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Abstract 
The aerodynamic characteristics of the Clark Y-14 airfoil, and a wing with a Clark Y-14 airfoil 

cross-section were examined in this experiment. The response of the airfoil and wing to multiple 

airspeeds over a range of angle of attack was measured using various methods. From these 

measurements, the lift, drag, and pitching moment coefficients were determined to allow for the 

characterization and comparison of the aerodynamic properties of the airfoil and wing.  

A calibration curve for the wind tunnel’s motor power output to airspeed was produced to allow 

for precise airspeed settings. Using this information, the wind tunnel was operated at a variety of 

airspeeds to obtain pressure distribution, wake momentum, and aerodynamic force information 

at a range of angles of attack, set with an inclinometer. The measured pressure distribution for 

each combination of airspeed and angle of attack agreed with the general theory of the 

aerodynamics of an airfoil. These pressure distributions were integrated to obtain the non-

dimensional coefficients of the theoretically infinite airfoil. The non-dimensional coefficient 

curves were also determined for a finite wing with the same airfoil cross-section using a force 

balance. These tests allowed for the comparison of the non-dimensional coefficient curves of an 

infinite wing to those of a finite wing. It was observed that the finite wing had a smaller lift 

coefficient (maximum of 1.15) and larger drag coefficient (maximum of 0.35) than the infinite 

airfoil section (maximums of 1.35 and 0.30, respectively) which was in agreement with the 

predictions from aerodynamic theory. 
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1. Introduction 
When designing an aircraft, there are several main components to consider: propulsions, 

controls, structures, and aerodynamics. Since a full-scale airplane typically moves through 

relatively stationary air, wind tunnels can simulate the wing’s aerodynamic performance during 

flight. Aircraft designers need to ensure that a body performs to the specifications it was 

designed. For example, a wing needs to be capable of generating a sufficient amount of lift at a 

low enough level of drag. Wind tunnel testing provides valuable insight into the aerodynamic 

performance of a wing moving through air and is significantly more cost efficient, convenient, 

and safe than experimental flight testing.  

Although many airfoils have been well studied and their characteristics documented, it is typical 

to study the aerodynamic behavior of new airfoil sections to obtain their lift, drag, and pitching 

moment properties. These properties can then be extended to study the performance of a finite 

wing. At the most basic level, a wing generates lift by producing a pressure distribution on the 

upper surface that is less than the pressure distribution on the lower surface. The drag 

quantifies the resistance of the airfoil or wing and the pitching moment is the torque that tends to 

rotate the wing, changing the angle of attack and thus the lift and drag characteristics.  

In this experiment the aerodynamic behavior of a Clark Y-14 “infinite” airfoil was observed and 

compared to that of a finite wing composed of a Clark Y-14 cross-section. The purpose was to 

experimentally determine the aerodynamic properties of the airfoil and wing through 

measurement of the pressure distribution, wake momentum deficit and aerodynamic forces 

acting on or around the object of interest. Data obtained from various measurement techniques 

was then used for the characterization and comparison of the aerodynamic performance of the 

object of interest, in the case of these experiments a Clark Y-14 airfoil and wing.   
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Figure 1: Pitot-Static tube schematic used 
to measure flow velocity. 

2. Theory 
For the experimental evaluation of the Clark Y-14 Airfoil, the flow was assumed to be laminar, 

incompressible, inviscid, and steady. The laminar flow assumption warrants the assumption of a 

small Reynolds number. Laminar flow can be represented by a series of streamlines, or lines 

within which the properties of the flow are constant thus greatly simplifying the analysis. The 

fluid was also assumed to be inviscid, and thus shear forces and friction effects were neglected. 

Steady, incompressible flow assumes that the wind tunnel operates at a constant velocity and 

that the density of the air was constant. Another simplification for the first part of the lab stems 

from assuming an infinite wingspan, allowing for the analysis of the airfoil in 2-dimensions, 

without finite wing-tip effects. 

2.1 Wind Tunnel Calibration with Pitot-Static Tube 
A calibration of the wind tunnel was done by applying Bernoulli’s 

principle to the streamlines in the wind tunnel. The pressure 

difference between the measured atmospheric (stagnation) 

pressure, and Pitot-static tube defines the dynamic pressure. The 

schematic of the Pitot-static tube is shown in Figure 11. With the 

above assumptions, Bernoulli’s principle simplifies to: 

   
 

 
    

     
 

 
    

          Eqn. 1 

For a Pitot-static tube,        because the flow at point a is decelerated to stagnation. At point 

b, the velocity,      , or the free stream velocity, which is the velocity in the wind tunnel. The 

static pressure at point b is zero. Eqn. 1 can then be simplified to Eqn. 2 (or equivalently, Eqn. 

3), defining the free-stream dynamic pressure: 

      
 

 
    

      Eqn. 2                Eqn.3 

The dynamic pressure represents the pressure due to the kinetic energy of the fluid, and is 
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Figure 2: 18 Pressure Taps located around airfoil 
surface to provide pressure distribution data. 

denoted as    . The density of the water in the Pitot-static tube is    , and    is the change in 

height of the fluid. The wind tunnel velocity    can be solved for, resulting in Eqn. 4 and Eqn. 5. 

    
        

   
 

 

 
   Eqn. 4       

     

   
 

 

 
   Eqn.5 

The atmospheric pressure and temperature,    and   , were determined from a barometer and 

thermometer respectively. The ambient density,   , was then computed assuming the air 

specific gas constant, R,  was 287 J/kg-K and using the ideal gas equation of state, Eqn. 6.  

                   Eqn. 6 

Through this progression, the free stream velocity generated by the motor operating at various 

power levels could be determined allowing for the creation of a calibration curve plotting motor 

output power versus free stream velocity. 

2.2 Pressure Distribution on an Airfoil 
Lift is generated by an airfoil when the flow along the 

upper surface of the airfoil is accelerated to a higher 

velocity than the flow along the lower surface of the 

airfoil. This velocity difference accounts for a 

difference in dynamic pressure between the two 

surfaces, where there is a lower pressure acting on the upper surface than the pressure acting 

on the lower surface, generating lift. These lift forces increase as angle of attack increases, up 

until a critical angle. At this critical angle, the boundary layer separates from the airfoil causing a 

back flow pressure to form along a portion of the upper surface, which causes a loss in the 

generated lift.1  

The pressure distribution along the airfoil was measured using 18 pressure taps located along 

the upper and lower surfaces of the airfoil as seen in Figure 22. The static end of each pressure 
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tap is connected to the reference connection of a pressure transducer allowing for these 

pressure measurements. 

The dimensionless pressure coefficient (  ) defines the ratio between pressure forces and 

inertial forces.  Using the measured dynamic pressure from the 18 taps and the free stream 

dynamic pressure,    can be calculated using Eqn. 7, where U is the free stream velocity. 

   
      
 

 
   

 
      
 

 
   

         Eqn. 7 

The pressure coefficients can then be integrated over the airfoil surface to determine the net 

force vector, and the moment about a given point. The normal force coefficient (  ), is found by 

integrating the pressure coefficient data points of the upper (   ) and lower surfaces (   ) along 

the chord line of the airfoil.3 Neglecting skin shear stress, the normal force coefficient is: 

   
 

 
          
 

 
          Eqn. 8 

The axial force component coefficient (  ), is assumed to be zero because the airfoil thickness 

is much less than its chord length, and thus produces a negligible axial force as measured by 

the pressure distribution. 

Integrating the pressure coefficients along the chord of the airfoil multiplied by their respective 

distance along the chord, the leading edge pitching moment for the airfoil (     ) is computed as 

given by Eqn. 9. This integration is essentially the summation of all of the pressure force 

contributions to the moment about a reference point (the leading edge).3  

      
 

  
          
 

 
           Eqn. 9 

The center of pressure     is the location at which the lift force acts, and is defined as the point 

where no external moment is generated by the summation of the internal moments caused by 
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Figure 3: Lift and Drag forces of an airfoil at 
angle of attack α in N, normal and A, axial 

components. 

Figure 4: Control volume of airfoil in wind tunnel. 

pressure forces. The center of pressure for an airfoil with a mean chord length c is found using 

the following equation: 

   

 
  

     

  
          Eqn. 10 

The aerodynamic forces acting on an airfoil are 

illustrated in Figure 32. The lift and drag forces 

can be decomposed into normal and axial forces 

with respect to angle of attack, α.  

                Eqn. 11                                                                                                                        

                Eqn. 12                                                                                                                          

Where the axial force (A) is considered negligible for this portion of the experiment because, 

A<<N (this implies that pressure drag is essentially zero). Therefore, the coefficients of lift (  ) 

and drag (  ) can be approximated by Eqns. 13 and 14. 

                     Eqn. 13 

                  Eqn. 14 

This method does not account for the pressure forces in the axial direction or viscous forces due 

to shear stress and therefore under predicts the total drag force. 

2.3 Wake Field Measurement of Drag 
The wake momentum deficit of an airfoil represents 

the amount of momentum that was removed from a 

system in the form of drag. The wake survey method 

can be used to provide a more accurate representation of the drag coefficient. Figure 4 shows 

the control volume used to analyze the momentum loss caused by the drag of the airfoil. 2 

Since the flow in the wind tunnel is uniform, the drag coefficient can be determined using Eqn. 

15 which integrates the pressure over the influenced portion of the downstream wake.3  
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Figure 5: Mechanical Force balance 
mechanism with wing mounted on sting and 
strain gauges used to measure forces and 

moments. 

Figure 6: Sting and wing schematic drawing.  

   
  

 
 

 

   
    

  
 

   
 

        Eqn. 15                                                                                                              

where,    represents the width of the disturbance of the free stream and q is the local dynamic 

pressure as measured by the rake.3  

2.4 Mechanical Force Balance 
A force balance mechanism, as shown in Figure 5, is 

used to measure applied forces and moments.1 The airfoil 

is mounted on a sting, or a four bar linkage designed to 

alter the angle of attack, with strain gauges mounted in 

strategic locations allowing for the measurement of the 

forces and moments on the airfoil in an airstream. The sting 

and airfoil schematic drawing is shown in Figure 62. The 

axial force, A’, normal force, N’, and pitching moment, P’ 

measured are relative to the sting balance and can be 

used to calculate the lift, drag, and pitching moment on the 

airfoil. The values of A’, N’, and P’ are determined from 

strain gauge measurements at locations shown in Figure 

5 and are coupled because of the strain gauge bridges used for measurement and thus the 

force measurements must be decoupled using:1 

                            Eqn. 16                                                                                                         

                                    Eqn. 17     
                                                                             
                                    Eqn. 18            
                                                                 
The lift and drag forces can then be calculated using these uncoupled values of axial and 

normal force with Eqn. 11 and Eqn. 12 respectively. The total lift, drag, and moment 

coefficients of the wing are defined in Eqns. 19, 20, 21 respectively.  
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Figure 7: Block diagram of the experimental setup used to carry out the 
experiments. 

   
 

   
     Eqn. 19               

 

   
     Eqn. 20     

 

    
      Eqn. 21 

For these equations,   defines the wing surface area, and c is the mean chord length.3 

3. Experimental Procedure 
The aerodynamic characterization of an airfoil via wind tunnel testing was done over the course 

of three weeks at the University of California, San Diego (UCSD). This evaluation was done in 

the Aerospace Design Laboratory 

using a wind-tunnel, a Clark Y-14 

airfoil and wing section, a control 

console, and LabVIEW Virtual 

Instruments software developed by 

UCSD for the purpose of this 

experiment. The block diagram of the experimental 

setup can be seen in Figure 7 above and a table of 

equipment is shown in Figure 8. During the second 

week, the pressure distribution over the airfoil, 

and the pressure distribution in the wake-field behind 

the airfoil was measured. During the final week, the 

lift and drag forces on the finite wing, as well as the 

pitching moment on the wing were measured. 

3.1 Week 1: Calibration of the Wind Tunnel 
During the first week, a calibration curve for the wind tunnel’s motor output power versus 

airspeed was determined.  Before the wind tunnel trials were run, the pressure and temperature 

were measured using a barometer and a thermometer respectively. The Wind Tunnel 

“Calibration.vi” was then used to record the dynamic and static pressure values at different fan 

Table of Equipment 

Wind Tunnel 

Control Console 

Computer with LabVIEW Virtual Instruments 

Power Inverter 

Pressure Transducer 

Amplifier Assembly 

Wing with Pressure Ports 

Wake Survey Wake 

Strain Gage Balance 

Angle of Attack Controller 

Translation Stage 

Figure 8: Table of equipment used to conduct the 
experiments. 
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motor output power percentages. These pressures were used to calculate the airspeed in the 

wind tunnel at the various motor outputs and generate a plot. The data points used to generate 

the plot were fit with a linear best fit line, yielding the calibration curve. 

3.2 Week 2: Airfoil Pressure Distribution and Wake Survey 
During the second week, the pressure distribution around the airfoil was measured for airspeeds 

of 20, 35, and 50 m/s using the “Pressure.vi” program. The measurements were taken angles of 

attack ranging from 0 to 16 degrees to allow for the experimental determination of the lift, drag, 

and moment coefficients from the pressure distribution. The wake field pressure distribution was 

also measured for the same set of airspeeds, and angles of attack to allow for a more accurate 

determination of the airfoils drag via the momentum loss method. The rake used to measure the 

wake field pressure distribution was not long enough to fully encapsulate the wake field for the 

larger angles of attack. To address this issue, the measurements were taken with the rake in 

two different positions and then superimposed to account for the entire wake field.  

3.3 Week 3: Determination of Lift, Drag, and Moment Coefficients Using a 
Force Balance 
During the third week, the normal and axial forces, as well as pitching moment were determined 

by direct measurement as opposed to being derived from the pressure distribution. This was 

done by using a sting force-balance and a set of strain gage measurements, which were 

converted into measurements of force and moment and stored using within the 

“StingBalance2.vi” software. The Clark Y-14 wing was mounted to the sting which had the strain 

gages mounted in strategic locations. A set of measurements were taken at zero airspeed for a 

range of angles of attack from -4 to 16 degrees to allow for data biasing to account for the 

weight of the wing. Measurements were then taken at airspeeds of 20, 35, and 50 m/s over the 

same range of angles of attack. The angles started at their lowest value and were increased in 2 

degree increments to minimize hysteresis.  
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4.  Results 

4.1 Week 1: Calibration of the Wind Tunnel 
During week 1, the calibration curve which relates the wind tunnel’s motor output (in percentage 

power) to actual airspeed was determined. The free stream pressure values measured with the 

Pitot tube were used to calculate the velocities for a given motor power.  These velocity values 

were plotted against percentage of power in Excel, and a linear best fit was implemented. This 

yielded Eqn. 22 below, also shown in Figure A.1, with a least squares regression of 99.98 %: 

  
 

 
                                 Eqn. 22 

4.2 Week 2: Airfoil Pressure Distribution and Wake Survey 
During week 2, the pressure coefficients were first determined for each location on the airfoil for 

each combination of airspeed and angle of attack. The plots of these values for both the lower 

and upper surfaces can be seen in Figures A.2 - A.4 for airspeeds of 20, 35 and 50m/s, 

respectively. Table A.1 shows the normal force coefficients, for each combination of angle of 

attack and airspeed. Using the normal force coefficients, the coefficients of lift and drag were 

computed and plotted versus angle of attack as shown in Figures A.5 and A.7. Figures A.5 

and A.7 also show the values of the lift and drag coefficients at plus and minus one standard 

deviation for each data point. Similarly, the leading edge and quarter chord pitching moments 

were calculated by looking at the difference in pressures, along the chord, on the upper and 

lower airfoil surface. A complete summary of these pitching moment coefficients as well as the 

derived center of pressure are given in Tables A.2 - A.4. The maximum aerodynamic properties 

generated by the airfoil, as well as the stall angle, for each airspeed are listed in Table 1.  

 

Table 1: Experimentally Determined Maximum Aerodynamic Properties of the Clark Y-14 Airfoil 
determined from the Pressure Distribution Method. 

20 1.38 0.18 -0.1626 12.0

35 1.32 0.27 -0.1557 12.0

50 1.30 0.30 -0.1574 8.0

Maximum Aerodynamic Properties, Pressure Distribution Method

Velocity [m/s]
Maximum 

Cl

Maximum 

Cd

Maximum 

Cm,c/4

Stall Angle 

[Degrees]
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In order to more accurately represent the coefficient of drag, the airstreams dynamic pressure 

loss due to the airfoils presents was measured. Figures A.9 – A.13 show the normalized 

dynamic pressure distribution over the wake field for each angle of attack and airspeed tested. 

The dynamic pressure deficits in these wake distributions correspond to the drag force on the 

airfoil itself. It was found that the maximum drag coefficients for the airfoil at airspeeds of 20, 35 

and 50m/s were 0.50, 0.56 and 0.56, respectively.  A graph of the drag coefficients for all 

combinations of angle of attack and airspeed calculated using the momentum deficit method is 

shown in Figure A.14. Figures A.6, A.8 and A.15, show the dependence of the lift coefficient, 

quarter chord moment coefficient, and drag coefficient, on the Reynolds number of the flow. 

4.3 Week 3: Determination of Lift, Drag, and Moment Coefficients Using a 

Force Balance 
During week 3, the normal and axial forces as well as the pitching moment relative to a sting 

balance were measured for a Clark Y-14 wing. These values were then subsequently used to 

calculate the coefficients of lift, drag, and quarter chord pitching moment for various 

combinations of angle of attack and airspeed. Figures B.1, B.3 and B.5 show the measured lift, 

drag, and quarter chord pitching moment coefficient curves, as well as the values plus and 

minus one standard deviation, for each airspeed, over a range of angles of attack. The 

maximum aerodynamic properties generated by the wing as well as the stall angle for each 

airspeed given by the plots are listed in Table 2.  

 

Table 2: Experimentally Determined Maximum Aerodynamic Properties of the Clark Y-14 Wing 
determined from the Force Balance Method. 

20 0.16 0.05 0.09 8.0

35 0.42 0.15 0.31 12.0

50 1.18 0.33 0.69 14.5

Maximum Aerodynamic Properties, Force Balance Method

Velocity [m/s]
Maximum 

CL

Maximum 

CD

Maximum 

CM,c/4

Stall Angle 

[Degrees]



17 
 

Figures B.2, B.4 and B.6 show the relatively linear dependence of the lift coefficient, drag 

coefficient, and quarter chord pitching moment coefficient, on the Reynolds number of the flow. 

In addition to the coefficient curves, the angle of attack for which the wing stalled at each 

airspeed was determined based on a visual inspection of the “StingBalance2.vi” in real time. 

These angles were measured by approaching the stall angle from below until a sharp loss in lift, 

representing the boundary layer separation, was seen in real time. Figure B.7 shows an 

example of the witnessed loss in lift in real time and the observed stall angles are shown in 

Table B.1. The example screenshot of the “StingBalance2.vi” shows the stall of the wing at 20 

m/s which was found to occur at 8.0 degrees. Note that the display shows a value of 10.07 

degrees for the angle of attack however this screenshot was taken after the angle had been 

changed for the next data point and is not representative of the plot. 

5. Discussion 

5.1 Week 1: Calibration of the Wind Tunnel 
When finding the calibration curve for the wind tunnel relating the velocity to the percentage of 

the motor power output, the most important step was to zero the VI file when there was no 

applied power to the fan.  The resulting calibration curve was graphed for measured power input 

and calculated velocity based on the pressure measurements. The curve fit has a 99.98% least 

squared regression, which means that the data closely followed a linear trend and as such the 

curve can be trusted to accurately determine the required power to achieve a desired velocity.  

5.2 Week 2: Airfoil Pressure Distribution and Wake Survey 
The generally accepted theory for the aerodynamics of an airfoil holds that the pressure above 

the airfoil is significantly less than the pressure beneath an airfoil in order for the airfoil to 

generate lift. This pressure difference is caused by a difference in flow speeds above and below 

the airfoil. By this convention, the airfoil is effectively held in the air from the lower pressure 

above, rather than pushed upwards by a high pressure from below. In examining the trends 
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revealed in Figures A.2 – A.4, it can be seen that the measured data follows this predicted 

behavior. The pressure coefficient along the upper surface for a given angle of attack and 

velocity was lower than the pressure coefficient along the lower surface for virtually all cases. 

One of the implications of this is that without knowing anything about the actual dimensions of 

the airfoil, it can be determined that the airfoil is cambered because the pressure coefficients of 

the lower surface and upper surface differ at zero angle of attack for all velocities. The camber 

allows the flow above the airfoil to accelerate more than the flow below the airfoil, effectively 

creating the pressure difference which generates lift even with no angle of attack.  

At high angles of attack, the flow along the upper surface of the airfoil is accelerated too quickly, 

and the boundary layer separates. This causes a turbulent back pressure to build up, effectively 

negating the vacuum that had been created above the airfoil and eventually leading to stall. This 

stalling effect can best be seen in the graph for 12 degree and 16 degree angles of attack in 

Figure A.4. For the first inch to inch and a half along the airfoil, the pressure coefficients along 

the upper surface are significantly lower than the pressure coefficients along the lower surface. 

After this distance, the pressure difference decreases due to the separation of the boundary 

layer which eventually causes stall. Stall can also be observed in Figure A.5; each lift 

coefficient graph has a clear maximum, and then subsequently decreases with increasing angle 

of attack. This angle corresponding to the maximum lift coefficient was deemed the stall angle of 

attack. 

Classical airfoil theory also predicts that as airspeed increases, stall will occur at a lower angle 

of attack. This is due to the larger magnitude of the dynamic pressures at higher velocities, and 

the tendency for a boundary layer to separate earlier for a higher Reynolds numbers. Figure 

A.5 validates this prediction; the stall angle for 20 m/s was about 12 degrees, while the stall 

angle for 35 m/s and 50 m/s were about 8 degrees. It is interesting to note that the coefficient of 
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lift was approximately constant for a given angle of attack relative to the flow’s Reynolds number 

as shown in Figure A.6. The outlier of this trend being the 12 degree angle of attack, for 50 m/s 

case shown in Figure A.12 which was also the anomaly in normalized pressure data and was 

believed to be an erroneous measurement. Further testing at higher velocities and intermediary 

angles of attack would be necessary to adequately determine the accuracy of this 

measurement. 

The measured leading edge pitching moment coefficients and quarter chord pitching moment 

coefficients are shown in Table A.2 and Table A.4. The integral of the pressure difference 

between the top and bottom of the airfoil over a given length is effectively the force on that area 

per unit length. The summation of the moments about a given point created by these forces 

effectively accounts for the moment coefficient about that point. When the forces near the 

leading edge are much larger than the forces near the trailing edge, the moment coefficient will 

be negative. By convention, a negative pitching moment is one that tends to pitch the front of 

the airfoil upwards. All of the experimental leading edge and quarter chord moment coefficients 

determined via airfoil pressure measurements were negative, meaning that the front of the airfoil 

was being pitched upward as would be expected for a cambered airfoil in subsonic flow. For 

example, the graphs for the 16 degree angle of attack upper and lower surfaces, seen in Figure 

A.4, show a very large pressure difference for the first inch; this produces a large upward force 

at the leading edge. The graph also shows a much smaller pressure difference for the rest of 

the airfoil, which corresponds to a small upward force acting on the rest of the airfoil. The larger 

force acting on the leading edge created the negative pitching moment. 

Table A.3 shows the measured center of pressure on the airfoil for each combination of 

airspeed and angle of attack. The center of pressure of an airfoil is the location along chord line 

of the airfoil that the pressure forces effectively act to produce the lift force, while producing no 

moment about that point. Generally, for subsonic airfoils, it is desirable to have the center of 
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pressure near the quarter chord of the airfoil. If the values in Table A.3 are compared to the 

quarter chord location it is seen that the center of pressure values range between 30% and 40% 

of the chord length. This discrepancy could be caused by a number of factors; the most likely 

explanation is that the scheme used to calculate the leading edge moment coefficients assumed 

that the force on each segment of the airfoil (found by integrating the pressure coefficient for the 

segment of the airfoil) was constant and acted at the center of the airfoil segment. A better 

calculation method would have either interpolated the pressure force between the two points, or 

used smaller distance increments. 

The measured normalized dynamic pressure across the wake field for each velocity and angle 

of attack is shown in Figures A.9 – A.13. These plots essentially show the momentum of the 

free airstream that was imparted to the airfoil. A momentum balance control volume revealed 

that the change in fluid momentum in the direction parallel to the airstream corresponds to the 

drag force experienced by the airfoil. The data shows an important trend; the length of 

disturbance in the free stream, or the wake length, increased with increasing angle of attack. 

This was clearly seen by comparing the average wake length for zero angle of attack shown in 

Figure A.9, or about 0.5 inches, to the average wake length for 16 degree angle of attack 

shown in Figure A.13, or about 2 inches. This result was expected because the larger the angle 

of attack, the more surface area of the airfoil exposed, and hence more disturbance to the flow.  

Figure A.7 shows the drag coefficient functions derived from the normal force coefficient, and 

Figure A.14 shows the drag coefficient derived from the momentum deficit. Both methods yield 

an increase in drag as the angle of attack increases as would be expected. Comparing the 

magnitudes of the drag coefficients calculated using the momentum deficit method to those 

calculated using the normal force coefficient method show that the momentum deficit method 

accounts for much more drag. This was due in large part to the fact that the normal force 

coefficient method does not account for any axial force, i.e. skin friction drag due to shear and 
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as such, only accounts for the component of pressure drag due to the normal force whereas a 

majority of the pressure drag comes from the axial force. Additionally, the drag coefficients 

predicted by the momentum method increased sharply at higher angles of attack. This jump in 

drag is likely related to the back pressure created by boundary layer separation and stall. 

Figure A.15 shows the relationship between drag coefficient and Reynolds number, and thus 

the relationship between drag coefficient and airspeed. This figure confirms the expected trend 

that drag tends to increase with angle of attack for a constant airspeed. While the change is 

difficult to discern for lower angles of attack, the data also showed that drag increased with 

increasing Reynolds number for higher angles of attack. This is to be expected, as pressure and 

skin friction drag are directly related to airspeed. 

5.3 Week 3: Determination of Lift, Drag, and Moment Coefficients Using a 

Force Balance 
For the third week, the non-dimensional coefficient curves were determined for a finite wing with 

the same Clark Y-14 cross-section as the previous experiments. A majority of airfoil theory was 

developed under the assumption of an infinite airfoil. A finite airfoil, especially one with a fairly 

small aspect ratio, will exhibit different characteristics than an infinite airfoil due to edge effects 

such as wingtip vortices. Wingtip vortices arise because of the pressure difference between the 

top of the wing and the bottom of the wing. At the tip of the wing, the airstream is able to flow 

from higher pressure on the bottom of the wing to lower pressure on the top of the wing. This 

results in a rotational component of the flow, which essentially wastes useful airflow energy and 

creates an undesirable downwash force. Because of these tip effects, a finite wing is not able to 

generate as much lift as an infinite-span airfoil.  

Figure B.1 shows the measured wing lift coefficient, CL, over a range of angles of attack for 

each airspeed. It was expected that the lift coefficient would increase up until the stall angle of 

attack, and then drop sharply and this result can be seen in Figure B.7. This trend is also 
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observed in Figure B.2, as the angle of attack increases, the lift coefficient increases until about 

10 degrees when the lift coefficient begins to drop for a given Reynolds number. 

One very interesting and unexpected trend was also seen in the force balance data. The stall 

angle of attack appears to be increased as airspeed increases as given in Table B.1. This goes 

against the theory, and may be explained by finite wing effects such as wingtip vortices. 

Because of the scale of the wing, and the length of the wind tunnel, the wingtip vortices may not 

have had the necessary space to fully form at higher velocities. Therefore, the airflow might not 

have lost as much energy to tip vortices at higher velocities allowing the boundary layer to stay 

attached for a longer time. 

An important comparison can be made between Figure A.5, which represents the lift coefficient 

curves of an airfoil with an infinite span with, and Figure B.1, which represents the lift coefficient 

curves of the same airfoil with a finite span. This comparison reveals the power of finite wing 

effects. The lift coefficients per unit span (Cl) for the infinite airfoil are significantly higher in 

magnitude than the measured total lift coefficients (CL). These two coefficients are effectively 

normalized in the same manner and are therefore comparable. This difference in magnitude 

was most likely due to finite wing edge effects. 

Figure B.3 shows the measured wing drag coefficient, CD, over a range of angles of attack for 

each airspeed. The expected trend was that the drag coefficient increased with an increase in 

angle of attack and/or airspeed. These trends were confirmed by the data shown in Figure A.3 

and Figure A.4 measured for the three different airspeeds. The increase in drag coefficient was 

also more pronounced for higher Reynolds numbers which correspond to higher dynamic 

pressures. 

A comparison of Figures A.7, A.14 and B.3 reveals another interesting trend. As previously 

stated, Figure A.7 represents the normal force resolution drag coefficient of an infinite wing, 
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Figure A.14 represents the drag coefficient from the wake momentum deficit of an infinite wing, 

and Figure B.3 represents the drag coefficient for a finite wing. It appears that the normal force 

resolution approximation of the drag coefficient was a better approximation than the wake 

method. The normal force resolution approximation graphs look similar to the finite wing graphs, 

except that airspeed effects are more pronounced in the finite wing graphs. Because the wake 

method was expected to produce a better approximation of the drag coefficient, it is likely that 

there was a problem with the data collection or numerical method that was used to calculate the 

coefficient. 

Figure B.5 shows the measured wing quarter chord moment coefficient (Cm,c/4), over a range of 

angles of attack for each airspeed. The expected trend was that the moment coefficient would 

increase until stall, then sharply decreases. These trends were observed for all three airspeeds. 

This was seen in Figure B.6, as the angle of attack increased, the moment coefficient increased 

for a given Reynolds number until the wing stalled, at which point the moment coefficient began 

to decrease. 

This trend was not demonstrated by the pressure coefficient method used for the infinite airfoil, 

which yielded the values found in Table A.3. These values remained relatively constant for a 

given airspeed but did increase with increasing angle of attack, however, there was no sharp 

decreases found which would be characteristic of stall. This was likely due to the numerical 

scheme used to calculate the moment coefficients given in Table A.3. Because the high formula 

dependence used to determine the coefficients, small deviations in the data could have 

significantly change the final value and as such the force balance values are deemed to be 

more accurate.  
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6. Conclusions 
During the first week, the relationship between the percentage of the total motor power and the 

airspeed in the wind tunnel was explored. The calibration curve relating these two parameters 

was found to be very closely approximated by a linear fit, as expected. The calibration curve 

allowed for the precise determination of power required to produce a desired airspeed. 

Using this information, the aerodynamic characteristics of the Clark Y-14 airfoil were determined 

using multiple methods. First, the lift, drag, and moment coefficients were determined by 

measuring the pressure distribution around an “infinite” airfoil. The coefficients determined using 

the pressure distribution method closely matched the airfoil theory predictions, especially the 

expected trend for the stall angle of attack.  This stall angle of attack was found to decrease with 

increasing airspeed. 

Wake field measurements were also taken in hopes of providing a more accurate determination 

of the drag coefficient of the airfoil. The wake field measurements yielded an unlikely drag 

coefficient model.  The drag coefficients increased far more than expected at high angles of 

attack.  This was likely due to the numerical scheme used to calculate the coefficients.  For the 

test done in this experiment it was found that the pressure distribution method was more 

accurate at high angles of attack and easier to use than the wake field method. 

Finally, the aerodynamic characteristics of a wing comprised of a Clark Y-14 airfoil cross-section 

were determined using a sting force balance and strain gage measurements.  The lift, drag, and 

pitching moment coefficients determined for different airspeeds over the same range of angle of 

attack showed an interesting and unexpected trend.  The stall angle of attack was found to 

increase with increasing airspeed.  This was not an expected physical behavior, and more 

testing needs to be conducted to verify this result.   



25 
 

7. Error Analysis 
In the wind tunnel experiment there were variations between what the underlying theory 

predicted and what was experimentally measured. Intrinsic errors accounted for the error 

produced by ambient noise, sensor inaccuracy, data acquisition resolution capabilities and 

hysteresis. The amount of scatter in the experimental data suggests that the ambient noise was 

low enough as well as the resolution of the data acquisition system and accuracy of the sensors 

was precise enough to yield satisfactory results. Care was taken throughout the experiment to 

negate the effects of hysteresis. All experiments were done such that the angles of attack were 

always increased and the flow was allowed to stabilize at a zero angle of attack for all changes 

in airspeed to minimize hysteresis. 

Application related errors were errors introduced by the use of sensors such as improper 

orientation of the rake or Pitot-tube (sensors) or changes in air temperature and density. If one 

of the rake tubes or the Pitot-tube was skewed such that the opening was not perpendicular to 

the flow, the dynamic pressure being measured would be less than its actual value. This 

improper orientation could explain the anomaly seen in Figure A.12 for the 50m/s flow at 12 

degree angle of attack as well as the drag coefficient plots obtained through the momentum 

method. Additionally, the air density was measure in the beginning of the experiments and was 

assumed constant. Small changes in air temperature (density) do occur however and lead to 

changes in the dynamic pressure which were not accounted for in the results. Although these 

effects would not be great enough to explain the discrepancy in Figure A.12 they do help 

explain the standard deviations shown in Figures A.5, A.7, B.1, B.3 and B.5.  

Interface errors were errors introduced to the system via component interfacing; i.e. wing-force 

balance interface and cabling resistance in the data acquisition system. The airfoil or wing being 

analyzed was connected to the stepper motor or force balance by a bolted connection. These 

bolted connections and test fixtures were not modeled in the theoretical equations as such were 
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assumed infinitely rigid. In practice, these connections do have some flexibility and as such alter 

the measured angle of attack or perpendicular nature of the setup and in turn the dynamic 

pressures or forces measured in the systems. The voltages used in the experiment were low 

enough and cabling length was short enough that it can be safely assumed that resistance in 

the cabling did not significantly affect the data. Additionally, the pressures and forces were 

analog signals which had to be sampled at a finite number of points and converted into digital 

signals that were practical for the system to capture and store. There was no evidence in the 

data that suggest the sampling rate was inadequate for the purposes of the analysis performed, 

hence sampling errors due to equipment are assumed to be negligible.  

Perhaps the largest contributor of inaccuracies in the wind tunnel experiment was the method 

by which the coefficients were determined. Although 1000 samples were taken for the 

determination of all pressure and force data points to ensure a representative average, these 

values had to be used in numerous equations to calculate the desired properties of the airfoil or 

wing. Some of these experimental values were numerically integrated using a Riemann Sum, 

which by definition is approximate and yields a degree of uncertainty. The uncertainty in the 

initial values used in these calculations lead to the propagation of errors throughout the 

experiment which can be quantified using a procedure similar to that shown for the Pressure 

Coefficient (Cp) below. 
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  9.  Appendix 

9.1 Appendix A: Determination of the Aerodynamic Properties of a Clark Y-14 

Airfoil using Pressure Distribution and the Wake Survey Method. 
 

 

Figure A.1: Calibration Curve for the Wind Tunnel which relates the Generated Free Stream 
Velocity to the Motor’s Output as a Percentage of Maximum Output. 
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Figure A.2: Experimentally Determined Pressure Coefficient vs. Distance along the Chord (0” 
Represents the Airfoil’s Leading Edge) for a Clark Y-14 Airfoil with Free-Stream Airspeed of 
20m/s at Various Angles of Attack. The Solid and Dashed Lines Represent the Upper and 

Lower Airfoil Surfaces, Respectively. 

 

Figure A.3: Experimentally Determined Pressure Coefficient vs. Distance along the Chord (0” 
Represents the Airfoil’s Leading Edge) for a Clark Y-14 Airfoil with Free-Stream Airspeed of 
35m/s at Various Angles of Attack. The Solid and Dashed Lines Represent the Upper and 

Lower Airfoil Surfaces, Respectively. 
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Figure A.4: Experimentally Determined Pressure Coefficient vs. Distance along the Chord (0” 
Represents the Airfoil’s Leading Edge) for a Clark Y-14 Airfoil with Free-Stream Airspeed of 
35m/s at Various Angles of Attack. The Solid and Dashed Lines Represent the Upper and 

Lower Airfoil Surfaces, Respectively. 

 

Figure A.5: Experimentally Determined Lift Coefficient vs. Angle of Attack for a Clark Y-14 
Airfoil with Free-Stream Airspeeds of 20m/s, 35m/s and 50m/s as determined from the 

Resolution of the Normal Force. 
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Figure A.6: Experimentally Determined Lift Coefficient vs. Reynolds Number for a Clark Y-14 
Airfoil at Various Angles of Attack. The Reynolds Number was calculated using Free-Stream 
Airspeeds from 20m/s to 50m/s and the Lift Coefficient was determined from the Pressure 

Distribution around the Airfoil. 

 

 

Figure A.7: Experimentally Determined Drag Coefficient vs. Angle of Attack for a Clark Y-14 
Airfoil with Free-Stream Airspeeds of 20m/s, 35m/s and 50m/s as determined from the 

Resolution of the Normal Force. 
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Table A.1: Normal Force Coefficients for a Clark Y-14 Airfoil obtained by Integrating the 
Pressure Distribution as a Function of Length along the Chord. 

 

 

Table A.2: Leading Edge Pitching Moment Coefficients for a Clark Y-14 Airfoil obtained by 
Integrating the Pressure Distribution as a Function of Length along the Chord. 

 

 

Table A.3: Experimentally Determined Airfoil Center of Pressure for a Clark Y-14. 

 

 

Table A.4: Quarter Chord Pitching Moment Coefficients for a Clark Y-14 Airfoil obtained by 
Adjusting the Moment Arm of the Leading Edge Pitching Moment Coefficients. 

Velocity [m/s] 0 4 8 12 16

20 0.7152 1.0327 1.3017 1.4124 1.0583

35 0.7187 1.0279 1.3151 1.3208 1.0115

50 0.7182 1.0519 1.3160 1.0510 1.0074

Angle of Attack, α [Degrees]

Normal Force Coefficient, Cn

Velocity [m/s] 0 4 8 12 16

20 -0.3056 -0.4064 -0.4841 -0.4978 -0.4271

35 -0.3032 -0.4020 -0.4808 -0.4664 -0.4086

50 -0.3052 -0.4128 -0.4764 -0.3994 -0.4093

Leading Edge Pitching Moment Coefficient, Cm,LE

Angle of Attack, α [Degrees]

Velocity [m/s] 0 4 8 12 16

20 1.4954 1.3773 1.3016 1.2336 1.4126

35 1.4765 1.3688 1.2796 1.2360 1.4137

50 1.4875 1.3735 1.2671 1.3299 1.4220

Angle of Attack, α [Degrees]

Airfoil Center of Pressure, xcp , [in]

Velocity [m/s] 0 4 8 12 16

20 -0.1268 -0.1482 -0.1586 -0.1447 -0.1626

35 -0.1235 -0.1450 -0.1520 -0.1362 -0.1557

50 -0.1257 -0.1498 -0.1474 -0.1366 -0.1574

Quarter-Chord Pitching Moment Coefficient, Cm,c/4

Angle of Attack, α [Degrees]
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Figure A.8: Experimentally Determined Quarter Chord Moment Coefficient vs. Reynolds 
Number for a Clark Y-14 Airfoil at Various Angles of Attack. The Reynolds Number was 

calculated using Free-Stream Airspeeds from 20m/s to 50m/s and the Moment Coefficient was 
determined from the Pressure Distribution around the Airfoil. 

 

Figure A.9: Normalized Wake Survey Pressure vs. Distance Across Wake Field For a Zero 
Degree Angle of Attack on a Clark Y-14 Airfoil at Three Velocities. The 0” Distance Represented 

the Rake’s First Pressure Transducer Tube in the Upmost Position (Above Upper Airfoil 
Surface) and the 3.2” Distance Represents the Rake’s Last Pressure Transducer Tube in the 

Lowermost Position (Below the Lower Airfoil Surface). 
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Figure A.10: Normalized Wake Survey Pressure vs. Distance Across Wake Field For a Four 
Degree Angle of Attack on a Clark Y-14 Airfoil at Three Velocities. The 0” Distance Represented 

the Rake’s First Pressure Transducer Tube in the Upmost Position (Above Upper Airfoil 
Surface) and the 3.2” Distance Represents the Rake’s Last Pressure Transducer Tube in the 

Lowermost Position (Below the Lower Airfoil Surface). 

 

Figure A.11: Normalized Wake Survey Pressure vs. Distance Across Wake Field For an Eight 
Degree Angle of Attack on a Clark Y-14 Airfoil at Three Velocities. The 0” Distance Represented 

the Rake’s First Pressure Transducer Tube in the Upmost Position (Above Upper Airfoil 
Surface) and the 3.2” Distance Represents the Rake’s Last Pressure Transducer Tube in the 

Lowermost Position (Below the Lower Airfoil Surface). 
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Figure A.12: Normalized Wake Survey Pressure vs. Distance Across Wake Field For a Twelve 
Degree Angle of Attack on a Clark Y-14 Airfoil at Three Velocities. The 0” Distance Represented 

the Rake’s First Pressure Transducer Tube in the Upmost Position (Above Upper Airfoil 
Surface) and the 3.2” Distance Represents the Rake’s Last Pressure Transducer Tube in the 

Lowermost Position (Below the Lower Airfoil Surface). 

 

Figure A.13: Normalized Wake Survey Pressure vs. Distance Across Wake Field For a Sixteen 
Degree Angle of Attack on a Clark Y-14 Airfoil at Three Velocities. The 0” Distance Represented 

the Rake’s First Pressure Transducer Tube in the Upmost Position (Above Upper Airfoil 
Surface) and the 3.2” Distance Represents the Rake’s Last Pressure Transducer Tube in the 

Lowermost Position (Below the Lower Airfoil Surface). 
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Figure A.14: Experimentally Determined Drag Coefficient vs. Angle of Attack for a Clark Y-14 
Airfoil with Free-Stream Airspeeds of 20m/s, 35m/s and 50m/s as determined from the 

Momentum Method (Integrating the Wake Pressure Distribution across the Wake Field). 

 

Figure A.15: Experimentally Determined Drag Coefficient vs. Reynolds Number for a Clark Y-
14 Airfoil at Various Angles of Attack. The Reynolds Number was calculated using Free-Stream 
Airspeeds from 20m/s to 50m/s and the Drag Coefficient was determined from the Momentum 

Method (Integrating the Wake Pressure Distribution across the Wake Field). 
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9.2 Appendix B: Determination of the Aerodynamic Properties of a Clark Y-14 

Wing Using a Force Balance. 

 

Figure B.1: Experimentally Determined Lift Coefficient vs. Angle of Attack for a Clark Y-14 Wing 
Section with Free-Stream Airspeeds of 20m/s, 35m/s and 50m/s as determined by using a 
Force Balance to Measure the Normal and Axial Forces as well as Pitching Moment of the 

Wing. 

 

Figure B.2: Experimentally Determined Lift Coefficient vs. Reynolds Number for a Clark Y-14 
Wing Section at Various Angles of Attack. The Reynolds Number was calculated using Free-

Stream Airspeeds from 20m/s to 50m/s and the Lift Coefficient using the Force Balance to 
Measure the Normal and Axial Forces as well as Pitching Moment of the Wing. 

-5 0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Angle of Attack,  (Degrees)

Li
ft C

oe
ffic

ie
nt

, C
L

Lift Coefficient vs. Angle of Attack for Various Velocities

 

 
V = 20 m/s

+ Std. Dev.

- Std. Dev.

V = 35 m/s

+ Std. Dev.

- Std. Dev.

V = 50 m/s

+ Std. Dev.

- Std. Dev.

0.8 1 1.2 1.4 1.6 1.8 2 2.2

x 10
5

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Reynolds Number

Li
ft 

C
oe

ffi
ci

en
t, 

C L

Lift Coefficient vs. Reynolds Number for Various Angles of Attack

 

 

  = - 4

  = - 2

  = 0

  = 2

  = 4

  = 6

  = 8

  = 10

  = 12

  = 14



38 
 

 

Figure B.3: Experimentally Determined Drag Coefficient vs. Angle of Attack for a Clark Y-14 
Wing Section with Free-Stream Airspeeds of 20m/s, 35m/s and 50m/s as determined by using a 

Force Balance to Measure the Normal and Axial Forces as well as Pitching Moment of the 
Wing.  

 

Figure B.4: Experimentally Determined Drag Coefficient vs. Reynolds Number for a Clark Y-14 
Wing Section at Various Angles of Attack. The Reynolds Number was calculated using Free-
Stream Airspeeds from 20m/s to 50m/s and the Drag Coefficient using the Force Balance to 

Measure the Normal and Axial Forces as well as Pitching Moment of the Wing. 
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Figure B.5: Experimentally Determined Quarter Chord Pitching Moment Coefficient vs. Angle of 
Attack for a Clark Y-14 Airfoil with Free-Stream Airspeeds of 20m/s, 35m/s and 50m/s as 
determined by using a Force Balance to Measure the Normal and Axial Forces as well as 

Pitching Moment of the Wing. 

 

Figure B.6: Experimentally Determined Quarter Chord Moment Coefficient vs. Reynolds 
Number for a Clark Y-14 Wing Section at Various Angles of Attack. The Reynolds Number was 
calculated using Free-Stream Airspeeds from 20m/s to 50m/s and the Moment Coefficient using 
the Force Balance to Measure the Normal and Axial Forces as well as Pitching Moment of the 

Wing. 

-5 0 5 10 15 20
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Angle of Attack,  (Degrees)

Q
ua

rte
r C

ho
rd

 M
om

en
t C

oe
ffi

ci
en

t, 
C M

c/
4

Quarter Chord Moment Coefficient vs. Angle of Attack for Various Velocities

 

 
V = 20 m/s

+ Std. Dev.

- Std. Dev.

V = 35 m/s

+ Std. Dev.

- Std. Dev.

V = 50 m/s

+ Std. Dev.

- Std. Dev.

0.8 1 1.2 1.4 1.6 1.8 2 2.2

x 10
5

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Reynolds Number

Q
ua

rte
r C

ho
rd

 M
om

en
t C

oe
ffi

ci
en

t, 
C M

,c
/4

Quarter Chord Moment Coefficient vs. Reynolds Number for Various Angles of Attack

 

 

  = - 4

  = - 2

  = 0

  = 2

  = 4

  = 6

  = 8

  = 10

  = 12

  = 14



40 
 

 

Table B.1: Stall Angles Observed using the StingBalance2.vi Data Acquisition System for the 
Flow Velocities of Interest. 

 

 

 

Figure B.7: Screen shot of the StingBalance2.vi Data Acquisition System showing the Sharp 
Drop in Normal Force and Pitching Moment and Increase in Axial Force Associated with the 

Wing’s Stall Condition. 

20.0 35.0 50.0

8.0 12.0 15.5Observed Stall Angle [Degrees]

Flow Velocity [m/s]


