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than 5% of the forces produced by the tail fins and wings, and that the effect of the sting on the 

lift and drag data should be consistent for all configurations at each Re. This allows for 

performance comparisons within the test group to be made to evaluate the relative performance 

of the wings. 

 
Figure 6-1 Lift and Drag data comparison at Re=250,000 between data for a baseline fuselage in the ARDEC 

wind tunnel and the solid-membrane wing MAV fuselage. 

Another important step in any experiment is to verify the repeatability of the data collected 

during the experiment. In general, repeatability requires the use of a separate test setup in a 

separate wind tunnel. Since no other tunnel sufficiently large enough was available in this case, 

testing was conducted to demonstrate the repeatability of results within the WVU closed loop 

wind tunnel. To accomplish this, three full sets of data were collected at Re=125,000 for the 

fuselage & wing and fuselage, wing, & tail cases. Three sets of data were also collected over 

three days for the fuselage only configuration at Re=250,000. The data was then plotted and 

compared to determine if any significant variances appeared between the tests. None were 

observed, and to show what the data looked like, plots of the lift and drag data for the fuselage, 

tail, & wing configurations is presented below in Figure 6-2, and for the fuselage only 

configuration in Figure 6-3.  

Error bars would normally be displayed on every plot to convey the uncertainty error, but due 

to the amount of data displayed on each plot, this was done only on one set of data so as to not 

clutter up the remaining plots. The lift, drag, and L/D polar plots with appropriate error bars for 

the Fuselage, Tail, & Solid-Membrane Wing at Re=125,000 is presented in Figure 6-4.  
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Figure 6-2 Repeatability plots for Fuselage, Tail, and Wing Configurations at Re=125,000. 

 
Figure 6-3 Repeatability plots for Fuselage only Configuration at Re=250,000. 
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Figure 6-4 Fuselage, Tail, and Solid-Membrane Wing CL , CD, and L/D data with vertical error bars at 

Re=125,000. 

6.3 Analysis and Discussion 

Overall, only minor variations were observed in performance between the various wings and 

Re tested within each major test group (fuselage & wings, and fuselage, wings, & tail). Also, the 

overall lift produced by each wing was very similar within test groups and Re ranges. The minor 

variability is more noticeable in the drag curves and resulting L/D curves than the lift curves, 

particularly at Re=75,000 and 100,000. At Re=125,000 and 150,000, less variability within test 

groups was observed. Despite the variability, the quality of the data was sufficient to evaluate 

and compare the performance of the Solid-Membrane wing with a NACA 0009m airfoil to that 

of a Solid wing with the baseline NACA 0009 airfoil. 

As discussed previously in the attempt to validate the fuselage data at Re below 125,000, 

collection of the fuselage drag and lift data presented some difficulty. This was especially true 

with drag at positive AoA and lift at negative AoA. The data at Re=150,000 and 250,000 is 
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by removing the trailing edge element entirely and leaving the membrane skin loose behind the 

leading edge element.  

Lift and drag data was collected for the partial trailing edge deployment condition at 

Re=125,000 along with high speed video data at AoA=0°, 6°, 10° and 12°.  Additional lift and 

drag data was also collected at Re=150,000 and is displayed with the Re=125,000 data in Figure 

6-8.  As expected, the drag roughly doubled. Surprisingly, the wing continued to produce a 

significant amount of lift reducing by only approximately 10%. This yielded a L/Dmax≈3.5, 

which would still result in a 50-100% range extension compared to the range of an unfinned 

MAV.    

In addition, according to the data collected with the high speed video camera, the loosened 

membrane skin did not begin to flutter until an AoA > 10.0° was achieved. Even at AoA > 10° 

only the top surface of the membrane skin fluttered and appeared to have a regular intermediate 

pattern which repeated itself every few seconds. For clarity, some frames from the high speed 

video at AoA=0°, 6°, and 12° are presented below in Table 6-4. 
Table 6-4 Fuselage and Wing Partial Trailing Edge Deployment High Speed Video Frame Captures  

Frame 
[ - ] 

Time 
[ sec ] 

0° AoA 
[ - ] 

6° AoA 
[ - ] 

12° AoA 
[ - ] 

1 0.00 

   

20 0.02 

   

40 0.04 

   

60 0.06 

   

80 0.08 

   

100 0.10 
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For the no trailing edge deployment condition, lift and drag data was collected at three Re 

(100,000, 125,000, and 150,000) along with high speed video data at Re=125,000 at AoA=0°, 6°, 

and 12°. The lift and drag data is presented for the Re=125,000 and 150,000 cases in Figure 6-8. 

Overall, the lift performance of the wing was reduced by 50% while the drag was increased 

nearly tenfold, resulting in a L/Dmax≈1.2, which was 30% less than the L/Dmax of the fuselage 

alone. The increased drag was about as expected, although significantly more lift was still 

produced than expected. This indicates that the LE element alone may be responsible for a 

significant portion of the lift production and may warrant some further study in the future.  

The high speed video showed that the loose membrane wing skin fluttered in such a way at 

all AoA that the vortices coming off the wing were nearly completely visible in the flutter pattern 

of the membrane skin. This increased flutter definitely explains the increase in drag, as the skin 

friction from the fluttering membrane skin paired with the vortex separation behind the leading 

edge element caused the drag force to drastically increase. To illustrate these vortices, some 

frames from the high speed video at 0°, 6°, and 12° are presented below in Table 6-5. 

 
Figure 6-8 Fuselage and Wing Full, Partial, and Failed TE Deployment Comparison 
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Table 6-5 Fuselage and Wing Failed Trailing Edge Deployment High Speed Video Frame Captures. 

Frame 
[ - ] 

Time 
[ sec ] 

0° AoA 
[ - ] 

6° AoA 
[ - ] 

12° AoA 
[ - ] 

1 0.00 

   

20 0.02 

   

40 0.04 

   

60 0.06 

   

80 0.08 

   

100 0.10 

   
 

The above data for the failed deployment scenarios investigated suggests that a partially 

deployed trailing edge element will provide reduced but acceptable performance whereas a 

completely failed deployment of the trailing edge element will result in a significant reduction of 

performance to a level worse than having no wing installed on the MAV at all. These results 

suggest that further study of the effect on MAV performance by the failed states of deployment 

should be conducted along with a study to determine the conditions that cause incomplete 

deployments.  
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Chapter 7. Summary and Recommendations 
The work presented herein provides strong evidence that a folding solid-membrane wing has 

the potential to allow small projectile launched MAVs to utilize a wing with higher efficiency 

full profile airfoils while maintaining the packing efficiency required to successfully stow the 

wing in the fuselage along with all the necessary control system and payload components 

required to carry out the MAV's mission. The accomplishments of the research, conclusions 

based upon the design and experimental work, and recommendations for future work are outlined 

in the subsequent sections. 

7.1 Accomplishments 

• A review of the conceptual and preliminary design work including an analysis of the 

MAV mission profile, a sensitivity study by various parameters on the glide ratio, and 

development of initial high speed and maximum range concepts was presented. A review 

of some MAV and UAV systems which demonstrate useful concepts were also presented.  

• The solid-membrane wing concept was selected from a field of five concepts presented 

herein based upon its probability of striking the best balance between aerodynamic 

efficiency, available internal MAV volume, low cost, and low technical risk.  

• A solid-membrane folding wing design was presented and included the folding 

mechanism and a release and locking mechanism. 

• An inviscid flow analysis of the NACA 0009 airfoil and the modified NACA 0009 airfoil 

was conducted to evaluate the performance similarities between the airfoils. 

• A functional proof of concept demonstration model used to identify and correct potential 

design issues was developed and assembled. 

• Issues with forming and attaching the flexible membrane  skin to the solid elements of 

the wing were solved using patterns to cut the material and molds to properly bond the 

material together. 

• An engineering MAV model was developed to prove the feasibility of integrating the 

wing and other necessary components and payloads into a representative MAV fuselage. 

• Extensive wind tunnel testing was conducted to evaluate the lift, drag, and glide 

performance of the airfoils, and MAV model configurations using wings in full and 
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partial deployment conditions. High speed video was also collected to evaluate the 

presence of surface motion in the membrane skin. 

7.2 Conclusions From Study 

• After integration of the solid-membrane wing presented into the fuselage of the gliding 

tube launched MAV, more than 80% of the fuselage volume remains for integration of 

other system components and payloads. 

• The experimental results suggest the performance of the NACA 0009 and modified 

NACA 0009 airfoils are very similar. 

• Performance of the solid and solid-membrane wings with the modified NACA 0009 

airfoil were nearly identical indicating that the flexible membrane skin does not have a 

negative effect on the wing's performance. 

• A qualitative review of contributions to the lift and drag indicate that for a similarly sized 

MAV, the tail fins contribute most significantly to the drag while the wings contribute 

most significantly to the lift. 

• Experimental results suggest a MAV similar to the engineering model developed herein 

would have a 200% greater range than that of the MAV fuselage and fins alone. 

• Partial deployments of the wing trailing edge elements cause slight-moderate reductions 

in the lift produced by the wing, and moderate-significant increases in drag.  

• A review of the high speed video footage collected indicated that across the AoA range 

studied, no discernible surface motion was present in the membrane skin of a fully 

deployed wing with increasing levels of surface motion becoming apparent with 

decreasing levels of trailing edge element deployment. 

7.3 Recommendations for Future Work 

• To confirm that the NACA 0009 and modified NACA 0009 airfoils truly have similar 

performance, more studies need to be conducted. These should include an investigation 

of the effect of wing geometry on the airfoil performance and an investigation of each 

airfoil's pitching moment. 

• Further investigation to quantify the interaction effects between the individual MAV 

components (fuselage, tail fins, and wings) should be conducted using a variety of flow 

visualization techniques as well as further collection of force data. 
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• Transient deployment studies should be conducted to investigate the effects of successful 

and partial wing deployments on the flight characteristics of the wing and a 

representative MAV. This study should also investigate and determine conditions that 

will cause issues with deployment of the solid-membrane wing.  

• An investigation into the capability of the solid-membrane wing components to survive 

the high G-force launches anticipated needs to be conducted. 

7.4 Closing Remarks 

Although much work remains before attempting full integration into a flight test model, the 

Solid-Membrane Wing concept presented herein is a viable technological solution to placing a 

relatively small to mid size folding wing in a tube launched MAV. Initial steps demonstrating the 

feasibility and benefits of the wing were presented, but further study of the stability of the wing, 

the deployment dynamics of the wing, deployment failure modes, and survivability of solid-

membrane wing system components under the high G-force launch conditions are required. 
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Appendix A: Full Test Plan 
Table A-1 Wind Tunnel Test Plan Configuration Descriptions 

Test Configuration Descriptions 
Test 1 Fuselage Only 
Test 2 Fuselage & Tail 

Test 3 

Fuselage & Wings 
a Solid NACA 0009 
b Solid NACA 0009m 
c Membrane NACA 0009m 

Test 4 

Fuselage, Wings, & Tail 
a Solid NACA 0009 
b Solid NACA 0009m 
c Membrane NACA 0009m 

Test 5 

Fuselage & Wings - High Speed Video 
a Membrane NACA 0009m 
b Membrane NACA 0009m w/ non-fully deployed TE element 
c Membrane NACA 0009m w/ non deployed TE element 

Test 6 
Fuselage & Wings - AoA Sweeps 

a Membrane NACA 0009m w/ non-fully deployed TE element 
b Membrane NACA 0009m w/ non deployed TE element 
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Table A-2 Wind Tunnel Test Plan - Run 1 

 

0 2 4 6 8 10 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -10 -8 -6 -4 -2 0 Start Finish Start Finish
75k X X X X X X X X X X X X X X X X X X X X X X X X X 50 53 0.36 0.36
100k X X X X X X X X X X X X X X X X X X X X X X X X X 56 56 0.64 0.64
125k X X X X X X X X X X X X X X X X X X X X X X X X X 57 58 1 1
150k X X X X X X X X X X X X X X X X X X X X X X X X X 58 59 1.44 1.44
75k X X X X X X X X X X X X X X X X X X X X X X X X X 56 58 0.36 0.36
100k X X X X X X X X X X X X X X X X X X X X X X X X X 58 58 0.64 0.64
125k X X X X X X X X X X X X X X X X X X X X X X X X X 59 60 1.01 1.02
150k X X X X X X X X X X X X X X X X X X X X X X X X X 60 60 1.44 1.44
75k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 0.36 0.35
100k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 0.64 0.62
125k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 1.02 1.02
150k X X X X X X X X X X X X X X X X X X X X X X X X X 49 52 1.44 1.44
75k X X X X X X X X X X X X X X X X X X X X X X X X X 53 53 0.36 0.35

100k X X X X X X X X X X X X X X X X X X X X X X X X X 53 53 0.64 0.65
125k X X X X X X X X X X X X X X X X X X X X X X X X X 52 53 1.02 1.01
150k X X X X X X X X X X X X X X X X X X X X X X X X X 50 53 1.45 1.44
75k X X X X X X X X X X X X X X X X X X X X X X X X X 46 48 0.36 0.36
100k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 0.64 0.62
125k X X X X X X X X X X X X X X X X X X X X X X X X X 48 49 1.02 1.02
150k X X X X X X X X X X X X X X X X X X X X X X X X X 49 51 1.44 1.44
75k X X X X X X X X X X X X X X X X X X X X X X X X X 58 58 0.36 0.36
100k X X X X X X X X X X X X X X X X X X X X X X X X X 58 58 0.64 0.64
125k X X X X X X X X X X X X X X X X X X X X X X X X X 58 58 1 1
150k X X X X X X X X X X X X X X X X X X X X X X X X X 57 58 1.44 1.42
75k X X X X X X X X X X X X X X X X X X X X X X X X X 55 56 0.36 0.35

100k X X X X X X X X X X X X X X X X X X X X X X X X X 56 56 0.64 0.63
125k X X X X X X X X X X X X X X X X X X X X X X X X X 56 57 1.01 1.01
150k X X X X X X X X X X X X X X X X X X X X X X X X X 56 58 1.44 1.43
75k X X X X X X X X X X X X X X X X X X X X X X X X X 56 56 0.36 0.36

100k X X X X X X X X X X X X X X X X X X X X X X X X X 56 56 0.64 0.62
125k X X X X X X X X X X X X X X X X X X X X X X X X X 57 57 1.02 1
150k X X X X X X X X X X X X X X X X X X X X X X X X X 56 57 1.45 1.45

5a 125k X X X
5b 125k X X X
5c 125k X X X

125k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 1 1
150k X X X X X X X X X X X X X X X X X X X X X X X X X 50 52 1.44 1.44
125k X X X X X X X X X X X X X X X X X X X X X X X X X 52 54 1.01 1.02
150k X X X X X X X X X X X X X X X X X X X X X X X X X 54 56 1.44 1.45
100k X X X X X X X X X X X X X X X X X X X X X X X X X 54 56 0.64 0.64

6a

6b

[ F ]
Tunnel Head

[ in H 2 O  ]
Temperature

4c

Angle of Attack

1

2

3a

3b

3c

4a

4b

Test Re [ deg ]
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Table A-3 Wind Tunnel Test Plan - Run 2 

 
 

Table A-4 Wind Tunnel Test Plan - Run 3 

 

0 2 4 6 8 10 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -10 -8 -6 -4 -2 0 Start Finish Start Finish
75k X X X X X X X X X X X X X X X X X X X X X X X X X 53 54 0.36 0.36
100k
125k X X X X X X X X X X X X X X X X X X X X X X X X X 59 60 1.01 1.01
150k
75k

100k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 0.64 0.65
125k X X X X X X X X X X X X X X X X X X X X X X X X X 58 58 1 1.01
150k
75k X X X X X X X X X X X X X X X X X X X X X X X X X 51 52 0.36 0.36
100k
125k X X X X X X X X X X X X X X X X X X X X X X X X X 52 52 1.02 1.02
150k
75k

100k
125k
150k
75k

100k
125k X X X X X X X X X X X X X X X X X X X X X X X X X 51 52 1 1
150k
75k

100k
125k X X X X X X X X X X X X X X X X X X X X X X X X X 58 59 1 1.01
150k
75k

100k
125k
150k
75k X X X X X X X X X X X X X X X X X X X X X X X X X 55 56 0.36 0.34
100k X X X X X X X X X X X X X X X X X X X X X X X X X 56 56 0.64 0.65
125k X X X X X X X X X X X X X X X X X X X X X X X X X 56 56 1.01 1.01
150k

[ deg ] [ F ] [ in H 2 O  ]Test Re
Angle of Attack Temperature Tunnel Head

4b

4c

1

2

3a

3b

3c

4a

0 2 4 6 8 10 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -10 -8 -6 -4 -2 0 Start Finish Start Finish
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Appendix B: Data Analysis Codes 
Wind Tunnel Data Averaging and Calibration Code 
%% Wind Tunnel Data Calibration Test Code 
%Written by Joe Allen, JAllen14@mix.wvu.edu 
%West Virginia University 
%11/20/2013 
  
%% Housekeeping 
clear; 
format long g; 
clc; 
  
%% Description & Instructions:  
%This program uses inputs from a user file sequence for 3 load cells to 
%output force data for use in building a mV-Force transformation matrix 
  
% Instructions: 
% **The working directory must be set to the same directory as the location 
of 
%   the data files. 
% **One additional text file is needed in the working directory: 
%       + k-matrix 
%           format: 3 rows, 3 columns of the load cell force transformation 
%           matrix 
% **Once all files are in the appropriate locations, run the program and 
% evaluate the quality of the results in Figures 1 - 3 
%% Inputs & Calculation of Fixed Variables 
%Constants 
    g=9.80665;                                      %[ m/s^2 ] 
    num=1; 
     
%Import data from text files 
    kmatrix=dlmread('k-matrix.txt');                %[ - ] 
  
%% Data Processing - Raw data 
% Import and average the raw voltage data 
for i=1:1:num 
    fn_ip=sprintf('%d.lvm',i);      %Iterate to the file to import 
    M=dlmread(fn_ip);               %Import the file 
    s_dev(i,1:3)=std(M);              %Compute the standard deviation of the 
raw voltage data 
    data_point=sum(M)/length(M);    %Find the average of the raw voltage data 
    for j=1:1:3 
        raw_V(i,j)=data_point(1,j); %Add the result to the raw voltage data 
matrix    
    end 
end 
  
% Adjust the averaged raw voltage data for zeros 
    zero1=dlmread('0.lvm');                                             %Read 
the initial zero load values 
    zero2=dlmread('00.lvm');                                            %Read 
the final zero load values 
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    zero_true=(sum(zero1)/length(zero1)+sum(zero2)/length(zero2))/2;    
%Determinie the real zero 
    %Loop to adjust the averaged raw data voltage for true zeros 
    for i=1:1:num 
        for j=1:1:3 
            adj_V(i,j)=raw_V(i,j)-zero_true(1,j);                       
%Adjust the raw voltage data and add it to the adjusted voltage data matrix 
        end 
    end 
  
  
%% Data Processing - Force and Force Coefficient Data 
%Compute forces and force coefficients from adjusted voltage data using the 
k-matrix 
    for i=1:1:num %#ok<ALIGN> 
        for j=1:1:3 %#ok<ALIGN> 
            adj_V_temp(j,1)=adj_V(i,j);         %Create a temporary adjusted 
voltage data vector for the current data point 
        end 
        Forces_temp=kmatrix\adj_V_temp;         %Compute the forces for the 
current data point 
        for j=1:1:3 
            Forces(i,j)=Forces_temp(j,1);       %Record the forces for the 
current data point in the forces data matrix 
%             Coefficients(i,j)=Forces(i,j)/qS_w; %Convert force data to 
coefficient data and record 
        end 
        %Compute L/D 
%             Coefficients(i,4)=Coefficients(i,1)/Coefficients(i,2); 
    end 
  
%% Export data in matrices to text files 
    % Export raw voltage data 
        dlmwrite('data-raw_V.txt', raw_V, 'delimiter','\t','newline', 'pc'); 
    % Export standard deviation data 
        dlmwrite('data-s_dev.txt', s_dev, 'delimiter','\t','newline', 'pc'); 
    % Export adjusted voltage data 
        dlmwrite('data-adj_V.txt', adj_V, 'delimiter','\t','newline', 'pc'); 
    % Export forces data 
        dlmwrite('data-Forces.txt', Forces, 'delimiter','\t','newline', 
'pc'); 
 

Wind Tunnel Data Averaging and Calibration Test Code 
%% Wind Tunnel Data Calibration Test Code 
%Written by Joe Allen, JAllen14@mix.wvu.edu 
%West Virginia University 
%11/20/2013 
  
%% Housekeeping 
clear; 
format long g; 
clc; 
  
%% Description & Instructions:  
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%This program uses inputs from a user file sequence for 3 load cells to 
%output force data for use in building a mV-Force transformation matrix 
  
% Instructions: 
% **The working directory must be set to the same directory as the location 
of 
%   the data files. 
% **One additional text file is needed in the working directory: 
%       + k-matrix 
%           format: 3 rows, 3 columns of the load cell force transformation 
%           matrix 
% **Once all files are in the appropriate locations, run the program and 
% evaluate the quality of the results in Figures 1 - 3 
%% Inputs & Calculation of Fixed Variables 
%Constants 
    g=9.80665;                                      %[ m/s^2 ] 
    num=1; 
     
%Import data from text files 
    kmatrix=dlmread('k-matrix.txt');                %[ - ] 
  
%% Data Processing - Raw data 
% Import and average the raw voltage data 
for i=1:1:num 
    fn_ip=sprintf('%d.lvm',i);      %Iterate to the file to import 
    M=dlmread(fn_ip);               %Import the file 
    s_dev(i,1:3)=std(M);              %Compute the standard deviation of the 
raw voltage data 
    data_point=sum(M)/length(M);    %Find the average of the raw voltage data 
    for j=1:1:3 
        raw_V(i,j)=data_point(1,j); %Add the result to the raw voltage data 
matrix    
    end 
end 
  
% Adjust the averaged raw voltage data for zeros 
    zero1=dlmread('0.lvm');                                             %Read 
the initial zero load values 
    zero2=dlmread('00.lvm');                                            %Read 
the final zero load values 
    zero_true=(sum(zero1)/length(zero1)+sum(zero2)/length(zero2))/2;    
%Determinie the real zero 
    %Loop to adjust the averaged raw data voltage for true zeros 
    for i=1:1:num 
        for j=1:1:3 
            adj_V(i,j)=raw_V(i,j)-zero_true(1,j);                       
%Adjust the raw voltage data and add it to the adjusted voltage data matrix 
        end 
    end 
  
  
%% Data Processing - Force and Force Coefficient Data 
%Compute forces and force coefficients from adjusted voltage data using the 
k-matrix 
    for i=1:1:num %#ok<ALIGN> 
        for j=1:1:3 %#ok<ALIGN> 
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            adj_V_temp(j,1)=adj_V(i,j);         %Create a temporary adjusted 
voltage data vector for the current data point 
        end 
        Forces_temp=kmatrix\adj_V_temp;         %Compute the forces for the 
current data point 
        for j=1:1:3 
            Forces(i,j)=Forces_temp(j,1);       %Record the forces for the 
current data point in the forces data matrix 
%             Coefficients(i,j)=Forces(i,j)/qS_w; %Convert force data to 
coefficient data and record 
        end 
        %Compute L/D 
%             Coefficients(i,4)=Coefficients(i,1)/Coefficients(i,2); 
    end 
  
%% Export data in matrices to text files 
    % Export raw voltage data 
        dlmwrite('data-raw_V.txt', raw_V, 'delimiter','\t','newline', 'pc'); 
    % Export standard deviation data 
        dlmwrite('data-s_dev.txt', s_dev, 'delimiter','\t','newline', 'pc'); 
    % Export adjusted voltage data 
        dlmwrite('data-adj_V.txt', adj_V, 'delimiter','\t','newline', 'pc'); 
    % Export forces data 
        dlmwrite('data-Forces.txt', Forces, 'delimiter','\t','newline', 
'pc'); 
 

Wind Tunnel Data Averaging and Force Computation Code 
%% Wind Tunnel Data Processing Code 
%Written by Joe Allen, JAllen14@mix.wvu.edu 
%West Virginia University 
%11/19/2013 
  
%% Housekeeping 
clear; 
format long g; 
clc; 
  
%% Description & Instructions:  
%This program uses inputs from a user file sequence for 3 load cells to 
%output force and coefficient data using a k-matrix developed during 
%calibration. 
  
% Instructions: 
% **The working directory must be set to the same directory as the location 
of 
%   the data files. 
% **Three additional text files are needed in the working directory: 
%       + wing_data.txt 
%           format: c_r [ m ], c_t [ m ], b [ m ] 
%       + test_conditions.txt 
%           format: T_i [ F ], T_f [ F ], h_w [ in H2O ], AoA_ends [ deg ], 
%           AoA_step [ deg ], AoA_Shift [ deg ] 
%       + k-matrix 
%           format: 3 rows, 3 columns of the load cell force transformation 
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%           matrix 
% **Once all files are in the appropriate locations, run the program and 
% evaluate the quality of the results in Figures 1 - 3 
%% Inputs & Calculation of Fixed Variables 
%Constants 
    g=9.80665;                                      %[ m/s^2 ] 
     
%Import data from text files 
    Inputs1=dlmread('wing_data.txt');               %[ - ] 
    kmatrix=dlmread('k-matrix.txt');                %[ - ] 
    Inputs2=dlmread('test_conditions.txt');         %[ - ] 
    S_w=(Inputs1(1)+Inputs1(2))/2*Inputs1(3);       %[ m^2 ] 
    T_avg=((Inputs2(1)+Inputs2(2))/2-32)/1.8;       %[ deg C ] 
    h=Inputs2(3);                                   %[ in H2O ] 
    AoA_ends=Inputs2(4);                            %[ deg ] 
    AoA_step=Inputs2(5);                            %[ deg ] 
    AoA_shift=Inputs2(6);                           %[ deg ] 
  
%Compute water density and uncertainty using VSMOW water density model 
%(valid for 0 C < T < 40 C)  
    a1=-3.983035;                                           %[ - ]                               
    a2=301.797;                                             %[ - ] 
    a3=522528.9;                                            %[ - ] 
    a4=69.34881;                                            %[ - ] 
    a5=999.974950;                                          %[ - ] 
    rho=a5*(1-((T_avg+a1)^2*(T_avg+a2))/(a3*(T_avg+a4)));   %[ kg/m^3 ] 
  
    b1=8.394e-04;                                           %[ - ] 
    b2=-1.28e-05;                                           %[ - ] 
    b3=1.10e-07;                                            %[ - ] 
    b4=-6.09e-09;                                           %[ - ] 
    b5=1.16e-10;                                            %[ - ] 
    U_rho=b1+b2*T_avg+b3*T_avg^2+b4*T_avg^3+b5*T_avg^4;     %[ kg/m^3 ] 
     
%Compute test dynamic pressure     
    q=h*2.54/100*rho*g;                             %[ Pa ]     
     
%Compute other required constants 
    num=AoA_ends*2/AoA_step*2+1;                    %[ - ] 
    num2=AoA_ends*2/AoA_step+1;                     %[ - ] 
    qS_w=q*S_w;                                     %[ Pa*m^2 ] 
  
  
%% Preallocate Matrix Size 
AoA=zeros(num,1);           %Pre-allocate vector: AoA 
s_dev=zeros(num,3);         %Pre-allocate matrix: standard deviation 
raw_V=zeros(num,3);         %Pre-allocate matrix: raw voltage data 
adj_V=zeros(num,3);         %Pre-allocate matrix: adjusted voltage data 
adj_V_temp=zeros(3,1);      %Pre-allocate vector: adjusted voltage data - 
temp 
Forces=zeros(num,3);        %Pre-allocate matrix: force data 
Coefficients=zeros(num,4);  %Pre-allocate matrix: coefficient data 
Forces_avg=zeros(num2,3);   %Pre-allocate matrix: force data 
Coeff_avg=zeros(num2,4);    %Pre-allocate matrix: coefficient dat 
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%% Generate AoA vectors 
%Loop to generate AoA Vector 
    for i=1:1:num 
        if i==1; 
            AoA(i)=0; 
        elseif i <= AoA_ends/AoA_step+1 
            AoA(i)=AoA(i-1)+AoA_step; 
        elseif i>AoA_ends/AoA_step+1 && i<=3*AoA_ends/AoA_step+1 
            AoA(i)=AoA(i-1)-AoA_step; 
        else 
            AoA(i)=AoA(i-1)+AoA_step; 
        end 
    end 
  
AoA_avg=-AoA_ends:AoA_step:AoA_ends;        %Create averaged AoA vector 
AoA_os_avg=AoA_avg-AoA_shift;               %Create zero shifted averaged AoA 
Vector 
  
  
%% Data Processing - Raw data 
% Import and average the raw voltage data 
for i=1:1:num 
    fn_ip=sprintf('%d.lvm',i);      %Iterate to the file to import 
    M=dlmread(fn_ip);               %Import the file 
    s_dev(i,1:3)=std(M);              %Compute the standard deviation of the 
raw voltage data 
    data_point=sum(M)/length(M);    %Find the average of the raw voltage data 
    for j=1:1:3 
        raw_V(i,j)=data_point(1,j); %Add the result to the raw voltage data 
matrix    
    end 
end 
  
% Adjust the averaged raw voltage data for zeros 
    zero1=dlmread('0.lvm');                                             %Read 
the initial zero load values 
    zero2=dlmread('00.lvm');                                            %Read 
the final zero load values 
    zero_true=(sum(zero1)/length(zero1)+sum(zero2)/length(zero2))/2;    
%Determinie the real zero 
    %Loop to adjust the averaged raw data voltage for true zeros 
    for i=1:1:num 
        for j=1:1:3 
            adj_V(i,j)=raw_V(i,j)-zero_true(1,j);                       
%Adjust the raw voltage data and add it to the adjusted voltage data matrix 
        end 
    end 
  
  
%% Data Processing - Force and Force Coefficient Data 
%Compute forces and force coefficients from adjusted voltage data using the 
k-matrix 
    for i=1:1:num %#ok<ALIGN> 
        for j=1:1:3 %#ok<ALIGN> 
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            adj_V_temp(j,1)=adj_V(i,j);         %Create a temporary adjusted 
voltage data vector for the current data point 
        end 
        Forces_temp=kmatrix\adj_V_temp;         %Compute the forces for the 
current data point 
        for j=1:1:3 
            Forces(i,j)=Forces_temp(j,1);       %Record the forces for the 
current data point in the forces data matrix 
            Coefficients(i,j)=Forces(i,j)/qS_w; %Convert force data to 
coefficient data and record 
        end 
        %Compute L/D 
            Coefficients(i,4)=Coefficients(i,1)/Coefficients(i,2); 
    end 
  
%Average neccessary force and coefficient data according to AoA data to 
%have 1 set of AoA data 
    for i=1:1:length(AoA_avg); 
        Forces_temp=0; 
        Coeff_temp=0; 
        count=0; 
        for j=1:1:length(AoA); 
            if AoA(j)==AoA_avg(i) 
                Forces_temp=Forces_temp+Forces(j,1:3); 
                Coeff_temp=Coeff_temp+Coefficients(j,1:4); 
                count=count+1; 
            end 
        end 
        Forces_avg(i,1:3)=Forces_temp/count; 
        Coeff_avg(i,1:4)=Coeff_temp/count; 
    end 
  
  
%% Export data in matrices to text files 
    % Export raw voltage data 
        dlmwrite('data-raw_V.txt', raw_V, 'delimiter','\t','newline', 'pc'); 
    % Export standard deviation data 
        dlmwrite('data-s_dev.txt', s_dev, 'delimiter','\t','newline', 'pc'); 
    % Export adjusted voltage data 
        dlmwrite('data-adj_V.txt', adj_V, 'delimiter','\t','newline', 'pc'); 
    % Export forces data 
        dlmwrite('data-Forces.txt', Forces, 'delimiter','\t','newline', 
'pc'); 
    % Export coefficient data 
        dlmwrite('data-Coefficients.txt', Coefficients, 
'delimiter','\t','newline', 'pc'); 
    % Export experiment AoA vector 
        dlmwrite('data-AoA.txt', AoA, 'delimiter','\t','newline', 'pc'); 
    % Export averaged AoA vector 
        dlmwrite('data-AoA_avg.txt', AoA_avg, 'delimiter','\t','newline', 
'pc'); 
    % Export averaged AoA vector with true zero offset 
        dlmwrite('data-AoA_os_avg.txt', AoA_os_avg, 
'delimiter','\t','newline', 'pc');         
    % Export averaged Forces data 
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        dlmwrite('data-Forces_avg.txt', Forces_avg, 
'delimiter','\t','newline', 'pc'); 
    % Export averaged Coefficients data 
        dlmwrite('data-Coeff_avg.txt', Coeff_avg, 'delimiter','\t','newline', 
'pc'); 
  
  
%% Plot Complete Coefficient data 
hold on 
figure(1) 
%Plot C_L data 
    subplot(2,2,1) 
    plot(AoA,Coefficients(1:num,1)) 
    title('{\bfLift Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfC_L} {\it[ - ]}') 
    grid on 
     
%Plot C_D data 
    subplot(2,2,2) 
    plot(Coefficients(1:num,1),Coefficients(1:num,2)) 
    title('{\bfDrag Polar}') 
    xlabel('{\bfC_L} {\it[ - ]}') 
    grid on 
    ylabel('{\bfC_D} {\it[ - ]}') 
    grid on 
  
%Plot L/D data 
    subplot(2,2,3) 
    plot(AoA,Coefficients(1:num,4)) 
    title('{\bfL/D Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfL/D} {\it[ - ]}') 
    grid on 
     
%Plot C_M data 
    subplot(2,2,4) 
    plot(AoA,Coefficients(1:num,3)) 
    title('{\bfPitching Moment Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfC_M} {\it[ - ]}') 
    grid on 
  
  
%% Plot Averaged Coefficient data 
%Plot C_L data 
figure(2) 
    subplot(2,2,1) 
    plot(AoA_avg,Coeff_avg(1:num2,1)) 
    title('{\bfLift Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
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    ylabel('{\bfC_L} {\it[ - ]}') 
    grid on 
     
%Plot C_D data 
    subplot(2,2,2) 
    plot(Coeff_avg(1:num2,1),Coeff_avg(1:num2,2)) 
    title('{\bfDrag Polar}') 
    xlabel('{\bfC_L} {\it[ - ]}') 
    grid on 
    ylabel('{\bfC_D} {\it[ - ]}') 
    grid on 
  
%Plot L/D data 
    subplot(2,2,3) 
    plot(AoA_avg,Coeff_avg(1:num2,4)) 
    title('{\bfL/D Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfL/D} {\it[ - ]}') 
    grid on 
  
%Plot C_M data 
    subplot(2,2,4) 
    plot(AoA_avg,Coeff_avg(1:num2,3)) 
    title('{\bfPitching Moment Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfC_M} {\it[ - ]}') 
    grid on 
  
     
%% Plot Averaged Coefficient data with AoA True Zero Shift 
%Plot C_L data 
figure(3) 
    subplot(2,2,1) 
    plot(AoA_os_avg,Coeff_avg(1:num2,1)) 
    title('{\bfLift Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfC_L} {\it[ - ]}') 
    grid on 
  
%Plot C_D data 
    subplot(2,2,2) 
    plot(AoA_os_avg,Coeff_avg(1:num2,2)) 
    title('{\bfDrag Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfC_D} {\it[ - ]}') 
    grid on 
     
%Plot L/D data 
    subplot(2,2,3) 
    plot(AoA_os_avg,Coeff_avg(1:num2,4)) 
    title('{\bfL/D Polar}') 
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    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfL/D} {\it[ - ]}') 
    grid on 
  
%Plot C_M data 
    subplot(2,2,4) 
    plot(AoA_os_avg,Coeff_avg(1:num2,3)) 
    title('{\bfPitching Moment Polar}') 
    xlabel('{\bfAoA} {\it[ deg ]}') 
    grid on 
    ylabel('{\bfC_M} {\it[ - ]}') 
    grid on 
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Appendix C: Method for Forming and Application of Membrane Wing Skins 
The method developed to form and apply the membrane wing skin for the folding Solid-

Membrane wing mechanism presented herein primarily utilizes a cut pattern and a waxed mould 

along with Cyanoacrylate adhesives (CA). The steps to follow to skin one wing half (left or 

right) are outlined below. 

1. Apply and buff a light coat of car wax or a spray on mould release to the male wing 

mould.  

2. Prepare the wing skin material 

a. Lay down the cutting pattern onto the membrane material (ripstop nylon in this 

case) and tape down the pattern to the material with a transparent tape. A 

sample cutting pattern is presented in Figure C-1. 

 
Figure C-1 Sample Membrane Wing Skin Material Pattern (Not to Scale) 

b. Using a sharp blade (x-acto style hobby blade, single sided razor blade, etc.) 

cut out the material by tracing the edges of the pattern. Use a straight edge for 

the straight lines of the pattern if desired. 

3. Form the wing skin 

a. Using a few small drops of medium CA, lightly tack the membrane skin onto 

the mould so that the wing can be wrapped starting on the upper surface at the 

maximum thickness line around the LE, the lower surface, the TE, and back 

around the LE. 

b. Pull the wing skin so there are no wrinkles and the skin is smoothly wrapped 

around the mould. 

c. Once the skin has been wrapped entirely around the wing mould as described, 

peel back 6mm of material and lay down a thin bead of medium CA along the 

lower surface of the wing skin where the material overlaps.  
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d. Lay the material back down and smooth it out. 

e. Quickly wipe away any CA that oozes from the seam. 

f. Wait a few minutes and wait for the CA to fully dry. 

4. Remove the completed wing skin from the mould. 

a. Using a strip of paper or card stock, feed a thin string (fishing line works well) 

spanwise on the lower surface between the wing skin and the mold.  

b. Pull the string towards and around the leading edge and then towards the 

trailing edge breaking the CA tack points in step 3a. 

c. Slide the wing skin off of the mould. 

5. Apply the wing skin to the Solid-Membrane wing mechanism 

a. Remove the LE element from the mechanism 

b. Test fit the skin to the LE element  

c. Remove the skin and lay a thin bead of medium CA along the LE of the LE 

element and just forward of the maximum thickness locations on the upper and 

lower surface.  

d. Evenly spread the CA along the outer surface of the leading edge element as 

quickly as possible. 

e. Carefully slide and position the wing skin over the LE element and work the 

skin onto the leading edge element bonding it to the LE element. Be careful to 

properly align the LE, root, and tip sections. 

f. Reinstall the LE element to the mechanism. While doing so, make sure to slide 

the membrane skin over the TE element (the carbon tube over the spring) 

g. Bond only the root of the membrane skin to the TE element with a thin drop of 

CA to prevent the TE of the skin from sliding out along the TE during 

deployment. Make sure the root of the TE is positioned so as to not induce 

wrinkles in the membrane skin. 

6. Fold and test the deployment of the wing. 
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Appendix D: Three-Component Balance Calibration 
Before data could be collected, the signals from the balance of the experimental setup needed 

to be calibrated using know forces so the experimental data could be interpreted.  In order to 

complete the calibration, pure loads were applied to the model and the resulting signals from 

each load cell was recorded using the DAQ system. This data was then used to generate the 

calibration curves and the k-matrix.  

After the calibration curves and k-matrix were generated, known uni-directional loads as well 

as combined loads were applied to the model to validate the calibration. Upon successful 

validation, data collection could begin. The k-matrix and resulting validated calibration curves 

are presented below in Table D-1 and Figure D-1, respectively. 
Table D-1 Derived k-matrix from load cell calibration 

K-Matrix 
  L D M 

L1 -5.14E-05 -0.000323 -0.000357 
L2 4.64E-05 -0.000303 -0.000382 
D1 -3.54E-06 0.000569 -2.91E-05 

 

  

 
Figure D-1 Lift (top left), Drag (top right), and Moment (bottom) Load Cell Calibration Curves 
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Appendix E: Uncertainty Analysis 
The general equation to determine the uncertainty of a calculated value is shown in Equation 

E-1. 

 
𝑈𝑥
𝑓(𝑥)

= ���
1

𝑓(𝑥)
𝜕𝑓(𝑥)
𝜕𝑦𝑖

𝜔𝑦𝑖�
2𝑛

𝑖=1

 Equation E-1 

where Ux is the uncertainty in the calculation of a value, f(x) is the equation used to calculate 

the value, 𝜕𝑓(𝑥)
𝜕𝑦𝑖

 is the partial derivative of f(x) with respect to the measured value y, and 𝜔𝑦𝑖is the 

instrument error in finding the value of y. 

For this research, the three calculated parameters affected by uncertainty include the lift 

coefficient (CL), the drag coefficient (CD), and the L/D. Equations  for each are presented below 

as  Equation E-2 through Equation E-4.  

 𝐶𝐿 =
L

hwρwgbcMAC
 Equation E-2 

 𝐶𝐷 =
D

hwρwgbcMAC
 Equation E-3 

 
L
D

=
𝐶𝐿
𝐶𝐷

=

L
hwρwgbcMAC

D
hwρwgbcMAC

 Equation E-4 

where L is the lift, hw is the tunnel head pressure, ρw is the water density, g is the gravitational 

acceleration constant on Earth, b is the wing span, cMAC is the mean aerodynamic chord of the 

wing, and D is the drag. 

For the research presented, major sources of error in calculating the lift and drag coefficients 

and the L/D values are: 

• Tunnel Head Pressure Manometer (increments of 0.02 in H2O) to determine hw 

• Calipers (increments of 0.01 mm)) to determine b and cMAC. 

• Density of water (0.2% variability over the Temperature range during testing) to 

determine specific weight of water. 

• Error in the lift and drag forces (≈5.0% for lift, ≈7.0% for drag) 

Accounting for the major sources of error and applying them to the general form of the 

uncertainty equation presented in Equation E-1 results in the development of the complete 
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uncertainty equation for lift, Equation E-5, for the data collected in this research. Further 

simplification yields the final lift uncertainty equation presented as Equation E-6. The 

uncertainty equation for drag is similar to the lift uncertainty equation and is thus not presented 

below in detail. The Uncertainty equation used for determining the L/D is derived as Equation 

E-7 and presented in its final form as Equation E-8.  
𝑈𝑥
𝑓(𝑥)

= �u1 + u2 + u3 + u4 + u5 

where: 

u1 = �
hwρwgbcMAC

L
∂
∂hw

�
L

hwρwgbcMAC
�ωhw�

2

= �
hwρwgbcMAC

L
−L

hw
2ρwgbcMAC

ωhw�
2

= �
ωhw
hw

�
2
 

u2 = �
hwρwgbcMAC

L
∂
∂b

�
L

hwρwgbcMAC
�ωb�

2

= �
hwρwgbcMAC

L
−L

hwρwgb2cMAC
ωb�

2

= �
ωb

b
�
2
 

u3 = �
hwρwgbcMAC

L
∂

∂cMAC
�

L
hwρwgbcMAC

�ωcMAC�
2

 

= �
hwρwgbcMAC

L
−L

hwρwgbcMAC2
ωcMAC�

2

= �
ωcMAC

cMAC
�
2
 

u4 = �
hwρwgbcMAC

L
∂
∂ρw

�
L

hwρwgbcMAC
�ωρw�

2

 

= �
hwρwgbcMAC

L
−L

hwρw2gbcMAC
ωρw�

2

= �
ωρw
ρw

�
2
 

u5 = �
hwρwgbcMAC

L
∂
∂FL

�
L

hwρwgbcMAC
�ωFL�

2

 

= �
hwρwgbcMAC

L
1

hwρwgbcMAC
ωρw�

2

= �
ωFL

L
�
2
 

Equation E-5 

 

𝑈𝐶𝐿
𝐶𝐿

= ��ωhw
hw

�
2

+ �ωb
b
�
2

+ �
ωcMAC
cMAC

�
2

+ �ωρw
ρw

�
2

+ �
ωFL
L
�
2
 Equation E-6 
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𝑈𝑥
𝑓(𝑥)

= √u1 + u2 

where: 

u1 = �
D
L
∂
∂L

�
L
D
�ωFL�

2

= �
D
L

1
D
ωFL�

2

= �
ωFL

L
�
2
 

u1 = �
D
L
∂
∂D

�
L
D
�ωFD�

2

= �
D
L
−L
D2 ωFD�

2

= �
−ωFD

D
�
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Equation E-7 

𝑈𝐿
𝐷�

𝐿
𝐷�

= ��
ωFL
L
�
2

+ �
−ωFD
D

�
2
 Equation E-8 

The values used for each necessary parameter during the Uncertainty Analysis using 

Equation E-6 and Equation E-8 are presented below in Table E-1. Values for the water density 

were assumed to have only a 0.20% precision error based on the resistance to changes in water 

density over the temperature ranges (9-13°C) at which testing occurred. Lift and drag force error 

percentages were estimated using the maximum error returned from validation of the calibration 

data and k-matrix. During the validation of the k-matrix from calibration, the maximum recorded 

error in lift was 4.7% (rounded to 5.0%) and the maximum recorded error in drag was 6.9% 

(rounded to 7.0%). 

Upon determining the individual ux values in Equation E-5 and Equation E-7 necessary to 

compute the uncertainty of the lift and drag coefficients as well as the L/D, the uncertainties for 

the data at each Re were calculated and are shown in Table E-2. The resulting uncertainties are 

within the acceptable bounds for experimentally collected data. It would be possible to reduce 

the uncertainties further by producing additional calibration curves with a higher resolution at 

lower force values. 
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Table E-1 Parameter Values Used in Uncertainty Analysis 

Parameter Measured 
Value Unit Value 

Used Unit 

b 118.40 [ mm ] 0.11840 [ m ] 
cMAC 88.97 [ mm ] 0.08897 [ m ] 
ρw - [ - ] 998.20000 [ kg/m3 ] 

hw,Re=75,000 0.36 [ in H20 ] 0.00914 [ m H20 ] 
hw,Re=100,000 0.64 [ in H20 ] 0.01626 [ m H20 ] 
hw,Re=150,000 1.00 [ in H20 ] 0.02540 [ m H20 ] 
hw,Re=125,000 1.42 [ in H20 ] 0.03607 [ m H20 ] 
hw,Re=250,000 3.96 [ in H20 ] 0.10058 [ m H20 ] 

ωh,w 0.01 [ in H20 ] 0.00025 [ m H20 ] 
ωc,MAC 0.01 [ mm ] 0.00001 [ m ] 

ωb 0.01 [ mm ] 0.00001 [ m ] 

ωρ,w 0.02 [ % ] 1.99640 [ kg/m3 ] 

ωF,L 5.0% [ - ] 0.07350 [ N ] 

ωF,D 7.0% [ - ] 0.19880 [ N ] 
 

Table E-2 Experimental Measurement Uncertainty 

Re 
% Uncertainty 

CL CD L/D 

75000 5.72% 7.53% 8.60% 
100000 5.24% 7.18% 8.60% 
125000 5.10% 7.07% 8.60% 
150000 5.05% 7.04% 8.60% 
250000 5.01% 7.01% 8.60% 
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Appendix F: Complete Wind Tunnel Data Plots 
Fuselage Only 

  

 
Figure F-1 Fuselage Only - Lift, Drag, and L/D Polars 
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Figure F-2 Fuselage Only- Lift, Drag, and L/D Polars from Repeatability Testing at Re=250,000 
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Fuselage & Tail 

 
Figure F-3 Fuselage & Tail - Lift, Drag, and L/D Polars 
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Fuselage and Wing 

Solid NACA 0009 

  

 
Figure F-4 Fuselage & Solid NACA 0009 Wing - Lift, Drag, and L/D Polars 
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Figure F-5 Fuselage & Solid NACA 0009 Wing - Lift, Drag, and L/D Polars from Repeatability Testing at 

Re=125,000 
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Solid NACA 0009m 

 
Figure F-6 Fuselage & Solid NACA 0009m Wing - Lift, Drag, and L/D Polars 
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Solid-Membrane NACA 0009m 

 
Figure F-7 Fuselage & Solid-Membrane NACA 0009m Wing - Lift, Drag, and L/D Polars 
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Figure F-8 Fuselage & Solid-Membrane NACA 0009m Wing - Lift, Drag, and L/D Polars from Repeatability 

Testing at Re=125,000 
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Partial Deployment Cases - Solid-Membrane NACA 0009m 

 
Figure F-9 Fuselage & Solid-Membrane NACA 0009m Wing - Partial Trailing Edge Element Deployment - 

Lift, Drag, and L/D Polars 
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Figure F-10 Fuselage & Solid-Membrane NACA 0009m Wing - No Trailing Edge Element Deployment - Lift, 

Drag, and L/D Polars 
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Fuselage, Tail, and Wing 

Solid NACA 0009 

 
Figure F-11 Fuselage, Tail, & Solid NACA 0009 Wing - Lift, Drag, and L/D Polars 
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Figure F-12 Fuselage, Tail, & Solid NACA 0009 Wing - Lift, Drag, and L/D Polars from Repeatability 

Testing at Re=125,000 
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Solid NACA 0009m 

 
Figure F-13 Fuselage, Tail, & Solid NACA 0009m Wing - Lift, Drag, and L/D Polars 
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Solid-Membrane NACA 0009m 

 
Figure F-14 Fuselage, Tail, & Solid-Membrane NACA 0009m Wing - Lift, Drag, and L/D Polars 
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Figure F-15 Fuselage, Tail, & Solid-Membrane NACA 0009m Wing - Lift, Drag, and L/D Polars from 

Repeatability Testing at Re=125,000 
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