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ABSTRACT 

As an aircraft wing approaches the ground, within a chord-length distance, it 

experiences an increase in lift and a decrease in drag.  This is known as ―ground effect.‖  

Furthermore, a Gurney flap positioned perpendicular to an airfoil’s trailing edge (with a 

1% to 5% chord length) will also increase the lift.  This thesis addresses the following 

question:  Are the combined effects of these phenomena additive to any significant 

degree?   Specifically, can the addition of a Gurney flap to an airfoil during ground effect 

increase the lift substantially, and are there any tradeoffs to be considered? 

Notable performance improvements could impact wing-in-ground-effect (WIG) 

aircraft.  Such vehicles fly close to the ground (in ground effect [IGE]) to produce more 

lift than the wing would normally (out of ground effect [OGE]).  WIG aircraft can be a 

small one-person aircraft or large transport aircraft like the Russian Ekranoplans.  

Currently, because these aircraft fly only IGE, they are literally inches off the surface of 

the ground.  Further Gurney flap research could be beneficial for improving similar 

future aircraft.  If the effects are additive, then WIG aircraft could be constructed to fly 

more safely at greater heights.  

This thesis was completed in three phases.  First, a literature review was 

conducted to better understand ground effect and Gurney flaps.  Interestingly, only one 

article was discovered that discussed combining both phenomena (for race car down-

force enhancement applications).  Second, basic and available two-dimensional 

computer codes were evaluated as potential tools for analysis and design.  Only one 

was capable of analyzing an airfoil with a Gurney flap in ground effect.  Third, 
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experiments were conducted in the low-speed wind tunnel at Wichita State University to 

directly evaluate the effect of a Gurney flap on airfoil performance in ground effect. 

Based on the results of this investigation, the following can be stated:  JavaFoil, a 

computer program available online, reasonably models airfoil performance trends with 

Gurney flaps while in ground effect.  Experiments indicate that the addition of a Gurney 

flap to an S7055 airfoil improves its lift, both in and out of ground effect (by up to 68%).  

Interestingly, the effects vary with angle of attack and are most pronounced at small 

values.  But there are also tradeoffs to consider.  Specifically, an increase in drag 

(approximately 48%) and a more nose-down pitching moment (about 85%) 

accompanies the lift improvement for the S7055 airfoil used for testing.   
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CHAPTER 1  
 

Introduction 
 
 

1.1 Background 

Over the past several years, a number of proposals have been introduced to 

develop personal wing-in-ground-effect (WIG) aircraft for entertainment or recreational 

use.  Currently, because their operational altitudes are very close to the ground, almost 

all WIG aircraft operate over water. Operating over land is difficult due to varying 

geographical features that would create obstacles while operating close to the ground:  

trees, power lines, highway overpasses, and rapid vertical terrain changes.  Thus, if the 

same lift produced by ground effect could be produced at higher distances above the 

ground, then WIG aircraft could operate at higher altitudes, thereby generating the 

same lift as they currently do. 

As an airfoil approaches the ground, it experiences an effect that increases its 

effective lift and reduces the drag.  This is known as ―ground effect.‖  In the extreme, if a 

pocket of air is statically trapped under the wing, then as the wing approaches the 

ground, this air is of a higher pressure than the surrounding air and causes the lift to 

increase under the wing.  The Russians have used ground effect to build and fly large 

aircraft, or Ekranoplans, which are capable of carrying large military loads across the 

Caspian Sea.  Smaller versions have been designed as personal aircraft for use over 

water, much the same way as private boats.  In Chapter 2, it will be shown that at lower 

angles of attack, there is only a minimal increase in lift when compared to higher angles 

of attack.  An increase in lift of up to 20% can be seen for higher angles. 
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 A Gurney tab or flap is a solid extension that is added toward the end of an 

airfoil’s lower surface to increase lift with a minimal addition of drag and a minor change 

in the pitching moment.  The word ―tab‖ and ―flap‖ are used interchangeably throughout 

the literature, but for consistency in this thesis, the word flap will be used.  The length of 

these flaps needs to be only about 3% of the wing chord to be effective at increasing the 

lift.  A longer length will cause the flap to protrude through the boundary layer, and the 

resultant increase in drag will negate any potential increase in lift.  It will also be shown 

in the next chapter that unlike ground effect, at lower angles of attack, wings with 

Gurney flaps see approximately 50% increase in lift.  At higher angles of attack, the 

increase is comparable to a wing in ground effect. 

1.2 Goal 

 The goal for this thesis was to combine the two effects (ground effect and Gurney 

flap) to determine if the results are additive.  Although many articles are about either 

ground effect or Gurney flaps, only one article loosely combined both.  This article by 

Zerihan and Zhang [1] looked specifically at the effects of improving the traction of race 

cars on the track.  Dan Gurney designed the flap to be used specifically for this 

purpose.  The current application of Gurney flaps differs significantly in that they are 

intended to improve the lift and not the down force of WIG aircraft.  Because an aircraft 

operating within ground effect is only inches above the ground, obstacle clearance can 

be a major safety issue.  If the addition of a Gurney flap produces an additive force to 

the aircraft, there could be an increase in obstacle clearance and an improvement in 

safety, thus more practically allowing WIG type aircraft to operate over land. 
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The current research was conducted in three phases.  Phase one was a 

background literature search.  Phase two involved the application of computer programs 

to predict the outcome of combining the two effects of ground effect and the Gurney 

flap.  And phase three was an experimental investigation in a wind tunnel to analyze 

results derived during the first two phases. 
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CHAPTER 2  

Literature Background Research 

2.1 Ground Effect 

Ground effect is a well-known phenomenon that has been observed since the 

earliest days of human flight.  It has even been postulated that the original Wright 

Brother’s flight was conducted within ground effect.  Background articles refer to ground 

effect as being observed within one airfoil chord length above the ground.  The 

maximum coefficient of lift values are generally observed when the airfoil is at 

approximately 10% of chord-length distance from the ground [2].  However, the FAA 

instructs pilots to expect ground effect within one quarter of the wing span above the 

ground.  Using the chord as a method of measurement is a better reference.  

Considering that a significant amount of research has been conducted with airfoils, the 

chord is the logical unit of measure to use, although for a novice, the FAA approach 

could be easier to remember and apply.   

Figure 1, reproduced from NACA Technical Note 4044 [3], illustrates what 

happens to a wing as it approaches the ground.  The distance from the ground was 

expressed as a ratio of the height divided by the chord length (h/c).  Specific percent 

increases were not given in any of the reviewed literature, but general trends were 

provided: lift curve slope increases, drag decreases, and pitching moment decreases 

(more nose down).  Some specific observations can be made by looking at this figure.  

Larger effects are noted at higher angles of attack for all three heights.  Below 

approximately 4°, the effects are minimal to none.    
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Figure 1: Ground Effect of NACA 0005 Wing Approaching Ground 

(from NACA TM-4044, Ground Effect [3]). 

 
2.2 Gurney Flap 

By definition, a Gurney flap is a flap attached to the aft end of an airfoil’s 

pressure side and perpendicular to the chord.  Dan Gurney experimented with them to 

improve the performance of race cars.  Liebeck [4] published the first article describing 

the flap’s characteristics and their application for race cars.  Figure 2 depicts an 

example of a Gurney flap attached to an airfoil.  The additional lift generated has been 

found to be up to a maximum flap length of about 5% of the wing’s chord length.  The 

optimum flap length is approximately 3% of the chord length.  An increase of drag is 

seen with the addition of the flap, but when compared in a lift-over-drag format, this is 

small.  A decrease in the pitching moment (i.e., towards the nose-down direction) is also 

anticipated with the addition of a flap.  One study by Neuhart and Pendergraft [5] found 

that the reason Gurney flaps are optimal at about 3% of the chord length is because 
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that is the approximate boundary layer height.  Once the flap extends outside the 

boundary layer, the increase in drag starts to exceed the gain in lift and is not as 

effective.  Most preceding work on this concept has focused on the automotive racing 

industry and ways to increase the down force of race cars on the track. 

 

 

Figure 2:  Gurney Flap on Airfoil Trailing Edge. 

Heron [6] found that, for an NACA 0011 airfoil, a Gurney flap caused an increase 

in the maximum lift coefficient as the flap length increased.  He reported a 25% increase 

for a 1% Gurney flap, a 35% increase for a 2% Gurney flap, and a 45% increase for a 

4% Gurney flap.  All increases were measured against an airfoil that did not have a 

Gurney flap.  This later condition is referred to, and shall be used in this report, as the 

―clean condition.‖  Figures 3, 4, and 5 are from Heron’s [6] report. 

Gurney Flap 

Length (% Chord) 
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Figure 3: Lift Behavior of NACA 0011 Airfoil, Heron [6]. 

 

 

Figure 4: Pitching Moment Behavior of NACA 0011 Airfoil, Heron [6]. 
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Figure 5: Pressure Distribution of NACA 0011 Airfoil, Heron [6]. 

 As discussed in the previous paragraph, the traditional location of the Gurney 

flap is at the end of the airfoil.  As will be shown in Section 2.3, the end is not always the 

optimum location.  Another concept that is traditionally assumed about Gurney flaps is 

that they are thin.  Neuhart and Pendergraft [5] also considered different shapes 

(wedges) and thicknesses of Gurney flaps.  Though not presented in this report, it was 

also found from computer experimentations that the thickness of the Gurney flap can 

have an influence on lift and drag.  

2.3 Contrasts and Comparisons 

Table 1 presents a summary of an airfoil with a Gurney flap added and an airfoil 

in ground effect, in comparison to an unmodified airfoil out of ground effect.   Both 

ground effect and Gurney flaps increase lift.  But unlike ground effect, Gurney flaps 

increase drag.  Graphically it can be seen that Gurney flaps increase all three 

coefficients—lift, drag, and pitching moment—at all angles of attack.  Ground effect 
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shows increases only at an angle of attack (AOA) above 4° and shows only a minor 

increase below an angle of attack of 4°.  Given the advantages and disadvantages 

listed above and to determine an optimal configuration, a trade study is needed to 

determine if both techniques (ground effect or Gurney flap) or either technique for 

improving lift is optimal for a particular application. 

Table 1 

Comparison Summary of Gurney Flap and Ground Effect  

 Lift Drag 
Pitching 
Moment 

AOA 

Gurney Flap increase increase decrease all 
Ground Effect increase no change decrease > 4° 
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CHAPTER 3  
 

Computer Programs 
 
 

3.1 Background 

Different computer programs—JavaFoil [7], Profili [8], and XFoil [9]—were used 

in an attempt to predict results for ground effect and the addition of a Gurney flap.  

Programs like Eppler, which use an inverse design method, were not considered, given 

the complexity of adding a Gurney flap to the airfoil and maintaining a consistent airfoil 

design for comparison.  Also factoring into the search for a computer program was the 

ability to analyze ground effect.   

A common method of calculating ground effect is with the method of images.  

This method calculates the forces of not only an airfoil but also the effect of a mirror-

image airfoil symmetrically placed about an effective ground plane.   

Attempts were made to model an airfoil and its image in the programs and then 

have the software perform polar calculations.  Although programs advertise that they 

are capable of handling multiple element airfoils, many of them poorly handle attempts 

to insert a mirror image as one of the elements.  The common definition or intent of a 

computer program that analyzes multi-element airfoils is to use a main-element airfoil 

with extendable flaps and or slats in close proximity to each other.  Thus, the input of 

two main-element airfoils with significant separation from each other causes the 

program to fail.  No explanation was obtained about why the program failed.  However, 

one program has a ground-effect option, which can perform calculations with an 

internally generated mirror image.  
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Several programs obtained from the Internet and previous student projects were 

considered in this project: Simefoil [10], LinAir Pro [11], and Eppler [12].  However, 

many of them were discarded because they were unable to fulfill the requirements.   

3.2 XFoil 

Profili, written by Duranti Stefano for model aircraft builders, and other similar 

programs that use XFoil to process the airfoil polar information in the background have 

issues with the Gurney flap.  XFoil attempts to smooth the airfoil before it runs the 

analysis.  Even though the program accepts the airfoil with the Gurney flap included, it 

would delete the flap before running the analysis.  A second attempt to add a bump to 

simulate the flap also caused XFoil to fail.  Its natural tendency to handle errors is to 

close the program without warning or indication. 

3.3 JavaFoil 

3.3.1 JavaFoil Background 

JavaFoil turned out to be an interesting program in that it provided solutions for 

both ground effect and the addition of a Gurney flap.  JavaFoil is a program written by 

Martin Hepperel [7].  It is a no-cost code and is run as an applet on the computer or 

through a web browser.  Hepperel describes this program as an upgrade from his 

previous program, CalcFoil.  JavaFoil uses a ―higher order panel method‖ to conduct a 

potential flow analysis; thus, the local inviscid velocities are calculated along the airfoil’s 

surface.  Next, the ―boundary layer analysis‖ computes boundary layer parameters.  

Transition and separation is computed using equations based upon Eppler’s procedures 

[7].  JavaFoil will not compute supersonic flows, and a Mach number less than 0.5 is 

recommended.  Another limitation is that the program does not model separation 
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bubbles or flow separation.  But JavaFoil does use corrections to compute the stall 

location.  Therefore, any analysis beyond stall is considered suspect and not usable.  

Running the program to analyze airfoils in both free air and in ground effect was not 

difficult.  In order to become more comfortable with the use and output of JavaFoil, 

known airfoils and published results were used first.  After comparing results, work 

proceeded using the planned airfoil to be evaluated later in wind tunnel experiments. 

3.3.2 JavaFoil and Ground Effect 

JavaFoil analyzes an airfoil in ground effect through the method of images.  Katz 

[13] describes this method as a suitable way to determine the solution to problems 

when a source is close to a boundary.  Since the solid boundary is not easily modeled, 

the effects can be modeled by adding a second source that is mirrored an equal 

distance from the boundary.  Mathematically, the imaginary source is mirrored across 

the boundary, and then it is summed to the equation with the net result in which the 

original object acts as if the solid boundary is actually present.   When the software 

option ―Ground Effect‖ is selected from the options tab, an imaginary solid boundary is 

drawn along the airfoil chord.  The airfoil is then required to be moved into the proper 

position above the ground plane for analysis.  

As shown in Figure 6 and as a definition for the rest of this thesis, measurements 

to determine the distance (h) from the ground plane were measured at the airfoil’s lower 

surface at the quarter-cord location and reported as a chord-length percentage.  Thus, 

for consistency, both the computer model and the physical model employed in the wind 

tunnel used the same measurements for their respected placements relative to the 

ground plane.  This ability to measure distance to the ground plane was also a factor in 
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choosing the airfoil for this work.  An airfoil with a flat lower surface was easier to work 

with than one with a curvature.  

 
Figure 6:  IGE Distance Definition. 

 

3.3.2.1 Software Ground-Effect Option vs. Mirror-Image Method 

Figure 7 graphically shows the results obtained by using JavaFoil’s ground-effect 

software option on an S7055 airfoil. As can be seen, as the airfoil approaches the 

ground, the lift increases.  Also, using information from JavaFoil, Figure 8 shows the 

drag decreasing as the airfoil approaches the ground.  Both trends were expected per 

the discussion in Section 2.1. 
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Figure 7: Ground Effect on S7055 Airfoil. 
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Figure 8: Drag and Lift Coefficients of S7055 Airfoil IGE. 

 

Figures 9 to 11 show JavaFoil streamlines and pressure contours representing an airfoil 

in ground effect using the software ground-effect option.  The lower edge of these 

figures graphically represents the ground plane.  The distance above the ground plane 

to the lower surface of the airfoil was measured as a percentage of the cord. 

 
Figure 9: AOA 0º at 25% IGE S7055 Airfoil. 
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Figure 10: AOA 4º at 25% IGE S7055 Airfoil. 

 
 

 
Figure 11: AOA 7º at 25% IGE S7055 Airfoil. 

 
 

Next, using the method of images and not the software option for ground effect, a 

second airfoil was positioned symmetrically about a ground plane to make a mirror 

image of the first airfoil.  Sample angle of attacks were taken at 0º, 4º, 6 º, and 7º.  

Figures 12 to 15 represent pictorially the two airfoils at these different angles of attack 
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with each airfoil separated by 25% of the chord length from the ground plane.  These 

figures also depict the streamlines and pressures about the airfoils drawn by JavaFoil.  

The center streamline between the airfoils graphically represents the ground plane. 

 
Figure 12: AOA 0º at 25% IGE S7055 Airfoil. 

 

 
Figure 13: AOA 4º at 25% IGE S7055 Airfoil. 
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Figure 14: AOA 6º at 25% IGE S7055 Airfoil. 

 

 
Figure 15: AOA 7º at 25% IGE S7055 Airfoil. 

 

Figure 16 shows the results of the second analysis using the method of images 

overlaid on the first set of results, which used the ground effect software option.  The 

coefficients are for the upper airfoil only.  The coefficient information for the lower airfoil 
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can be determined by the software, but this was not done since it is the negative value 

of the upper airfoil and does not provide any additional information.  
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Figure 16: Comparing Ground-Effect Option with Method of Images for S7055 Airfoil. 

 

 An interesting note about the method of images results:  After computing the 

polar information, JavaFoil displayed that there was no net lift for the two airfoils but 

there was drag.  The results of the second setup are almost identical to the use of the 

ground-effect option, thus concluding that the ―ground effect‖ software option works as 

intended and will be a useful tool. 

3.3.2.2 Method of Images Misalignment Errors 

 After comparing JavaFoil’s internal ground-effect option with an airfoil using the 

method of images, the results of a lower airfoil not aligned with an upper airfoil was 

investigated.  This information was useful later on during wind tunnel experiments.  

Perfect alignment of the two airfoils was difficult, and Tables 2 and 3 show the possible 

differences.  The upper wing was mounted on the balance, and its angle of attack was 

monitored while data was collected.  However, the lower reflection wing was mounted to 
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a fixed base and not monitored.  As shown in Table 2, lift coefficients vary by about 2%, 

when the intended angle of attack on the upper airfoil being measured is 10º, but with 

the upper airfoil at a zero angle of attack, it can be off by about 57%, when the lower 

airfoil is misaligned by 8º.  Thus, at larger angles of attack, the lower airfoil being 

misaligned has minimal influence on the lift.  Tables 2 and 3 also show drag and 

pitching-moment coefficients being affected when the two airfoils are not aligned, but 

their differences are less than 1%.  Figure 17 shows the differences of the flow with two 

wings at different angles of attack.  As shown in Figure 15 previously, the flow is aligned 

through the middle. 

Table 2 
 

Off-Angle Airfoil Comparison with Upper Airfoil at 10º, 25% IGE Method of Images 

Upper 
α  

Lower 
α 

Cl  
Upper Airfoil 

Cd  
Upper Airfoil 

Cm 0.25  
Upper Airfoil 

[°] [°] [-] [-] [-] 
10 10 1.29 0.008 -0.10 
10 8 1.29 0.009 -0.10 
10 6 1.30 0.008 -0.10 
10 4 1.30 0.008 -0.10 
10 2 1.31 0.008 -0.10 

 

Table 3 
 

Off-Angle Airfoil Comparison with Upper Airfoil at 0º, 25% IGE Method of Images 

Upper 
α 

Lower 
α 

Cl 
Upper Airfoil 

Cd 
Upper Airfoil 

Cm 0.25 
Upper Airfoil 

[°] [°] [-] [-] [-] 
0 0 0.35 0.006 -0.06 
0 2 0.42 0.006 -0.07 
0 4 0.47 0.005 -0.07 
0 6 0.52 0.005 -0.08 
0 8 0.56 0.005 -0.08 



  

20 

 
Figure 17: Upper Surface AOA 7º and Lower Surface AOA 5 º for S7055 Airfoil             

at 25% IGE. 
 

3.3.3 JavaFoil and Addition of Gurney Flap  

Program difficulty occurred while trying to conduct an analysis with a Gurney flap 

attached.  Initially the Gurney flap was included as part of the closed-airfoil coordinate 

set.  The results were interesting in that they were completely opposite of the expected 

outcome, as the lift coefficient decreased.  Therefore, a different approach was taken to 

define the airfoil by entering it into the program as not closed; that is, the first and last 

points were not the same.  This last set of coordinates defined the flap’s bottom edge.  

The results then started to trend in the anticipated direction. 

With the results trending in a more anticipated direction, further analysis was 

conducted to determine the best placement of the flap along the chord.  After varying 

the length and then the location, the result that produced the largest lift coefficient was 

to place a 2% flap at about the 95% chord position, as shown previously in Figure 2 and 

illustrated in Figure 18. 
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Figure 18: Lift Slope Curves for a 2% Gurney Flap at Different Locations. 

 

As a final comparison and using the work of Heron [6], the computer program 

was used to obtain similar trend results for an NACA 0011 airfoil.  Figures 19 to 21 

show these trends.  For this thesis exact computer modeling was not accomplished but 

obtaining results that trend in the same direction was the desired outcome.  More 

accurate computer modeling work was left for future work.  Selective points from 

Heron’s [6] figures shown earlier are overlaid with information from JavaFoil (run at a 

Reynolds number of 1.5 M, the same as in the work by Heron). 
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Figure 19: Comparison of NACA 0011 Airfoil Lift Slope Curves, Heron [6]. 
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Figure 20: Comparison of NACA 0011 Airfoil Moment, Heron [6]. 
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Figure 21: Comparison of NACA 0011 Airfoil Pressure Coefficients, AOA = 4°,       

Heron [6]. 
 

3.4 Comparing XFoil and JavaFoil 

Profili’s polar information was compared to a clean S7055 airfoil with the 

information produced by JavaFoil and with information published by Selig et al. [14, 15].  

Selig et al [14, 15] did not specifically state the following for the S7055 airfoil, but the 

information was calculated or extrapolated from their data.  The lift-slope is 0.096 per 

degree. The maximum coefficient of lift is 1.2 at the stall angle of 11°.  Figure 22 is a 

graphical comparison of Profili, JavaFoil, and published information, comparing both lift 

and drag curves neither with the airfoil in ground effect nor with a Gurney flap.  All three 

curves are very similar.   
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Figure 22: Comparison of Lift and Drag Curves for Profili and JavaFoil  

against Selig et al [14, 15]. 
 

3.5 Combining Ground Effect and Gurney Flap 

Given the familiarity and confidence in the operation of JavaFoil, both the Gurney 

flap and ground effect were then combined and the trends studied.  

  Table 4 displays the polar information obtained with an airfoil that is in free air 

with a mirror-image airfoil below it.  Both airfoils have a 2% Gurney flap located at the 

95% chord location on the lower side.  The angles of both airfoils were varied from 2º to 

10º at 2º increments.  Thus, given the information in Figure 23 at 7° angle of attack, a 

7% increase in the lift coefficient was anticipated with the addition of the 2% Gurney flap 

at 10% in ground effect.  This is compared to a clean airfoil in ground effect at the same 

angle of attack. 
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Table 4 

S7055 Airfoil with 2% Gurney Flap at 10% IGE 

Used Method of Images 
α Cl Cd Cm 0.25 
(°) (-) (-) (-) 
2 0.57 0.027 -0.14 
4 0.83 0.026 -0.15 
6 1.08 0.025 -0.16 
8 1.30 0.028 -0.18 
10 1.37 0.021 -0.09 
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Figure 23: S7055 Airfoil with and without Gurney Flap In and Out of Ground Effect. 
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CHAPTER 4  

Experimental Research 

4.1 Overview 

The literature review and computer analysis were both insightful and educational 

to the extent that one can learn about a subject by reading.  But more information was 

required in order to make a useful conclusion about any additive effect between Gurney 

flaps and ground effect.  Using the Wichita State University Aerospace Engineering 

Department’s 3-by-4-ft wind tunnel, models were prepared to evaluate the effects of 

Gurney flaps as well as the ground effect though the use of a mirror-image system.  The 

use of two wing models in the wind tunnel was an attempt to physically duplicate what 

the method of images does mathematically.  This was also an attempt to more 

accurately control where the ground plane is located, as opposed to using one of the 

walls (with an undesired boundary layer) in the wind tunnel.  A test matrix was used to 

logically order the tests from simplest to most difficult.  The easiest way to validate this 

was to use a clean airfoil and compare the results with other published curves for model 

reliability and repeatability.  This also gave the author an opportunity to gain experience 

with the wind tunnel and balance system before moving on to more difficult tests.   

4.2 WSU 3-by-4-Foot Wind Tunnel 

The Wichita State University wind tunnel, commonly known as the 3x4-ft wind 

tunnel is actually 1x1.31 m.  It has a cross section of 1.31 m2 or 2,030.3 in2.   Also, it has 

the capability of producing velocities up to 160 ft/s.  This results in a Reynolds number 

per chord foot of approximately 1,000,000.  The wind tunnel has a balance installed 

through the upper wall with the following recommended maximum limitations:  35 lb of 
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lift, 25 lb of drag, and 7 ft-lb of pitching moment.  The balance is also capable of a 

sweeping angle from -14º to +22º.  Models are typically attached to the balance via a 

flat plate that is screwed to a mounting block on the model.  They are run inverted while 

a computer program collects data by sweeping the model through different angles of 

attack. 

4.3 Two-Dimensional Testing 

The models for this thesis were almost full span in the tunnel, with an 

approximate ¾-in gap on each side for movement while attached to the balance.  This 

end clearance, nonetheless, was done to approximate the equivalence of having large 

end plates on the model.  Therefore, essentially two-dimensional results from the 

collected data were expected.  Additional experiments and analyses are presented later 

to confirm this assumption. 

4.4 The Model 

The model tested was an S7055 10.5% thick airfoil, which was designed 

specifically for model aircraft builders [19].  Because of its design, this airfoil was 

selected for having a relatively flat lower surface, making it easy to attach and remove 

the Gurney flaps.  Such a construction, typical of model aircraft wings, involved the 

following details.   

Ribs were cut with a laser cutter and glued approximately every 5 in and held in 

place by stringers.  The front edge was wrapped with a thin sheet of material to hold this 

shape as constant as possible.  The entire model was then wrapped with Mylar plastic 

(MonoKote®) to reduce friction roughness from the wood.  A mirror image with a stand 

and mounting plate was also constructed.  The overall width of the model was 48.125 
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in, leaving approximately ¾ in on each side to the walls of the wind tunnel.  The chord 

length of the model was 18 in.   For ease of construction, a Gurney flap 0.375 in square 

in cross-section was attached to the model.  This 0.375 in height was approximately 

2.1% of the chord length. 

 

 
Figure 24:  CATIA Models of Wind Tunnel Setup. 

 

4.5 Testing Matrix 

 Table 5 outlines the test matrix. 
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Table 5 

Testing Matrix 

1. Airfoil verification without Gurney flap and in free air 
[1] OGE 
[2] Reynolds number ~500K 
[3] AOA (0º to 14º at 1º increments) 

2. Airfoil with Gurney flap and not in-ground effect 
[1] OGE02GF 
[2] Reynolds number ~500K 
[3] AOA (0º to 14º at 1º increments) 

3. Airfoils without Gurney flap and within ground effect  
[1] 15%IGE and 25%IGE 
[2] Reynolds number ~500K 
[3] AOA (0º to 6º at 2º increments) 
[4] Ground effect at 15% and 25% 

4. Airfoils with Gurney flap and with in-ground effect  
[1] 15%IGE02GF and 25%IGE02GF 
[2] Reynolds number ~500K 
[3] AOA (0º to 6º at 2º increments) 
[4] Ground effect at 15% and 25% 

 

4.6 Expected Aerodynamic Forces 

As stated earlier, the wind tunnel has recommended limitations for the balance:  

35 lb of lift, 25 lb of drag, and 7 ft-lb of pitching moment.  Tables 6 to 9 identify the 

expected aerodynamic coefficients and loads.  Six lift conditions were calculated to 

exceed the recommended limit by 1.6 pounds, but they do not exceed the balances 

ultimate limit.  All conditions were carefully monitored during testing to ensure no 

damage to the equipment would occur.   Standard air data at sea level and 59ºF was 

used for these preliminary estimates.  Actual data was corrected for temperatures and 

atmospheric pressure the day of the wind-tunnel runs.  All runs in the wind tunnel were 

expected to be at a velocity of 60 ft/s.  This would produce a Reynolds number of 
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approximately 500,000, which was used for all of the JavaFoil predictive curves shown 

in later figures. 

Table 6 

Preliminary Load Determination in Free Air 

S7055 Airfoil in Free Air (60 ft/s) 
AOA Cl Cd 1/4 Cm L D M 
(deg) - - - (lbf) (lbf) (ft-lbf) 

0 0.36 0.006 -0.06 9.5 0.2 -1.6 
1 0.47 0.007 -0.06 12.6 0.2 -1.6 
2 0.59 0.007 -0.06 15.8 0.2 -1.7 
3 0.71 0.008 -0.06 18.9 0.2 -1.7 
4 0.82 0.008 -0.07 22.0 0.2 -1.8 
5 0.94 0.010 -0.07 25.0 0.2 -1.8 
6 1.05 0.010 -0.07 28.1 0.3 -1.8 
7 1.15 0.012 -0.07 30.8 0.3 -1.9 
8 1.23 0.017 -0.07 32.8 0.4 -1.9 
9 1.27 0.020 -0.07 34.0 0.5 -1.9 

10 1.28 0.023 -0.07 34.3 0.6 -2.0 
11 1.06 0.072 -0.02 28.2 1.9 -0.5 

 

Table 7 

Preliminary Load Determination IGE 

S7055 Airfoil in Ground Effect 15% of Chord 
AOA Cl Cd 1/4 Cm L D M 
(deg) - - - (lbf) (lbf) (ft-lbf) 

0 0.34 0.005 -0.06 9.1 0.1 -1.6 
1 0.52 0.006 -0.07 13.8 0.2 -1.9 
2 0.68 0.006 -0.08 18.3 0.2 -2.2 
3 0.84 0.007 -0.09 22.4 0.2 -2.4 
4 0.98 0.007 -0.10 26.1 0.2 -2.8 
5 1.10 0.008 -0.12 29.5 0.2 -3.2 
6 1.21 0.009 -0.13 32.2 0.2 -3.6 
7 1.28 0.012 -0.15 34.2 0.3 -3.9 
8 1.32 0.014 -0.16 35.3 0.4 -4.2 
9 1.33 0.006 -0.09 35.6 0.2 -2.4 
10 1.31 0.009 -0.10 35.1 0.2 -2.7 
11 1.27 0.013 -0.11 33.9 0.3 -2.9 
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Table 8 

Preliminary Load Determination with Flap in Free Air 

S7055 Airfoil with 2% Gurney Flap at 95% Free Air  
AOA Cl Cd 1/4 Cm L D M 
(deg) - - - (lbf) (lbf) (ft-lbf) 

0 0.50 0.029 -0.12 10.3 0.6 -2.5 
1 0.57 0.030 -0.12 12.0 0.6 -2.5 
2 0.66 0.030 -0.12 13.7 0.6 -2.5 
3 0.74 0.032 -0.12 15.5 0.7 -2.5 
4 0.83 0.033 -0.12 17.3 0.7 -2.5 
5 0.92 0.035 -0.12 19.1 0.7 -2.6 
6 1.00 0.037 -0.12 20.9 0.8 -2.6 
7 1.09 0.041 -0.12 22.8 0.9 -2.6 
8 1.18 0.043 -0.12 24.7 0.9 -2.6 
9 1.03 0.080 -0.03 21.5 1.7 -0.7 

 

Table 9 

Preliminary Load Determination with Flap IGE 

S7055 Airfoil with 2% Gurney Flap at 95% in Ground Effect 15% of Chord 
AOA Cl Cd 1/4 Cm L D M 
(deg) - - - (lbf) (lbf) (ft-lbf) 

0 0.57 0.026 -0.14 15.2 0.7 -3.8 
1 0.69 0.025 -0.15 18.5 0.7 -3.9 
2 0.81 0.025 -0.15 21.8 0.7 -4.1 
3 0.93 0.025 -0.16 24.9 0.7 -4.2 
4 1.05 0.024 -0.16 27.9 0.7 -4.4 
5 1.16 0.025 -0.17 30.9 0.7 -4.6 
6 1.26 0.027 -0.18 33.7 0.7 -4.8 
7 1.36 0.028 -0.18 36.3 0.8 -4.9 
8 1.37 0.019 -0.10 36.6 0.5 -2.6 
9 1.34 0.021 -0.10 35.8 0.6 -2.7 
10 1.29 0.024 -0.11 34.6 0.6 -2.9 
11 1.23 0.028 -0.11 32.8 0.7 -3.0 

 

4.7 Expected Uncertainty or Errors 

Accuracy is always an issue when conducting experiments.  Errors may occur in 

multiple ways when working with actual models in the wind tunnel.  The following 
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paragraphs provide explanations of some expected errors and a description of the 

actions to detect and avoid them.   

4.7.1 Construction Errors 

The actual building of the model may deviate from the ideal and cause a 

deviation in the data collected.  Through the use of computer modeling of the test model 

and laser cutting the parts, these errors were kept to a minimum.  Final measurements 

were taken to check the accuracy of the model. 

4.7.2 Wind-Tunnel-Blockage Errors 

Errors in the use of the wind tunnel itself, such as blockage, were examined and 

attempted to be minimized.  Blockage is a condition when the addition of a model in the 

test section of the wind tunnel reduces the available flow frontal area.  A simple 

application of continuity explains that this reduction in area increases the flow velocities 

around the model and thus decreases the observed coefficients.  A rule of thumb is that 

blockage becomes significant when the model occupies more than 10% of the test 

section.  Blockage was estimated to be about 9% when both models are in the wind 

tunnel at the same time.  Pope and Harper [16] indicates that 9% blockage is significant 

enough for which to correct.  With only a single model in the wind tunnel, the error in the 

coefficient of lift was expected to be about 6.5%.  With both models in the tunnel during 

the ground effect study, the errors in lift were expected to be about 9%.   The 

corrections, as described by Pope and Harper, were utilized for all cases in this study.  

4.7.3 Installation Errors 

To study ground effect, a second, mirror-image model of the primary test model 

was in the test area of the wind tunnel at the same time as the primary model.  This 
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second model can introduce errors in the data primarily through positional 

misalignments in either angle of attack—horizontal or vertical.  To produce accurate 

data, the second model needed to be a mirror image of the primary model about an 

imaginary ground plane.  The mirror model must be located accurately in all respects: 

fore-aft, vertical, and angular positioning.  Tables 2 and 3, generated using JavaFoil, 

illustrate the errors of the coefficients if angular alignment is not maintained.  The tables’ 

first lines are the expected values, and the lines that follow show the deviation when the 

lower mirror-image model is out of angular position.  Larger deviations can be seen at 

lower angles of attack—57% versus just over 1% at the extreme.  Figures 25 and 26 are 

computer-generated JavaFoil illustrations of the errors.  Measurements of the 

installation were taken for accuracy, and the deviations were recorded. 

 
 

Figure 25: Normal Mirror Image. 
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Figure 26: Abnormal Mirror Image, Off by 1º. 
 

 Deviations in the horizontal direction were briefly determined for an airfoil in 15% 

IGE.  A forward or aft 5% horizontal misalignment, 0.9 in, caused a ±2.5% deviation in 

lift, and a ±1% deviation in drag, but the pitching moment changed by more than ±30%.  

Thus, through careful horizontal alignment when placing the models in the wind tunnel, 

minor deviation in lift and drag was expected.  However, deviations in the pitching 

moment are a clue to the true accuracy of the installation.  It was anticipated that it 

would not be difficult to horizontally align the models within 0.125 in; therefore, 

deviations no larger than 0.4% in lift, 0.1% in drag, or 4% in pitch moment were 

expected to be observed. 
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CHAPTER 5  

Results 

This chapter presents wind tunnel test results in the order conducted.  Results 

will be discussed at the end of the chapter. 

5.1 Wind Tunnel Corrections 

It was anticipated that the first two wind tunnel tests would not require corrections 

for solid blockage, given that the model volume was approximately 6%, but there was 

value in using Pope and Harper’s method of correcting the raw information for all tests.  

With the second model installed, the actual solid blockage increased to approximately 

13%.  This amount of blockage was larger than originally estimated due to the wind 

tunnel’s test section size being actually smaller than estimated.  The following sequence 

of equations from Pope and Harper [16] were used to correct all acquired information for 

solid blockage. 

2
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tcbK
sb       (1) 

For a model spanning the wind tunnel, the variable K1 is given by Pope and Harper [16] 

as equal to 0.74/in. 
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This correction will increase the angle of attack about 5% for a clean airfoil and about 

6% for an airfoil with a Gurney flap. 

)21(   lul cc      (6) 

A decrease in the coefficients of lifts of about 9% will be observed for a clean airfoil and 

12% for an airfoil with a Gurney flap. 

4
)21(4/14/1

l

umm

c
cc


      (7) 

This correction will decrease the moment coefficients for a clean airfoil about 12% and 

an airfoil with a Gurney flap to about 17%. 

)231( wbsbdud cc              (8) 

And lastly, the coefficient of drag will be reduced about 4% for a clean airfoil and about 

9% for an airfoil with a Gurney flap. 

5.2 Results from First Configuration (OGE) 

The primary focus of this test configuration was to compare the model in the wind 

tunnel with S7055 airfoil information predicted by JavaFoil and the published polar data.  

This test was conducted with a model having a wing span of 48.125 in and a chord 

length of 18 in. The actual measured span of the wind tunnel test section is 49.75 in.  

Additionally, second and third runs were conducted using compliant foam to seal the ¾-

in gap between the model tip and the tunnel walls.  The additional runs were also 

conducted for the next configuration.  Results were almost identical to the initial run; 

therefore, the foam was not used for any runs conducted with the third and fourth 

configurations.  

  As shown in Figure 27, the model was mounted on the balance in the wind 

tunnel.  Lift, drag, and pitching moment data were recorded at one-degree increments 
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over 14 different angles of attack.  The recorded lift and drag data were measured in 

pounds force, lbf.  The pitching moment was measured in foot-pounds, ft-lbf.  Dynamic 

pressure, q, was input to control the wind tunnel speed and measured in pounds per 

square foot, lb/ft2. Given the variations of measured wind speed, the data was then 

converted to coefficients using a 6.02 ft2 reference wing area.   Figure 28 shows the 

results obtained for lift.  Drag and moment information for all tests are discussed at the 

end of this chapter. 

 

 

Figure 27:  Model Mounted in Wind Tunnel 
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Figure 28:  Expected Results Compared with OGE Experimental Data 

 
 

The solid line shown in Figure 28 is the JavaFoil predicted results.  The small 

square and diamond data points are the measured uncorrected data from the first and 

second tests. The large square points represent the data after it was corrected for 

blockage using Pope and Harper’s method.  A third-order trend line was added to 

visually compare the corrected results to the predictive line.  Extrapolating to the left, the 

predicted and corrected data intercept the zero-lift line at -3º angle of attack.  The 

predicted lift coefficient’s slope is 0.12 per degree, and the corrected data’s slope 

equals 0.10 per degree.  As stated earlier the published information, by Selig et al [14, 

15] for a S7055 airfoil has a lift coefficient slope of 0.096 with a maximum of 1.2 at 11° 

angle of attack.  The lack of a stall in the corrected data will be discussed later in the 

chapter. 
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5.3 Results from Second Configuration (OGE02GF) 

The primary purpose of this test was to evaluate the model made from the S7055 

airfoil with the addition of a 2% Gurney flap in the wind tunnel for comparison to the 

predicted data from JavaFoil.  The same model from the first test was used, and a 

0.375-in-thick extruded block was used as the Gurney flap.  Thus, the Gurney flap was 

2.1% of the chord length.  The front face of the flap was placed 1 in from the trailing 

edge of the model, which positioned it at 94.4% of the chord.    Figure 29 shows the 2% 

Gurney flap attached to the model.  Data from this second configuration are presented 

in Figure 30.   

 
Figure 29:  2% Gurney Flap on Model 
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Figure 30:  Expected OGE 2% Gurney Flap Results Compared with Experimental Data. 
 

 Similarly, as described in the last section, the solid line in Figure 30 is the 

JavaFoil predicted results.  The uncorrected results of this test and a second test are 

represented by the small triangles and diamonds, respectively.  After applying the wind 

tunnel corrections, the large square points were included in the figure.  A third-order 

polynomial trend line was also added to compare the corrected result with the prediction 

line.  The predicted angle of attack for zero-lift is -5.8º, and the corrected data is -4.1º.  

The lift coefficient’s slopes for both the predicted and corrected lines are 0.08 per 

degree.  This configuration’s corrected data also does not show a stall which was 

predicted at about an 8° angle of attack.  It will be discuss later in this chapter. 

5.4 Results from Third Configuration (15%IGE and 25%IGE) 

The primary purpose of this test was to evaluate the S7055 airfoil with a mirror-

image airfoil in the wind tunnel for comparison to predicted data from JavaFoil.  This test 

was conducted in two parts.  The first part was conducted with the models simulating a 
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wing in ground effect at 15% of chord length above the ground plane.  The second part 

was conducted with the models spaced to simulate a wing in ground effect at 25% of 

chord length above the ground plane.  Figures 31 and 32 show these setups in the wind 

tunnel. 

 
Figure 31:  Model and Mirror-Image Model Mounted at 25% Chord Height. 
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Figure 32:  Model and Mirror-Image Model Mounted at 15% Chord Height. 

 

  Again, the model from the first test without the Gurney flap was used and 

mounted to the balance.  A second model was constructed using the same method as 

the first and mounted on a pole held rigidly by a large platform secured to the floor of 

the wind tunnel.  CATIA was used to design the IGE configuration setups.  Materials 

were then cut, assembled, and the test setup was installed in the wind tunnel.   

Although 15% was the intended test condition, an actual distance between the two 

models of 5.06 in, approximately 14%, was measured after the setup was installed in 

the wind tunnel.   

A digital inclinometer was used to verify the two models’ angles of attack prior to 

starting the tunnel for each run.  A second smaller rod was used to hold the aft end of 

the mirror-image model at the test condition’s angle of attack.  Data was measured at 

four different angles of attack.  Lift results are presented in Figure 33.  Also, the zero-lift 

Flow Direction 



  

43 

angle of attack for the predictive line was -1.5º and for the corrected data was -2.5º.  

The slopes were 0.21 per degree and 0.13 per degree for the lift coefficient’s predictive 

line and the corrected data’s trend line.    
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Figure 33:  Expected Results Compared with Experimental Data at 15% IGE. 

 

A second part of the test was to mount the lower, or reflection, model on a 

different pole to test the in-ground effect of 25% chord length.  As installed, the actual 

measurement was 8.75 in, or 24.3% of the chord.  Test results are presented in Figure 

34.  The zero-lift angle of attack for the predictive line is -2.1º and for the corrected data 

is -2.8º.  The slopes are 0.16 per degree and 0.12 per degree for the lift coefficient’s 

predictive line and the corrected data’s trend line, respectively.   The mirror-image 

model was tested at the same four different angles of attack as the first part of the test.  

During each run, with the lower model set at a target angle of attack, the angle of attack 

of the upper model was varied by +1º and -1º off of the test runs’ target angle of attack.  
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This data was used to evaluate the sensitivity of the angular relationship between the 

two models.  As expected from Section 4.7.3, the lower angles of attack were more 

sensitive to a model off the target angle than at the upper angles of attack.  Although 

not shown in Figures 33 or 34, the averages of the off-angle lift data did fit on the trend 

line curve. 
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Figure 34:  Expected Results Compared with Experimental Data at 25% IGE. 

 

5.5 Results from Fourth Configuration (15%IGE02GF and 25%IGE02GF) 

The primary purpose of this test was to evaluate the same models from the 

previous configuration, except that the 2% Gurney flap was installed on each model.  As 

shown in the last test, the models were spaced to simulate ground effect at 15% and 

25% of chord length above the ground plane.  A photograph of the installation is shown 

in Figure 35. 
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Figure 35:  Model and Mirror-Image Model with Gurney Flap Mounted at 15% IGE. 

 

Data was collected at four different angles of attack and are represented in 

Figures 36 and 37.  Also, as in the last test, the upper model was varied by +1º and -1º 

at each test condition’s angle of attack with similar results.  The solid line represents the 

predicted lift.  Triangles reflect the uncorrected data. And the larger boxes represent the 

corrected data.  A trend line is drawn through the corrected data for comparison to the 

predicted line. 

For the 15% IGE with 2% Gurney flap, the zero-lift angle of attack for the 

predictive line is -4º and for the corrected data is -4.4º.  The slopes are 0.12 per degree 

for both the lift coefficient’s predictive line and the corrected data trend line.    
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15% IGE, 2% Gurney Flap
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Figure 36:  Expected Results Compared with Experimental Data with 2% Gurney Flap 

at 15% IGE. 

 

For the 25% IGE with 2% Gurney Flap, the zero-lift angle of attack for the 

predictive line is -5º and -4º for the corrected data.  The slopes are 0.15 per degree and 

0.12 per degree for the lift coefficient’s predictive line and the corrected data’s trend 

line, respectively.    
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25% IGE, 2% Gurney Flap
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Figure 37:  Expected Results Compared with Experimental Data with 2% Gurney Flap 

at 25% IGE. 
 

5.6 Discussion of Results 

As mentioned in an earlier section, a second and third run was conducted for the 

first and second configurations, primarily to explore the effects of closing the gap 

between the model’s wingtips and the wall of the wind tunnel.  Initially, data from the 

three different runs appear to have minor differences, but two statistical tests confirmed 

that these differences do not preclude the data from being the same population.  The 

initial configuration results in the form of a quantile-quantile (Q-Q) plot, as shown in 

Figure 38. To construct the plot, data from each different run were taken at the same 

angles of attack.  The collected data points for the different runs were at different angles 

of attack because the points were not recorded at exact whole number integers.   First, 

it was necessary to convert the data points into an equation for each run and then solve 

the different runs for the same 13 different AOA values.  The variation or R2 values for 

each of these equations exceeded 0.99, which indicates a very good fit.  The resulting 
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points were then plotted on a Q-Q plot with the expectation that a good fit produces a 

linear line.   Trend lines and their equations were added to the plot to highlight the three 

different runs.  All three lines were linear and are close to the reference line drawn on 

the figure. Thus, it can be concluded that the data are related.  But another test was 

needed to confirm this conclusion. 

The second test was a statistical test to confirm that the data collected from the 

three runs was not three separate equations but rather originated from the same base 

equation and data from the same population.  A failure of this test would cause doubt 

about the repeatability of this experiment.   
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Figure 38:  Q-Q Plot Comparing Coefficients of Lift for Different Runs. 

 

The first part of this second test was to use Microsoft Excel™ to conduct a 

―descriptive test‖ about the data.  The test produced the following information about the 

three runs:  the means equal 0.96, 0.99, and 0.98 respectively; the standard deviation 
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equals 0.29, 0.27 and 0.27, respectively; and the resulting Kurtosis and skewness 

numbers were less than 2.  An ANOVA analysis should be conducted to confirm that the 

three sets of data were from the same population.  But the result of the effect size 

calculation resulted in a number not large enough to support the ANOVA analysis [17].  

The primary reason for the low effect size number was the data size.  Thirteen data 

points are considered small, whereas 50 points would be required to increase the effect 

size to allow using ANOVA.  Thus, the nonparametric Kruskal-Wallis Test [18] was 

conducted with the software program Minitab™.  The resulting p-value was significantly 

large enough to confirm that there was clearly no difference between the coefficients of 

lift for the three runs.  Therefore, with the data being shown to be from the same 

population, it can also be said that the experiment is repeatable. 

Discussed next are the differences between the predicted data and the corrected 

experimental data and the following questions: What causes the difference?  Are the 

differences due to aspect ratio effects?  Are they caused by overestimation? Or are the 

differences due to something else? 

One question can be answered quickly.  Overestimation by JavaFoil is part of the 

difference.  From an earlier section, Figure 22 showed that there is a 7% difference 

between JavaFoil and data published by Selig et al for this airfoil.  This difference was 

easily seen at a higher angle of attack.  This can account for some, but not all, of the 

more than 20% difference seen in the experimental data. 

Next, the question about the data and aspect ratio effects can be resolved.   

Specifically, is the corrected data for an airfoil (i.e., two-dimensional) or a wing (i.e., 

three-dimensional)?  Because the corrected data is below the prediction line, this leads 
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to the initial conclusion that the results could be showing effects caused by the aspect 

ratio.  Two statements and a quick comparison led to the result that this is not the issue.  

Pope and Harper [16] states that if three-dimensional effects need to be observed in the 

wind tunnel, then the model’s span needs to be less than 80% of the tunnel’s width.  

The models used for this thesis occupied 97% of the tunnel’s width.  When the gaps 

were sealed with foam, the models occupied 100% of the tunnel’s width.  Next, other 

papers on this subject did not correct for aspect ratio, with their models occupying 

almost a full span of their tunnels.  Lastly, Figure 39 was developed using JavaFoil for 

different aspect ratios with the same airfoil as the tested model.  The model used in the 

wind tunnel had an aspect ratio of 2.67.  Figure 39 shows that the corrected 

experimental data is not close to the 2.67 aspect ratio line.  Thus, it is assumed that the 

computer program over-predicted the lift, and the corrected experimental data are not 

affected by aspect ratio. 
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Figure 39:  Aspect Ratios Compared to OGE Corrected Data. 
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A thesis by Saha [20] showed the changes in data as a semi-span model gaps 

the wall of a wind tunnel.  Saha’s results indicate that as the gap enlarges, a difference 

in lift of up to 18% can be seen when compared to a model that has no gap at all.  

Though Saha primarily discussed semi-span models, there was inference to the 

possibility that a similar effect could be seen in a full-span model, such as the one used 

for these experiments.   

Thus, it is likely that a combination of items caused the difference between the 

predictive lines and the corrected experimental data.  Further research is needed to 

improve the accuracy of the data. 

Although there is a difference between the data for the configurations without a 

Gurney flap, the other three test results with the Gurney flap show good trending 

between the predicted line and the corrected data.  This could lead to the conclusion 

that this is a good estimate.  However, the method of computer modeling the Gurney 

flap will need to be adjusted to provide an equivalent estimate. 

The next item for discussion is that the predicted lift data shows the airfoil stalling 

at either 8º or 10º.  Lift data results do not show a stall occurring within the range of 

angles of attack that were tested.  This can be explained primarily by the following 

reason from Pope and Harper [16]:  The model’s chord length (18 in) is longer than the 

quotient 0.4h (13.85 in), where h is the height of the wind tunnel’s test section.  Pope 

and Harper [16] explain that this will extend the stall by several degrees of AOA.  With 

the balance actuation limitation, the angle of attack could not exceed 14º, as configured.  

The stall should occur at some larger angle than was recordable during these tests. 
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Now, a comparison of the experimental data on lift, drag, and pitching moments 

will be discussed.  Figures will be presented to illustrate how the data ranks for each of 

the different configurations.  Also, other figures will show how the experimental data 

compares to the OGE airfoil. 

Figure 40 is a compilation of the previously reported lift information.  The solid 

line is the predicted lift information for the airfoil configuration out of ground effect.  The 

dashed line is the airfoil in ground effect prediction.  The points are the corrected 

experimental data.  Figure 41 only uses the experimental data and shows the difference 

expressed as a percent between the coefficients of lift for the clean airfoil and the other 

three conditions.  As expected, all three conditions increase the lift coefficients.  The 

condition of the 15% IGE 2% Gurney flap shows the largest increase—with an 82% 

increase at 0º AOA and 39% at 6º AOA.  Figure 42 is similar to Figure 41 but shows the 

comparison with the predicted data.  Visually the two figures trend the same direction.  
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Figure 40:  Comparison of Lift Coefficients. 
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Figure 41:  Three Corrected Airfoil Lift Coefficients Compared to OGE Airfoil. 
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Figure 42:  Predicted Lift Coefficients Compared to OGE Condition. 
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Figure 43 shows that the experimental lift data from the model does follow a 

ground-effect trend correctly—as the model gets closer to the ground, the lift coefficient 

increases.  At 6º AOA, there is a 23% increase in the lift coefficient. 
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Figure 43: Lift Increased by Ground Effect. 

 

Figure 44 compares the JavaFoil predictive drag information to the experimental 

drag information.  The visually apparent observation is that the model has a lot more 

drag than the predictions.  The model construction can be the easy answer to explain 

the differences.  Also, other tests could have been used to measure the model’s drag 

instead of using the information recorded from the balance.   

To further study the effects of drag, an analysis of the raw coefficient data was 

done with the correction routine to consider if the recorded drag values were half of the 

actual recorded values and what would be the impact.  The results, not included in this 

thesis, indicate a change in the other two coefficients: lift and pitching moment.  This 

change moves the corrected data closer to the prediction lines.   
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Figure 44:  Comparison of Coefficients of Drag. 

 

Figure 45 shows a comparison of the difference between the OGE 

configuration’s corrected experimental data and the other three configurations.  Though 

the OGE numbers are larger than expected, the trend is in an expected direction.  The 

addition of a Gurney flap does increase the drag by over 60%.  But the IGE 

configuration with the Gurney flap has a lower drag below 4º AOA than the same 

configuration OGE.  Figure 46 shows the predicted comparison of drag compared to the 

OGE condition. 
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Figure 45:  Three Corrected Airfoil Drag Coefficients Compared to OGE Airfoil. 
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Figure 46:  Predicted Drag Coefficients Compared to OGE Condition. 

 

Figure 47 illustrates the lift-over-drag (L/D) curves for each of the different 

configurations.  Figure 48 shows the predicted lift-over-drag curves for each 
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configuration.  The predictive curve projected that the IGE configuration without the 

Gurney flap would be best, but the experimental data shows the OGE model having the 

best performance.  An explanation would be that the 2% Gurney flap is not the actual 

best flap length for this airfoil.  The IGE Gurney flap configuration does better than the 

IGE configuration below 2º angle of attack.  But above 2º degrees AOA, the IGE 

configuration outperforms the Gurney flap configurations.  
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Figure 47:  Experimental L/D Results. 
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Figure 48:  Predicted L/D 

 

Figure 49 shows the predicted airfoil moment coefficients with the corrected data 

that were collected during tests.  The corrected data show that the model has more 

nose-down moments than predicted.  But the data trend in the same direction as the 

predictions.  The belief is that the differences occurred due to the inexactness of the 

model’s construction.  Although the model is dimensionally correct, the monocot skin 

ripples and other imperfections that occur during the manufacturing process increased 

the total drag count.  A polished, machined, solid model would be free of these 

inaccuracies. 
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Figure 49:  Comparison of Coefficients of Moments. 

 

Lastly, Figures 50 and 51 shows the difference between the clean airfoil 

condition (OGE) and the other three conditions.  Figure 50 shows the experimental 

results and Figure 51 the predicted results.  Both experimental conditions with the airfoil 

in ground effect produced larger nose-down pitching moments as the AOA increased.  

Also, both conditions with the Gurney flap produced more than 70% initial nose down 

pitching moment at 0º AOA.  The addition of the Gurney flap to an airfoil in ground effect 

produced the largest change in pitching moment. 
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Figure 50:  Three Corrected Airfoil Moment Coefficients Compared to OGE Airfoil. 
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Figure 51:  Predicted Moment Coefficients Compared to OGE Condition. 
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CHAPTER 6  

Conclusions 

A number of publications were examined for both ground effect and Gurney 

flaps.  Interestingly, research into combining the two effects was only found in one 

paper, and its application was for automotive racing in order to increase down force of 

the car to the track. This is the reason that this topic was selected for study: 

investigating the effects of an airfoil with a Gurney flap in ground effect.  Or in essence, 

Does a Gurney flap add additional lift to an airfoil in ground effect?  The short answer is 

yes. 

Several computer codes were evaluated for making predictions about how an 

airfoil would behave in ground effect with a Gurney flap attached.  JavaFoil was the only 

code evaluated that had the ability to both evaluate an airfoil IGE and allow a Gurney 

flap to be attached.  Experimental data illustrates JavaFoil’s ability to predict Gurney 

flap trends reasonably well.  Indeed, JavaFoil needs further development to improve this 

ability. 

Several experimental configurations were evaluated at Wichita State University’s 

3-by-4-ft wind tunnel with a model made from an S7055 airfoil:  Out of ground effect 

(OGE), with a 2% Gurney flap attached (2%GF), in ground effect (IGE), and in ground 

effect with a 2% Gurney flap attached (IGE2%GF).  The experimental data, corrected 

for blockage, was compared to JavaFoil predictions for each configuration.  

Experimental data shows that, for lift, the addition of a Gurney flap is an additive force 

both in and out of ground effect.  Significantly the increased lift coefficient is larger at 

smaller angles of attack.  At larger angles of attack, the Gurney flap effects are not as 
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pronounced in or out of ground effect.  Also shown in the experimental data are 

disadvantages to using the Gurney flap.  Gurney flaps create additional drag and 

increase airfoil pitching moment in a nose-down direction.  The maximum differences 

observed between the airfoil in ground effect with and without the Gurney flap occurred 

at 0° angle of attack and are as follows: 

 68% increase in lift coefficient (ΔCl = 0.21) 

 48% increase in drag coefficient (ΔCd = 0.01) 

 85% increase in pitching moment coefficient (ΔCm = -0.063) 

The predicted best Gurney flap height for this airfoil is approximately 2% of the 

chord length located at 95% of the chord.  In general, when the flap is larger than the 

thickness of the boundary layer, excessive drag and pitching moments are observed.  A 

practical note to consider is that aircraft with large chord lengths (like Ekranoplans) 

flying at higher Reynolds numbers could benefit from the addition of a Gurney flap 

several percentages tall and not exceeding the height of the boundary layer.  But when 

compared to micro UAVs or model- sized aircraft with small chord lengths and smaller 

boundary heights, construction errors or installation tolerances on the smaller aircraft 

could cause the Gurney flap to protrude above the local boundary layer height and 

actually decrease the lift and increase the drag. 

Thus, if the disadvantages are managed and considered worth the trade-off for 

the desired increase in lift, then a Gurney flap should be used.  It is possible to predict 

the basic trends with computer models both in and out of ground effect.   
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CHAPTER 7  

Future Work 

This work is considered a starting point at looking into the advantages of the 

influence of Gurney flap’s on airfoils in ground effect.  The following areas were not 

investigated fully and could be the bases for further research: 

 Optimum location of a Gurney flap on the airfoil. 

 Optimum thickness of a Gurney flap in the chord direction. 

 More accurate computer modeling of the Gurney flap. 

 Accounting for ground effect from the tunnel ceiling.
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