VII. LESSON PLANS

A.  INTRODUCTION


The following lessons have been developed to assist with incorporating the use of a wind tunnel into mathematics and science curriculums.  These lessons provide hands-on activities that can be used within mathematics and science classes. The lessons introduce scientific principles and incorporate the use of mathematics equations in many cases. A recommendation is to have students set up a spread sheet to perform the mathematical functions, once they have grasped the formulas.  This will allow the students to see how computers can be used as a tool to complete routine math problems, thus allowing for more time to analyze the data.


The lessons are designed so that a science and mathematics teacher could team teach.  The methods for solving equations taught in mathematics class could be reinforced in science class by using those methods to solve the equations related to the aeronautical principles being studied.  Students will be able to see an application for the mathematical methods they are learning. 

B. THE PROPERTIES OF STATIC AIR

Objective:


To understand the properties of static air. In order to understand the many principles involved in aeronautics and the theory of flight, the various properties of air are very important.  In this section we will consider static air, or in other words, air that is not moving.

Static Air Lesson:


Air is a gas.  All gasses have certain properties associated with them, used to describe the physical condition, or state of the gas.  These properties are temperature, pressure, volume and mass.


Let’s first consider the mass of a gas.  A gas, like any other matter, is made up of many molecules or atoms moving randomly within a certain volume.  Gases will occupy any container that surrounds it.  Think of your classroom as a container, the air is all through out the classroom.  Also think of an empty storage tank as a container of air.  Both your classroom and the empty storage tank  have a volume which can be determined through the equation of the volume of a cube or the volume of a cylinder. The volume of the container which contains the air will also be the volume of the air.


Another term can be defined here, density.  Density, designated by the symbol r, is defined as the mass per volume of a substance, or


r = m

     
      V


In other words a substance has a large density if there is a lot of it in a small space, conversely a substance has a small density if there is not much of it in a large space.
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Figure 18.


Now consider the container of air shown in Figure 18.  The container is sealed making the number of molecules inside the container a fixed number.  Since the container is sealed, no molecules can escape and none can enter.  This makes the mass of the air within the container constant.   As we said before the molecules of a gas, are randomly moving within the container.  During this movement, the molecules will collide with the walls of the container.  When this happens a small force will be imparted on the point of the container wall where the molecule collided. Since there are many molecules constantly colliding with the walls of the container over a long period of time, the force on the entire container can be considered constant.  This force is defined as the pressure of the gas within the container.


If the temperature and the volume of the container remain unchanged then the pressure within the container will remain unchanged, unless more mass is added or taken out.  However, if the temperature of the air inside the container or the volume of the container changes, there will be a change in the air pressure within the container.


First we will look at the relationship between the temperature and volume of a gas. This experiment can be tried on your own. 

Materials:
Capillary tube (about 20cm long)



Burner



Mercury 

Thermometer



Large test tube



Stand



Clamp



Ruler



Cold water (0 degrees)

Procedure:  Close one end of the capillary tube by strongly heating it.  After the tube has cooled, heat it gently in a flame to drive out some of the air.  Then, as it cools, dip the open end of the tube below the surface of mercury in a container.  As the air in the tube cools, it contracts and a pellet of mercury rises in the tube.  The pellet of mercury seals off a column of air in the tube.  The length of the air column in the tube at room temperature should be about 8 to 9 cm.
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Figure 19.



Place the capillary tube and a thermometer in the test tube.  Clamp the tube to a stand. (As shown in Figure 19.) Read the thermometer and read the length of the air column by means of a ruler.  Record these values.



Fill the test tube with ice water, and record the temperature and the length of the air column.  Heat the test tube and contents with a small flame.  Take several pairs of readings and record in data chart.
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         Chart 1.



The air column is cylindrical in shape, so its volume equals the length times the cross-sectional area of the capillary tube.  In these readings the length changes, but the cross-section remains the same.  Additionally, since the cross-sectional area of the capillary tube is so small compared to the length, for this experiment, the length of the air column can be used to represent the volume of air.



Graph the temperature of the air vs. the volume of the air.

[image: image4.wmf]30

20

10

0

V

o

l

u

m

e

 

(

c

c

)

Temperature (C)

0

10

20

30

40

50

60

70

80

90

Volume vs Temperature








            Graph 1.

What do you observe?  As the temperature of the air increases the volume of the air increases also.  This relationship is known as Charles Law.


The following lab will allow us to look at the relationship between pressure and volume.  

Materials:  
Ring Stand



Clamp



Weight Can (Any type of can with a handle



Boyles Lab Apparatus (can be purchased through science supply magazines or the Boyles lab apparatus can be created with a syringe, valve and wire, such as is shown in Figure 20. below.)

Procedure:
Set up the apparatus as shown in Figure 3.:
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    Figure 20.



Open the valve and pull the plunger up so the end is at 10cc.



Close the valve.



Place 3N into the weight can and read the volume of air in the chamber.



Record the volume to the nearest tenth of a cc in the data chart.
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      Chart 2.



Add 3 more newtons to the weight can and record the new volume.



Repeat adding 3N at a time and recording the volume.  Continue up to 42N.



Draw a graph plotting pressure in N vs. Volume in cc. on graph paper.  (Following is an example)
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Graph 2. 




State your observations.  As the pressure increases the volume decreases.  This relationship is known as Boyles law.


Now we have looked at all of the relationships between the properties of static air.  The relationship between these four properties can be described by the equation of state:


p = mRT

        V

Where:

p = pressure

m = mass

R = specific gas constant (a value which varies from one gas to another)

T = temperature

V = volume
 

Remember that the equation for density is:


r = m

     
      V

this can be substituted into the equation of state to give us


p = rRT

These equations are used to quantify the properties of air.  

 The Earth’s Atmosphere Lesson:


With the relationships of static air in mind, let us look at how air behaves in the Earth’s atmosphere.  Let us think of the Earth’s atmosphere as being a container of air.  Although there is controversy over where exactly the Earth’s atmosphere ends and space begins, it is generally agreed by scientists that it is somewhere around 500 miles above the Earth’s surface. We can think of the space between that boundary and the Earth’s surface as a container of air, as shown in Figure 21.

[image: image8.wmf]Earth’s Surface

Earth

Earth’s Atmosphere

End of Earth’s 

Atmosphere, 

begining of space





    Figure 21.


 Just as everything else on the Earth, air feels the force of gravity. It is the force of gravity which allows Earth to have an atmosphere.  We’ve stated before, air has a mass.  Since gravity is acting on the air, the air also has a weight.  By definition, weight is the gravitational force which acts upon a mass:


W = mg

Where:


W = weight


m = mass


g = gravity = 9.8 m/s2 on Earth


Said in another way, gravity is pulling all of the air in the Earth’s atmosphere towards the Earth.  This pulling action is what keeps the air close to the earth and creates our atmosphere.  Now let’s reverse how we think of the air in the Earth’s atmosphere.  Think of the atmosphere as slices or layers of air from the surface of the Earth to the top of the atmosphere.  Imagine each of the slices having a mass of 1kg and thus from the equation would have a weight of 1kg x 9.8 m/s2, or 9.8N  


Since weight is a force, the weight of the slice at the very top of the atmosphere will push down on the second slice. The weight of the first and second slice will push down on the third slice.  This scenario continues all the way to the bottom of the atmosphere or at the Earth’s surface.  This pushing, the force created by the weight of the air, is what causes air pressure, illustrated in Figure 22.  So as you can see, air pressure varies according to how high above the Earth’s surface you are.  The air pressure at the Earth’s Surface is greater than the air pressure on top of the Rocky Mountains which is greater than the air pressure at the altitude at which air planes fly.  








       Figure 22.


To know the air pressure at various attitudes is of importance in the study of aeronautics so a method to measure the air pressure was developed.


Scientists created a standard constant atmospheric pressure to relate other pressures to. This pressure is called standard atmospheric pressure, and it is the average pressure of the atmosphere measured at sea level.  Standard atmospheric pressure is a constant and is expressed by various means:



1 atm



14.7 PSI (Pounds per Square Inch)



1.013 x 105 N/m2




760 Torr


The Torr is a unit of measure named for a seventeenth century physicist, Torricelli, who studied atmospheric pressure and invented the barometer.  The barometer is a measuring device used to measure atmospheric pressure.  You may have heard weather reports where the barometric pressure was given. A barometer works in the following way.  A reservoir of mercury is open to the atmosphere.  A tube or column extends above the mercury reservoir.  All of the air must be out of the tube or column so that their is a vacuum within it.  As the air presses down on the mercury (due to the air pressure) the mercury will rise in the tube or column. An increase in air pressure will cause the column to rise and a decrease will cause the column to lower.  The tube or column is graduated so that the number of inches or millimeters the mercury rises can be measured. A barometer is illustrated in Figure 23.

[image: image9.wmf]Mercury 

Column







Figure 23.


The density of mercury is then used to convert the inches or millimeters of mercury measured to another unit of measure for pressure, such as PSI or N/m2.


For example, suppose a barometer’s column of mercury raises 30.5 in.  The density of mercury is 0.491 lb/in3 (Densities are known for most common substances and can be looked up in tables).  Then to find the air pressure:


Pair = r x inches of mercury


Pair = 0.491 lbs x 30.5 in



         in3

Pair = 14.98 lbs


         in2

Similarly, if the barometer was calibrated in millimeters of mercury, it would read, 774.7 millimeters of mercury.  The density of mercury in metric units is1.33 x105 N/m3, therefore:


Pair = r x millimeters of mercury


Pair = 1.33 x 105 N x 774.7 mm x     1m




       m3

     1000mm


Pair = 1.033 x 105 N



         m2

Go back and notice the standard atmospheric pressure expressed in Torr.  1 Torr is equal to 1 millimeter of mercury.  Therefore at standard atmospheric pressure, a column of mercury will rise 760 millimeters.


In aeronautics we often use inches of water to measure pressure.  The density of water is 0.036 lb/in3.  The pressure of 14.7 PSI will raise a column of water 406.8 in.


Patm = rwater x inches of water


14.7 lbs    = 0.036 lbs
x  406.8 in


        in2

  in3

The reason the column of water rises much higher than the mercury column is because of the difference in the densities of mercury and water.  Since the density of mercury is 13.6 x’s heavier than water, the column of mercury will raise13.6 x’s less than the water column will.  The water column is lighter and thus can be raised higher with the same amount of pressure pushing down on it.


Air pressure is often referenced to the standard atmospheric pressure.  It is the difference between the air pressure read on a gauge or test equipment and the standard atmospheric pressure, often referred to as the DP (Delta Pressure) reading, which is generally of importance in the study of aeronautics.  


Equation of State Exercises:


Use the equation of state to solve the following problems:



p = mRT

        
       V

Where:

p = pressure

m = mass

R = specific gas constant, 1716 ft ( lb/(slug)((R) or 287 J/(kg)(K) for air

T = temperature

V = volume


1.  A quantity of air at 10(C and a pressure of 100kPa occupies a volume of 2.5m3. a) What is the mass of the air?  b) If the pressure is now raised to 300kPA and the temperature is raised to 30(C, how much volume will the air now occupy? (Use 1.20kg/m3 for the density of air.)

a) To find the mass of the air use the density equation.


r = m

      
      V


r = density


m = mass


V = Volume

    solve in terms of m


m = r x V

    The density of air is 1.20 kg/m3.  The volume of air from the problem is 2.5m3. Substitute these values into the equation:


m = 1.20 kg  x   2.5m3


     m3

m = 3.0 kg

b) Use the equation of state to find the new volume of air.


p = mRT

       V

    Solve in terms of V


V p = mRT


V = mRT


p

    p = 300 kPa,  or 3.0 x 105 Pa

   1 Pa = 1N/m2
    thus our pressure = p = 3.0 x 105 N/m2
    Since the specific gas constant, R, is in terms of Kelvin, we must covert our temperature to Kelvin


 T (K) = 273 + (C


 T (K) = 273 + 30(C = 303 (K)

Substitute in values


V = 3.0kg ( 287    J
  ( 303 K

               ___________ kg ( K _______ 




3.0 x 105 N/m2
1 Joule (J) = 1 N ( m

Substituting this into the equation and canceling units:

 
V = 3.0kg ( 287 N ( m( 303 K ( m2


3.0 x 105 N ( kg ( K 


V =  0.87 m3 
            

2.  An automobile tire has a volume of 1000 in3 and contains air at a gauge pressure of 24 lb/in2 when the temperature is 0(C.  What is the gauge pressure of the air in the tire when its temperature rises to 27(C and its volume increases to 1020in3?  Assume the tire cannot leak air. 

Since the tire is sealed and no air can escape, so the mass of the air will stay the same at both pressures, volumes and temperatures.  Additionally, R is a constant for both situations.  

For the first situation let us designate:


p1 = 24lb/in2

T1 = 0(C + 273 = 273K


V1 = 1000 in3
If we solve the equation of state for mR we get


mR = pV


T

and for the first situation:


1.    mR = p1V1



T1
Similarly for the second situation:


p2 = ?


T2 = 27(C + 273 = 300K


V2 = 1020 in3
and


2.     mR = p2V2



T2
As we said above, m and R stay constant in both situations, so the two equations can be set equal to each other:


p1V1    =   p2V2

  T1                   T2
Since we need to know the new gauge pressure of the tire, p2, we will solve the equation for p2:


p2V2 =  T2 p1V1


       T1

p2 = T2 p1V1


V2T1
Substituting in the values:


p2 =  300K(24lb (1000 in3



    in2

   

 

1020 in3 ( 273K


p2 =  25.86 lb/in2
C. THE PROPERTIES OF AIR IN MOTION

Objective:  

The study of aerodynamics is a sub set of the study of physics.  The term aerodynamics means, using the most simplistic definition, the movement of air.  Wind is air that is moving.  A fan generates air movement.  A car driving down the highway is moving through air, causing air movement.  The physical principles used in the study of physics to define movement of solids, which may be more familiar to us, also can be applied to the movement of liquids and gases.  Moving air has all of the same properties explained in the lesson on static air: temperature, pressure, volume and mass, plus one more.  This additional property is velocity.

Air in Motion Lesson:


In the lesson on static air we began the lesson by explaining the relationships between the various properties of static air.  We will begin this lesson the same way by explaining the relationships between the various properties of moving or flowing air.  However, before we do that, we need to make a few assumptions about the air we will be studying.  The assumptions we make will make the air we study an ideal gas.  Once we understand how an ideal gas behaves, we will have a sound background in the physics of the flow of gas to build upon as we talk about gas that is not ideal.


Our first assumption is that the air is incompressible, meaning that the density of the air will have a constant value.


Also at low velocities, which we will be concentrating on in this lesson, the temperature of the moving gas is not of importance.  In other words, a change in the temperature of the flowing gas will not affect any of the other properties of the flowing gas.


Having made our assumptions, let us go back and look at the properties of flowing air again.  Since we are neglecting density and temperature, we are only left with pressure and velocity.  (Remember that density is the mass per volume of a substance, therefore if the density does not change, the mass and the volume will not change either.)


At  this point it will be beneficial to visualize flowing air.  Take ten pieces of string about four inches long and tie them to the guard of a household fan.  Turn the fan on.  What happens?  The strings all protrude out 90 degrees from the fan, as demonstrated in Figure 24.
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Figure 24.

 The strings can be defined as following the flowline or streamline of the air flowing from the fan.  Notice also that the strings all follow their own flowline, they do not cross one and other.  Now visualize instead, a stream of beads following the flowlines instead of the string, and think of each bead as a particle within the flow path.  Now imagine the bead getting smaller and smaller, until it is the size of the individual molecules of air.  The individual molecules of air are following the flowlines as well.  The velocity of the molecules of air or the beads flowing in the flowline may speed up or slow down, but they will always follow the flowline. This is visualized in Figure 25.
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Figure 25.


Now let us examine air which is flowing through something with boundaries or walls, such as a pipe.  In the lesson on static air, we said a gas will conform to the container which contains it.  Similarly, air flowing through a container, will conform to that container.  The walls of the container will form a boundary for the streamlines, as shown in Figure 26.
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Figure 26.


In our lesson on static air, we were interested in the volume of air within the container. Again, similarly, we are interested in the volume of air flowing through the pipe, which can be used as the definition of the volume flow rate.  The volume flow rate depends upon the velocity of the air flow, and the cross sectional area of the pipe it is flowing through.  This relationship can be defined through the following equation:


VFR = Area x velocity


What happens if the area of the pipe gets larger as shown in Figure 27?
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Figure 27.


The volume flow rate will not change because the same amount, the same number of molecules of air, will be flowing through the pipe. So within the larger part of the pipe, the volume flow rate will again be equal to the area x the velocity.  Let us use A1 and v1  to represent the area and the velocity of the air flow in the section of pipe with a smaller cross sectional area, and A2 and v2 to represent the area and velocity of air flow in the section of pipe with a larger cross sectional area.


Separately, the volume flow rate for each section can be defined as:


VFR = A1 x v1

VFR = A2 x v2
As we said above, the volume flow rate does not vary as the pipe gets larger or smaller, therefore, the equations can be set equal to each other:


VFR = A1 x v1 = A2 x v2
So now we can see from the equation, that as the cross sectional area of the pipe that the air is flowing through gets larger, the velocity of the air flow will decrease.  Also, if the cross sectional area of the pipe that the air is flowing through gets smaller, the velocity of the air flow will increase.


The equation explained above has been named the Continuity Equation.  The continuity equation explains the relationship between the area of an object air is flowing through, and the velocity of that air flow.


A1 x v1 = A2 x v2
Examples:


1)  Have your students imagine air flowing through air ducts, as used for heating and ventilation.  Ask them what they think will happen to the velocity of the air as the air duct gets larger.  Answer:  As the area of the air duct increases, the velocity of the air flowing in the duct decreases.


2)  Ask your students how they think air flowing through an hour glass shaped object such as a venturi (Shown in Figure 28.) will behave.  Answer:  The air velocity will increase as the area of the hour glass gets smaller (in the middle) the velocity will then decrease again as the area of the hour glass gets larger again.
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Figure 28.


3)  Ask your students to think of other examples of objects that effect the speed of air or water.  Some examples:  a garden hose, sky scrapers in a city, a sewer cauldron.

Continuity Equation Exercise:

Use the continuity equation, A1v1 = A2v2, to find the air velocity within the venturi, drawn below.

Given the following drawing of a venturi within a test section of a windtunnel, calculate the theoretical air velocity at each of the sections, if the velocity at Section A is 50mph.
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First find the cross sectional area of the opening at each section must be calculated.  Area = Width x Height.

Thus the area at section A is Aa = 18” x 18” = 324 sq in

The area at section B is Ab =18” x 15.4” + 227.2 sq in

Ac = 18” x 12.3” = 221.4 sq in

Ad = 18” x 11.5” = 207 sq in

Ae = 18” x 14.4” = 259.2 sq in

Af = 18” x 15.1” = 271.8 sq in

Ag = 18” x 16.3” = 293.4 sq in

Next the theoretical velocity can be found at each section by using the formula:


Va x Aa = Vb...g  x Ab...g
Solving for Vb...g:


Vb...g= Va x Aa/Ab...g
Aa is the area of the test section and Va is the velocity of the wind tunnel (no part of the venturi is blocking any of the test section at this point).  Va = 50 mph

To find Vb (the velocity at section B) substitute in the known values into the equation:


Vb = Va x Aa/Ab

Vb = 50mph x (324sq in /277.2 sq in)


Vb = 58.4 mph

Use the same equation to find Vc, only using the area at section C.


Vc = Va x Aa/Ac

Vc = 50mph x (324 sq in/221.4 sq in)


Vc = 73.2 mph


The velocity at all of the rest of the sections can be found the same way.


Vd = Va x Aa/Ad
  
Vd = 50mph x (324 sq in/207 sq in)


Vd = 78.3 mph


Ve = Va x Aa/Ae

Ve = 50mph x (324 sq in/259.2 sq in)


Ve = 62.5 mph


Vf = Va x Aa/Af

Vf = 50 mph x (324 sq in/271.8 sq in)


Vf = 59.6 mph


Vg = Va x Aa/Ag

Vg = 50 mph x (324 sq in/293.4 sq in)


Vg = 55.2 mph


Now build a venturi in the test section corresponding to the above drawing.  Place the pressure probes at each Section to collect the experimental velocities.

Operation:


1)  Connect Tygon tubing from the venturi to the test box.  Make sure the tubes are kept in the correct sequence.


2)  Perform the Pre-Run Checklist.


3)  Set Tunnel Velocity to 50 mph.


4)  Record the velocities and pressures at each probe location.


5)  Set the tunnel velocity to other mph readings and record the velocity readings from each probe at each different mph.

Observations:


1)  Have students make observations concerning the difference in the velocity and pressure readings.  State that as the area of the test section decreases, the velocity increases.  (Use a cardboard cutout of the venturi next to the test section to illustrate the shape of the venturi.  It is hard for the students to visualize the shape one it is installed in the wind tunnel.


2)  Have the students compare their experimental data to the theoretical values they calculated.  Have them find the percent error, if desired. (% Error =  theoretical value - experimental value)/experimental value x 100)  Have the students determine possible causes of error.


3) Have students enter data into a spreadsheet and make a graph to compare the velocity to the area for both the experimental and the theoretical data.  Following is an example spread sheet and graph.

D. AIR VELOCITY VS AIR PRESSURE

Objective:


In the above lesson we learned that as the area of an object changes, the velocity of the air flowing through the shape will be affected. Looking back on the venturi experiment, we saw that as the area inside the tube decreased the velocity increased.  There is one more concept we need to introduce so we can have basic understanding of aerodynamics.  It is the concept of velocity vs. pressure.

Air Velocity Vs Air Pressure Lesson:


 Due to the laws of physics, as air velocity increases, the air pressure will decrease.  This is a physical law which has been proven. Bernoulli’s equation is used to define the relationship.  Re-run the venturi experiment again.  This time, record the pressure readings at each probe location.  Notice this time, that the areas within the venturi with the greatest velocity, also have the lowest pressure. 


Let us take a look at this relationship between air velocity and air pressure, in terms of an object being propelled through the air, such as an airplane wing. Taking just a section out of an airplane wing, gives us an airfoil, shown in Figure 29.  Also shown in Figure 12, is the streamlines that form around an airfoil which is moving through the air.  Remember our definitions of streamlines from the previous lesson.  The airfoil in Figure 12. is a symmetrical airfoil.  A symmetrical airfoil is one in which the area of the upper and lower surfaces are the same.  Notice also, that the streamlines going above and below the airfoil are the same as well.
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Figure 29.


We will next connect probes to the airfoil, as shown in Figure 30., which measure the pressure of the air flowing over the airfoil at each probe location.  The velocity of the air at each probe location can be calculated once the pressure is known. (We will explain that calculation later.) See Chart 3. for the pressure and velocity readings at each probe location.  
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Figure 30.
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Chart 3.


Now we can see the relationship between the pressure and velocity of the air flow as it flows over the airfoil.  Notice that where the surface area of the airfoil is greatest, the velocity is the greatest and the pressure is the lowest.  Also notice at the tail of the airfoil, where the surface area is the smallest, the velocity is the slowest, and the pressure is the greatest.  Also notice that the pressure and velocity readings are basically the same for the top and the bottom of the airfoil.  It looks as though we have another relationship.  This time it is a relationship between the shape of an object and the velocity and pressure of the air flow around the object.  Also notice that probe one is located at the beginning of the streamline, before the air begins to flow over the airfoil.  If this airfoil was flying through the air, the point at probe 1 would be what the atmospheric conditions are.  If this airfoil was in the test section of a wind tunnel, probe 1 would be reading the pressure and velocity at the beginning of the wind tunnel’s test section.  This will be used later as a reference point.  


Bernoulli’s equation is used to express the relationship between pressure and velocity of airflow.  The equation says:


p + 1rv2 = a constant along a streamline


      2

where:

p = pressure

r  = the density of air (for our purposes we will use rair = 1.2 kg/m3 or 0,002377 slug/ft3.  This is the density of air at sea level and at 20(c.)

v = velocity


As we observed on the symmetrical airfoil, the pressure and the velocity change as the air flows around the airfoil.  Therefore, let us define p1 and v1 as the pressure and velocity at point 1. in the airflow, and p2 and v2 as the pressure and velocity at point 2. in the airflow.   As Bernoulli’s equation states above, the relationship between the pressure and velocity must maintain a constant along the streamline, therefore, at point 1:


const = p1 + 1rv12



 2

and at point 2:


const = p2 + 1rv22



  2


Setting these two equations equal gives us:


p1 + 1rv12 = p2 + 1rv22

       2
       2


Rearranging the equations gives us:


p1 - p2 = 1r(v22 - V12)



    2


Which relates the pressure and velocity of the airflow about an object at two different points on the object.

Bernoulli’s Equation Exercises:

1.  Consider the airfoil shown in Figure 31.
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   Figure 31.

The airfoil is in a flow of air where at Point A the pressure, velocity, and density are 2116 lb/ft2, 100 mi/hr, and 0.002377 slug/ft3, respectively.  At Point B, the pressure is 2070 lbs/ft2.  What is the velocity at Point B?

We must first convert the velocity at Point A from mph to ft/sec:


vA = 100 mi  x  5280 ft  x   1 hr     x   1 min    =  146.7 ft/sec

               hr        1 mi         60 min      60 sec

Next we will solve Bernoulli’s equation in terms of vB.


pA - pB  = 1r(vB2 - VA2)



     2


2(pA - pB)  = vB2 - VA2
              r


vB2  = VA2  +  2(pA - pB)  

              

       r



vB  =         VA2  +  2(pA - pB)  

              

             r

Substituting in the values gives us:



vB  =  
      (146.7 ft ) 2  +  2(2116 lb  -  2070 lb)
         

       sec 

      ft2  
     ft2






0.002377 slug







        ft3
1 slug = 1 lb

       ft

              sec2
Substituting this into the equation give us:



vB  =    21521 ft2  +   92 lb



   sec2          ft2




      0.002377 lb ( sec2






        ft4


vB  =          21521 ft2  +  38704 ft2



        sec2

  sec2

vB  =  245 ft/sec

2.  Consider the convergent duct shown in Figure 32.
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Figure 32.

The area at the duct inlet, A1, = 5 m2 and the area of the exit, A2, = 1.67 m2.  If the velocity at the inlet, v1, = 10m/sec, the air pressure at the inlet is p1 = 1.2 x105 N/m2, and the density of the air is 1.2 kg/m3, what is the pressure, p2 at the exit of the duct?

First we must use the continuity equation to find the velocity at the exit of the duct, v2.


A1v1 = A2v2

v2 = A1v1


A2

v2 =  5 m2 ( 10 m




     sec



    1.67m2

 v2 =   30 m/sec

Next we will use Bernoulli’s equation to find the pressure at the exit of the duct.


p1 - p2  = 1r(v22 - v12)



     2


p2  = p1 - 1r(v22 - v12)



      2

Substituting in values:


p2  =  1.2 x 105 N
   -  1 x 1.2 kg (900 m2  -  100 m2)



     m2       2         m3       sec2
           sec2

p2  =  1.2 x 105 N
   -   480 kg 



     m2              m ( sec2
1 N = 1 kg ( m


     sec2
Substituting this into the equation gives us:


p2  =  1.2 x 105 N  -  480 N




     m2                      m2

p2  =   1.195 x 105 N
                                     m2
E.  MEASURING AIR VELOCITY AND PRESSURE

Objective:  

In this lesson we will explore some methods used to measure air pressure and air velocity.

Measuring Air Velocity and Pressure Lesson:  

Consider the subsonic wind tunnel shown in Figure 33.
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    Figure 33. 


Often, the velocity of the air in the test section (v2) is important to know. Also, many times it is desirable to change the velocity of the air with in the test section and look at how our test object responds at different velocities. 


We can use the continuity equation and Bernoulli’s equation to help us measure the velocity in the test section (v2).  From the continuity equation:


v1A1 = v2A2  

Solving the continuity equation for v1 gives us:


v1 = A2 v2

         A1
From Bernoulli’s equation:


p1 + 1rv12 = p2 + 1rv22

       2
        2

Solving Bernoulli’s equation for v22 gives us:


v22 = 2 (p1 - p2) + v12

        r

Substituting in the equation for v1 from the continuity equation gives us:


v22 = 2 (p1 - p2) +  A22v22

        r
                 A12



Solving for v22:


v22 =     2 (p1 - p2)


r[1- (A2/ A1) 2]



v2 =       2 (p1 - p2)


  r[1- (A2/ A1) 2]

We can easily find the velocity of the test section, v2 with this equation.  We know the ratio of the area of the inlet to the ratio of the test section (A2/ A1) by measuring. The pressure difference between the test section and the inlet can be measured with a manometer.

F. LIFT

Objective:  

Now that we have studied all of the relationships between static air and moving air, let us look at how we can use these relationships for a useful purpose.  Airplanes are used everyday as an important means to transport people, cargo and mail from one place to another.  It is the concept of lift which allows airplanes to “lift” off the ground.  In the following lesson we will learn how lift is created.

Lift Lesson:  

We need to keep in mind the relationships we looked at in the last lesson, namely, the shape of an object and the pressure and velocity of the air flowing around that shape.  


Remember in the previous lesson we looked at a symmetrical airfoil, shown in Figure 29.  Also remember that the pressure and velocity above and below the airfoil were basically the same at the same point above and below the airfoil.


Now let us take a look at an asymmetrical airfoil, shown in Figure 34.  An asymmetrical airfoil is one in which the area or camber of the upper surface is greater than the bottom surface. 
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Figure 34.


Also notice the sreamlines about the asymmetrical airfoil.  By definition, the surface area on the top of an asymmetrical airfoil is greater than the lower surface.  We also know from our observations in the last lesson, that the velocity of the airflow over an object where the surface area of the object is the greatest, will also have the greatest velocity and the least pressure.  So it follows with our asymmetrical airfoil that the airflow above the airfoil will have a greater velocity and lower pressure and the airflow below the airfoil will have a lower velocity and a higher pressure. We have said before that pressure is a force and a force will cause an object to move.  In the case of our airfoil, there is a higher pressure below the airfoil, than above it.  If this pressure is large enough to overcome the weight of the airfoil, then the airfoil will raise up or lift. 


It is the higher air pressure underneath the airfoil which is LIFTING the airfoil up towards the lower air pressure.  Said another way, it is the high air pressure under the airfoil which creates LIFT. 


We can use Bernoulli’s equation above to help us quantify lift.  In Figure 34., vt and pt represent the velocity and the pressure on the top of the airfoil, respectively. Additionally, vb and pb represent the velocity and the pressure below the airfoil.  Substituting this into Bernoulli’s equation gives us:


pb - pt  = 1r(vt2 - vb2)



     2


We can define the difference in pressure below the airfoil and above the airfoil, (pb - pt), is equal to the lift, L.


L =  1r(vt2 - vb2)

                2


Now we have an equation which can be used to find the lift of an airfoil.

Lift Equation Exercises:


1. If the speed of air flow past the lower surface of the wing in Figure 34., vb, is 110 m/s, what speed of flow over the upper surface, vt,  will give a lift of 900 Pa? Use a value of 1.2 kg/m3 for density.

Using the Lift equation:


L =  1r (vt2 - vb2)

                2

Solving for vt:


2L  = vt2 - vb2

rS



vt =     2L + vb2

          r

1 Pa = 1 N/m2
Using this and substituting the values into the equation gives us: 



vt = 
 2 ( 900 N  +  (100 m) 2

      
 
 m2
      sec


            1.2 kg

               m3



vt =   1500 N ( m +  10,000 m2


       kg

     sec2
1 N = 1 kg ( m


     sec2
Substituting this in gives:


vt =   1500 m2   +  10,000 m2


       sec2                 sec2

vt = 107 m/sec

G. ANGLE OF ATTACK

Objective:


To explore how lift can be created by changing the angle of attack of an airfoil. 

Lesson:


The above example of how lift is created was explained by using a difference in surface area.  Lift can also be created by changing the angle at which the airflow meets the airfoil.  The angle at which the airflow meets the airfoil can be defined as the angle of attack. Let us go back to our symmetrical airfoil example. Remember that the air flow velocity and pressure were the same at each probe point above and below the airfoil.  Now instead tilt the same airfoil so that it forms an angle of 2 degrees with the airflow.  Notice now that with the tilt in the airfoil, the airflow meets the airfoil farther down at a point on the bottom of the airfoil.  This in effect causes the surface area of the top of the airfoil to be larger.  As we have explained above, the larger the surface area, the greater the velocity and the lower the pressure. Conversely, on the bottom of the airfoil there is less surface area, which causes the air flow around the bottom of the airfoil to have a lower velocity but a higher pressure.  And again, it is this higher pressure underneath the airfoil, which will lift the airfoil.  As the angle of attack is increased, the lift produced will increase.  However, there will be a point, which varies from one airfoil to another, in which increasing the angle of attack will no longer produce any more lift and in fact, the airflow will stall.  This can be visualized in the wind tunnel, by rotating the airfoil so that the angle of attack is increasing. Notice at what angle the tufts on the airfoil are no longer straight but begin a swirling motion.  This swirling motion indicates that the airfoil has stalled.


So we have just explored two methods which can be used to create lift.  They are, changing the shape of the airfoil so that there is a greater surface area on the top of the airfoil and changing the angle of attack so that effectively, there becomes more surface area on the top of the airfoil for the airflow to cover.


H. COEFFICENT OF PRESSURE CALCULATION

Objective:  

The following formulas and steps are used to calculate the Coefficient of Pressure of an airfoil given the static pressure readings in inches of water.

Lesson:  


1)  Coefficient of Pressure is used in research of airfoils to study the effects of airflow over the airfoil.  Changes made to the shape, angle of attack and various other factors can be evaluated by charting the changes in readings taken from the surface of the airfoil.


2)  Coefficient of Pressure is a dimensionless number since the units in the formulas will be in the form of a ratio and cancel out.  Once all the units have been converted to like units they will no longer be expressed.

The equation used to calculate the coefficient of pressure is:
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Where:


Cp = Coefficient of Pressure


DP = the pressure of the airfoil - the pressure of the wind tunnel in pounds per square foot


r = a constant = 0.002378 slugs per cubic foot


v = velocity of the wind tunnel in feet per second

Problem:


Solve for the Coefficient of Pressure, given a pressure reading of 1.15 inches H20 taken from the 2415 airfoil at 0 degrees a (angle of attack) at a velocity of 50 MPH.


Step 1)  The velocity reading taken in MPH (miles per hour) must be converted to FPS (feet per second)
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Step 2)  The reading from the surface of the airfoil (Pairfoil) was taken in inches H20 and must be converted to PSF (pounds per square foot).
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Step 3)  Use the formula to solve for coefficient of pressure:
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DP can be expressed as:


DP = Pairfoil (absolute) - Pstatic (tunnel)


The formula for Pstatic from our earlier lesson:
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Convert the formula to the following:
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The reading taken from the airfoil (Pairfoil) was referenced to the atmosphere (Patm).

Simplify to:
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Substitute in the values:
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Substitute this into the equation:
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Cancel out units:
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VIII.  APPENDICES

APPENDIX A – Airfoil Terminology Glossary

Alpha (a) – Used to designate angle of attack in degrees

Angle of Attack – The acute angle formed between the relative wind striking an airfoil and the chordline of the airfoil.

Asymmetrical Airfoil – An airfoil that has a different upper shape than lower shape. (cambered airfoil)

Camber – A perpendicular distance between the shoreline and the camberline.

Camberline (meanline) – A line connecting all points midway between the upper and lower surfaces of the airfoil.

Chord – The distance between the leading edge and the trailing edge. ( Width of the airfoil.)

Chordline – An imaginary straight line which passes through an airfoil or wing section from the leading edge to the trailing edge.

Coefficient – A dimensionless number used to express the degree of magnitude.

Delta (D) – Used to date the difference between static and dynamic pressure (DP)

Favorable Pressure Gradient – The change in pressure over the upper surface of the airfoil which will induce the flow of air to follow the contour of the airfoil.

Gradient – Rate of change in pressure or temperature.

Leading Edge – The forward most point of the airfoil (tip)

Rho ® – Used to express air density at standard day (0.002378 slugs/ft3).

Stall – The point at which the smooth (laminar) flow of air over the upper surface of the airfoil begins to separate.  This causes the air flow to become turbulent and reduce lift.

Symmetrical Airfoil – An airfoil that has the same shape on both sides of the its centerline.  ( no camber)

Trailing Edge – The aft (rear) edge of the airfoil.  Portion of the wing that the air passes last.

B. APPENDIX B - Unit Conversion Inches of Water to PSF

Often times in the study of aeronautics conversion table or conversion factors are used to convert a reading taken from the instrumentation into another unit.  This is required to keep all units the same in the equation.


For example a reading in Inches H20 must be converted to pounds per square foot (PSF).  (pounds is abbreviated lbs)


This is accomplished by multiplying the inches of water by the density of the water, 0.036128lbs/cubic inches.  This value for the density is derived from the fact that at standard atmospheric pressure (14.7 PSI), a column of water will raise 406.8 inches.

Example:


Convert 25 inches of water to PSI:
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Inches of water cancel, and your left with PSI


Now convert the answer above from PSI (Pounds per square inch) to PSF (lbs per square foot):


 

C. APPENDIX C - Unit Conversion MPH to FPS


A standard measurement for velocity is MPH (miles per hour). In aeronautics we often have to convert to FPS (feet per second) to keep the units in velocity and pressure, PSF (pounds per square foot) the same.

Example:


1)  Convert 50 MPH to FPS

1 mile = 5280 ft

1 hr = 60 min

1 min = 60 sec

Use these equivalents to convert 50 MPH to FPS
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Sample Problems:


Have your students convert several readings in MPH to FPS and from FPS to MPH


1) Convert 65 MPH to FPS
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2)  Convert 105 FPS to MPH
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D. APPENDIX D - Calibrating the Transducers of the Wind Tunnel

Before performing the experiment it is recommended to verify the accuracy of the transducers.  One way to accomplish this is by running the wind tunnel at a set velocity.  Note the pressure reading from the transducer on the computer screen.  Remove the tube from the transducer box, and connect it to a water manometer.  Run the wind tunnel at the same velocity.  The height difference between the two columns in inches should match the reading from the transducer.
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