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Introduction	
“For good or for ill, air mastery is today the supreme expression of military power and fleets and armies, however vital and important, must accept a subordinate rank.” 
-Winston Churchill 

Since the invention of the airplane and its induction into warfare, the sky has become one of the most prominent battle fields; the one who can control the sky can win a war.   Although bombers and cargo planes have risen to the top for their ability to support ground troops, without the fighter jet these aircraft are helpless.  In order for a fighter to best perform its duties, its optimum altitudes and speeds must be calculated, and if possible compared to those of enemy fighters so a pilot knows where to and not to fight. 
	Outside actual flight, the best way to calculate a fighter’s optimum altitudes and speeds is in a wind tunnel.  Wind tunnels simulate actual flight at different speeds and angles of attack, which coupled together with the known air densities of different altitudes, weight, and the wing surface area of the plane, can be used to determine a fighter’s optimum speed and altitude as well as a fighter’s maximum and minimum speed and altitude.  If these capabilities are also known about an enemy aircraft, the probability of success for a pilot is greatly increased.  
	However, before any information about an aircraft is known, multiple tests need to be carried out to calculate the different forces acting on an aircraft.  That was our job; we tested a model F-16 and a yellow wing model of our design.  After testing both aircraft in the wind tunnel we were able to compare the flight performance of the F-16 to our yellow wing. 
	
 
Fig. 1: The F-16 Model 				Fig. 2:Yellow Wing Model

Method & Results
	In order to gather the values for the normal, axial, and moment forces, the models were placed in a wind tunnel. The normal force is perpendicular to the axis of the aircraft, the axial force is horizontal to the axis model, and the moment force is the tendency for the plane to pitch. The models were mounted on a sting balance, which measures the three forces by recording the flow of electric current along small strips of metal called strain gages mounted inside it.  The strain gages stretch or compress depending on the force exerted on them, and measure the tendency for the nose of the aircraft to rise or the tendency for the tail to fall.  This movement allows more or less current to flow into the Agilent volt meter.  The three forces were measured at multiple angles of attack ranging from negative seven degrees to positive twenty degrees off zero in order to simulate climbing and descending.  At each angle of attack measurements were with the wind tunnel on and off. These values were used to calculate lift and drag.  The lift force is perpendicular to the ground and the drag is the horizontal force parallel to the ground, instead of the axis of the plane. 

Figure 3: Force Diagram on an Aircraft



To calculate the lift values we used the following equation where FN represents the normal force, sensN represents thewind tunnel correction factor, VN air off  represents the voltage of the normal force without any movement, and VN air on represents the voltage of the normal force at a wind speed of 100 miles/hour:									
FN   =   (VN,air on – VN,air off)				EQ. 1
                                (sensN )
	
When an aircraft is at different angles the lift forces vary, so to calculate the lift force from different angles we used the equation, where L represents the lift force and FA represents the voltage of the axial.

L = FN cos(a) - FA sin(a)				EQ. 2

After we found the lift force, we could then calculate the lift coefficient.  We plugged the value for the lift force into equation 3 below to find the lift coefficient. Here, represents the density in kilograms per meters cubed, V represents the velocity in meters per second and S is the surface area of the model in meters squared.


CL =           L__				EQ. 3
            (1/2V2S)
	

After finding the lift coefficient we then graphed it against the angle of attack using the angles we tested with.   


Fig. 4: CL vs. AOA for F-16

We did the same procedure for the Yellow Wing model using the test results we found with the wind tunnel.


Fig. 5: CL vs. AOA for Yellow Wing

To find the force of drag on an object we used equation 4, which relates the test values and different properties of the wind tunnel to find the axial force. At zero degrees, the axial force is equivalent to the drag force, but as the angle of the aircraft changes so does the drag force.

FA = 	(VA,air on - VA,air off) + (VN,air on - VN,air off ) + (VM,air on – VM,air off )	EQ. 4.
      (sensA)		   ( crossNA)		   (crossMA)


The values for sensA, crossNA, and crossMA were provided. For the angles of attack other than zero another equation must be used to calculate lift and drag.  For drag the equation is:    
   	
D = FN sin(a) + FA cos(a)				EQ. 5
After finding the lift coefficient in equation 3, we could then find the drag coefficient by substituting the lift force for the drag using equation 6 where CD represents the coefficient of drag.

CD =   	    D__					EQ. 6
                          (1/2V2S)

Using the equations from above, drag coefficient versus the lift coefficient for the F-16 model was graphed (Figure 6). Figure 6 showed a direct polynomial, or parabolic relationship between the two variables. 




Fig. 6: CD vs. CL

We tested the same variables with the Yellow Wing model that we designed and came out with roughly the same results. Within the equation y=0.2529x2-0.0606x+.0353, y represents the coefficient of drag, and x represents the coefficient of lift.


Fig. 7: CD vs. CL

Similar to Figure 6, Figure 7 is also a parabolic curve that is represented by the regression line. These two plots show that as lift increases, the drag also increases. It is also noted that the minimum drag point occurs when coefficient of lift is greater than zero.
Table 1

F-16 					Yellow Wing 

K1 = .2529 				K1 = .4828
K2 = -.0607				K2 = -.081
CD0 = .0354				CD0 = .0023

The values for CD0, k1 and k2 are the coefficients found from the using CD versus CL graph. The CD0 was found by calculating the y-intercept. The k1 and k2 values were found by calculating the equation for the parabola.

W is the hypothetical weight of the fighter, and is held at a constant of 100,000 Newtons, and is the air density at a given altitude, which gets smaller and smaller as altitude increases.
	

D =  k1   W2     +    k2    W           +   CD0(1/2v2)			EQ. 7
                        	               1/2v2                1/2v2


Using equation 7, drag and thrust were graphed against velocity at various altitudes which gave the max velocity for each altitude (refer to figures 9 and 10).  The max velocity was found by finding the intercept of the thrust line and drag curve.  For the thrust line to be calculated, we had to use equation 8, which relates thrust to air density at a given altitude:  

T   =  					EQ. 8
   Tsl     sl 

	
Tsl is the required thrust at sea level, which we are assuming is the hypothetical weight of aircraft, 100000 N. sl is air density at sea level, which we found to be 1.225 kg/m3.  We had to graph many thrust curves at different altitudes to find the max velocity at each altitude.  Specifically, when we plotted a graph at 10,000 meters, we first needed to find the air density at that altitude.  We used a standard atmosphere table wizard to find the air density at different altitudes. (Figure 8) After we found the air density to be .412707 kg/m3, we plugged the different values in to find the thrust at that altitude.
	
		Altitude
[m]
	Temperature
[Kelvin]
	Pressure
[pascal]
	Density
[kg/m3]
	Speed of sound
[m/s]

	0
	288.15
	101325
	1.225
	340.294065

	1000
	281.65
	89874.570502
	1.111643
	336.434048

	2000
	275.15
	79495.215511
	1.00649
	332.529226

	3000
	268.65
	70108.54467
	0.909122
	328.578003

	4000
	262.15
	61640.235304
	0.819129
	324.578683

	5000
	255.65
	54019.912104
	0.736116
	320.529467

	6000
	249.15
	47181.027568
	0.659697
	316.428439

	7000
	242.65
	41060.743191
	0.589501
	312.273557

	8000
	236.15
	35599.811423
	0.525168
	308.062644

	9000
	229.65
	30742.45842
	0.466348
	303.793367

	10000
	223.15
	26436.267594
	0.412707
	299.463233

	11000
	216.65
	22632.063973
	0.363918
	295.06956

	12000
	216.65
	19330.405049
	0.310828
	295.06956

	13000
	216.65
	16510.405758
	0.265483
	295.06956

	14000
	216.65
	14101.799606
	0.226753
	295.06956

	15000
	216.65
	12044.570862
	0.193674
	295.06956

	16000
	216.65
	10287.459141
	0.16542
	295.06956







Fig. 8: Standard Atmosphere Chart


				 T	    =	   					EQ. 9
			 	100,000                     1.225

				T = 100,000 N


Fig. 9: Drag and Maximum Thrust vs. Airspeed for the F-16




Fig. 10: Drag and Maximum Thrust vs. Airspeed for the Yellow Wing



The maximum velocity can be located from Fig. 10 by finding the point of intersection of the two curves.  The maximum velocity for the F-16 is 323m/s which is smaller than the yellow wing’s maximum velocity of 379 m/s.  This means that the Yellow Wing can fly faster than the F-16 at sea level. After plotting seven of these graphs and finding the intercept of each, we had an accurate representation of a max velocity versus altitude graph (Figure 10).  To make it into a more realistic setting, we changed velocity into Mach number so we have an idea of how the airspeed compares to the speed of sound.





Fig. 10: Altitude vs. Maximum Mach Number


After calculating different thrust values at multiple altitudes, we could then find the maximum velocity at multiple altitudes (equation 10).  
	

PA = (T – D)V					EQ.10
PR = DV


	Power was then calculated for each of the altitudes and graphed.  From that plot we found the required power that the aircrafts need at different velocities.  To find the required power, we used the equation above with PR.  The required power is represented by PR.  And it is equal to the required thrust times velocity.


PR = TRV					EQ. 11



	But the required thrust actually equals the drag force because the drag force holds the aircraft back until the thrust reaches that point.  When the thrust equals the drag force, which is the minimum amount of thrust that is able to move the aircraft.  We had to find excess power at many different velocities so we had to graph several power vs. velocity graphs.  One of the graphs we found was at an altitude of 10,000m.  

	To graph one of these, we need to use equation 8:


[bookmark: ][bookmark: ]T   =    					EQ. 12			
   Tsl     sl 


	However, with the power curves, the intercept of thrust available and power required vary at different altitudes due to differing densities.  Therefore, each graph is specified at a specific altitude.  Using equation 13, we find the thrust for each altitude along the power curve. 


T         	 =   					EQ.13
					            100,000      1.225
   
T = 81633

PA = TV

PR = DV


Fig. 11: Power Plot for F-16 at 10,000 meters

Fig. 12: Power Plot for Yellow Wing at 10,000 meters


	In figures 11 and 12, the area in between the two intercepts is the excess power of an aircraft at a specific altitude (in this case 10,000 meters).  We can find the excess power using equation 14:	
PE = Excess Power					EQ. 14
PE = PA - PR


 We found the intercepts of the figures 8 and 9, which represent the maximum and minimum amount of power available. The velocities at which the F-16 has an excess of five million watts is in the range of 91 – 358 m/s and the velocities at which the Yellow wing has an excess of five million watts is in the range of 214 -284 m/s. This means that there is a larger range of velocities at which the F-16 has an excess of five million watts. This information tells a pilot that at that specific velocity and altitude, he has the ability to accelerate or climb using 5 million watts as the initial power. Repeating this process for various altitudes, we could then map an excess power plot (figure 13-14).


Fig. 13: Excess Power graph for F-16




Fig. 14: Excess Power for The Yellow Wing




Fig. 15: Comparison between the F-16 and Yellow Wing Power Plots

	By combining Figures 13 and 14, we were able to compare the power curves of both the F-16 and Yellow Wing. In Figure 15, the Yellow Wing exceeds the F-16 in both velocity and altitude capabilities. However, if the F-16 were to engage in battle, he would want to fly at approximately 8,000 meters because he has much more power than the Yellow Wing. At about 2,000 meters the F-16 would probably fly at slower velocities, lower than 300 m/s. Because if the -F16 flies at a higher velocity, the Yellow Wing would then possess more power, and hold a greater advantage.

Conclusions
	
	The purpose of the project was to test the performance characteristics of two different aircraft models.  We used an F-16 model and a model we designed ourselves.  
After running a few tests, we soon found out that the model that we designed had very little lift, and drag. With a very small lift coefficient, our plane would be able to fly very fast because of its lack of drag, however, our yellow model wing has nowhere near the amount of power that an F-16 does. The optimum height for an F-16 to fly is at an altitude lower than 4000m. In this rage the F-16 has a greater excess power than the yellow wing and therefore can accelerate and climb faster.  With this advantage, an F-16 can beat the yellow wing in almost any circumstance.  
There were several complications that our group encountered while calculating the data for both aircraft. The majority of these mishaps occurred in our Excel spread sheets. First, we overcomplicated our sheets by copying the same column into several different places; therefore damaging the links in the equations and graphs. Next, we miscalculated the surface area of the yellow wing by several thousand times. This made the velocities increase exponentially. These problems were corrected by completely correcting our data layout.



image9.png
Force (Newtons)

120000

100000 -+

80000

/

=+ Drag

60000

/

—=—Maximum Thrust

40000

yd

20000

N

100 200 300

Velocity (m/s)

400

500





image10.png
Altitude (meters)

18000

16000

14000

12000

10000

8000

6000

4000

~
\
3
+

2000

—

0.5

0.7

0.9
Mach Numb

1.1
er

13

15





image11.png
Force (Newtons)

40000000
35000000

30000000 /
25000000

20000000

15000000
10000000 - —+—Power Avalible

—a— Power Required

5000000 -
0 T T T T T 1
0 100 200 300 400 500 600

Velocity (m/s)





image12.png
Force (Newtons)

30000000

25000000

20000000

15000000

10000000

5000000

0

Velocity

——Power Required

—=—Power Avalible





image13.png
Altitude (m)

18000

16000

14000

12000

10000

8000

6000

4000

2000

N

==Maximum

—fl— excess power
5x1076 (watts)

—h— excess power

1x1077 (watts)

\

\
/.——.\ } Velocity (m/s)

t

t

=== excess power
2x1077 (watts)

N
N

'

R

o

200 300 400

Velocity (m/s)





image14.png
Altitude(m)

20000

18000
16000 —o—Max/min
velocity
14000 / *
12000
- excess
10000 /IQI\ 5x106
8000 / / * watts
6000 ﬂ * —h—excess
2000 1x10°7
§ f { s
2000
0 100 200 300 400 500

Velocity (m/s)





image15.png
Altitude (Meters)

20000

=== - Max
18000 Velocity-
Yellow
16000 Wing
14000 Max
Velocity-
12000 F-16
10000
= =A== Excess
8000 1x107
watts-
6000 Yellow
Wing
4000 —<— Excess
1x107
2000 watts-F-
16
0 1
0 100 200 300 400 500

Velocity (m/s)





image1.jpeg




image2.jpeg

image3.png




image4.png
1
30

T
20

10

HIT0Iudd1490)

o
il

Angle of Attack





