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Air Resistance – Scripted Version
Name: UTeach Outreach
Length of lesson: 115 minutes
Description of the class:  8th Grade 
Assumptions: Knowledge of metric system, knowledge of Newton’s Three Laws of Motion
TEKS addressed:
§112.20. Science, Grade 8, Beginning with School Year 2010-2011.


(3)  Scientific investigation and reasoning. The student uses critical thinking, scientific reasoning, and problem solving to make informed decisions and knows the contributions of relevant scientists. The student is expected to:
(C)  identify advantages and limitations of models such as size, scale, properties, and materials;

(6)  Force, motion, and energy. The student knows that there is a relationship between force, motion, and energy. The student is expected to:
 (C)  investigate and describe applications of Newton's law of inertia, law of force and acceleration, and law of action-reaction such as in vehicle restraints, sports activities, amusement park rides, Earth's tectonic activities, and rocket launches.
National Science Education Standards (1996):
Content Standard B (Grades 5-8) 
MOTIONS AND FORCES
· The motion of an object can be described by its position, direction of motion, and speed. That motion can be measured and represented on a graph.

· An object that is not being subjected to a force will continue to move at a constant speed and in a straight line.

· If more than one force acts on an object along a straight line, then the forces will reinforce or cancel one another, depending on their direction and magnitude. Unbalanced forces will cause changes in the speed or direction of an object's motion.
I. Overview  

The students will investigate the motion of spherical projectiles using a PhET simulation. After gaining insight, the students will contrast the motion of spherical objects with the motion of other objects that experience more air resistance. After investigation the students will draw conclusions about the way air resistance affects different objects.
II. Performance or learner outcomes 

Students will be able to:

· Describe projectile motion without air resistance

· Explain the effect of air resistance on a projectile

· Explain the relationship between shape and air resistance
· Contrast the motion of a projectile without air resistance to motion with air resistance

· Predict the amount of air resistance an object would have relative to other objects
III. Resources, materials and supplies needed for each class

· Per pair:

· 1 computer capable of running the PhET simulation

· 4 sheets of printer paper

· For class:

· 1 rubber ball

· 1 Styrofoam ball (same/similar mass as feather below)

· 1 high drag coefficient feather (at least falls slower than Styrofoam ball)

· Force diagram template

· 1 Basketball

· 1 ping pong ball

IV. Supplementary materials needed for each class and worksheets

· Please see attached.
V. Advanced Preparation

· Set up computers to http://phet.colorado.edu/en/simulation/projectile-motion 
VI. Background Info

Projectile motion is a concept approximating the forces acting on an object, known as a projectile, by effects solely due to gravity and initial velocity and position. This idealization works well for objects with spherical geometry travelling at a similar velocity compared to the surrounding air, having considerably more mass than the air the object displaces and considerably less mass than the Earth.

The approximation employs Newtonian mechanics to predict the position of the projectile according to changes in time. Mathematically, this may be represented as


Y = a · t2 + b · t + c,
(1)
where Y is the height of the object from a reference point with respect to time, a is one half the value of the acceleration of the object (due to gravity in this case), b is the value of the vertical component of velocity, c is the initial vertical displacement, and t is the value of time in units consistent with the references of a, b and c. Since gravity is the only force acting on a projectile, the only impedance to movement will be contact with a solid surface (be it wall, floor, ground or otherwise). Since gravity only affects the vertical component of the object’s motion, the lateral, or horizontal, motion is given as


X = d · t + e,
(2)
where X is the lateral displacement of the object from a reference point with respect to time, d is the lateral velocity of the object (constant), e is the initial lateral displacement, and t is the value of time in units identical to that in equation (1). It is important to note that the prediction of projectile motion follows a parabolic curve, therefore the values of t for which the equations represent the motion must be greater than the initial launch time and less than the time at which the object will impact another surface.
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Projectile trajectory – note parabolic arc

A projectile will follow the given equations of motion until it impacts another object; if the only object obstructing its path is a level surface from which height is measured (i.e. the ground), solving equation (1) for Y = 0 will provide time of impact (the greater solution to the quadratic). Substituting the impact time for t in Equation (2) then gives the position of the projectile.

Notice from the equations of motion that the path taken by a projectile depends only on initial velocity, initial displacement and a constant acceleration due to gravity; the mass of a projectile has no impact on its trajectory. This stems further from the approximation of gravitational attraction between an object and the earth; the force of attraction is proportional to the product of the masses of the two objects divided by the square of the distance between each center of mass. Since the distance between the centers of mass closely approximates the radius of the earth, this gravitational force may be approximated by the mass of the projectile multiplied by a constant acceleration. The following equations show the evolution of the formula.

Force due to gravity:
F1 = G · m1 · m2  ⁄ r2
  G
=
Gravitational constant


F1 = m1 · ( G · m2  ⁄ r2 )
m1
=
mass of projectile



m2 
=
mass of Earth



   r
=
distance between centers of mass





(approximately radius of Earth)

Upward centripetal force due to rotation of Earth:


F2 = m1 · v2 ⁄ r
   v
=
tangential velocity at equator






due to Earth’s rotation

Net force experienced by projectile:


F = F1 – F2

F = m1 · ( G · m2  ⁄ r2  −  v2 ⁄ r )


F = m1 · g

Approximate acceleration:



g = 9.81 m ⁄ s2
Any projectile approximately experiences this constant acceleration due to Earth’s gravity, and since the mass of the Earth is very much larger than a projectile, the corresponding acceleration of the Earth toward the projectile due to gravity is negligible. The independence of a projectile’s acceleration from its mass produces the uniform equations of motion shown previously.
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Gravitational attraction occurs between the Earth and any object.

The acceleration experienced by the Earth towards projectiles is negligible.

Departing From the Ideal

While projectile motion functions well under the circumstances for which it was designed, objects in the environment are not all bowling balls and cannon balls, thus many measurements of time an object remains in the air and the distance travelled will deviate from the predictions of projectile motion. This deviation is largely due to air resistance, or more formally fluid friction.

The movement of air varies at a steady rate governed by the forces acting on it; this follows the definition of a fluid. The primary variation between liquid and gas fluids is their density, however all principles of fluid movement apply to both liquids and gases. In simplified terms, any object moving through air must force the air in front of the object to move out of the way. Following Newton’s third law, the force the object exerts on the air is equal and opposite to the force the air exerts on the object. The net force between the object and the air is greatly affected by the surrounding air pressure, the geometry and orientation of the object, and the velocity of the object.

In general, the force that an object exerts on a particular portion of air affects nearby portions of air, similar to waves rippling along the surface of water; this is why the geometry and orientation of the object impacts the net force experienced by the object and the surrounding air.
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Airflow around metal plate moving at a velocity to the left;

Air pressure under the plate pushes the airstream downward.

Image courtesy of http://www.av8n.com/how/htm/airfoils.html
Forces measured in laboratory settings due to the fluid properties of air cannot be predicted accurately by analytical calculations; the complexity of the physics requires computer-aided numerical approximations at closely spaced intervals of time. The forces calculated during one time interval are used to calculate the movement of air and object; the data for the object and air are adjusted and the process is repeated.

Coefficient of Drag

The force of drag is relatively easily measured in laboratory settings, but to extend the applicability of measurements, the force is used to calculate a coefficient representing the total effects of the fluid with the geometry of an object.

The coefficient of drag depends on three quantities aside from the drag force. First, the density of the fluid (mass per volume), second the velocity of the object relative to the fluid, and finally a reference area which accounts for the geometry and orientation of the object relative to its motion. The reference area will change if the object is not symmetrical (a sphere) and if the object varies in orientation as it travels (likely). The coefficient of drag will change if the reference area changes.

The higher the value of the coefficient of drag, the more effect the presence of a fluid will have on the behavior of an object's movement.

The drag coefficient has no units and serves to simplify the mathematics for predicting the behavior of an object moving through a fluid. Once the variation of the coefficient has been determined in a controlled experiment, the drag force can be calculated for other situations using the coefficient of drag.
VII. Possible Misconceptions

· Students may believe that to maintain motion of an object there must be a continued force.
· Students may have difficulty believing that two objects of different masses when dropped hit the ground at the same time if air resistance is neglected.

VIII. Vocabulary and Definitions

· Projectile = an object which experiences only the force of gravity

· Projectile Motion = the motion of a projectile, governed only by initial position, initial velocity and gravity acting on the projectile

· Air Pressure = the omnidirectional force exerted by air on itself and surrounding objects due to gravity and gas molecule collisions

· Air Resistance = the force air exerts on any object moving through it due to collisions with the object and surrounding air pressure

· Drag Coefficient = the ratio of drag on a moving body to the product of the velocity and surface area of an object

IX. Safety Considerations

Always be sure that any type of projectile is thrown away from other people.
	Engagement 
	
	Time: 3 minutes

	What the Teacher Will Do
	Probing Questions
	Student Responses

Potential Misconceptions

	On the students’ desks have several sheets of paper.

On your desks you have a lot of paper. Your goal is to throw your paper as far as possible. The only rule is not to hit other people.

Let’s throw some paper across the room! 
Allow the students 30 seconds to throw paper. 

Alright let’s clean up all the paper!

Allow the students one minute to clean up all the paper.

Some of that paper went pretty far!

I did notice that no one just picked up the paper and threw it. Everyone seemed to reshape it before they threw it.

Today we’re going to learn more about why that ball shape was so common.
	1. Did anyone notice any patterns or strategies?

2. Why did everyone make a ball before they threw it?
	1. Threw hard, made into a ball, etc.

2. It’s easier to throw that way, I’ve done it before, It goes faster that way, etc.


	Exploration
	
	Time: 30 minutes

	What the Teacher Will Do
	Probing Questions
	Student Responses

Potential Misconceptions

	Absolutely! Gravity is pulling you down towards the center of the earth as it always does.

Exactly, gravity pulls you down but the ground/your chair pushes you back up to stop you from moving downward.

Let’s draw a force diagram of what is happening to a woman standing outside.

Draw the force diagram at the front of the room as the students draw on their paper.
The forces are in balance.
	1. What forces are acting on you right now?
2. Which direction does gravity act?

3. What’s stopping you from moving to the center of the earth?
4. What force do we draw going downward?

5. What force do we draw going upward?

6. Which force is bigger?
	1. *Gravity. Gravity and the normal force of the ground/chair.
2. Downward.
3. The chair/ground stops me.
4. Gravity.
5. Normal (Earth pushing up).
6. Neither!!

	The computers need to be at http://phet.colorado.edu/en/

simulation/projectile-motion Verify all computers have access to the simulation before beginning this lesson segment. 

Please make sure the computer in front of you and your partner says “Projectile Motion” on the screen.

Check to be sure all the computers display the simulation. 

A projectile is an object in the air that is only acted on by the force of gravity. Projectile motion is how a projectile moves.
When anything travels through the air, gravity constantly pulls downward. Because of gravity anything that is thrown doesn’t travel in a straight unless it is dropped or thrown straight up vertically. 

We can use this PhET Simulation to learn more about how projectiles travel.  

On your screen you have a cannon at the bottom left. Everyone point to the cannon on your screen. In the center at the top of the screen there is a place that says time. This will be your flight time. This time is the length of time the object you are firing spends in the air before hitting the ground. 

Let’s see what happens when we change the angle on our cannon. 

Pass out PhET Simulation Sheets. Give students a few minutes to explore. Call on a few students to point out what they have discovered the simulation can do. 
As a class, let’s try out 15 degrees. Everyone select 15 and let’s fire our cannon. Ready, go! 

That’s the process you will use for the rest of your angles. Write in your table the times you can see after you launch at each degree. 

Once you completely fill out your table, explore some of the other buttons. 

Allow the students a few minutes to work with the PhET Simulation. If students finish quickly, allow the students to explore some of the other buttons. Make sure students are not collecting data with the cannon elevated. Ask questions as they work.

Let’s discuss what we found. 
Repeat Question *** with several groups.
Interesting. All those objects were in the air for the exact same time. 
A greater mass does not make an object fall any faster. 

In our camp, we are going to be exploring forces that act on objects as they fly through the air.

The moon does not have an atmosphere so objects dropped on the moon do not experience the affects of air resistance. 

Correct! Let’s look at now the effects of air resistance.
	1. What do you think projectile motion is? 

2. How does a cannon ball travel when launched? 

3. What are you noticing about the flight time?

4. How does your data compare to your neighbors data?

5. What effect does mass have on your projectile?

6. What does the path of the projectile look like?

7. ***What object did you launch and what was your data for 60 degrees?

8. What can we say about mass and flight time if we are not looking at air resistance?
9. If two objects with different masses were dropped on the moon, would they land at the same time? Why?
	1. How things move in the air/I don’t know/how objects behave when you launch them.

2. In a curve. **May say: a diagonal line.

3. It increases with angle.
4. It’s the same.
5. No effect.
6. Curve, parabolic.
7. Various objects, 3.3 seconds.
8. Mass of the projectile does not affect flight time.
9. The objects would land at the same time because they are not experiencing the affects of air resistance.



	Let’s turn on air resistance in the simulation to learn more about its effects. 

Everyone refresh their screen so we can go back to the defaults. After you have refreshed, select your projectile again. Everyone click on the box next to the words “Air Resistance”. There should be a checkmark in the box after you click it.

Take data in the third column of your PhET Simulation Worksheet. Label the top of the third column “Flight time with Air Resistance (seconds)”.

Allow the students five minutes to explore the effects of Air Resistance. Then ask the next questions to the class.
Air resistance pushes on a projectile from every direction. When the projectile was fired the air resistance immediately slowed it down and stopped it from going as high. Because it didn’t go as high, it took less time for gravity to pull it to the ground.

The tank shell did have a flight time that was different but the simulation doesn’t account for it because the simulation rounds to the tenths place with the flight time. The values are very close. 

A high drag coefficient means that the air will have a greater effect on the behavior of the object’s motion. The drag coefficient is dependent on the fluid that an object is traveling through. For our experiment our fluid is air. It also depends on the shape and orientation of an object. 
The tank shell’s behavior when air resistance is activated is one of the applications of understanding how objects will behave when thrown. 

The simulation shows an ideal world with no air resistance. In our everyday lives we can’t just “turn off” air resistance. However, some objects are affected less by air resistance than others.
	1. Are the flight times the same or different when air resistance is activated? 

2. Are the times longer or shorter than before when air resistance was deactivated?

3. Why do you think the times are shorter?

4. The tank shell has a drag coefficient of 0.05, what effect did air resistance have on its flight time? Try it out!

5. Why do you think it is important for a tank shell to have a low drag coefficient?
6. Would the blue line (no air resistance) exist in real life? Why?


	1. Different.
2. Shorter.
3. Air resistance slowed it down, it wasn’t able to go as high.
4. The times were the same. 

5. So that the tank shell goes farther from the cannon and air resistance has a little effect. 

6. Answer depends on angle, but students should see that the flight time is different. No, because air resistance exists.

	Hold one piece of paper flat (parallel to the ground) and another perpendicular to the ground.

The PhET simulation approximates the shape of all of the objects as spheres when it does calculations. 

The Buick, piano and human are all shaped a lot differently than a sphere. You have to take their shape and orientation into account to work with them.
	1. Which piece of paper would hit the ground first?

2. Why?

3. Does it make sense for these two objects to hit the ground at the same time (with air resistance)? Why?
4. Which projectiles would be most affected by this?


	1. The one that is hanging down (perpendicular)

2. The other would be slowed down by a lot of air resistance

3. No, because the objects are shaped differently.
4. The human, the buick, the piano


	ExplANATION
	
	Time: 20 minutes

	What the Teacher Will Do
	Probing Questions
	Student Responses

Potential Misconceptions

	Let’s experiment more with air resistance using our pieces of paper again.

Be sure each pair has at least 4 sheets of printer paper. 

Gravitational acceleration never changes! The Earth always pulls down on everything with an acceleration of 9.8m/s2. 
Mass did not have an effect on the time in the air so the golf ball and cannon ball fall at the same rate.

Hand out the Race to the Bottom Worksheet.

We will drop different shapes of paper, which all have the same mass, at the same time. We will compare how each one falls to learn about air resistance.

Today we will change our paper by crumpling it in the following ways.

Show the paper crumpled in different ways (lightly crumpled, crumpled into a sphere, wadded into a ball).

Follow along on your worksheet and take notes on what happens and why you think that might have happen.


	1. Why does the acceleration due to gravity never change for you?

2. In your simulation, did mass have an effect on time in the air? Which object hit the ground first: the golf ball or the cannon ball?
3. What are some different things we could do to a piece of paper to change the way it’s shaped?


	1. The Earth stays the same size. 
2. No. They both had the same flight time.
3. Crumple it, tear it, make a ball, rip it.



	Allow the students 5 minutes to complete the Race to the Bottom Worksheet.
Our experiment showed us that air resistance affects differently shaped objects differently.
	1. In Race to the Bottom, which object hit the ground the fastest?

2. Why did it hit the ground the fastest?
3. Which hit the ground the slowest?

4. Why did it hit the ground the slowest?


	1. The waded ball.
2. It was spherical and dense.
3. The flat paper. (Depending on experiment procedure and variance, lightly crumpled.)
4. The air resistance was able to slow it down.

	Let’s talk about what we discovered today.

Shape and orientation both affected air resistance. The more area that you have in contact with the air, the more air resistance can slow your object down. That means if your object is really flat or you turn it in a certain way, it can really slow your object down.

Earlier we talked about the drag coefficient of an object when we discussed the difference between the drag coefficient for a human and for a tank shell. 
	1. What effect does air resistance have on falling objects?

2. What affect does shape have on air resistance?

3. What affect does orientation have on air resistance?

4. Which ball (flat, waded, crumpled, spherical, etc.) would have the highest drag coefficient? Why?


	1. It slows them down.
2. The more area the slower it goes.
3. If you turn the object so it comes in contact with more air it can slow the object down more.
4. The flat piece of paper because the air “affects” it the most because it has a large surface area. 


	ELABORATION
	
	Time: 10 minutes

	What the Teacher Will Do
	Probing Questions
	Student Responses

Potential Misconceptions

	Just like airplanes, cars are designed to be aerodynamic. 

Let’s think about semi-trucks. 
Post picture of semi-truck.
Right, semi-trucks are very boxy. They aren’t sleek and don’t go very fast.

Semi-trucks have to displace a lot of air to move forward!

Let’s list some things that we could do to help a semi-truck overcome air resistance.

Make a list on the board of things that could be done to reduce air resistance on the semi-truck.

	1. What qualities make a car aerodynamic?

2. Why do cars need to be aerodynamic?

3. How aerodynamic are semi trucks?

4. Because of their shape, what force do they encounter a lot?


	1. Smooth curves, sleek design, sharp nose.
2. So they can go faster, burn less gas, overcome air resistance.

3. Not at all!

4. Air resistance.



	Evaluation
	
	Time: 10 minutes

	What the Teacher Will Do
	Probing Questions
	Student Responses

Potential Misconceptions

	The teacher will hand out the evaluation. The students will have about 7 minutes to work.
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Force Diagrams
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Name: ____________________________________

PhET Simulation Sheet

What object are you going to study? ________________________

What is the mass of the object you are studying? ___________________

	Angle (degrees)
	Flight Time (seconds)

without air resistance
	Flight Time (seconds)

with air resistance

	30
	
	

	45
	
	

	60
	
	

	70
	
	


1. Draw the shape of your object’s path. What type of graph does this remind you of? 

2. What can you conclude about the relationship between the angle and the flight time of your object? 

3. Turn to your neighbors! 

What object did they have? __________________________ 

Did they have the same flight time as your group? ________________

4. Look back at Part #1. Are the flight times the same when air resistance activated? If not, how different are the flight times? 

5. What do you think is responsible for the difference in flight times? Explain. 

6. After talking about your results with the class, what effect does mass have on the flight time of your projectile before air resistance is activated? 

Name: ____________________________________________________________________

Race to the Bottom

Drop the pieces of paper together so that you can compare them to each other Use words to describe how it falls. Consider: Does it fall straight down? Does it drift from side to side? 

	Shape
	How did it fall?

	Flat
	

	Lightly Crumpled
	

	Crumpled sphere
	

	Waded Ball
	


Rate the following in the boxes below: flat, lightly crumpled, crumpled sphere, waded ball. 

      

Fastest







           Slowest

Rate the following in the boxes below: flat, lightly crumpled, crumpled sphere, waded ball. 

  Least Air Resistance         

                      
                               Most Air Resistance

1. Which shape experienced the most air resistance? What makes it different from the other shapes? 

2. Which shape experienced the least amount of air resistance? What makes it difference from the other shapes? 

Evaluation Questions

1. What affect does mass have on flight time with air resistance? Explain.

2. What affect does mass have on flight time without air resistance? Explain.

3. Why does a flat piece of paper experience more air resistance than a paper ball? Think about the differences between the two. 

4. If you were skydiving would you want a 10 ft2 parachute or a 100 ft2 parachute? Use your observations made in your experiment to justify your decision. Why?


5. Suppose that air resistance did not exist. Would it matter which parachute you used? Justify your answer based on the results from your PhET simulation sheets.

6. How does an object’s drag coefficient affect its flight? Use an example. 

How to help a Semi-Truck Overcome Air Resistance
























































