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ABSTRACT 

 

 The objective of this investigation was to study how membrane scalloping affects the 

aerodynamic performance of flat, membrane wings at low Reynolds numbers.  The onset of 

membrane vibration was also studied to determine its effects on the aerodynamic performance.  

This study was performed to improve the efficiency of MAVs (micro air vehicles).  The removal 

of some of the membrane at the trailing edge of the airfoil, which has the highest amplitude of 

vibration, could significantly decrease the drag without overly affecting the lift. 

 The plates studied were all flat plates with moderate aspect ratio and a repeating cell 

structure of latex membranes.  This allowed the effects of the membrane to be studied with 

minimal effects from the tip vortices as long as the data was acquired behind the center cell.  The 

onset of membrane vibration was studied using hot-wire anemometry, and the amplitude and 

frequency of membrane vibration were measured directly using a laser vibrometer. Through a 

momentum deficit analysis, local drag coefficients were obtained.  These results were compared 

to direct measurements of lift and drag from external balance testing to determine the 

aerodynamic efficiency.  Results showed that the shape of the latex cell has a greater impact on 

lift than the amount of scalloping and that the amount of scalloping has a greater affect on drag 

than the cell shape.  These effects could allow batten-reinforced membrane wings for MAVs to 

be more efficient with proper membrane scalloping. 

 

 



 

iii 

 

 

 

 

DEDICATION 

 

I dedicate this thesis to my grandparents, Granville and Sarah Hicks.  Without their 

tireless love and support, I would not be where I am today. 



 

iv 

 

 

 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

α  =   Angle of Attack 

aij, bij  =  Calibration Coefficients 

A,B,n  =  King’s Law Coefficients 

AOA  =  Angle of Attack 

AR  =  Aspect Ratio 

b  =  Cell Span 

c  =  Airfoil Chord 

Cd  =  Drag Coefficient 

Cl  =  Lift Coefficient 

d  =  Pipe Diameter 

Di  =  Incremental Drag Component 

E  =   Modulus of Elasticity  

fscan   =  Scanning Frequency 

I  =  Turbulence Intensity 

LSWT  =  University of Alabama’s Low Speed Wind Tunnel 

MAV  =  Micro Air Vehicle 

nscans  =  Number Scan Points 

q   =  Dynamic Pressure 



 

v 

 

Re  =  Reynolds Number 

SSFA   =  Small-Scale Flow Apparatus 

St  =  Strouhal Number 

t  =  Membrane thickness 

u   =  Local Velocity 

Uavg  =  Average Velocity 

urms  =  Root-Mean-Square of the Velocity 

U∞  =  Freestream Velocity 

V  =  Voltage 

x,y,x  =  Cartesian Coordinates 

Δf  =  Frequency Resolution 

μ  =  Dynamic Viscosity 

ρ  =  Density 

Π  =  Extensibility Parameter 

 



 

vi 

 

 

 

 

ACKNOWLEDGEMENTS 

 

 First and foremost, I would like to thank Dr. James P. Hubner, my advisor, for his 

wisdom and patience.  Without his knowledge and direction I am quite certain that I would never 

have been able to complete even half of what I have.  I would like to thank Dr. Thomas Zeiler 

and Dr. John Baker for being willing to serve on my committee to further guide me.  I would like 

to thank Mr. Tim Connell and the entirety of the machine shop for their assistance in making my 

plates and test equipment.  I would like to thank Mr. Kyle Scott for his excellent programming 

abilities which led to most of the routines I used to acquire the data.  I would like to thank Ms. 

Melissa Conway for her patience in the repeated calibrations of the external balance and Mr. 

Chase Leibenguth and Mr. Kurtis Townsend for their efforts in the wind tunnel and smoke tunnel.  

I would especially like to thank Dr. Steve Shepard and Mr. Biaobiao Zhang for their guidance 

and accommodation of my laser vibrometer tests. 

 Finally, I would like to thank my friends and family, without whose patience, 

understanding, and encouragement I would not have gotten to where I am today.



 

vii 

 

 

 

 

CONTENTS 

 

ABSTRACT.............................................................................................................................ii 

DEDICATION..........................................................................................................................iii 

LIST OF ABBREVIATIONS AND SYMBOLS..........................................................................iv 

ACKNOWLEDGEMENTS...........................................................................................................vi 

LIST OF TABLES......................................................................................................................ix 

LIST OF FIGURES....................................................................................................................x 

CHAPTER 1:  Introduction.......................................................................................................1 

CHAPTER 2:  Background.......................................................................................................4 

2.1  Background.......................................................................................................4 

2.2  Wing Geometries Studied.................................................................................9 

CHAPTER 3:  Experimental Apparatus..................................................................................13 

3.1  Low Speed Wing Tunnel................................................................................13 

3.2  External Three Component Balance...............................................................15 

3.3  Small-Scale Flow Apparatus...........................................................................21 

CHAPTER 4:  Airfoil Testing.................................................................................................29 

4.1  Wake Survey Testing......................................................................................29 

4.2  Near-Wake Spectral Analysis.........................................................................34 

4.3  External Balance Testing................................................................................36 



 

viii 

 

4.4  Laser Vibrometer Testing...............................................................................40 

CHAPTER 5:  Results and Discussion....................................................................................42 

5.1  Wake Survey Results......................................................................................42 

5.2  Hot-wire Vibration Results.............................................................................50 

5.3  External Balance Results................................................................................56 

5.4  Laser Vibrometer Results...............................................................................61 

CHAPTER 6:  Conclusions and Future Work........................................................................64 

REFERENCES.........................................................................................................................66 

APPENDICES........................................................................................................................69 



 

ix 

 

 

 

 

LIST OF TABLES 

 

Table 2.1:  Airfoil and scalloping geometries....................................................................10 

Table 3.1:  Values of lift, drag and pitching moment tested...........................................18 

Table 3.2:  Calibration errors............................................................................................20 

Table 4.1:  Wake survey test conditions............................................................................32 

Table 4.2:  Summary LSWT vibration test conditions...................................................35 

Table 4.3:  Summary SSFA test conditions....................................................................35 

Table 4.4:  External balance test conditions...................................................................38 

Table 4.5:  Consistency test data.....................................................................................39 

Table 4.6:  Uncertainty calculations.................................................................................40 

Table 4.7:  Laser vibrometer test conditions..................................................................41 

Table A.1:  Wake survey test conditions, non-scalloped airfoils..................................69 

Table A.2:  Wake survey test conditions, scalloped airfoils.........................................71 

Table A.3:  Vibration test conditions, LSWT.................................................................73 

 

 



 

x 

 

 

 

 

LIST OF FIGURES 

 

Figure 2.1:  Flat plate separation..........................................................................................5 

Figure 2.2:  (a) A comparison of wing structures, and (b) Detail of bat wing gripping a hand.......6 

Figure 2.3:  Flexible wing airfoil geometries explored.......................................................7 

Figure 2.4:  Membrane geometry........................................................................................9 

Figure 2.5:  12.5%, 25%, and 37.5% membrane scalloping on an 80x80 airfoil..............10 

Figure 2.6:  Airfoil geometries studied.  From top to bottom and left to right, these are:  80x80, 

Solid Scalloped, 80x40, 100x80, 40x80, 60x80, 80x20, and Tri 80x80...........................11 

Figure 3.1:  The low speed wind tunnel (circa 1965)....................................................13 

Figure 3.2:  Low speed wind tunnel schematics and images.............................................15 

Figure 3.3:  The three component external balance...........................................................16 

Figure 3.4:  Schematic of the calibration setup for the external balance...........................17 

Figure 3.5:    An underside view of the angle of attack mount for external balance testing.........20 

Figure 3.6:  Small scale flow apparatus schematic.........................................................21 

Figure 3.7:  Small scale flow apparatus setup.................................................................22 

Figure 3.8:  Measured flow speed versus blower AC voltage...........................................23 

Figure 3.9:    Non-dimensionalized velocity versus downstream position at various voltages....24 

Figure 3.10:  Non-dimensionalized velocity versus spanwise position at two streamwise points,  

a) x/d=0 and b) x/d=0.75 inches.................................................................................25 



 

xi 

 

Figure 3.11:  Turbulence intensity versus streamwise position.......................................26 

Figure 3.12:  Turbulence intensity profiles in the spanwise direction...............................26 

Figure 3.13:  Turbulence intensity profiles from 20 to 75 volts for four tunnel configurations at  

a) x/d=0 and b) x/d=0.75.........................................................................27 

Figure 4.1:  Schematic for hot-wire data acquisition system............................................29 

Figure 4.2:  Sample hot-wire calibration...........................................................................30 

Figure 4.3:  Sample wake survey with wake definitions...................................................33 

Figure 4.4:  Sample frequency spectrum...........................................................................34 

Figure 4.5:  LSWT external balance setup.......................................................................37 

Figure 4.6:  Laser vibrometer setup...................................................................................41 

Figure 5.1:  Normalized wake over the scan range for the non-scalloped plates at:  a) 0°, b) 8°, c) 

16° and d) 20° AOA...........................................................................................................43 

Figure 5.2:  Normalized wake over the scan range for the 80x80 plate at:  a) 0°, b) 8°, c) 16° and 

d) 20° AOA..........................................................................................................45 

Figure 5.3:  Normalized wake over the scan range for the 80x40 plate at:  a) 0°, b) 8°, c) 16°, and 

d) 20° AOA....................................................................................................46 

Figure 5.4:  Drag coefficient versus angle of attack for various plate geometries.......................47 

Figure 5.5:  Drag coefficient versus angle of attack for the 80x80 plate for different levels of 

latex scalloping .............................................................................................48 

Figure 5.6:  Drag coefficient versus angle of attack for the 80x40 plate for different levels of 

latex scalloping .............................................................................................49 

Figure 5.7:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio verus AOA for the 

non-scalloped plates...........................................................................................51 



 

xii 

 

Figure 5.8:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio verus AOA for the 

80x80 plates at all scallop levels.......................................................................................51 

Figure 5.9:  Lift-to-drag ratio verus AOA for the 80x40 geometries at all scallop levels...55 

Figure 5.10:  Peak frequency versus freestreem speed for the 80x80 plate............................57  

Figure 5.11:  Peak frequency versus velocity, SSFA........................................................58  

Figure 5.12:  Peak frequency versus freestreem speed for the 80x80 plate.......................60 

Figure 5.13:  Power intensity versus chordwise location for non-scalloped plates.............61 

Figure 5.14:  Power intensity versus spanwise location for non-scalloped plates...............62 

Figure 5.15:  Power intensity versus chordwise location for 80x80 plate.........................63 

Figure B.1:  Wake profiles for non-scalloped plates, 0-20° AOA..................................78 

Figure B.2:  Wake profiles for 80x80 geometries, 0-20° AOA........................................80 

Figure B.3:  Wake profiles for 80x40 geometries, 0-20° AOA............................................82 

Figure C.1:  a) Lift coefficient and b) Drag coefficient data for the 80x40 wing geometries at all 

levels of membrane scalloping.....................................................................................84 

Figure D.1: a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio verus AOA for the 

non-scalloped plates......................................................................................85 

Figure D.2: a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio for the 80x80 

geomeries at all levels of membrane scalloping................................................................86 

Figure D.3: a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio for the 80x40 

geomeries at all levels of membrane scalloping................................................................88 

 

 



 

1 

 

 

 

 

CHAPTER 1 

Introduction 

 

Over the past few decades, interest in micro air vehicles (MAVs) has increased 

dramatically. MAVs are generally defined as aircraft with a maximum dimension of 15 cm; thus, 

at nominal flight speeds the characteristic Reynolds number is less than 100,000. MAVs 

generally fall into one of three categories: fixed wing aircraft with a separate propeller for thrust 

and low aspect ratio wings; aircraft with moderate aspect ratio flapping wings that provide both 

lift and thrust; and rotary wing aircraft.  The focus of this study is fixed wing MAVs.  As power 

sources and payloads have become lighter, the potential applications of MAVs have increased, as 

has interest in the research of MAVs. Proposed missions include reconnaissance and surveillance 

in battle field and urban environments either alone or in swarms, including inside buildings and 

other areas too small for typical aircraft. A typical mission could consist of a dash to the target, 

extended loitering and maneuvering while acquiring and transmitting images or other data, and 

then a return to base (Mueller et al., 2006). Many MAV designs, including fixed- and flapping-

wing configurations, utilize passive membrane flexibility. The membrane extension (static or 

dynamic) due to aerodynamic loading modifies the development of the leading-edge shear layer 

and corresponding wake structure (Song and Breuer, 2007; and Rorjratsirkul et al., 2008).  This 

has also been shown to lead to improved flight performance (Albertini et al., 2006). A typical, 

biologically-inspired design, similar in structure to a bat wing, has a relatively thin, rigid leading-



 

2 

 

edge, moderate to no camber, flexible or rigid wing/batten structure, and a flexible 

skin/membrane between the support structures. Man-made designs either employ a free trailing-

edge (batten-reinforced) or an attached trailing-edge (perimeter reinforced) (Ifju et al., 2006). At 

various conditions, the membrane for both designs will vibrate. This vibration can be substantial, 

affecting the flow field and aerodynamic force characteristics. For batten reinforced airfoils, 

scalloping the trailing-edge of the latex has been investigated to decrease the vibration 

(Mastramico and Hubner, 2008).  Wing scalloping exists in nature, as seen in bats (Findley, 

1972), and while this feature has the potential to improve the performance of MAVs, little 

research is available in literature discussing the onset, effects and optimization of scalloping. 

This investigation focuses on the effects of trailing-edge scalloping on the aerodynamic 

coefficients of the wing.  To quantify these effects, wake velocity scans were measured using a 

hot-wire anemometer, direct measurements of the lift and drag were acquired with an external 

balance, and membrane vibration was measured with a laser vibrometer.  These tests were 

conducted to directly and indirectly measure aerodynamic forces and membrane vibration.  

These tests required the installation and calibration a newly purchased external balance and the 

fabrication of a small-scale flow apparatus.  The results of these studies were compared to a solid 

plate with and without scalloping and latex airfoils without scalloping. 

Chapter 2 reviews previous studies on membrane wings for MAVs.  The wing geometries 

and level of scalloping studied will also be detailed, as will the test conditions.  Chapter 3 will 

present the additional experimental apparatuses used in the study as well as their calibration and 

setup.  The experimental techniques used are outlined in Chapter 4, including techniques for the 

wake measurements, frequency spectrum measurements, laser vibrometer measurements, and the 

direct measurements of the aerodynamic coefficients.  The results of these studies are presented 
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in Chapter 5, including the measurement uncertainty and accuracy.  Chapter 6 gives the overall 

conclusions of the investigations and recommendations for future experiments. 
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CHAPTER 2 

Background 

 

2.1  MAV Background 

 The primary aim of research in MAVs is to develop a small, low cost aircraft that is easy 

to manufacture and is potentially expendable.  MAVs could be used for surveillance and 

reconnaissance, including in urban environments where large aircraft would be unable to 

maneuver.  This has become more feasible as payloads and components have become lighter and 

more miniaturized, allowing MAVs to carry cameras, sensors, or communications equipment as 

the mission requires.  However, there are still significant aerodynamic and performance 

problems that present the biggest challenge for MAV design.  Numerous studies have shown that 

the aerodynamic performance of traditional airfoils falls off significantly at Reynolds numbers 

less than 100,000 (Jones et al., 2006; Laitone, 1997; and Lissaman, 1981).  However, the use of 

thin airfoils, cambered and flat, has shown to be effective at low Reynolds numbers (Mueller 

2006). 

 For a conventional airfoil, separation begins at the trailing-edge and moves forward.  For 

Re between 30,000 and 200,000 (Carmichael, 1981 and Mueller, 1999), the incoming laminar 

boundary separates nearer the leading-edge and either reattaches, forming a separation bubble 

due to shear layer transition, or remains unattached (see Figure 2.1).  The presence and size of 

the separation bubble, or the lack of reattachment, greatly affects the airfoil performance.  
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Factors such as surface roughness, pressure gradient, freestream turbulence, and wing 

planform/camber influence the formation of separation bubbles and thus aerodynamic 

performance (Lian and Shyy, 2006; Torres and Mueller, 2004; and Aki et al. 2006). 

 

Figure 2.1:  Flat plate separation 

 To design more efficient airfoils, a segment of MAV research is moving from thin 

airfoils to what is defined by Jones et al. (2006) as bio-inspired designs.  Bio-inspired or bio-

morphic designs are designs that incorporate features found in nature with those considered more 

appropriate for man-made aircraft.  Animals’ wings are used to generate both lift and thrust, 

whereas man-made wings tend to be used to generate lift only.  Also, whereas man-made wings 

tend to be stiff, cambered airfoils, flying animals generally have more flexible wings with little 
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to no camber and may be articulated at multiple points along the wing.  This is exemplified in a 

bat’s wings, which can be seen in Figure 2.2 below. 

 

Figure 2.2:  (a) A comparison of wing structures, and (b) Detail of 
bat wing gripping a hand (Nowak, 1994) 

 The bat’s wing is analogous to the human hand except that they have a thin membrane of 

skin called the patagium extending between each finger and between the hand and the body.  

Their thumbs are positioned on the leading edge of their wings and are used as claws to climb 

trees and grip other surfaces.  Recent studies have studied the greater degree of flexibility in bat 

wings as compared to other wings in the animal kingdom (Swartz et al., 2007).  This is due to 

their patagium, flexibility in the bones of their wings, and a higher number of independently 

controlled joints than other animals.  These complex structures were found to be critical for the 

generation of the aerodynamic forces for flight and have been the focus of bio-inspired MAV 

designs.   

 One bio-inspired design studied in MAV research is the use of flexibility and passive 

geometrical changes in MAV wings.  Shyy, Jenkins, and Smith (1997) studied this type of design.  

It consisted of a latex membrane bonded to a curved wire mesh.  This design was tested against 
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both a solid design and a completely unconstrained design and it was found that the lift-to-drag 

performance of the hybrid airfoil was better than either of the other two designs in gusty 

conditions.  Other studies have shown that flexible wing designs can result in a lower frequency 

of pilot input as compared to traditional designs (Jenkins et al., 2002). 

 The structure of bat wings has inspired the design of MAV airfoils.  An archetype of this 

new design can be seen by Ifju (2002) with the use of thin (<2% thickness), flexible wings with 

moderate camber.  These wings were constructed by bonding flexible membranes to carbon-fiber 

skeletons as seen in Figure 2.3.   

 

Figure 2.3:  Flexible wing airfoil geometries explored 

 The aerodynamic properties of these wings have been measured with structural 

deformation and force measurement experiments (Albertini et al., 2007).  This has shown that 

the wings passively modify the geometric and aerodynamic twist of the wings and that this 

adaptation can improve multiple aspects of flight.  Tamai et al. (2008) studied the effect of wing 

flexibility by adjusting the batten spacing on the wing (Re=70000) and leaving the trailing-edge 

free.  The tension of the membrane (batten spacing) proved to be a contributing factor in the 
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aerodynamic performance of the wing; however, it was not explicitly characterized.  Since the 

membrane was not constrained at the trailing-edge, sparse spacing of the battens provided less 

tension upon aerodynamic induced deflection, causing a trailing-edge “fluttering effect” that 

decreased aerodynamic performance.  Yaakov et al (2009) showed that sustained vibration along 

the trailing edge generally leads to less pre-stall lift but can lead to higher post-stall lift and that 

membrane scalloping can help recover some of the pre-stall lift.  The onset of trailing-edge 

vibration was related to the freestream dynamic pressure, but no specifics were discussed. 

 Recently, different styles of latex membrane reinforcement were studied by Mastramico 

and Hubner (2008).  They tested perimeter reinforcement, batten reinforcement, and batten 

reinforcement with membrane scalloping versus a solid plate, comparing wake momentum 

deficits and fluctuation energy.  The scalloped batten reinforced airfoil had a significantly lower 

local drag coefficient based on the momentum deficit compared to the other designs tested.  

However, that investigation did not study whether or not overall drag decreased, nor did it 

measure lift to determine the effects on aerodynamic efficiency.  Additionally, only one size of 

membrane scalloping was studied and the onset of membrane vibration was not investigated. 

  

 

2.2  Wing Geometries Studied 

This investigation focuses on the effect of scalloping and cell size; therefore, batten-

reinforced wing geometries were studied.  These geometries are compared against flat plate 

results to establish a baseline.  Figure 2.4 presents the base geometry of the plates studied 

including the cell sizing terminology. 
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Figure 2.4:  Membrane geometry 

A moderate aspect-ratio design (AR=5) was chosen to reduce the effects of the tip 

vortices on the performance of the wings, especially the wake behind the center cell.  The plate 

chord was chosen to limit the Reynolds number to be less than 50,000 at a freestream speed of 

10 m/s, a typical flight speed for MAVs, and standard sea-level conditions.  The Re is defined by 

Equation 2.1 below. 

∞

∞∞=
μ

ρ cVRe          (2.1) 

All of the wings were made from 0.21 cm thick aluminum plates with a chord of 7.62 cm 

and a span of 38.1 cm.  The batten width for all models was 0.32 cm.  The leading edge of each 

plate was rounded to avoid leading edge separation due to a sharp corner.  The membrane 

scallops were circular arcs based on the cell width with a maximum removal given as a 

percentage of the span.  Figure 2.5 shows three levels of membrane scalloping on a cell. 
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Figure 2.5:  12.5%, 25%, and 37.5% membrane scalloping on an 80x80 airfoil 

 

The cell and scalloping dimensions for all airfoils used can be found in Table 2.1 below.  

The airfoil names in the table are given by cell size (span by chord), in terms of percentage of the 

airfoil chord.  For instance, a plate with a cell span 80% of the airfoil chord and a cell chord 40% 

of the airfoil chord would be an 80x40 plate.  A diagram of the airfoils used can be found in 

Figure 2.6. 

Table 2.1:  Airfoil and scalloping geometries 

 Cell 
Span 
(cm) 

Cell 
Chord 
(cm) 

Cell 
Scallop 
(% b′) 

Cells 
per 

Plate 

Membrane 
Area (cm2) Cell AR Amem/Acell 

80x80 6.1 6.1 0.0 5 37.2 1.0 1.00 
Scallop 1 6.1 6.1 12.5 5 34.1 1.0 0.92 
Scallop 2 6.1 6.1 25.0 5 30.7 1.0 0.83 
Scallop 3 6.1 6.1 37.5 5 26.9 1.0 0.72 

80x40 6.1 3.05 0.0 5 18.6 2.0 1.00 
Scallop 1 6.1 3.05 12.5 5 15.5 2.0 0.83 
Scallop 2 6.1 3.05 25.0 5 12.1 2.0 0.65 

80x20 6.1 1.52 0.0 5 9.3 4.0 1.00 
Scallop 1 6.1 1.52 12.5 5 6.1 4.0 0.66 

100x80 7.62 6.1 0.0 3 46.5 1.25 1.00 
Scallop 1 7.62 6.1 12.5 3 41.6 1.25 0.89 
Scallop 2 7.62 6.1 25.0 3 36.3 1.25 0.78 
Scallop 3 7.62 6.1 37.5 3 30.4 1.25 0.65 

60x80 4.57 6.1 0.0 5 27.9 0.75 1.00 
Scallop 1 4.57 6.1 12.5 5 26.1 0.75 0.94 
Scallop 2 4.57 6.1 25.0 5 24.2 0.75 0.87 
Scallop 3 4.57 6.1 37.5 5 22.1 0.75 0.79 

40x80 3.05 6.1 0.0 7 18.6 0.5 1.00 
Scallop 1 3.05 6.1 12.5 7 17.8 0.5 0.96 
Scallop 2 3.05 6.1 25.0 7 17.0 0.5 0.91 
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Figure 2.6:  Airfoil geometries studied.  From top to bottom and left to right, these are:  80x80, 
Solid Scalloped, 80x40, 100x80, 40x80, 60x80, 80x20, and Tri 80x80 

The membrane used for the airfoils was a Therma-Band thin exercise band.  The latex 

had a thickness of 0.102 mm and a modulus of elasticity of 2MPa (Stanford, 2008).  The latex 

was bonded to the airfoils using spray adhesive, with super glue being used around the cells to 

provide a stronger bond.  These were chosen to provide a strong, even adhesion of the latex 

while still allowing for easy removal with an acetone bath.  The latex was not applied with any 

pretensioning. 

To ensure that the latex would be extensible at the test velocities for a given cell size, an 

analysis of the membrane extensibility was performed using a dimensionless parameter defined 

by Shyy and Smith (1996), Π, which increases as the membrane becomes inextensible.   

3
1

' ⎟
⎟
⎠

⎞
⎜⎜
⎝

⎛
=Π

qb
Et          (2.2) 
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Instead of using the plate chord as the characteristic length, the latex cell span was used because 

early testing indicated a strong dependency of the trailing-edge vibration on the trailing-edge 

span.  Calculating the value of the parameter with a dynamic pressure of 22 Pa, corresponding to 

a freestream speed of 6 m/s, and a cell width of 1.2 cm, corresponding to the smallest cell width, 

a value of Π = 9.2 was obtained.  As these were the lowest flow velocity used in most of the tests 

and the smallest cell width, they will give the highest value of Π.  Since a value of 9.2 means the 

membrane can be considered extensible, this means that the latex could be considered extensible 

for all plates at all freestream speeds. 
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CHAPTER 3 

Experimental Apparatus 

 

3.1:  Low Speed Wind Tunnel 

 The University of Alabama’s Low Speed Wind Tunnel (LSWT) is a closed circuit wind 

tunnel; the structure was built in the 1930’s.  It can generate flows with a maximum freestream 

speed of approximately 45 m/s (100 mph) and can sustain flow speeds as low as 5 m/s (11 mph).  

Figure 3.1 below shows a mechanical drawing of the wind tunnel that was made in 1965; from 

this figure, it can be seen that the wind tunnel is constructed in the vertical position. 

 

Figure 3.1:  The low speed wind tunnel (circa 1965) 
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The low speed wind tunnel is powered by a 30 hp shunt-wound direct-current motor that 

sits in the bottom leg of the wind tunnel.  It turns a four-bladed wooden propeller with a diameter 

of 1.7 m (5’6”).  The region of the wind tunnel with the propeller has a circular cross section 

(Section R, Fig 3.1); all other regions of the wind tunnel have rectangular cross sections.  The 

wind tunnel has turning vanes at each corner and employs a single wire screen with 16 wires per 

inch to reduce turbulence to 0.6% at 9 m/s (20 mph) and 0.5% at 23 m/s (50 mph) (Mastramico 

2008). 

The LSWT was originally designed with an open test section, as can be seen in Figure 3.1.  

However, the wind tunnel now has a closed test section measuring 1.12 m by 0.71 m at the 

upstream connection and 1.13 m by 0.75 m downstream.  The test section is 1.26 m in length.  At 

the downstream edge of the test section, there is a small breather opening 5.0 cm in length 

around all four sides of the wind tunnel.  The test section is accessible via a locking Plexiglas 

window on the side of the wind tunnel as well as by two entry ports on the top and bottom of the 

wind tunnel roughly over the center of the test section.  These can be used to securely mount test 

equipment to the wind tunnel as well as provide access to the tunnel for equipment such as the 

three component balance.   These access ports are labeled A and B in Figure 3.2 below. 
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Figure 3.2:  Low speed wind tunnel schematics and images 

 

3.2:  Three Component Balance 

To directly measure the lift and drag on the membrane wings, a three-component external 

balance was installed and calibrated in the LSWT.  The balance was placed on a table beneath 

the test section of the wind tunnel with an attachment rod extending into the wind tunnel to 

mount specimens on.  This setup can be seen in Figure 3.3 below. 
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Figure 3.3:  The three component external balance 

The balance was calibrated after it had been installed in the low speed wind tunnel.  It 

was calibrated using the solid airfoil mounted at its mid-span, mid-chord point directly to the 

attachment bar.  A 12.7 cm long, 2.54 cm wide bar of aluminum was mounted on top of the 

airfoil along the centerline to allow sufficient clearance for the calibration weights.  Five 

lightweight platforms for holding weights were attached to the plate with fishing line.  Three of 

these passed over pulleys to apply the forces in the correct direction.  A diagram of the 

calibration setup can be found in Figure 3.4 below. 
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Figure 3.4:  Schematic of the calibration setup for the external balance 

In the schematic above, Platforms 1 and 4 were attached to the plate via the pulleys such 

that they exerted an upward force.  Platforms 2 and 3 were attached directly to the plate to exert a 

downward force.  Platform 5 was attached to the plate via the pulley such that it exerted a force 

in the horizontal direction.  Lift was simulated by equally loading platforms 1 and 4, while drag 

was simulated by loading platform 5.  A positive pitching moment was simulated by equally 

loading platforms 1 and 3, and a negative pitching moment was simulated by equally loading 

platforms 2 and 4.  Combinations of these were simulated simply by loading for both cases 

simultaneously. 

To obtain an accurate calibration, a wide range of values for lift, drag, and pitching 

moment were applied.  To determine what values to expect, theoretical predictions of a solid 

plate’s lift, drag, and pitching moment were used.  Then, masses were found which corresponded 

to the range of lift, drag, and pitching moment to be tested.  In all, six values of drag, six values 
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of lift, and five values of pitching moment in both the positive and negative direction were 

applied during the calibration.  These can be found in Table 3.1 below. 

Table 3.1:  Values of lift, drag, and pitching moment tested 
Case Lift (g) Drag (g) Pitching Moment (g-cm) 

1 24.6 10.0 325 
2 49.2 20.0 608 
3 92.0 50.0 1185 
4 179.4 89.7 1909 
5 289.0 100.0 2642 
6 400.0 144.5 NA 

 

Sufficient enough data points were tested to obtain an accurate second order calibration, 

including testing combinations of lift, drag, and pitching moment to determine any non-linear 

affects of the combination of loads.  Once a suitable number of loading cases were chosen to be 

tested, the sequence was randomized.  The voltage readings from the three legs of the balance 

were acquired without load before each data point to account for the non-zero load-off voltages.  

After the data was acquired, first and second order calibrations were performed to determine the 

response of the external balance.   

For the first order calibrations, only those points with pure lift, drag, and bending 

moment were used; the data points corresponding to the combination loading cases were ignored.  

The functional form used can be found in Equation 3.1.   
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The coefficients aij were found by minimizing the error between the recorded voltages 

and those calculated using the coefficients using a least squares minimization.  Once these 

coefficients had been calculated, the matrix A was inverted to provide a relation from the 
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measured voltages to the aerodynamic parameters.  This calibration was performed using both by 

the raw voltages and by subtracting the zero-load voltages from the recorded voltages for each 

measurement point. 

For the second order calibrations, all data points tested were used.  The functional form 

used is given in Equation 3.2. 
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To solve this system, the coefficients of the A and B matrices were first found by 

minimizing the error between the measured values of the voltages and those calculated by the 

calibration.  This analysis was performed both using the raw voltages and correcting them by 

subtracting the zero-load voltages acquired immediately prior to each measurement.  However, 

to obtain aerodynamic load information from experimental data, the values of lift, drag, and 

pitching moment had to be found in an iterative fashion.   

The mean squared error values for all four calibrations can be found in Table 3.2 below.  

The error calculations for the 1st order calibrations include both the single and combination 

loading cases.  The best calibration with the 2nd order calibration with zeroing. 
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Table 3.2:  Calibration errors 

 V1 RMS 
Error 

V2 RMS 
Error 

V3 RMS 
Error 

1st Order, No 1.44 0.80 1.48 
1st Order, Zeroing 1.23 0.50 1.53 

2nd Order, No 4.84 1.00 4.58 
2nd Order, Zeroing 0.64 0.31 0.92 

 

To measure the aerodynamic forces on an airfoil, a 1.3 cm (0.5”) diameter attachment rod 

measuring 36.8 cm (14.5”) in length was mounted on top of the three component balance.  This 

rod extended into the wind tunnel at approximately the center of the flow.  A larger, 2.54 cm (1”) 

diameter hollow tube was mounted to the bottom of the wind tunnel to shield most of the 

attachment rod from the flow.  A fairing was installed around this to streamline the setup.  The 

plates were mounted to the top of the attachment rod via a small, rotatable assembly.  This 

allowed the angle of attack to be reset without removing the key components of the balance. 

 

Figure 3.5:  An underside view of the angle of attack mount for external balance testing 
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3.3:  Small Scale Flow Apparatus 

 Although the Low Speed Wind Tunnel is capable of sustaining flow speeds as low as 5 

m/s, to determine the conditions required for the onset of vibration of the membrane of the 

airfoils studied, lower flow speeds were necessary.  With no facilities available to do this, a 

simple flow apparatus was designed to create these flow conditions. 

 A no return, open test section flow design was chosen as the simplest and most cost-

efficient option termed a small-scale flow apparatus.  The test section is downstream of all wind 

tunnel hardware.  A diagram of this setup can be seen in Figure 3.6 below.   

 

Figure 3.6:  Small scale flow apparatus schematic 

The wind tunnel was constructed using a 10.2 cm (4″) diameter PVC pipe 0.68 m in 

length.  A Homelite Model GT421000 leaf blower was used to drive the flow.  The speed of the 

blower was controlled with a VARIAC, which allowed the AC voltage supplied to the blower to 

be accurately adjusted.  Plastic drinking straws, 0.55 cm diameter and 4.0 cm long, were used as 

flow straighteners.  This 7-to-1 ratio was chosen as an acceptable length based on honeycomb 

sizing information presented by Rae and Pope (1984).  Two wire screens with 7.9 wires per 

centimeter (20 wires per inch) were placed downstream of the flow straighteners to reduce 

turbulence.  Figure 3.7 below shows the setup used. 
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Figure 3.7:  Small scale flow apparatus setup 

 To determine the viability of the wind tunnel design, flow tests were performed using 

both a Pitot-static probe and a hot-wire anemometer sensor.  These studied flow uniformity in the 

spanwise and streamwise directions at various flow speeds as well as turbulence intensities of the 

flow.  For Pitot-static probe measurements, 32 measurements were acquired at a rate of 10 Hz 

and the average result was used.  For the hot-wire anemometry measurements, a scanning 

frequency of 20 kHz with a low-pass filter of 5 kHz was used.  The sample size was 100,000, 

resulting in five seconds of data per scan. 

 The flow speed versus velocity was determined by measuring the flow speed along the 

centerline of the flow at the exit of the pipe.  The voltage was set from 20 to 75 volts in 

increments of five volts.  Results of this scan can be found in Figure 3.8 below. 
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Figure 3.8:  Measured flow speed versus blower AC voltage 

The velocity change in the streamwise direction was also studied using the pitot probe.  A 

measurement was acquired at settings of 30, 40, 50, and 60 volts.  This corresponded to 

velocities of 2.7, 4.0, 5.2, and 6.2 m/s, respectively.  To better compare the results, each velocity 

measurement was divided by the average velocity measured at that voltage along the freestream.  

As can be seen in Figure 3.9, the velocity varies less than 1% from the average value along the 

measured length, meaning that the flow is very consistent in the streamwise direction. 



 

24 

 

 

Figure 3.9:  Non-dimensionalized velocity versus downstream position at various voltages 

The spanwise consistency was also analyzed by measuring the velocity distribution in the 

horizontal direction normal to the flow.  Measurements were acquired in increments of 1.27 cm 

(0.5 in) from +3.8 cm (1.5 in) to -3.8 cm (-1.5 in), with 0 corresponding to the centerline.  This 

was performed at the opening to the pipe and three inches downstream.  This was repeated for 

the four voltage values used before, and each measurement point was divided by the average 

velocity at that voltage to compare the results.  As can be seen in Figure 3.7, the 

maximum/minimum spanwise variation of the velocity is less than ±3% at the exit plane and 

±4% at x/d = 0.75 (approximately one plate chord length).  This was deemed adequate for the 

exploratory tests performed. 
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a)  

b)  

Figure 3.10:  Non-dimensionalized velocity versus spanwise position at two streamwise points,  
a) x/d=0 and b) x/d=0.75 inches 

The turbulence intensity of the flow was measured in the streamwise direction along the 

centerline of the flow and in the spanwise direction at the exit of the pipe and x/d = 0.75 

downstream.  The turbulence intensity was calculated by Equation 3.3 below (Pope 2009).  The 

results of these surveys can be seen in Figures 3.11 and 3.12. 
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avgU
rmsu

I =            (3.3) 

 

 

Figure 3.11:  Turbulence intensity versus streamwise position 

 

Figure 3.12:  Turbulence instensity profiles in the spanwise direction 
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The effects of the flow conditioning were also studied by measuring the turbulence 

intensities of the flow with various tunnel configurations.  The measurements were acquired 

along the centerline of the flow over a range of voltages and two streamwise locations.  These 

values can be seen in Figure 3.13.  

a)   

b)   

Figure 3.13:  Turbulence intensity profiles from 20 to 75 volts for four tunnel configurations at  
a) x/d=0 and b) x/d=0.75 
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As can be seen, the addition of two screens to the wind tunnel had the largest effect, 

reducing the turbulence intensity by approximately 6%.  While removing the flow straighteners 

themselves had very little effect, the combination of flow conditioners improved the turbulence 

intensity by almost 10%.  This brought the tunnel turbulence intensity to approximately 2% 
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CHAPTER 4 

Airfoil Test Procedures 

 

4.1:  Wake Survey Testing 

Wake survey scans were performed in the LSWT to study the effects of membrane 

scalloping on the performance characteristics of the airfoils.  A hot-wire anemometer moved 

through the wake automatically using the installed traverse.  An in-house LABVIEW program 

was used to control the spanwise position of the hot-wire, acquire the hot-wire anemometer data, 

and record the freestream conditions of the flow.  A schematic of the setup used can be found in 

Figure 4.1 below. 

 

Figure 4.1:  Schematic for the hot-wire data acquisition system 
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Although, the hot-wire still had to be configured and initialize using the manufacturer’s 

software (IFA-300), the in-house LABVIEW program could be used to acquire data.  The hot-

wire was calibrated using another in-house LABVIEW program, “Hot-wire Calibration.vi”.  The 

hot-wire voltage, V, was calibrated versus velocity, U, using a King’s Law calibration as given 

in Equation 4.1 (Figliola 2006).   

( )nUBAV +=2     (4.1) 

The installed Pitot-static probe was used to provide the flow velocity data for the 

calibration.  An example calibration curve can be found in Figure 4.2.  For different flow speeds, 

flow velocities above and below the nominal test velocity were used for the calibration.   

 

Figure 4.2:  Sample hot-wire calibration 

The data acquisition program used, “Automated Hot-wire Scan_K.vi”, required the 

calibration coefficients, the ambient pressure and temperature, the sampling settings, and the 

traversing range to be input.  The program converted the voltage readings of the hot-wire probe 
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into velocity using the calibration coefficients.  The time dependent data and averaged data were 

recorded to the computer.   

Since the automated traverse spanned the wind tunnel in the horizontal direction, the 

airfoils were mounted vertically in the wind tunnel.  The airfoil angle of attack was adjusted 

using a manual, integrated angle-of-attack controller with a 2° step resolution.  This could be 

adjusted outside the test section so that the wind tunnel did not have to be stopped to change the 

angle of attack.   

For the wake surveys, the hot-wire was positioned 3.5 chord lengths downstream of the 

trailing edge of the airfoil.  For all tests, the hot-wire was positioned along the spanwise 

centerline of the airfoil, which coincides with the centerline of the cell membrane.  The scanning 

frequency was 5000 Hz with a low-pass filter of 1000 Hz.  The sample size was 25000 samples 

acquired for a scanning time of 5 seconds per data point.  A wake survey contained 91 data 

points.  For angles of attack of 10° or less, the survey was acquired with boundaries of ±1.5c; for 

higher angles of attack, the survey range was ±2.0c.  Table 4.1 lists the average test conditions 

for each airfoil configuration.  Detailed conditions for individual wake surveys can be found in 

Appendix A. 
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Table 4.1:  Wake survey test conditions 

Cell Geometry Scallop AOA Ave U∞ (m/s)
Ave          

Re x 103

Solid None 0-20° 9.39 43.0
Solid 25%* 0-20° 8.91 40.7
80x80 None 0-20° 8.90 40.7
80x80 0.125 0-20° 9.26 42.5
80x80 0.25 0-20° 9.06 41.6
80x40 None 0-20° 8.89 40.7
80x40 0.125 0-20° 9.26 42.4
80x40 0.25 0-20° 9.05 41.5
80x20 None 0-20° 8.88 40.7
80x20 0.125 0-20° 9.06 37.9
40x80 None 0-20° 9.36 42.8

Tri 80x80 None 0-20° 9.32 42.9
Tri 80x80 0.125 0-20° 9.02 41.3  

The local drag coefficient was calculated from the wake surveys as a comparison 

parameter between the airfoils.  Although the momentum deficit analysis of this test does not 

measure total drag nor account for technique inaccuracies due to 3D flow or highly separated 

flow, it can be used to study how the membrane scalloping affects the flow structure.  From a 

momentum deficit analysis (Pope, 1984), the incremental drag contribution was calculated by 

Equation 4.2. 

( ) ( )( )iij uUuyD −Δ= ∞ρ              (4.2) 

The local drag coefficient per unit span was calculated by summing these incremental 

drag contributions and dividing by the dynamic pressure and chord.  For the scalloped airfoils, 

the chord used was the shortest local chord on the airfoil, hence the chord at the local cell 

midspan.  Although this tended to overestimate the drag for scalloped airfoils as opposed to non-

scalloped airfoils, a smaller calculated drag coefficient for the scalloped airfoil therefore showed 

a more definite improvement. 
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For the drag calculations, the incremental drag contributions were summed from the 

centerline until the local velocity was greater than 99.5% of the freestream velocity.  All points 

outside of this were no longer considered part of the wake and their drag contributions were not 

included in the drag coefficient calculation.  All points before this transition were considered part 

of the wake and summed to give the local drag.  A representation of this criterion can be seen in 

Figure 4.3 below. 

 

Figure 4.3:  Sample wake survey with wake definitions 
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4.2:  Near-Wake Spectral Analysis 

In addition to wake survey tests, the near-wake frequency spectrum was measured using 

the hot-wire anemometer.  For these tests, the airfoil wake was not scanned; rather, the probe 

was positioned near the trailing-edge of the membrane along the centerline of the cell and data 

was acquired at that point only.  That allowed for more expedient testing of wake properties at 

points of interest.  The same program and setup was used for this as was used for the wake 

survey measurements except that the measurements were only acquired at a single location in the 

wake.   

A Fast-Fourier Transform was performed on the data sets.  This allowed the frequency 

content of the wake to be studied directly.  The maximum frequency that could be recorded is 

half of the scanning frequency or the cutoff frequency of the low-pass filter, whichever is lower.  

For all data acquired, the filter frequency was the limiting factor.  A sample frequency spectrum 

is given in Figure 4.4 below. 

 

Figure 4.4:  Sample frequency spectrum 
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For data acquired in the LSWT, the probe was positioned 0.64 cm (0.25”) behind the 

trailing edge of the centerline of the center membrane of the airfoil.  For data acquired with the 

small-scale flow apparatus, the probe was positioned 2.54 cm (1”) behind the centerline of the 

center membrane of the airfoil.  A summary of the flow conditions for the single-point spectral 

analysis can be found in Tables 4.2 and 4.3 below.  Detailed test conditions can be found in 

Appendix A. 

Table 4.2:  Summary LSWT vibration test conditions 

Cell 
Geometry Scallop AOA Ave U∞ (m/s)

Ave         
Re x 103

Solid None 0-20° 8.95 41.2
Solid 25%* 0-20° 9.17 42.2
80x80 None 0-20° 8.90 41.0
80x80 None 0-20° 6.84 31.4
80x80 0.125 0-20° 9.08 41.6
80x80 0.25 0-20° 9.04 41.3
80x40 None 0-20° 8.92 41.0
80x40 0.125 0-20° 9.02 41.4
80x40 0.25 0-20° 9.03 41.3
80x20 None 0-20° 8.91 41.0
80x20 None 0-20° 6.84 31.4
80x20 None 0-20° 12.12 55.6
80x20 0.125 0-20° 8.94 41.1
40x80 None 0-20° 8.94 41.1

Tri 80x80 None 0-20° 8.97 41.2
Tri 80x80 0.125 0-20° 9.02 41.3  

Table 4.3:  Summary SSFA test conditions 

Cell 
Geometry Scallop AOA Low U∞ (m/s)

High U∞ 

(m/s)
80x80 None 4 1.32 7.50
80x80 None 8 1.32 7.50
80x40 None 8 1.32 7.50
40x80 None 8 1.32 7.50
60x80 None 8 1.32 7.50

100x80 None 8 1.32 7.50
80x80 12.50% 8 1.32 7.5
80x80 25% 8 1.32 7.5  
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 After the raw velocity data was acquired, a Fast Fourier transform was performed on to 

analyze the spectral content.  For all airfoils, no significant frequency peaks were seen beyond 

300 Hz.  The 60 Hz frequency peak due to AC interference was removed digitally.  The 

frequency resolution was calculated by Equation 4.3 below (Figliola 2006). 

scansn
scanf

f =Δ                                      (4.3) 

For all hot-wire anemometry measurements, this yielded a fΔ of 0.2 Hz. 

  

 

4.3:  External Balance Testing 

 A three component external balance was used with the LSWT to directly measure the lift 

and drag on the airfoils.  To expedite the testing and provide for easier data interpretation, an in-

house LABVIEW program, “Three Component Balance DAQ Interface V3.vi”, was used.  The 

airfoil chord, the ambient temperature and pressure, the scan rate and the number of scans were 

program inputs.  The program automatically recorded to file the ambient conditions, the raw 

voltages measured on the three legs of the balance, and the calculated forces using the 1st order 

calibration.  It also displayed the lift, drag, and pitching moment as their respective coefficients. 

The airfoil of interest was mounted directly to the balance attachment rod.  The 

attachment rod was shielded from the flow with a fairing.  The angle of attack was set manually, 

measured with a digital inclinometer and locked into place.  The flow speed was measured with a 

Pitot-static probe attached to the PSI-9016 pressure scanner.  This setup can be seen in Figure 4.5 

below. 
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Figure 4.5:  LSWT external balance setup 

To minimize the effect of drift, the balance was nulled with the tunnel off before each 

series of velocity measurements.  Then, the velocity was increased from 6 m/s to 9 m/s to 12 m/s 

and the aerodynamic coefficients were measured at each location.  This was repeated three times 

so that the lift, drag, and pitching moment coefficients were measured at each velocity three 

times per angle of attack.  All plates were measured every 4° from 0° to 16° angle of attack.  The 

tests performed and their tests conditions are presented in Table 4.4 below. 
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Table 4.4:  External balance test conditions 

Cell 
Geometry Scallop

Avg U∞ 

(m/s)
Avg      

Re x 103
Avg U∞ 

(m/s)
Avg      

Re x 103
Avg U∞ 

(m/s)
Avg      

Re x 103

Solid None 6.00 30.5 9.01 45.8 12.01 61.0
Solid 25%* 6.07 30.8 9.03 45.9 12.01 61.0
80x80 None 5.99 30.4 9.02 45.8 12.02 61.1
80x80 12.50% 5.96 30.3 9.11 46.3 12.05 61.2
80x80 25.00% 5.96 30.3 9.08 46.1 12.07 61.3
80x80 37.50% 6.13 31.1 9.02 45.8 12.06 61.3
80x40 None 5.91 30.0 9.00 45.7 12.01 61.0
80x40 12.50% 6.02 30.6 9.02 45.8 12.10 61.5
80x40 25.00% 6.05 30.7 9.04 45.9 12.05 61.2  

 

Repeatability tests were performed to determine whether or not the balance calibration 

was stable over time.  Identical tests were performed the morning and afternoon of three 

consecutive days.  Multiple data points were acquired per day.  The average lift and drag 

coefficients as well as the standard deviation of the datasets were calculated and can be found in 

Table 4.5 below.  The plate used was the 80x80 airfoil with 37.5% scallop.  It was tested at 8° 

and a velocity of 9 m/s. 
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Table 4.5:  Consistency test data 

Sets CL CD

Tuesday Mean 0.680 0.073
Morning 1 Stdev 0.063 0.022
Tuesday Mean 0.643 0.093

Morning 2 Stdev 0.056 0.005
Tuesday Mean 0.617 0.087

Afternoon 1 Stdev 0.088 0.031
Tuesday Mean 0.615 0.092

Afternoon 2 Stdev 0.060 0.013
Wednesday Mean 0.618 0.093
Morning 1 Stdev 0.046 0.014
Wednesday Mean 0.631 0.091
Morning 2 Stdev 0.057 0.004
Thursday Mean 0.628 0.086
Morning 1 Stdev 0.035 0.010
Thursday Mean 0.605 0.086
Morning 2 Stdev 0.029 0.005  

 

 From the data above, the pooled standard deviation of the lift coefficient was 0.057 and 

the pooled standard deviation of the drag coefficient was 0.016.  The pooled standard deviation 

of the mean lift coefficients was 0.0090 (1.4% of the average value of CL), and the pooled 

standard deviation of the mean drag coefficients was 0.0025 (2.9% of the average value of CD).  

As these are low, this suggests that the calibration of the external balance is reasonably stable 

over time. 

 The uncertainty of CL and CD was calculated using the errors from the balance calibration 

as well as the uncertainty of the density, dynamic pressure, and surface area.  The results are 

presented in Table 4.6 below. 
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Table 4.6:  Uncertainty calculations 

Bias Precision Total
Density 0.19% NA 0.19%
ΔP 7.30% 0.50% 7.30%
S 1.50% NA 1.50%
CL 0.021 0.003 0.021
CD 0.013 0.001 0.013  

 

 

4.4:  Laser Vibrometer Testing 

 A scanning laser vibrometer was used to directly measure the frequency and amplitude of 

the membrane vibration.  A Polytec GFV056 Vibrometer Scanning head was used to take the 

measurements of the latex vibration.  The velocity at each point was recorded and the frequency 

and amplitude of vibration were obtained afterwards by post-processing the data.  A hot-wire 

anemometer was set up downstream of the airfoil and hot-wire data was acquired simultaneously. 

 For all data acquired, the scanning rate was 10.24 kHz with 65536 data points acquired.  

This resulted in 6.4 s seconds per scan.  No filter was used when recording the data.  For the full 

scans, nine data points along chord at the mid-span and nine data points along the trailing edge 

were acquired.  For the chord-wise scans, the initial data point was at 10% of the cell chord and 

the final data point was at 90% of the cell chord.  The spanwise scans were along the entire width 

of the cell.  For the partial scans, only the chord-wise data points were acquired.  For all scans, a 

velocity of 6.8 m/s (15.2 mph) was used.  This corresponded to a setting of 65V on the VARIAC.  

A summary of the scans and test conditions can be found in Table 4.6.  
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Table 4.7:  Laser vibrometer test conditions 

Cell 
Geometry Scallop AOA  U∞ (m/s)

HW 
Position Scan Type

80x80 None 4 6.80 1c Full
80x80 None 8 6.80 0.25c Full
80x80 None 8 6.80 1c Full
80x80 12.50% 8 6.80 1c Partial
80x80 25.00% 8 6.80 1c Partial
60x80 None 8 6.80 1c Full

100x80 None 8 6.80 1c Full  

 

 The laser vibrometer scanner head was positioned upstream of the flow apparatus and 

aligned so that it was parallel to the airfoil and positioned along the centerline of the central latex 

cell.  The latex airfoils were mounted horizontally at the outlet of the flow tube.  An angled 

mirror was used to position the laser beam onto the latex airfoils.  The vibrometer camera and 

laser were optically focused on the airfoil to maximize the return signal.  No coating was applied 

to the latex to enhance the return signal as the return signal was determined to be adequate 

without it.  A picture of the setup can be found in Figure 4.6 below. 

 

Figure 4.6:  Laser vibrometer setup 
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CHAPTER 5 

Results and Discussion 

5.1:  Wake Survey Results 

To show the effects of scalloping on the centerline wake, the local wake profiles for each 

plate were measured at a Reynolds number between 38000 and 43000.  The term local is used to 

highlight that the flow aft of the periodic cell structure is not two-dimensional and the plate has 

finite span, thus tip vortices.  Measurements were acquired along the center cell centerline to 

minimize the interference of the tip vortices.  Mastramico and Hubner (2008) showed that 

parallel (sensitive to streamwise and normal flow) or perpendicular (sensitive to streamwise and 

spanwise flow) probe alignment showed little difference in the measured wake profile.  This 

indicates that the flow is predominantly in the streamwise direction.  At higher angles of attack, 

rotational motion induced by vortex shedding due to separation can become more important, 

causing error in the momentum analysis technique presented in this section.  Thus, sensor 

placement was 3.5c aft of the trailing-edge, five times further than the minimum recommended 

distance for static pressure recovery (Rae and Poe, 1984).   

Figure 5.1 compares the wake profiles for the non-scalloped 80x80, 80x40, 80x20, 40x80, 

and solid wings.  In general, a shallower wake will represent less drag and an improvement in 

performance, while a deeper wake will suggest an increase in the local drag.  Each graph 

represents a separate angle of attack.  These results establish a baseline of performance to 

compare with the scalloped results. 
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a)

 

b)

 
c)

 

d)

 

Figure 5.1:  Normalized wake over the scan range for the non-scalloped plates at:  a) 0°, b) 8°, 
c) 16° and d) 20° AOA 

 As can be seen from 5.1a, the wake profiles for the latex plates at zero angle of attack are 

significantly wider than the wake profile for the solid plate.  This is due to the large trailing-edge 

fluctuations.  As angle of attack is increased, separation, which starts at the leading edge, moves 

aft.  At 8° AOA (near fully separated flow over the solid plate (Itu, 1988 and Mastramico, 2008)), 

the wake profile for the latex plates more closely resembles that of the solid plate.    Both 

membrane and non-membrane plates act like a bluff-body.  However, the 80x20 and 40x80 
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geometries had smaller wake profiles than the solid plate at 8°, while the 80x80 and 80x40 plates 

exhibited a similar wake to the solid plate wake.  However, once the angle of attack was further 

increased to 16° (post stall), the wake profiles for the 80x20 and 40x80 plates were deeper than 

the solid plate, while the 80x80 and 80x40 plates had wake profiles smaller than the solid plate.  

When the angle of attack was further increased to 20°, all of the plate wakes had similar shapes 

but different maximum deficits.  The 40x80 geometry exhibited the deepest wake.  From these 

results, the effect of the latex membrane alone does not show a significant improvement in the 

measured momentum deficit.  Momentum deficit plots for non-scalloped airfoils at all angles of 

attack can be found in Appendix B. 

 Figure 5.2 shows the wake profiles for the 80x80 plate at 4 angles of attack.  For the zero 

angle of attack, the wake of the non-scalloped case is significantly deeper than either the 12.5% 

membrane scalloping or the 25% membrane scalloping.  While the wake widths for all three 

cases were similar, the wake for the non-scalloped plate was slightly wider than the wakes for 

the scalloped geometries.  At 8° angle of attack, clear differences can be seen between the three 

levels of scallop, with the wake for the 12.5% scallop being the deepest.  Again, the wake widths 

for the scalloped membranes were narrower than the wake width for the non-scalloped 

membrane.  For the last two angles of attack, 16° and 20°, increased scallop percentage 

decreased the wake width and deficit.  Thus, the 12.5% membrane scalloping exhibits a less 

definite trend, having a larger wake a 8° angle of attack (near stall) and a smaller wake at post 

stall angles of attack.  The 25% membrane scalloping shows a potentially advantageous 

reduction in drag for all angles of attack.  These trends aside, overall wing drag and lift must be 

considered to determine the effectiveness of membrane scalloping.   
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b)

 
c)

 

d)

 

Figure 5.2:  Normalized wake over the scan range for the 80x80 plate at:  a) 0°, b) 8°, c) 16° and 
d) 20° AOA 

 The wake profiles for the 80x40 plate at 4 angles of attack, with each graph showing 

three levels of membrane scalloping, are shown in Figure 5.3.  The wake profile trends for the 

80x40 plate closely resemble those for the 80x80 plate, with a few notable exceptions.  One, at 

0° angle of attack, the wake width for all three levels of scallop are nearly identical; it isn’t until 

a higher angle of attack that the wake depths differ.  Additionally, at an angle of attack of 16°, 

the wake for the 12.5% scalloped membrane is actually deeper than that of the non-scalloped 
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membrane.  The wake profile results again suggest that membrane scalloping could be 

advantageous. 

a) b)

 
c)

 

d)

 

Figure 5.3:  Normalized wake over the scan range for the 80x40 plate at:  a) 0°, b) 8°, c) 16°, 
and d) 20° AOA 

 To directly compare the different geometries, the local drag coefficient of each plate was 

calculated using the momentum deficit analysis described in the previous chapter.  This was 

calculated at each angle of attack from 0° to 20° for the 80x80, 80x40, 80x20, 40x80, and solid 

plates to establish a baseline of performance.  The fitted integrated profile drag trend of each 
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plate was modeled with a quadratic equation up to 14° angle of attack, modeling the viscous drag 

as a quadratic function of the lift coefficient.  These drag coefficient results and fitted trend 

curves are shown in Figure 5.4 below. 

 

Figure 5.4:  Drag coefficient versus angle of attack for various plate geometries 

 All of the latex plates exhibit a similar pattern: increasing drag with increasing angle of 

attack until a certain point, after which the drag coefficient decreases and then levels out or 

trends upward again.  The opposite trend is seen in the solid plate, with a distinct jump in the 

drag coefficient between 14° and 16° angle of attack. At angles of attack below 14°, there is 

some variation of the drag coefficient between the various plates.  The 80x20 plate shows a 

higher drag coefficient than any other plate.  The 80x80 and 80x40 plates show similar drag 
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coefficients that are higher than the solid plate.  The 40x80 airfoil shows a drag coefficient less 

than that of the solid plate.   

 

Figure 5.5:  Drag coefficient versus angle of attack for the 80x80 plate for different levels of 
latex scalloping 

 Figure 5.5 shows the drag coefficient versus angle of attack for three levels of membrane 

scalloping of the 80x80 plate.  In calculating the drag coefficient for the scalloped-membrane 

plates, the smallest value of the chord was used.  All three geometries show nearly identical 

values of drag coefficient at 10° and 18° angle of attack.   However, the general trend is still that 

the drag coefficient decreases with increasing membrane scallop.  If this is not accompanied by a 

similar reduction in lift, then flight at these higher levels of membrane scalloping may be more 

efficient.  All three geometries show a leveling off of the drag coefficient at higher angles of 

attack, another possibly advantageous feature. 
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Figure 5.6:  Drag coefficient versus angle of attack for the 80x40 plate for different levels of 
latex scalloping 

 Figure 5.6 shows the drag coefficient versus angle of attack for three levels of membrane 

scalloping of the 80x40 plate.  In calculating the drag coefficient for the scalloped-membrane 

plates, the smallest value of the chord was used.  The 25% membrane scalloping geometry shows 

similar trends as for the 80x80 plate, with the consistently lowest drag coefficient.  However, the 

12.5% membrane scalloping and non-scalloped geometries show nearly identical drag 

coefficients.   
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5.2:  External Balance Results 

 The measured lift and drag values were fitted with trend-lines to better show the results.  

A straight-line best fit passing through the origin was used for the lift values for angles of attack 

between zero and eight degrees; after this, the points are directly connected.  For the drag data, a 

quadratic fit of the form 

2
0, αkCC dd +=  

was used to model the viscous and induced drag contributions.  To better visualize the effects of 

scalloping for the lift-to-drag ratio plots, the fitted line shown was the ratio of the lift curve fit to 

the drag curve fit, not the experimental data.  This tended to underestimate the maximum 

measured lift-to-drag ratio due to the over-estimation of drag  by the drag curve fit at 4° angle of 

attack for the membrane plates. 

The lift and drag of the plates was measured directly using the three-component external 

balance for Reynolds number of 46000 and 61000.  Only the 80x80 and 80x40 plates were tested.  

These were used as a basis of comparison to the momentum deficit analysis.  The lift coefficient, 

drag coefficient, and lift-to-drag ratio for the non-scalloped plates are plotted in Figure 5.7 below.  

All results presented here are for a Reynolds number of 46000, which more closely corresponds 

to the test conditions used in the wake analysis.  Results for a Reynolds number of 61000 can be 

found in Appendix D. 
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c)   

Figure 5.7:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio verus AOA for the 
non-scalloped plates 

 The results above show that both the 80x80 and 80x40 plates had similar performance.  

The 80x80 plate had a slightly higher lift coefficient for a given angle of attack, and the drag 

coefficients for the two plates were nearly identical.  The lift coefficients for both plates were 

higher than the solid plate lift coefficient, as were the drag coefficients.  However, the lift-to-

drag ratios for the latex plates were less than the lift-to-drag ratio for the solid plate at lower 

angles of attack due to the substantially lower drag for the solid plate.  At higher angles of attack, 

the lift to drag curves were nearly identical.  This shows that the latex cells alone do not increase 

the aerodynamic efficiency of the plate and that further modification to the basic design is 

necessary. 

Figure 5.8 shows the aerodynamic coefficients for the 80x80 plate at 12.5%, 25%, and 37.5% 

membrane scalloping.   
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a)   

b)   



 

54 

 

c)   

Figure 5.8:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio verus AOA for the 
80x80 plates at all scallop levels 

 Figure 5.8a shows a clear beneficial effect of the latex on the lift coefficient, with all 

latex plates showing a higher lift coefficient than the solid plate.  However, the membrane 

scalloping has very little effect on the lift coefficient of the plate.  Figure 5.8b shows that all of 

the latex plates have a higher drag coefficient than the solid plate.  The plate with 25% 

membrane scalloping has the lowest drag, which agrees in general with the local momentum 

deficit analysis results.  The lift-to-drag ratio for the plates shows that the 25% membrane 

scalloping has an advantageous lift-to-drag ratio curve when compared with all other models, 

though only marginally so.  The 12.5% and 37.5% membrane scalloping have lift-to-drag ratios 

nearly identical to the solid plate, and the non-scalloped plate has a worse lift-to-drag ratio than 

the solid plate.   

These results show that membrane scalloping can result in higher aerodynamic efficiency 

but that the amount of scalloping can have a significant effect on any beneficial results.  As the 
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lift for all of the 80x80 geometries was nearly the same regardless of level of scallop, the amount 

of membrane scalloping has very little effect on the lift.  However, the membrane scalloping can 

reduce total plate drag. 

Figure 5.9 shows the lift-to-drag ratio for the 80x40 plate at 12.5%, and 25%  membrane 

scalloping.   

 

Figure 5.9:  Lift-to-drag ratio verus AOA for the 80x40 geometries at all scallop levels 

 This figure shows that the lift-to-drag ratios for all of the latex geometries are lower than 

the solid plate at lower angles of attack and nearly identical at higher angles of attack.  The 

membrane scalloping does appear to have a beneficial effect versus no membrane scalloping, but 

the latex geometries still have inferior aerodynamic efficiency compared to the solid plate.  Full 

results for the 80x40 airfoil can be seen in Appendix C. 
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5.3:  Hot-wire Spectral Analysis Results 

 The frequency spectrum of the latex membrane was studied to correlate the effects of 

membrane vibration to aerodynamic performance.  A modified Strouhal number (St) was used to 

compare the membrane vibration results.  The Strouhal number is a ratio of frequency times a 

characteristic length divided by the flow velocity (Equation 5.1). 

V
fLStL =      (5.1) 

Based on visual observations of the membrane vibration, the trailing edge of the membrane was 

seen to have the highest amplitude of vibration, with the amplitude falling off rapidly upstream 

of the trailing edge.  Thus, the trailing edge vibration was simplified to model a vibrating string 

in tension.  The frequency of vibration would then be proportional to the square root of a tension 

term over the product of the span and membrane mass, as seen in Equation 5.2.   

mL
Tf ∝                 (5.2) 

The tension and mass terms are as follows, where cr is some reference chord length used to 

model the trailing edge of the membrane as a vibrating string:   

'
2
1

2
1 22 bcVSVT raa ρρ ==                          (5.3) 

tcbVolm r'ρρ =∗=                     (5.4) 

Choosing the characterstic length of the frequency as the cell span, b′, the frequency of the 

membrane can thus be modeled as follows in Equation 5.5. 

bt
Vf

m

f

ρ
ρ

∝     (5.5) 
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Using the plate chord as the characteristic length for the Strouhal number, the following is 

obtained: 

tb
cSt

m

a
c 'ρ

ρ
=     (5.6) 

For this analysis to be valid, the stress in the streamwise direction of the cell membrane must be 

small compared to that in the spanwise direction as characterized by the amplitude of vibration 

along the centerline significantly increasing towards the trailing edge.  Additionally, the 

amplitude distributions along the trailing edge of the airfoil must resemble those of a vibrating 

string. 

 

 

Figure 5.10:  Peak frequency versus freestreem speed for the 80x80 plate 
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Figure 5.10 shows the peak frequency of the airflow fluctuations aft of the trailing edge 

of the membrane for the 80x80 plate for four tests over a range of velocities in both the LSWT 

and the SSFA.    All data was acquired at 8° angle of attack.  For the LSWT, the Reynolds 

number range was from 14000 to 37000, and for the SSFA the Reynolds number range was from 

25000 to 61000.  The results from both the SSFA and the LSWT show that the peak frequency is 

roughly linear with increasing velocity.  The point with the lowest velocity in Figure 5.10 

corresponds to the lowest velocity at which a single frequency has a power intensity more than 

twice any other intensity.  The peak frequencies predicted at similar freestream speeds are not the 

same over most of the freestream velocity overlap between the two apparati.  However, the peak 

frequency jumps at the highest freestream velocity studied in the SSFA.  This new peak 

frequency is in range of the peak frequencies shown at similar velocities for the LSWT. 

 

Figure 5.11:  Peak frequency versus velocity, SSFA 
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 Figure 5.11 shows the peak frequency versus velocity plots for various geometries at 8° 

angle of attack.  The 80x80 25% scalloped geometry was tested as well; however, the membrane 

did not begin to vibrate until 7.9 m/s (17.7 mph).  As this was the highest freestream velocity that 

could be tested in the small-scale flow apparatus, this data is not included in Figure 5.11. 

Figure 5.11 plot shows that the membrane frequency increases with decreasing cell span 

and increasing velocity.  The 40x80 plate shows the highest peak frequencies by a significant 

margin.  The 60x80 airfoil has the second highest peak frequencies, while the 80x80 plate has the 

lowest memrane frequencies at lower flow velocities.  Finally, although the 12.5% scalloped 

80x80 plate does not begin to vibrate until a higher freestream velocity, the frequency of 

vibration is relatively unchanged.  When combined with the lift and drag data from Figures 5.8 a 

and b, this shows that it isn’t the frequency of vibration that improves airfoil performance but the 

level of membrane scalloping.  However, the amplitude of the vibration could still have an effect. 

 The Strouhal number and Reynolds number were both of particular importance in the 

analysis of the membrane vibration.  These are plotted in Figure 5.12 below. 
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Figure 5.12:  Strouhal number versus Reynolds number 

 Figure 5.12 shows the relation between the Strouhal number based on the chord and the 

Reynolds number based on the chord.  For each data series, the left-most data point was the onset 

of membrane vibration.  From this data, it is clear that the onset of vibration is dependent on 

more than just the Reynolds number, as each membrane geometry had a different Reynolds 

number for the onset of vibration.  Each membrane geometry also had a different Strouhal 

number at the onset of vibration, so the conditions for the onset of vibration are not dependent 

solely on this, either. 
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5.4:  Laser Vibrometer Results 

 The direct measurements of the intensity of vibration of three airfoils were studied to 

determine whether or not the assumptions for the Strouhal number modeling were valid.   In 

particular, the amplitude of the vibration was studied along the airfoil chord to determine if the 

vibration is localized near the trailing-edge or is similar to a two-dimensional membrane 

geometry of twice the aspect ratio (with the trailing edge as a line of symmetry).  In the figures 

below, the intensity of vibration is proportional to the square of the maximum deflection. 

 

 

Figure 5.13:  Power intensity versus chordwise location for non-scalloped plates 

 Figure 5.13 shows the intensity of the membrane vibration versus the chordwise location 

along the centerline of the center cell for a Reynolds number of 35000 and an angle of attack of 
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8°.  Both the 60x80 and 80x80 cells show the highest deflections towards the trailing-edge of the 

cell.  The amplitude of vibration of a two-dimensional membrane of twice the aspect ratio would 

be similar to this but the curvature would have the opposite sign.  The 100x80 cell shows two 

peaks in intensity, one along the middle of the cell and another towards the trailing edge.  This 

pattern of membrane vibration is different than the other cells and could explain why the peak 

frequencies of the 100x80 cell do not follow the patterns of the other cells. 

 

Figure 5.14:  Power intensity versus spanwise location for non-scalloped plates 

Figure 5.14 shows the intensity of the membrane vibration in the spanwise direction near 

the trailing edge of the latex cell for three non-scalloped airfoils.  All three airfoils show an 

intensity profile similar to that of a vibrating string.   
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Figure 5.15:  Power intensity versus chordwise location for 80x80 plate 

Figure 5.15 shows the intensity of the membrane vibration for the 80x80 non-scalloped 

and 25% scalloped cases.  The scalloped cell shows significantly lower intensities of vibration 

along the centerline of the airfoil.  When compared with the lift and drag data from Figures 5.8 a 

and b, this shows that the smaller magnitude of vibration of the scalloped geometry corresponds 

to slightly lower lift but significantly lower drag, thus increasing the lift-to-drag ratio. 
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CHAPTER 6 

Conclusions 

 

6.1:  Additional Experimental Apparatus 

 The following experimental apparatus designs or modifications were completed during 

this investigation: 

• Installation, calibration, and estimation of uncertainty of an external three-component 

balance system to the low-speed wind tunnel 

• Design and installation of wind tunnel fairing and angle of attack control mechanism for 

external balance testing 

• Design, fabrication, and characterization of the small-scale flow apparatus to measure the 

onset of membrane vibration 

 

6.2:  Wake Survey and External Balance Testing 

 The results of the wake surveys and the external balance testing show that the latex 

membrane can increase both the lift and drag of the airfoil.  The cell size has the largest effect on 

total lift with the membrane scalloping having a smaller effect to reduce the lift.  However, the 

membrane scalloping can reduce the drag on the airfoil significantly, causing a net increase in 
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aerodynamic efficiency.  The amount of membrane scalloping can affect the increased efficiency, 

however, and more or less membrane scalloping is not necessarily advantageous. 

  

6.3:  Frequency Spectrum and Laser Vibrometer Testing  

 The frequency spectrum and laser vibrometer testing showed that the cell span has a 

direct effect on the velocity at which membrane vibration first occurs as well as on the frequency 

of the membrane vibration.  The peak frequency increases with increasing velocity and 

decreasing cell span.  Membrane scalloping increases the velocity at which membrane vibration 

is first observed; however, it does not have a significant effect on the frequencies at which the 

membrane vibrates.  For non-scalloped membranes, the onset of vibration was shown to be a 

factor of the cell span as well as the freestream velocity. 

 

6.4:  Future Work 

 Further work to enhance the results acquired and further study the effects of trailing-edge 

scalloping include: 

• Measurement of the effects of scalloping on other cell span sizes to show the relation 

between scallop and cell span 

• Lift and drag measurements on a greater number of plate geometries 

• Measurements of the effect of membrane tension on aerodynamic efficiency 

• Extension of current research onto cambered plates 
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APPENDICES 
 
Appendix A:  Test Conditions 
 
 

Table A.1:  Wake survey test conditions, non-scalloped airfoils 

Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103
Survey Range 

(#Chord)
Solid None 0 9.42 43.2 ±1.5
Solid None 2 9.41 43.2 ±1.5
Solid None 4 9.42 43.2 ±1.5
Solid None 6 9.41 43.2 ±1.5
Solid None 8 9.41 43.2 ±1.5
Solid None 10 9.39 43.0 ±1.5
Solid None 12 9.38 43.0 ±2.0
Solid None 14 9.38 43.0 ±2.0
Solid None 16 9.36 42.9 ±2.0
Solid None 18 9.36 42.0 ±2.0
Solid None 20 9.35 42.9 ±2.0
80x80 None 0 8.90 40.7 ±1.5
80x80 None 2 8.91 40.8 ±1.5
80x80 None 4 8.92 40.8 ±1.5
80x80 None 6 8.91 40.7 ±1.5
80x80 None 8 8.92 40.8 ±1.5
80x80 None 10 8.91 40.7 ±1.5
80x80 None 12 8.91 40.7 ±2.0
80x80 None 14 8.88 40.6 ±2.0
80x80 None 16 8.88 40.6 ±2.0
80x80 None 18 8.87 40.6 ±2.0
80x80 None 20 8.86 40.5 ±2.0
80x40 None 0 8.90 40.7 ±1.5
80x40 None 2 8.90 40.8 ±1.5
80x40 None 4 8.92 40.8 ±1.5
80x40 None 6 8.91 40.8 ±1.5
80x40 None 8 8.91 40.8 ±1.5
80x40 None 10 8.91 40.8 ±1.5
80x40 None 12 8.89 40.7 ±2.0
80x40 None 14 8.88 40.7 ±2.0
80x40 None 16 8.88 40.6 ±2.0
80x40 None 18 8.87 40.6 ±2.0
80x40 None 20 8.86 40.6 ±2.0
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Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103
Survey Range 

(#Chord)
80x20 None 0 8.89 40.7 ±1.5
80x20 None 2 8.90 40.8 ±1.5
80x20 None 4 8.90 40.7 ±1.5
80x20 None 6 8.90 40.8 ±1.5
80x20 None 8 8.82 40.8 ±1.5
80x20 None 10 8.81 40.8 ±1.5
80x20 None 12 8.90 40.7 ±2.0
80x20 None 14 8.89 40.7 ±2.0
80x20 None 16 8.88 40.6 ±2.0
80x20 None 18 8.87 40.6 ±2.0
80x20 None 20 8.87 40.6 ±2.0
40x80 None 0 9.42 43.1 ±1.5
40x80 None 2 9.42 43.1 ±1.5
40x80 None 4 9.42 43.1 ±1.5
40x80 None 6 9.42 43.1 ±1.5
40x80 None 8 9.40 43.0 ±1.5
40x80 None 10 9.40 43.0 ±1.5
40x80 None 12 9.38 42.9 ±2.0
40x80 None 14 9.34 42.7 ±2.0
40x80 None 16 9.26 42.4 ±2.0
40x80 None 18 9.26 42.3 ±2.0
40x80 None 20 9.26 42.3 ±2.0

Tri 80x80 None 0 9.31 42.8 ±1.5
Tri 80x80 None 2 9.32 42.9 ±1.5
Tri 80x80 None 4 9.32 42.9 ±1.5
Tri 80x80 None 6 9.34 43.0 ±1.5
Tri 80x80 None 8 9.35 43.0 ±1.5
Tri 80x80 None 10 9.34 43.0 ±1.5
Tri 80x80 None 12 9.34 43.0 ±2.0
Tri 80x80 None 14 9.33 42.9 ±2.0
Tri 80x80 None 16 9.31 42.8 ±2.0
Tri 80x80 None 18 9.31 42.8 ±2.0
Tri 80x80 None 20 9.29 42.7 ±2.0  
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Table A.2:  Wake survey test conditions, scalloped airfoils 

Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103
Survey Range 

(#Chord)
Solid 25%* 0 8.92 40.8 ±1.5
Solid 25%* 2 8.93 40.8 ±1.5
Solid 25%* 4 8.94 40.9 ±1.5
Solid 25%* 6 8.92 40.8 ±1.5
Solid 25%* 8 8.92 40.8 ±1.5
Solid 25%* 10 8.92 40.8 ±1.5
Solid 25%* 12 8.91 40.7 ±2.0
Solid 25%* 14 8.90 40.7 ±2.0
Solid 25%* 16 8.90 40.7 ±2.0
Solid 25%* 18 8.89 40.6 ±2.0
Solid 25%* 20 8.88 40.6 ±2.0
80x80 12.50% 0 9.28 42.6 ±1.5
80x80 12.50% 2 9.28 42.6 ±1.5
80x80 12.50% 4 9.28 42.6 ±1.5
80x80 12.50% 6 9.28 42.6 ±1.5
80x80 12.50% 8 9.28 42.6 ±1.5
80x80 12.50% 10 9.26 42.5 ±1.5
80x80 12.50% 12 9.26 42.5 ±2.0
80x80 12.50% 14 9.26 42.5 ±2.0
80x80 12.50% 16 9.24 42.4 ±2.0
80x80 12.50% 18 9.23 42.4 ±2.0
80x80 12.50% 20 9.23 42.3 ±2.0
80x80 25.00% 0 9.07 41.6 ±1.5
80x80 25.00% 2 9.08 41.7 ±1.5
80x80 25.00% 4 9.08 41.7 ±1.5
80x80 25.00% 6 9.08 41.7 ±1.5
80x80 25.00% 8 9.07 41.6 ±1.5
80x80 25.00% 10 9.07 41.6 ±1.5
80x80 25.00% 12 9.05 41.5 ±2.0
80x80 25.00% 14 9.04 41.5 ±2.0
80x80 25.00% 16 9.04 41.5 ±2.0
80x80 25.00% 18 9.02 41.4 ±2.0
80x80 25.00% 20 9.01 41.4 ±2.0  
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Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103
Survey Range 

(#Chord)
80x40 12.50% 0 9.26 42.4 ±1.5
80x40 12.50% 2 9.28 42.5 ±1.5
80x40 12.50% 4 9.28 42.5 ±1.5
80x40 12.50% 6 9.29 42.5 ±1.5
80x40 12.50% 8 9.28 42.5 ±1.5
80x40 12.50% 10 9.27 42.4 ±1.5
80x40 12.50% 12 9.26 42.4 ±2.0
80x40 12.50% 14 9.24 42.3 ±2.0
80x40 12.50% 16 9.24 42.3 ±2.0
80x40 12.50% 18 9.24 42.2 ±2.0
80x40 12.50% 20 9.23 42.2 ±2.0
80x40 25.00% 0 9.06 41.5 ±1.5
80x40 25.00% 2 9.06 41.4 ±1.5
80x40 25.00% 4 9.07 41.6 ±1.5
80x40 25.00% 6 9.07 41.6 ±1.5
80x40 25.00% 8 9.06 41.5 ±1.5
80x40 25.00% 10 9.06 41.5 ±1.5
80x40 25.00% 12 9.06 41.5 ±2.0
80x40 25.00% 14 9.04 41.4 ±2.0
80x40 25.00% 16 9.04 41.4 ±2.0
80x40 25.00% 18 9.02 41.4 ±2.0
80x40 25.00% 20 9.02 41.3 ±2.0

Tri 80x80 12.50% 0 9.02 41.3 ±1.5
Tri 80x80 12.50% 2 9.03 41.3 ±1.5
Tri 80x80 12.50% 4 9.03 41.3 ±1.5
Tri 80x80 12.50% 6 9.03 41.3 ±1.5
Tri 80x80 12.50% 8 9.03 41.3 ±1.5
Tri 80x80 12.50% 10 9.02 41.3 ±1.5
Tri 80x80 12.50% 12 9.02 41.3 ±2.0
Tri 80x80 12.50% 14 9.01 41.3 ±2.0
Tri 80x80 12.50% 16 9.00 41.2 ±2.0
Tri 80x80 12.50% 18 9.00 41.2 ±2.0
Tri 80x80 12.50% 20 8.98 41.1 ±2.0  
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Table A.3:  Vibration test conditions, LSWT 

Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103 Tunnel
Solid None 0 9.00 41.4 LSWT
Solid None 2 8.95 41.2 LSWT
Solid None 4 8.99 41.4 LSWT
Solid None 6 8.96 41.2 LSWT
Solid None 8 8.96 41.2 LSWT
Solid None 10 8.98 41.3 LSWT
Solid None 12 9.00 41.4 LSWT
Solid None 14 8.88 40.9 LSWT
Solid None 16 8.94 41.1 LSWT
Solid None 18 8.94 41.1 LSWT
Solid None 20 8.89 40.9 LSWT
Solid 25%* 0 9.21 42.4 LSWT
Solid 25%* 2 9.23 42.5 LSWT
Solid 25%* 4 9.19 42.3 LSWT
Solid 25%* 6 9.16 42.2 LSWT
Solid 25%* 8 9.19 42.3 LSWT
Solid 25%* 10 9.14 42.1 LSWT
Solid 25%* 12 9.18 42.3 LSWT
Solid 25%* 14 9.17 42.2 LSWT
Solid 25%* 16 9.16 42.2 LSWT
Solid 25%* 18 9.13 42.1 LSWT
Solid 25%* 20 9.14 42.1 LSWT
80x80 None 0 8.91 41.0 LSWT
80x80 None 2 8.93 41.1 LSWT
80x80 None 4 8.91 41.0 LSWT
80x80 None 6 8.93 41.1 LSWT
80x80 None 8 8.97 41.3 LSWT
80x80 None 10 8.89 40.9 LSWT
80x80 None 12 8.88 40.9 LSWT
80x80 None 14 8.90 40.9 LSWT
80x80 None 16 8.87 40.8 LSWT
80x80 None 18 8.92 41.0 LSWT
80x80 None 20 8.82 40.6 LSWT  
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Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103 Tunnel
80x80 None 0 6.81 31.3 LSWT
80x80 None 2 6.85 31.4 LSWT
80x80 None 4 6.87 31.6 LSWT
80x80 None 6 6.85 31.5 LSWT
80x80 None 8 6.83 31.4 LSWT
80x80 None 10 6.83 31.3 LSWT
80x80 None 12 6.85 31.4 LSWT
80x80 None 14 6.78 31.1 LSWT
80x80 None 16 6.83 31.4 LSWT
80x80 None 18 6.87 31.6 LSWT
80x80 None 20 6.90 31.7 LSWT
80x80 12.50% 0 9.09 41.6 LSWT
80x80 12.50% 2 9.11 41.7 LSWT
80x80 12.50% 4 9.11 41.7 LSWT
80x80 12.50% 6 9.11 41.7 LSWT
80x80 12.50% 8 9.12 41.8 LSWT
80x80 12.50% 10 9.08 41.6 LSWT
80x80 12.50% 12 9.08 41.6 LSWT
80x80 12.50% 14 9.03 41.4 LSWT
80x80 12.50% 16 9.03 41.3 LSWT
80x80 12.50% 18 9.05 41.4 LSWT
80x80 12.50% 20 9.10 41.8 LSWT
80x80 25.00% 0 9.08 41.5 LSWT
80x80 25.00% 2 9.06 41.4 LSWT
80x80 25.00% 4 9.05 41.4 LSWT
80x80 25.00% 6 9.05 41.4 LSWT
80x80 25.00% 8 9.06 41.4 LSWT
80x80 25.00% 10 8.99 41.1 LSWT
80x80 25.00% 12 9.01 41.2 LSWT
80x80 25.00% 14 9.05 41.4 LSWT
80x80 25.00% 16 9.07 41.5 LSWT
80x80 25.00% 18 9.01 41.2 LSWT
80x80 25.00% 20 8.99 41.1 LSWT
80x40 None 0 8.95 41.2 LSWT
80x40 None 2 8.92 41.0 LSWT
80x40 None 4 8.99 41.3 LSWT
80x40 None 6 8.93 41.1 LSWT
80x40 None 8 8.93 41.1 LSWT
80x40 None 10 8.97 41.3 LSWT
80x40 None 12 8.90 41.0 LSWT
80x40 None 14 8.89 40.9 LSWT
80x40 None 16 8.91 41.0 LSWT
80x40 None 18 8.92 40.9 LSWT
80x40 None 20 8.86 40.6 LSWT  
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Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103 Tunnel
80x40 12.50% 0 9.06 41.6 LSWT
80x40 12.50% 2 9.00 41.3 LSWT
80x40 12.50% 4 9.04 41.5 LSWT
80x40 12.50% 6 9.11 41.8 LSWT
80x40 12.50% 8 9.04 41.5 LSWT
80x40 12.50% 10 8.97 41.2 LSWT
80x40 12.50% 12 9.02 41.4 LSWT
80x40 12.50% 14 9.00 41.3 LSWT
80x40 12.50% 16 8.97 41.2 LSWT
80x40 12.50% 18 8.99 41.3 LSWT
80x40 12.50% 20 9.01 41.4 LSWT
80x40 25.00% 0 9.04 41.4 LSWT
80x40 25.00% 2 9.03 41.3 LSWT
80x40 25.00% 4 9.08 41.5 LSWT
80x40 25.00% 6 9.03 41.3 LSWT
80x40 25.00% 8 9.02 41.3 LSWT
80x40 25.00% 10 9.04 41.4 LSWT
80x40 25.00% 12 9.06 41.5 LSWT
80x40 25.00% 14 9.05 41.4 LSWT
80x40 25.00% 16 9.02 41.2 LSWT
80x40 25.00% 18 8.99 41.1 LSWT
80x40 25.00% 20 9.00 41.2 LSWT
80x20 None 0 8.87 40.8 LSWT
80x20 None 2 8.93 41.1 LSWT
80x20 None 4 8.92 41.0 LSWT
80x20 None 6 8.92 41.0 LSWT
80x20 None 8 8.94 41.1 LSWT
80x20 None 10 8.94 41.1 LSWT
80x20 None 12 8.96 41.2 LSWT
80x20 None 14 8.85 40.7 LSWT
80x20 None 16 8.90 40.9 LSWT
80x20 None 18 8.87 40.8 LSWT
80x20 None 20 8.90 40.9 LSWT
80x20 None 0 6.85 31.5 LSWT
80x20 None 2 6.85 31.5 LSWT
80x20 None 4 6.84 31.4 LSWT
80x20 None 6 6.85 31.4 LSWT
80x20 None 8 6.82 31.3 LSWT
80x20 None 10 6.83 31.4 LSWT
80x20 None 12 6.85 31.4 LSWT
80x20 None 14 6.87 31.6 LSWT
80x20 None 16 6.78 31.1 LSWT
80x20 None 18 6.86 31.5 LSWT
80x20 None 20 6.84 31.4 LSWT  
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Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103 Tunnel
80x20 None 0 12.16 55.8 LSWT
80x20 None 2 12.14 55.7 LSWT
80x20 None 4 12.10 55.5 LSWT
80x20 None 6 12.16 55.8 LSWT
80x20 None 8 12.21 56.0 LSWT
80x20 None 10 12.15 55.7 LSWT
80x20 None 12 12.09 55.5 LSWT
80x20 None 14 12.09 55.5 LSWT
80x20 None 16 12.08 55.4 LSWT
80x20 None 18 12.09 55.5 LSWT
80x20 None 20 12.05 55.3 LSWT
80x20 12.50% 0 8.90 40.8 LSWT
80x20 12.50% 2 8.98 41.2 LSWT
80x20 12.50% 4 8.95 41.1 LSWT
80x20 12.50% 6 8.98 41.2 LSWT
80x20 12.50% 8 8.93 41.0 LSWT
80x20 12.50% 10 8.98 41.2 LSWT
80x20 12.50% 12 8.96 41.2 LSWT
80x20 12.50% 14 8.94 41.0 LSWT
80x20 12.50% 16 8.94 41.1 LSWT
80x20 12.50% 18 8.91 40.9 LSWT
80x20 12.50% 20 8.92 40.9 LSWT
40x80 None 0 9.01 41.5 LSWT
40x80 None 2 8.92 41.0 LSWT
40x80 None 4 8.93 41.1 LSWT
40x80 None 6 8.96 41.2 LSWT
40x80 None 8 8.95 41.2 LSWT
40x80 None 10 8.93 41.1 LSWT
40x80 None 12 8.89 40.9 LSWT
40x80 None 14 8.97 41.3 LSWT
40x80 None 16 8.98 41.3 LSWT
40x80 None 18 8.91 41.0 LSWT
40x80 None 20 8.90 40.9 LSWT

Tri 80x80 None 0 8.95 41.1 LSWT
Tri 80x80 None 2 9.00 41.3 LSWT
Tri 80x80 None 4 9.01 41.4 LSWT
Tri 80x80 None 6 9.01 41.4 LSWT
Tri 80x80 None 8 8.96 41.1 LSWT
Tri 80x80 None 10 8.98 41.2 LSWT
Tri 80x80 None 12 8.97 41.2 LSWT
Tri 80x80 None 14 8.95 41.1 LSWT
Tri 80x80 None 16 9.00 41.3 LSWT
Tri 80x80 None 18 8.93 41.0 LSWT
Tri 80x80 None 20 8.91 40.9 LSWT  
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Cell Geometry Scallop AOA Ave U∞ (m/s) Re x 103 Tunnel
Tri 80x80 12.50% 0 9.03 41.3 LSWT
Tri 80x80 12.50% 2 9.08 41.5 LSWT
Tri 80x80 12.50% 4 9.09 41.6 LSWT
Tri 80x80 12.50% 6 9.02 41.3 LSWT
Tri 80x80 12.50% 8 9.02 41.3 LSWT
Tri 80x80 12.50% 10 8.97 41.0 LSWT
Tri 80x80 12.50% 12 9.02 41.3 LSWT
Tri 80x80 12.50% 14 8.99 41.1 LSWT
Tri 80x80 12.50% 16 9.01 41.2 LSWT
Tri 80x80 12.50% 18 8.99 41.1 LSWT
Tri 80x80 12.50% 20 9.02 41.2 LSWT  
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Appendix B:  Wake Profiles 
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Figure B.1:  Wake profiles for non-scalloped plates, 0-20° AOA 
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Figure B.2:  Wake profiles for 80x80 geometries, 0-20° AOA 
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Figure B.3:  Wake profiles for 80x40 geometries, 0-20° AOA 
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Appendix C:  80x40 Aerodynamic Coefficients, Re=4600 
 

 

a)   

b)   
Figure C.1:  a) Lift coefficient and b) Drag coefficient data for the 80x40 wing geometries at all 

levels of membrane scalloping 
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Appendix D:  Aerodynamic Coefficients, Re=61000 
 

a)   

b)   
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c)   
Figure D.1:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio verus AOA for the 

non-scalloped plates 

a)   
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b)   

c)   
Figure D.2:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio for the 80x80 

geomeries at all levels of membrane scalloping 
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Figure D.3:  a)  Lift coefficient, b) Drag coefficient, and c) Lift-to-drag ratio for the 80x40 

geomeries at all levels of membrane scalloping 

 


