of slots on the 

wing. 
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CHAPTER 5 

PROTOTYPE-2 

 

  

 Prototype-1 testing revealed various issues regarding the design and quality of the model. 

This chapter explains how all identified issues were resolved and an improved model was made 

for further wind tunnel testing. As before, wind tunnel data was obtained at Reynolds numbers of 

580,000 and 820,000. This model focused on understanding the effect of the slot on the wing and 

the impact that it has on drag reduction.  

5.1 Making of Prototype-2 

 Prototype-2 was constructed with the same rib and spar structure. To increase the strength 

and dimensional accuracy, the number of ribs was increased to 10. Foam was used to form the 

internal chamber, as shown in Figure 28. It was also used on the leading and trailing edges to 

avoid waviness on the leading edge and to increase the surface area for adhesion of the balsa 

sheet skin. 

 The maximum available cross-section area was provided for the internal chamber  

(Figure 29). The new slot utilized a nozzle-like shape, which was formed using foam, as shown 

in Figure 30. It was difficult to maintain a slot gap of 1 mm, so a slot gap of 1.5 mm or 0.059 in 

was used.  

 Pressure taps located 1.5 in. from the centerline were orientated perpendicular to the 

surface in order to measure static pressure variation along the surface, as shown in Figure 31. A 

total of 11 pressure taps were arranged along the chord in 10% increments from 10% to 90% of 

the chord (Figure 31). Two additional pressure taps were placed at 23% and 63% of the chord, 

just behind the slot locations, in order to understand the effect of the slot on the flow field. 
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Finally, a 1/32 in. balsa sheet was wrapped around the foam and rib structure, and the wing was 

covered with a Microlite heat shrink covering to provide a smooth surface finish. 

 

(a) 

 

(b) 

Figure 28: Base model: (a) ribs and spar structure, (b) structure filled with foam. 

 

Figure 29: Prototype-2 cross section. 
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 (a) (b) 

Figure 30: Prototype-2: (a) internal chamber, (b) nozzle-shaped slot. 

 

 

Figure 31: Completed base wing with pressure taps. 

 The size of the end plates was unchanged from Prototype-1. Guide plates were made to 

allow Prototype-2 testing at a greater angle of attack range, from – 4 to 20 degrees, keeping the 

inlet area always perpendicular to the freestream.  

As mentioned previously, the duct was designed for higher pressure recovery (smaller 

pressure losses). Information from the work of Seddon and Goldsmith [26] was used to design 

the ducts to meet these goals. The inlet area of the duct was 1.23 times the exit area, in order to 

retard the entry flow before the inlet, thus giving a higher pressure recovery. A diffusion angle of 

11.5 degrees was used on the first 2 in. of the duct. The duct area was designed to accommodate 
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an angle variation of the internal chamber from –4 to 20 degrees. The elbow of the duct followed 

an elliptical profile to reduce pressure loss. The duct was made using carbon fiber and fiberglass. 

A mold for the duct construction was created using a MakerBot 3D printer. The duct for 

Prototype-2 is shown in Figure 32.  

 

Figure 32: Duct for Prototype-2 (top view). 

5.2  Base Wing Results 

 Results for the new base wing are shown in Figure 33. Lift and drag predictions were 

made, as explained in section 4.2. As can be seen, there is a good match between the predicted 

and experimental data. The zero-lift angle matches closely with the predicted data. The main 

difference in the lift coefficient occurs at higher angles of attack, above 8 degrees. This is 

expected, because predictions were calculated using two-dimensional lift slopes, which did not 

include airfoil section stall characteristics.  

 The base wing showed a higher minimum drag at a 0 degree angle of attack. For an angle 

of attack between 2 and 6 degrees, the test data matched the predicted data. At an angle of attack 

above 6 degrees, the predictions overestimated the drag of the model (Figure 33). 
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(a) 

 

(b) 

Figure 33: Results for base wing: (a) variation of coefficient of lift with angle of attack, (b) 

variation of coefficient of drag with angle of attack. 
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5.3 Prototype-2 Results  

5.3.1 Effect of Endplates and Ducts  

 The results of the base wing with endplates and the duct at Re = 580,206 are shown in 

Figure 34. Endplate installation increased the effective aspect ratio of the wing; hence, a higher 

maximum lift coefficient CLmax was obtained. The maximum lift coefficient was raised to  

CLmax = 1.03. 

 The effective aspect ratio of the wing endplate configuration was 2.78. Prediction for the 

lift coefficient was made using an aspect ratio of 2.78. The predicted and experimental data show 

good correlation with each other, as can be seen in Figure 34(a). With the increased effective 

aspect ratio, the base wing stalled earlier, 18 degrees rather than 20 degrees. The addition of 

ducts on the endplates did not significantly affect the lift coefficient. 

 The addition of endplates and ducts increased the minimum drag coefficient CDmin of the 

base wing model, as shown in the drag polar. Adding the endplates increased the model  

(∆CD = 9.6 × 10
-3

), and adding the ducts increased the drag even more (∆CD = 6.8 × 10
-3

).With 

both endplates and ducts, the minimum drag was increased by ∆CD = 16.4 × 10
-3

; however, for 

the near stall, the drag was the same with and without ducts. 
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(a) 

 

(b) 

Figure 34: Effect of endplates and ducts on base wing. 
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5.3.2 Effect of Blowing Slots on Prototype-2 

Prototype-2 performance is compared with and without slots open in Figure 35 at a 

Reynolds number of 820,536. The base wing showed almost no variation in lift coefficient at 

lower angles of attack, from – 4  to 8 degrees. A drop in lift coefficient was observed at higher 

angles of attack, from 10 to 18 degrees for both slot configurations. Prototype-2 with 20% of 

slots open stalled early, at about 16 degrees, whereas the model with 60% slot flow stalled at 

almost the same angle of attack as the no-slot model. Opening the slots increased the drag 

coefficient for both configurations for the entire angle-of-attack range. The 60% slot 

configuration showed comparatively lower drag increase than the 20% slot configuration. 

Unexpectedly, both configurations showed no signs of drag reduction. 
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(a) 

 

(b) 

Figure 35: Effect of slot on Prototype-2 at Re = 820,536: (a) CL vs α, (b) CD vs α. 
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5.3.3 Pressure Measurement along Chord  

 The pressure measurement along the chord helps to understand the causes of increased 

drag and left reduction for the model. Figure 36 shows the test arrangement for pressure 

measurement along the chord for Prototype-2. The static pressure measurement along the chord 

was done at higher angles of attack. 

  

Figure 36: Pressure measurement along chord of Prototype-2. 

 Figure 37 shows the variation in coefficient of pressure along the chord at an angle of 

attack of 14 degrees for 20% and 60% slot configurations. The no-slot configuration showed a 

flat region between 20% and 30% of the chord, which is an indication of flow separation due to 

tape on the 20% slot location. With the opening of the 20% and 60% slots, a sudden pressure 

variation was observed. At the slot location, pressure increased and flow decelerated. After the 

slot location, the flow accelerated, creating a lower pressure region, which can be seen as a 

sudden peak in Figure 37. 
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(a) 

 

(b) 

Figure 37: Variation of coefficient of pressure along chord of Prototype-2. 
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 The sudden peak on the surface of the airfoil degraded the pressure recovery of the airfoil 

section, thus creating a higher pressure drag. For the 20% slot configuration, the slot reduced the 

suction pressure, thereby reducing lift produced by the wing. For the 60% slot configuration, 

opening the slot reduced the overall area below the pressure coefficient curve and the lift. 

In Figure 37 a small separation region (flat region) can be seen after the slot location due 

to the presence of tape covering the slot. It was theorized that this was due to laminar flow 

separation with a bubble formation. This was avoided by applying a trip strip at the 10% chord 

location. This strip was made of three layers of Scotch tape (0.006 in.), cut with a pinking shears. 

An improvement in drag was observed after the application of the trip strip. Using the method of 

Barlow et al. [29], the effective Reynolds number was calculated per foot of freestream as 

approximately 2 × 10
6
.  

5.3.4 Jet Velocity Ratio and Effectiveness of Duct 

 The jet velocity measurement was done in the same manner as explained in section 4.5.3. 

Care was taken in order to relatively not disturb the flow over the lower pressure (Figure 38). 

 

 (a)  (b) 

Figure 38: Jet velocity measurement: (a) total pressure over slot (lower pressure side),  

(b) static pressure inside chamber and over slots (higher pressure side). 
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Figures 39 and 40 shows the variation of jet velocity and pressure loss over a half span of 

the wing (12 in. long) for the 20% and 60% slot locations at a Reynolds number of 820,536. The 

20% slot location showed higher pressure loss near the tip end of the wing. This could have been 

caused by the 20% slot being located near a sudden 90 degree flow bend (elbow losses). The jet 

velocity ratio was lower at the tip end because of lower pressure difference over the slot. This 

might have been due to the lift distribution variation over the wing and incomplete pressure 

recovery near the duct-chamber connection. 

As air moved forward in the internal chamber, more pressure was recovered and the 

pressure difference across the slot was higher (lift distribution); hence, the jet velocity ratio 

increased and the pressure loss decreased towards the centerline of the wing. For the 60% slot 

location, there were fewer pressure losses near the wing tip because of the smooth entry and 

gradual pressure recovery. The jet velocity ratio was slightly higher at the entry compared to the 

20% slot location. 

 The velocity ratio decreased with the angle of attack for both slot configurations. 

Additionally, the pressure loss increased with the angle of attack for both slot configurations, 

which might be due to the change in angle of port area near the duct-endplate connection.  
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(a) 

 

(b) 

Figure 39: Variation in jet velocity ratio and pressure loss along half wing span  

for 20% slot location. 
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(a) 

 

(b) 

Figure 40: Variation in jet velocity ratio and pressure loss along half wing span  

for 60% slot location. 
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5.3.5 Observations and Conclusions from Prototype-2 Testing 

 The Prototype-2 was tested to observe the effect of the blowing slot on lift and drag 

coefficients. As mentioned previously, the final goal of total drag reduction was not observed. 

The blowing slot reduced the lift coefficient of the model at a higher angle of attack, but 

simultaneously, due to flow disturbances created by the slot, pressure recovery was less efficient, 

which resulted in higher pressure drag. The total drag for both configurations was higher than the 

model with deactivated slots. It is possible that the decrease in induced drag was lower than the 

increase in pressure drag, resulting in a higher total drag. Potential factors affecting the results 

are discussed below. 

 The only jet angle examined was the 90 degree angle. Unfortunately, changing the jet 

angle was difficult. A different blowing slot angle may produce a higher disturbance to the flow 

field around wing.  

 The Prototype-2 was a single-element low aspect ratio wing, hence the lower maximum 

lift coefficient (CLmax) value. It is possible that the base wing was not loaded enough to provide 

high lift coefficients and a large enough induced drag for the reduction in lift to produce 

significant changes in total drag. 

 Changing the airfoil section to a high-lift airfoil is a time-consuming process and was 

decided against in this study due to time constraints. However, the addition of a simple flap 

element is possible. A multi-element wing configuration would provide a higher lift coefficient. 

Lift produced by a multi-element wing is highly coupled, and the interaction of elements is 

complex. It is theorized that a disturbance on one element could reduce the lift coefficient 

significantly and in turn reduce the induced drag.  
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CHAPTER 6 

MULTI-ELEMENT CONFIGURATION 

 

 When the Prototype-2 was tested in the wind tunnel, results did not show any sign of drag 

reduction. By considering the earlier results and analysis of the existing system, a simple flap 

element was added to Prototype-2. This chapter deals with the multi-element configuration 

details. The new configuration was tested in the wind tunnel, and the data were analyzed. The 

pressure measurement tests for jet velocity, effectiveness of the duct, and chordwise pressure 

distributions were assumed to be unchanged and were not repeated due to time constraints.   

6.1 Multi-Element Wing Details   

 The resulting modified model is shown in Figure 41. The flap element had the same 

section as the main element. The chord length of flap element was 30% of the main element. 

The chordline of the flap element was always at a 20 degree incidence relative to the main 

element chordline. The detailed configuration is shown in Figure 41 (a), with the location of the 

flap element shown in terms of the main wing chord. 

 The chord length of the entire configuration was 1.3 ft., and total wing area was 2.6 ft
2
. 

The test data was normalized using these values. The aspect ratio of the entire configuration was 

1.538. The endplates were designed to accommodate the entire multi-element wing. The endplate 

dimensions were 16 in. × 11.7 in. The effective aspect ratio of the model with the addition of the 

endplates was 2.13. 

As explained in section 5.3.3, a small separation bubble was observed after the slot 

location due to the presence of tape. This was avoided by applying a trip strip at the 10% chord 

location on the main element. All tests for the multi-element configuration were done using this 
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trip strip. The addition of the trip strip changed the effective Reynolds number to approximately 

Reeff  = 2 × 10
6
 per foot (see section 5.3.3). 

 
(a) 

 

 

(b) 

Figure 41: Multi-element configuration: (a) flap element details, (b) assembled model. 
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6.2 Multi-Element Wing Configuration Results 

6.2.1 Effect of Flap Element 

 Wind tunnel testing was done using a Reynolds number of approximately 580,000, and 

the results are shown in Figure 42. The addition of a flap element and endplates increased the 

maximum lift coefficient of the model to CLmax = 1.46. This was, as expected, an indication of 

higher loading.  

 The multi-element model stalled early, at an angle of attack of about 15.7 degrees, 

whereas the single element configuration stall was at α =17.2 degrees. The character of the stall 

was sudden, rather than the single-element configuration’s of slow and gentle behavior. 

 

 

Figure 42: Effect of flap element. 
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6.2.2.  Effect of Blowing Slot on Multi-Element Configuration 

 The effect of the blowing slot operation on the multi-element wing configuration is 

shown in Figure 43. At angles of attack less than 6 degrees, both slot configurations showed a 

marginal drop in lift coefficient. There was a significant drop in lift observed between 8 and 12 

degree angles of attack. Correspondingly, the drag coefficient dropped between 8 and 12 degree 

angles of attack. The maximum drop in drag coefficient was observed at about 9.45 degrees for 

the 60% slot configuration. It was also observed that both slot configurations produced a higher 

drag than the no-slot model at lower angles of attack. This could be due to disturbance from the 

blowing slot producing higher parasite drag than the reduction in induced drag, because the drop 

in lift was not sufficient to produce a total drag reduction on the model.  

 At an angle of attack of about 7 degrees, the drag polar of 60% slot configurations 

crossed the no-slot drag polar, indicating equality between the reduction in induced drag and rise 

in parasite drag. After this angle, the reduction in induced drag was dominant and gave rise to a 

reduction in total drag between 8 and 12 degree angles of attack. After a 12 degree angle of 

attack, the wing section was close to the stalling point, which means the parasite drag was 

dominant due to separation or reversible flow. This can be seen in Figure 43 (b), as the slot 

configuration drag polar crosses the no-slot drag polar, producing higher total drag. Both slot 

configurations stalled at about 14 degrees. After stalling, both slot configurations showed higher 

total drag than the no-slot configuration. 
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(a) 

 

(b) 

Figure 43: Effect of blowing slot on multi-element configuration: (a) CL vs α, (b) CD vs α 
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6.3 Multi-Element Wing Configuration with Stall Strip 

 From the previous section, the effect of the blowing slot on the main element was 

determined. However, the existing McLaren F-Duct system has a blowing slot on the flap 

element. It would be useful to see the effect of a blowing slot on the flap element. However, it 

would have been difficult to install a slot on the flap element of the existing model. An 

alternative approach to understand the effects was considered.  

 The purpose of the blowing slots was to separate air flow on the element. To show this 

effect on the flap element, stall strips were attached on the flap element at 20% and 60% of the 

flap chord length. The stall strip was 5.905 × 10
-2

 in (1.5 mm) wide, 1/16 in. thick, and 24 in. 

long. Figure 44 shows the installed stall strips on the upper (suction) surface of the flap element.  

 

Figure 44: Stall strip installed on flap element. 

 The inlet ducts were removed from the model, and the port was sealed so that no air 

could enter the chamber. Slots on the main element were covered with the help of Scotch tape. 

The endplates were kept fixed with the model wing. The new model with the stall strip was 

tested at a Reynolds number of 631,066. 
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6.3.1 Effect of Stall Strip on Multi-Element Configuration 

 Figure 45 shows the effect of stall strips on the lift of multi-element configurations. Both 

stall strip configurations showed a drop in lift coefficient. The model with a 60% stall strip 

showed a higher lift coefficient drop compared to the 20% stall strip configuration. The 

maximum drop in lift coefficient was observed at an angle of attack of about 3.4 degrees for both 

stall strip configurations. The addition of a stall strip shifted the lift polar to the right, which is an 

indication that the camber of the wing was effectively decreased.  

 

Figure 45: Effect of stall strips on lift polar of multi-element configuration. 
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The effect of stall strips on zero-lift angles is shown in Table 8. As can be seen, the 

addition of stall strips did not change the stall angle. Both stall strip configurations stalled at 16.3 

degrees, the same as in the no-slot configuration. 

TABLE 8 

EFFECT OF STALL STRIPS ON ZERO-LIFT ANGLES FOR MULTI-ELEMENT 

CONFIGURATION 

 

 
No Slot  0.2 cf Stall Strip 0.6 cf Stall Strip 

     
 –10.7 degrees

 
–10.45 degrees

 
–10.23 degrees

 

 

 Figure 46 shows the effect of the stall strip on the drag coefficient and the pitching 

moment coefficient, with the drag polar showing some interesting results. For the 20% stall strip 

for angles of attack from – 10 to 6 degrees, drag was higher than that in the clean model; after 6 

degrees, the drag was lower than that of the clean model. The 60% stall strip also showed a 

higher drag for angles of attacks of – 10 to – 6 degrees; however, after – 6 degrees, there was a 

significant reduction in total drag until stall. At an 8 degree angle of attack, the 60% stall strip 

location showed a drag reduction of ∆CD = 12 × 10
-3

. After stall at 16.3 degrees, flow over the 

wing was completely separated, and all configurations showed the same drag.  

 Figure 46 (b) shows a comparison among different stall strip configurations for the 

pitching moment coefficient. The pitching moment coefficient curve shifted upward with the 

addition of the stall strip. The upward shift in this curve was mainly due to the drop in lift. The 

graph for the stall strip at 60% of the flap element shifted farthest from the no-slot configuration 

because the drop in lift for the same configuration was highest. 
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(a) 

 

(b) 

Figure 46: Effect of stall strips on multi-element configuration: (a) CD vs α, (b) CM 1/4 vs α. 

0 

0.04 

0.08 

0.12 

0.16 

0.2 

0.24 

0.28 

0.32 

0.36 

-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 

CD 

α-deg 

Variation of Coefficient of Drag with and without Stall Strip   

No Slots  

0.2cf Stall Strip 

0.6cf Stall Strip 

Re  =  631,066 

 

 

 

 

-0.25 

-0.2 

-0.15 

-0.1 

-0.05 

0 

-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 

CM 1/4 

α-deg 

Variation of Coefficient of Moment with and without Blowing  

No Slots  

0.2cf Stall Strip 

0.6cf Stall Strip 

Re  =  631,066 

 

 

 

 



65 

6.3.2 Flow Visualization  

 Flow visualization was conducted to provide qualitative information about the surface 

flow behavior by applying tufts. Sewing thread was used for the tufts, because they were 

assumed to have a small effect on the results. A tuft grid was prepared and taped to the model. 

Tufts were 1 in. in length and spaced every inch along the span. The flow visualization was done 

at Re = 631,066. 

 Figure 47 illustrates the flow behavior for the multi-element configuration with the 

addition of stall strips at 20% and 60% of the flap element. The direction of the tufts shows the 

direction of flow. Figures 47 (a) and (c) show the stall strip at 20% of the flap element. During 

the flow visualization, the tufts after the stall strip showed a disturbance at 0 and 12 degrees. 

There was no indication of any reversible flow or separation throughout the angle of attack range 

until after the stall. 

 Figures 47 (b) and (d) show flow behavior with stall strips at 60% of the flap element. 

The tufts placed aft of the stall strip showed separated flow throughout the angle of attack range. 

This separated flow will cause a drop in lift and affect loading of the main element.  
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 (a) (b) 

 

 (c) (d) 

Figure 47: Flow visualization of multi-element configuration (suction surface view) with stall 

strips at 20% and 60% of flap element. 
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CHAPTER 7 

CONCLUSIONS 

 

The existing F-Duct system being used in Formula 1 cars is too complicated to be studied 

as a whole. The objective of this thesis was to identify the key concepts from existing systems 

and to test it in a simple but systematic manner. This thesis was composed of three components: 

reviewing the components of the F-Duct system, hypothesizing the operating principles of the F-

Duct system, and testing a system to verify the assumed operating principles. 

 In the initial steps, the F-Duct system was analyzed, and a hypothesis for reducing the 

total vehicle drag by reducing the induced drag was put forward. The jet flow coming from the 

slot acts like an air spoiler on the wing, separating the air flow partially reducing lift, hence 

induced drag. A number of parameters affecting the system were analyzed, and a simplified 

model was made to test the proposed operating principles. 

 Initially a Prototype-1, then a Prototype-2, and finally a multi-element configuration were 

been made and tested, and the following observations were seen:  

 Test results for Prototype-1 pointed out this model’s quality-related issues, highlighting 

pressure loss and pressure recovery. 

 An improved Prototype-2 wind tunnel model showed a marginal lift drop at higher angles 

of attack and higher drag coefficients for both slot configurations.  

 Pressure measurements revealed that the 20% slot location reduced the suction peak of 

the base wing, whereas the 60% slot location decelerated flow, thus reducing the lift 

produced by the base wing.  
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 Wind tunnel data showed notable signs of drag reduction for a modified Prototype-2, a 

multi-element configuration with a 60% blowing slot located on the main element, at 

angles of attack from 8 to 12 degrees where lift reduction was significant. 

 Interestingly, stall strips were used to produce a similar effect as blowing slots. Stall 

strips were installed on the flap at 20% and 60% of the flap chord length. Both 

configurations with the stall strip showed a significant drop in lift. Again, the drag 

reduction with a 20% stall strip location was obtained at a higher angle of attack range 

from 8 to 16 degrees. The 60% stall strip location separated the flow over the flap 

element, creating a higher lift and total drag reduction for an angle of attack range from   

– 6 to 14 degrees. 

For the single element low aspect ratio wing, disturbances on the surface increased the 

pressure drag by a higher margin than the reduction of induced drag. To confirm the hypothesis 

of a single-element low aspect ratio wing, further analysis using a high-lift airfoil is necessary. 

Also, the effect of a flap installed stall strip on the pressure distribution of the main elements 

needs more testing. 

 Testing results suggest that the drag reduction of the Formula 1 rear wing is possible by 

disturbing or separating the flow on one element to reduce lift and hence the induced drag, which 

is a significant portion of total drag. Results also point out that the particular method of drag 

reduction is suitable for multi-element configuration, because the lift is a combined effect of both 

elements.  
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CHAPTER 8 

FUTURE WORK 

 

The multi-element configuration showed a significant drag reduction effect. Although the 

magnitude of reduced drag would not be enough to provide the Formula 1 car an increase in top 

speed of 10 kmph, similar tests with a high-lift airfoil might show better results. 

The high-lift airfoil section for a single-element low aspect ratio wing needs further 

analysis for proving the concept of drag reduction by disturbing the air flow over the surface of 

the wing. 

Different slot locations and angles could change the behavior of the flow field over the 

wing. These could be tested to determine their effect on drag reduction. 

The method of passive flow control to delay the stall angle and reduce drag for the high 

aspect ratio wings could be explored. 
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