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INTRODUCTION

	A wind tunnel is a tool that is used in aerodynamic research.  Engineers developing aircraft, automobiles, bridges, and buildings all benefit from the data provided by wind tunnel research. Wind tunnels apply a steady stream of air to a fixed object, allowing the measurement of lift and drag.
	Air exerts pressure on every object on Earth. When designing anything that moves at any relatively high velocity, engineers must take this pressure into account. In all major transportation industries, there are teams of scientists testing many aspects of different possible design for the product being produced, be it a remote-controlled airplane or Formula One race car. Each item is optimized for its intended use: buses sacrifice aerodynamic performance for an increased load capacity, gliders trade speed and agility for increased lift, and luxury cars—while expensive—are generally well equipped to handle quick turns and be as sleek and aerodynamic as possible. There are tradeoffs for every change made in the design of a structure, and engineers are tasked with finding the best design for the intended use of the structure.
	In wind tunnels, these designs can be tested in a controlled environment. Engineers can record data and compare and contrast the results of different experiments and decide on the best configuration.


OPERATION OF THE WIND TUNNEL
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	Sub-sonic wind tunnels are long tunnels with a fan at one end, a thin test chamber in the middle, and a vent at the other end. When turned on, the speed of the fan can be adjusted to suck air through the vent and into the test chamber at different speeds. This controls the airflow through the test chamber and against the object. The object is either fixed to a sting balance within the tunnel or to the tunnel itself. Using data collected by the sting balance or by pressure differences along the surface of the object, lift and drag forces can be calculated.
	The wind tunnel we used in our experiments operates by the application of Bernoulli’s Principle:

P1 + (1/2*ρ*V12) = P2 + (1/2*ρ*V22)

			P1=Original Pressure			P2=Final Pressure
			V1=Original Velocity			V2=Final Velocity
p=rho
This equation relates the pressure, density, and square of the velocity of the air. If all but one of these values is known, the unknown value can be derived. Because the flow rate of the air remains the same throughout the tunnel, the velocity of the air must increase when flowing through the thinner test section.


EXPERIMENTS

Our project began with a number of tests on several basic objects including a hemisphere and a few simple wings.  We used these equations to calculate the lift and drag coefficients of these objects:


CL = 		CD = 

CL = Lift Coefficient		CD = Drag Coefficient

L = Lift Force			D = Drag Force

ρ = Density of Air	    	      	V = Velocity

S = Plan Form of Object

	Our next assignment was to calculate the overall force exerted on a horizontal airfoil. After attaching the airfoil to the sting balance parallel with the ground, we started the wind tunnel and brought the airspeed within the tunnel to approximately 100 miles per hour. We recorded the change in voltage in the sting balance with a computer setup and an Agilent Digital Multimeter—a device used to measure change in voltage, current, and temperature—and used the following equations to relate voltage to force.

Figure 23-2
FN = 

FA =  +  + 

FN = Normal Force		M = Pitching Moment

FA = Axial Force		V = Voltage

After we had run these calculations for the wing at 0º to the airflow, we reworked them with the wing tilted at a 5º angle to the horizontal. This process introduced us to lift and the way the angle of attack affects its magnitude.
	After we had finished these calculations, we removed the horizontal wing and the sting balance and replaced them with a vertical wing setup. This wing was geometrically similar to the horizontal wing; however, this wing had tiny perforations on its surface that connected to tubes to be attached to the manometer. After attaching these tubes to the manometer, we were able to see and measure the pressure difference between each hole by measuring the change in height of the oil in the manometer—a device used to gauge change in pressure by measuring the change of height of oil in various tubes; we then compared these height differences with the height of the oil exposed to only atmospheric pressure outside of the wind tunnel. Knowing this change in height, we were able to calculate the pressure difference between each hole and the atmospheric pressure; we averaged the pressure difference between each hole and the area of the section between each hole, and were therefore able to determine the force exerted on each section of the wing.

F = PA

q (Pascals) = 205.8*TCF*(inchesΔhoil)	q = TCF*sgoil*(ρg)H2O*(Δhoil)

sgoil = 0.826 N/m3			(ρg)H2O = 9810 N/m3

These equations were given to us to be used in determining the force exerted on the wing. This time, however, we were not expected to solve each calculation by hand; we used Microsoft Excel, which greatly expedited our progress, and even allowed us to plot graphs and visually represent our data.
We experimented with the vertical wing at both 0º and 5º angles of attack as we did with the horizontal wing, and then replaced the setup with a boundary-layer plate.
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The set up of a boundary-layer plate is simple—a flat glass plane with ten tubes extending to various heights above the plane. We connected the tubes extending from the glass plane to the manometer, and turned on the wind tunnel. We recorded the heights of the oil from each tube, as well as the height of the oil from the pressure in the tunnel and the height of the oil from purely atmospheric pressure. From this data, we used Microsoft Excel to calculate the difference in velocity between the air at the height of each tube; from this we were able to graph and approximate the height of the boundary layer above the plate.
We performed this experiment two more times—by changing the distance from the front of the plate to the tubes we changed the height of the boundary layer.
For our penultimate experiment we removed the boundary-layer plate and restored the sting balance to the wind tunnel. We affixed a sphere to the balance, recorded the voltage displayed by the Agilent Multimeter, and started the wind tunnel.
 This experiment illustrated a phenomenon that happens to a sphere when the wind velocity is raised to a certain point: air resistance suddenly drops roughly to half of what it was. We attempted to reproduce this occurrence in our wind tunnel. First we brought the airspeed up to half of its maximum velocity and then recorded the change in voltage displayed by the multimeter and turned the airspeed up. Continuing this process, we found that once we brought the airspeed in the tunnel to around 200 mph the resistance did fall to about half of what it was at 190 mph.
After finishing with the sphere, we began our final experiment: we purchased a 1:43 scale model semi cab and Mercedes SLR McLaren.  Before we tested either of these models we had to develop a way by which to mount each one onto the sting balance.  After brainstorming, we decided to drill a small hole into the rear of each model and attach a plastic tube.  We attached each to the sting balance and completed our tests.


RESULTS

	Our tests on the concave hemisphere introduced us to drag. We practiced finding the drag coefficient for it, but we did not keep our data as it was irrelevant to the final product.
	From the vertical wing, we compiled the pressure differences, the sum of the forces, and the distance from the front of the wing for each hole where the pressure was measured. From this data we assembled the following graphs:
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From these above graphs, we drew the conclusion that the pressure must be lower above the wing than below the wing for it to experience lift; also, a minimum airspeed must be reached for the wing at 5º to experience more lift than when parallel with the horizontal.
	As we recorded the information from the boundary-layer plate experiment, we discovered a pattern in the data. This can be seen in Figure 23-5.
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	The airspeed right above the surface of the wing slows drastically—it approaches zero as the distance gets infinitesimally small. However, as the distance from the surface increases, the airspeed increases exponentially until it reaches the maximum boundary of the wing.
	For our experiments with the sphere, we found that the drag coefficient did in fact reduce as predicted, as illustrated in the graph below.
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	The last experiment we performed contrasted the drag resistance between a semi cab and Mercedes. The drag on the Mercedes ranged between 0.1 N and 1.05 N, while that of the semi was between 0.8 and 8.1 N.






Figure 23-7



ANALYSIS

While experimenting with the boundary-layer plate, we were introduced to the Reynolds Number—a unitless number that is used in determining the height of the boundary layer, the point above the plate where friction from the plate is no longer pertinent to the wind’s velocity.
The hypothesis given to us regarding the sphere—that its drag coefficient will be cut in half when the airspeed is raised to a certain point—was proven true by our experimentation. As represented on the graph titled “Drag Coefficient on a Smooth Sphere” (page 6), the data we collected was quite similar to that of the prediction. The pattern discovered by Schlichting is a proven model for all comparable experiments, including ours. Our graph was slightly inaccurate due to rounding and measurement errors. However, the slope of the drop-off of  our plot was nearly identical to that of Schlichting’s.
Before we tested the models’ drag forces and coefficients, we hypothesized that the semi would have much greater of both because of its greater surface area. Because the models were to the same scale, we were able to accurately contrast both the coefficient of drag and the drag forces, as opposed to only the coefficient—as we would have been if they had been different scales. The data supported our hypothesis; the truck’s drag force was nearly eight times as much as that of the Mercedes, and its drag coefficient was roughly double that of the car.


CONCLUSION
 
	From the experiments we performed on the horizontal wing, we reached the following conclusions:
1. When tilted at an angle of 5º to the horizontal, the wing experiences a much greater lift and drag force than when it was horizontal.
2. Both the lift and drag coefficients are dependent on the angle of attack.
3. Pressure decreases the faster the air travels—the shape of the wing utilizes this and forces the air to pass over the top faster than it does under the bottom.
With the data provided by the vertical wing tests, these conclusions were reinforced. The pressure above the wing was much less than that underneath; therefore, the difference in pressures provided a lift force on the wing.

Wind tunnels are an essential component in the development process of both vehicles and aircraft.  They are incredibly comprehensive machines that serve a variety of purposes.  Our research gave us an understanding of how air behaves when it comes in contact with an object.
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