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1. Problem description  
 
This project is part of a larger undertaking involving the redesign of the aerodynamic 
wheel fairings on a solar powered vehicle.  
 
Most airfoils today are designed for high lift to drag ratio. For a fairing however, the 
reduction of drag is much more important than increasing lift. The goal of this project is 
to use optimization methods to design a fairing airfoil that has lower drag than the NACA 
four digit airfoil used on current vehicle. 
 
Optimization Problem Statement: 
 
Objective: 
 
Minimize:  

Drag = Drag(Airfoil Geometry) 
 
Constraints: 
 
Inequality: 

Desired Thickness - Thickness(Airfoil Geometry) ≤ 0 
 
 
2. Discussion of methodology 
 
Through analysis prior to this project, it was determined that airfoils thinner than ~16% 
are generally not good for fairing purposes, since thinner foils made the fairing 
excessively long, which lead to higher drag than a shorter but thicker airfoil. 20 - 25% 
airfoils were found to be more ideal. However, since the analysis tool used, namely 
XFoil, is not very accurate for such thick airfoils, it was decided to limit the range of 
airfoils explored between 16-18% for the analysis. After the optimal airfoil has been 
found, it would be simply scaled to 22%. As a general rule, if airfoil A is better than B at 
16%, A will be better than B at 20%, since drag increases somewhat linearly with 
thickness within a reasonable range of angles of attack. 
 
The analysis procedure is show in figure 2, as a flow chart. First, the MatLab optimizer 
generates a vector (design variable) with information regarding the x-y location of control 
points the airfoil surface need to go through, the tangency and curvature at the trailing 
and leading edges for the top half of the airfoil. The number of control points can be 
change within the call script that runs the optimizer. This vector is fed into the objective 
function, which mirrors the vector for the bottom half of the airfoil to make it symmetric, 
then fits a spline curve through these “handle” points and the tangencies provided at LE 
and TE (see figure 1). The spline curve is converted into data points and saved as the 
airfoil coordinate input file for XFoil.  
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Figure 1 – Illustration of airfoil geometry definit ion 

 
 
XFoil is called through a DOS batch file, and instructed to load the airfoil coordinate 
input file and perform the analysis through a VB script. The analysis involves a lift and 
drag evaluation at 0° angle of attack, and another one at 3°. The polar as well as the 
pressure coefficient data are saved as files to be loaded back into the MatLab. XFoil 
would then quit. 
 
The objective function parses the XFoil output files, and extracts the drag, lift and 
pressure information. Finally, the function value is a weighted sum of drag at 0° and 3° 
angle of attack, and the maximum pressure coefficient at 3°. It was decided that drag 
coefficients at 0° and 3° are equally important, since the airfoil would be subjected to 
some cross wind during operation. A very large (negative) pressure coefficient can often 
lead to high skin friction due to high flow speed on the airfoil, as well as high adverse 
pressure gradient, thus is likely a feature of a bad airfoil. However, it is obviously less 
indicative of the drag as drag coefficient, therefore it receives less weight. The function 
result is returned back to the optimizer for evaluation, completing the iteration. Each 
iteration takes about 2 seconds. 
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Figure 2 – Optimization flow chart 

 
Originally, fmincon was selected to be used as the optimizer, due to its ability to use 
explicit constraints and ease of use, but it was found to be inadequate. It was discoverd 
that the optimizer’s first move was too small, because XFoil’s drag coefficient result 
lacks the level numerical accuracy, the small move lead to no change in drag, thereby 
convinced the optimizer that it had converged to a minimum.  
 
The need for a global optimization routine that did not use gradient information and had 
explicit constraints for the design variables prompted the use of Genetic Algorithm. The 
MatLab GA code was the one given for homework 5.  It was found that GA was very 
easy to set up for this problem. 13 bits were used to encode each control point (6 for x, 7 
for y), and 4 bits used for both LE and TE tangencies. A population of four times the 
length of bit string was used as per “Guide Line” given in class, as was mutation rate.  
 
Since the design variable range is encoded discretely, this guaranteed that even the 
smallest move would change the geometry enough to cause a change in drag. Not using 
any gradient information also avoided problem of XFoil not converging. If XFoil does 
not converge, it is usually because of the airfoil has large areas of separation. With GA, 
the objective function simply assumes a very large drag for the airfoil.  
 
 
3. Significant Results 
 
The method was tested with only one control point at first. Figure 3 shows the result 
airfoil using three control points and its pressure coefficient on the left and the 
convergence history on the right. Interestingly, after 9000 function evaluations the airfoil 
“evolved” to one that had very clean pressure profile, rather flat Cp up to 50% cord 
where the flow was artificially tripped to transition into turbulent flow. Strafford pressure 
recovery is used on the trailing edge to avoid separation. This is a very clever and 



“modern” design similar to that of the NACA LS (low speed) series. Also notice the 
spikes in the iteration history from mutations.  
 
9000 function evaluations took about 3 hours. It might seem like a lot of function 
evaluations, but since the design space is 247 (1.41x10^14), it is only a tiny part of it. 
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Figure 3 – Design with three control points 

 
The final drag coefficient of the airfoil at Reynolds number of one million and boundary 
layer tripped at 50% cord is 0.00685, compared to 0.00831 of NACA four digit airfoil of 
the same thickness. 
 
The polar of the airfoil compared to NACA four digit airfoil of the same thickness is 
shown in figure 4. Note that the polar was compile at Re = 2000000, thus the drag of 
both airfoils are lower than previously stated. The newly designed airfoil has a very flat 
and wide laminar bucket, and its CD is lower than that of the NACA0016.5 for a large 
range of CL.  
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4. Conclusion 
 
Using Genetic Algorithm and XFoil, a low drag airfoil was designed within a relatively 
short amount of time that was greatly superior to the NACA four digit benchmark. This 
shows that GA is very suitable for this type of work.  
 
In this project, only low drag symmetrical airfoils were looked at, but the code can be 
easily modified to maximize the lift to drag ratio or minimize the moment of an airfoil.  
 
One disadvantage of GA is that it is rather slow. 3000 function evaluations were need for 
an airfoil with 2 control points, but 9000 evaluations were used for 3 control points. 
However, the speed of the optimizer can be greatly improved (at least doubled) if it was 
integrated into the XFoil executable, instead of calling it from MatLab, since a lot of time 
is wasted just opening and closing the dos prompt. 
 



5. Appendix 
 
MatLab Objective Function 
 
function res = run(X,flag) 
 
delete save.nfo 
delete cp.nfo 
 
n = 200; 
 
x_dist = linspace(0,1,n); 
 
l = length(X); 
 
upperp = [X(1:(l-2)/2);X((l-2)/2+1:l-2)]; 
lowerp = [fliplr(upperp(1,:)); -fliplr(upperp(2,:)) ]; % upper lower symmetry 
 
startp = [0; 0]; 
endp = [1; 0]; 
 
 
endslope = X(l-1); 
sttslope = X(l); 
     
%y = [X(1:l/2);X(l/2+1;l)];  
y = [-endslope  1  lowerp(1,:)  0  upperp(1,:)  1  endslope;  
      sttslope  0  lowerp(2,:)  0  upperp(2,:)  0  sttslope]; 
 
ntemp = length(y); 
x = linspace(0,1,ntemp-2); 
 
pp = spline(x,y); 
yy = ppval(pp, x_dist); 
 
grid on 
 
yy = yy'; 
save airfoil.dat yy -ASCII 
 
% ------------- External XFoil -------------- 
!run_script.bat  
 
 
fid1 = -1; 
fid2 = -1; 
 
[dommy cpdata] = hdrload('cp.nfo'); 
 
while fid1 == -1 
    fid1 = fopen('save.nfo'); 
    fid2 = fopen('cd_hist.nfo','a'); 
end 
 
for i = 1:13 
    line = fgetl(fid1); 
end 
 
if ~ischar(line) 
    line = '0.000   0.0004   0.02   0.02  -0.0001  0.8596  0.8596'; 
end 
[data, ncols, errmsg, nxtindex] = sscanf(line, '%f' ); 
Cd = data(3); 
res = [Cd]; 
line = fgetl(fid1); 
 
if ~ischar(line) 
    line = '0.000   0.0004   0.02   0.02  -0.0001  0.8596  0.8596'; 
end 



 
[data, ncols, errmsg, nxtindex] = sscanf(line, '%f' ); 
Cdl = data(3); 
res = [Cd+Cdl-min(cpdata(:,2))*0.00200]; 
 
 
 
% ------------- External XFoil -------------- /end 
 
 
 
yy = yy'; 
 
 
 
 
fprintf(fid2,'%3.5f   %3.5f   %3.5f\n',Cd,Cdl,-min( cpdata(:,2))*0.00200+0.004); 
%save cd_hist.nfo Cd -append 
X 
 
fclose(fid1); 
fclose(fid2); 
 
if flag == 1 
    subplot(1,2,1) 
    plot(yy(1,:),yy(2,:)-0.4,'-+b',y(1,2:ntemp-1),y (2,2:ntemp-1)-0.4,'or',... 
    cpdata(:,1),-cpdata(:,2),'-r'), axis equal, gri d on 
    axis([0 1 -1 1]) 
     
    subplot(1,2,2) 
    cd_hist =load('cd_hist.nfo'); 
    temp = 1:1:length(cd_hist');  
    plot(temp,cd_hist) 
    axis([0,max(temp),0.005,0.015]) 
end 
 
sprintf('%3.5f   %3.5f  %3.5f\n',Cd,Cdl,res) 

 
 
MatLab Call Script 
 
clc 
clear all 
close all 
delete cd_hist.nfo 
save cd_hist.nfo -ascii 
 
%---------------------------------------- 
bpv = 6; % bit per variable 
bits = [6 6 6 7 7 7 5 4]  
L = sum(bits) 
N_pop = L*4 
P_cross = 0.5 
P_mut = (L+1)/(2*N_pop*L) 
 
 
% use default GA options (see goptions.m file) 
options = goptions([2,0.90,0,0,0,0,0,0,0,0,N_pop,P_ cross,P_mut,50]); 
%---------------------------------------- 
 
 
 
upperp = [0.15 0.45 0.75; 0.07 0.09 0.05]; 
lowerp = [fliplr(upperp(1,:)); -fliplr(upperp(2,:)) ]; % upper lower symmetry 
 
%bits = ones(1,4+2).*bpv 
 
 
startp = [0; 0]; 



endp = [1; 0]; 
 
endslope = 1; 
sttslope = -0.2; 
     
  
y = [-endslope  1  lowerp(1,:)  0  upperp(1,:)  1  endslope;  
      sttslope  0  lowerp(2,:)  0  upperp(2,:)  0  sttslope]; 
 
A = []; 
B = []; 
Aeq = []; 
Beq = []; 
%LB = [0.2 0.08 0.5 -0.3]; 
%UB = [0.6 0.10 1.0 -0.0]; 
LB = [upperp(1,:)-0.05 upperp(2,:)-0.01 0  -0.1] 
UB = [upperp(1,:)+0.05 upperp(2,:)+0.02 3  0.0] 
%bits = LB./LB.*8; 
%LB = [-endslope  1  lowerp(1,:).*0.9  0  upperp(1, :).*0.9  1  endslope...  
%       sttslope  0  lowerp(2,:).*1.1  0  upperp(2, :).*0.9  0  sttslope]; 
%UB = [-endslope  1  lowerp(1,:).*1.1  0  upperp(1, :).*1.1  1  endslope...  
%       sttslope  0  lowerp(2,:).*0.9  0  upperp(2, :).*1.1  0  sttslope]; 
%NONLCON = []; 
 
%[X,FVAL,EXITFLAG]=FMINCON('run',X0,A,B,Aeq,Beq,LB, UB,NONLCON,options,0) 
 
%[X,FVAL,EXITFLAG]=fminsearch('run',X0,options,1) 
 
%run(UB,1) 
[x,fbest,stats,nfit,fgen,lgen,lfit]= genetic('run', [ ],options,LB,UB,bits,1) 

 


