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· Materials

paper

cardboard

sewing thread 
3 ping-pong balls 

cellophane tape 

meter stick 

stopwatch 

an assortment of small screws or nuts 

paper clips 

metric scale 

scissors 

knife 

log-log graph paper (1 piece)

arithmetic graph paper (1 piece)

· Objectives
1. To introduce the concepts of drag force, the drag coefficient, and the Reynold’s number.

2. To show how the factors that affect a force such as drag can be identified through experimentation.

3. To use graphical analyses to study the relationship between variables.

· Background

The drag force is a reactive force that tends to slow an object down as it falls through a medium. The drag coefficient is a value for a particular object that describes the ratio of the drag force to the factors that influence the drag force. The drag coefficient depends on the size, shape, and weight of the object but it is usually associated with the extent to which the object is streamlined. Generally, the larger the drag coefficient, the more a drag force it will produce while falling, and therefore, the slower it will fall. 


The drag force (FD) is related to the density (
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) of the medium in which the object is located, the planar area (A) perpendicular to the movement, and the velocity (V) of the object relative to the velocity of the medium. If the object were a sphere, the planar area is that of a circle of the same radius. If the object were a cube, then the planar area is a square. If an object was moving at a velocity of 4 m/s into a wind speed of 6 m/s, then the relative velocity would be 10 m/s. If the wind speed of 6 m/s was in the same direction as the velocity of the object of 4 m/s, then the relative velocity would be 2 m/s.

The drag force is related to these variables and the drag coefficient (CD) by:




FD = CD 
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The value of the drag coefficient is quite variable and may vary with the relative velocity. Older automobiles that were not streamlined for better fuel efficiency had a drag coefficient of 0.4 to 0.8. Modern cars have drag coefficients from 0.2 to 0.3, with some sports cars having a lower value. A neighborhood bicyclist who is drafting might have a coefficient of 0.5. A dolphin may have a coefficient of 0.004, which helps it swim long distances with little drag resistance.

The Reynold’s number R is a dimensionless quantity that is important in drag coefficient analyses. It is computed as:
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where 
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 is the fluid density, 
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 is the dynamic viscosity, 
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 is the kinematic viscosity, V is the velocity, and D is the length parameter such as the diameter of the object.

· Pre-Laboratory Questions

1. Using the following data, graph the relationships between the dependent variable Y and each of the independent variables A, B, C, and D. In each case, characterize the relationship, if one exists. Is it direct or inverse? What would be the form of an equation of the line? If a systematic relationship between the two variables is not evident, what does that lack of systematic variation of the points suggest about the accuracy of the experiment.
	Y
	 A
	 B
	  C
	  D

	1
	50
	20
	   3
	 25

	2
	40
	20
	 12
	 25

	3
	30
	20
	 27
	   5

	4
	20
	20
	 48
	 40

	5
	10
	20
	 75
	 15


2. You know that gravity causes falling objects to accelerate toward earth at a rate of 9.81 m/s2. Why is it, then, that we are not killed by raindrops as they fall from clouds over 1 km above us? What determines the velocity of the raindrops when they reach the ground?
3. One 30-cm tall jar is filled with water. A second jar that is the same size is filled with maple syrup. Simultaneously, identical marbles are dropped into the jars. Which marble will hit the bottom first? Why? 
4. A luggage carrier placed on top an automobile causes the fuel efficiency (miles/gallon) to decrease. A deflector placed on top of the cab of an 18-wheel truck results in an improvement in fuel efficiency. Why do the two objects placed on top of vehicles have different effects?

5. When a person walks into a heavy wind, they bend forward at the waist. Why?

6. Professional athletes use parachutes to increase the air resistance when doing running drills, thus increasing their leg strength. What factors would contribute to the size of the parachute that is optimal for a particular athlete? Design an experiment that could test the relative importance of the factors.

7. Why are golf balls dimpled and ping pong balls smooth?
8. Tents are widely used as temporary shelters. Campers use small tents. Medium-sized tents are used for lawn parties and large tents are used by circuses. In each case, guy wires are used to keep the tent from being blown over by the strong winds. Design an experiment that could be used to estimate the effect of the shape of the tent on the force exerted by the wind on the tent, and thus the force that the guy wires must withstand.
· Procedure

Preparation

1. To construct the parachutes, begin by cutting strips of cardboard that will serve as the frames of the parachutes. Cut strips of the following dimensions for each parachute:

small flat parachute:
4 strips:
12 cm 
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 2 cm

medium flat parachute: 
4 strips:
20 cm 
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 2 cm

large flat parachute: 
4 strips:
28 cm 
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 2 cm

canopy parachute: 
4 strips:
20 cm 
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 2 cm
2. Cut the pieces of paper that will act as the “fabric” of the parachutes. Cut the pieces to the following dimensions:


small flat parachute:
1 square
12 cm 
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12 cm


medium flat parachute: 
1 square
20 cm 
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 20 cm


large flat parachute: 
1 square
28 cm 
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 28 cm


canopy parachute: 
4 equilateral triangles, 20 cm on each side
3. Tape the pieces of each frame together as shown in Figure 1.

4. Tape the paper squares onto their frames to make the flat parachutes.
5. To assemble the canopy, tape the four triangles together to form a pyramid, as shown in Figure 2. Use tape to seal the seams so that the pyramid does not have any holes. 
6. Tape the canopy parachute to its frame, as shown in Figure 3. 
7. Measure the length and width of each of the parachutes, and record the values in columns 2 and 3of Worksheet A.
8. For each parachute cut four pieces of thread to be used as rigging lines. Cut the pieces to the following lengths:


small parachute
15 cm 


medium parachute
23 cm



large parachute
30 cm



canopy parachute
23 cm

9. Use tape to attach one rigging line to each corner of each parachute, as shown in Figure 4. When the lines of a parachute hang down, all of them should be the same length.
10. Weigh each of the parachutes and determine which of the four has the greatest weight. 

11. The other parachutes must be weighted so that all four will weigh the same. To the lighter parachutes, tape an appropriate number of paper clips in order to makeup the difference in mass. Tape the weights to the frame of the parachutes so that the weight is symmetrically distributed around the frame. Weigh each parachute separately and record the weights in column 4 of Worksheet B.
12. In order to prepare the ping-pong balls, use a razor blade to slice two of them halfway around the circumference (see Figure 5)

13. Fill one ping-pong ball with approximately 15 g and the other with approximately 30 g of metal screws, nuts, or sand. Measure the weight of each three ping-pong ball and record these values in column 2 of Worksheet B.
14. On a wall, measure a distance of 2 m above the floor and mark the point with a line or with piece of masking tape attached to the wall. This will be the height from which you will drop the parachutes.
15. Using masking tape attach the four rigging lines of the small flat parachute to the top of the empty ping-pong ball. When the ball hangs down, all of the strings should be equally taut and the ball should hang under the center of the parachute.
Testing
1. One person should hold a parachute in the air so that the bottom of the ball is at the 2-m mark (he or she should stand on a chair to ensure that the chute is dropped so that it remains relatively level). Hold the parachute about 1 ft from the wall, so that, when it is dropped, it does not brush against the wall. If it does hit the wall or drops obliquely, re-do the drop. (NOTE: when standing on the chair, make sure that the chair is stable.)
2. Another team member should operate the stopwatch. On signal (i.e., 1, 2, 3, drop), the person holding the parachute will let it drop to the floor. The person with the stopwatch should start the watch as soon as the parachute is released. The watch should be stopped at the instant that it hits the floor. Care should be taken with time measurements; it is important to be as consistent as possible. A few practice drops are highly recommended.
3. The person with the stopwatch should have the recorder enter the reading on Worksheet C. Repeat the measurement three more times and record the values.

4. The people who are doing the dropping and timing should switch tasks.  Again, four trials should be made. This will result in a total of eight readings, four from each person, for every trial.

5. Remove the empty ping-pong ball and suspend the middle-weight ping-pong ball from the small flat parachute.
6. Repeat the testing, making four trials for each timer.
7. Replace the middle-weight ping-pong ball with the heavyweight ping-pong ball. Run the trials again. Continue by testing all three weights on the medium flat parachute, the large flat parachute, and the canopy parachute. The procedure remains the same for all parachutes. Be sure that the bottom of the ball is always dropped from the same height (2 m), regardless of the length of the parachute rigging lines.
8. After collecting all of the data, complete Worksheets A, B, C, and D to determine the drag coefficient and Reynolds number associated with each test. 
· Data Analysis

1. Using one sheet of log-log graph paper, plot the drag coefficient versus the Reynolds number for each of the ping-pong ball weights. Use the following symbols for the points:  empty +; middle-weight 0; heavy-weight *. Connect the points for each ball. Label the lined for each ball (empty, middle, or heavy). On each line indicate which point represents each parachute (s, m, l, or c).
a.
By comparing the location of the lines and points, describe how the drag coefficient is affected by:

1. the size of the parachute;

2. the shape of the parachute (compare the medium, flat chute to the canopy chute); and
3. the weight of the load.

b. How is the drag force (i.e., the force exerted by the entire parachute against the direction of motion) affected by: (Hint:
Think about how drag force is related to velocity.)

(1) the size of the parachute?

(2) the shape of the parachute?

(3) the weight of the load?

2. Using arithmetic graph paper, a make a plot of velocity vs. area of the parachute for the small, medium, and large flat parachutes. Use different symbols for each ping-pong ball (i.e., empty e; middle-weight, m; heavy-weight, h) and connect the points for each ball. What can you say about the effect of area on the velocity? What would happen to the velocity as the area of the parachute became infinitely large? Infinitesimally small?

· Post-Laboratory Questions 

1. Based on your analyses, what was the most important factor in determining the drag coefficient: size, shape, or weight of the parachute? Justify your answer.
2. Using the results of your analyses, how long would it take a 10 g marble attached to your medium-flat parachute to fall 2 m if the drag coefficient is 3.0?

3. Part of the chemical energy of the gasoline is used to create mechanical energy for overcoming drag force on a moving vehicle. If an automaker reduced the drag coefficient on one of their model of cars from 0.54 to 0.46, what effect would this have on the need for gasoline? How would fuel efficiency change?
4. Assume the weight of a parachute with a circular cross section of area A and both 
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 and CD are known. Derive a expression for the Reynolds number as a function of the quantities if V is not known.

5. If the mass of a paratrooper and his acceleration are known, derive an expression for the drag force acting on the paratrooper.

· Design Problems 

1. The maximum velocity at which a paratrooper can land safely is approximately 5 m/s. You are a design engineer hired by the Department of Defense to design a flat parachute to be used by a 90 kg paratrooper. Begin by guessing what parachute area is necessary. Then calculate the corresponding Reynolds number. Refer to your logarithmic graph of Reynolds number versus area and determine the corresponding drag coefficient, based in the data you obtained from your medium-flat parachute. Using the drag coefficient, calculate the velocity. From this result, decide if you need to make the area bigger or smaller, and recalculate the velocity. Continue this process until you reach a stable solution. Remember that a parachute that is too large will waste material and may slow the paratrooper down too much, but a parachute that is too small will allow the paratrooper to descend at too high of a velocity, which may cause the paratrooper to be injured upon impact. Show all of your calculations and justify your final design.
2. A tent (10 m * 8 m * 2.5 m high) is to be constructed at a car dealership for promotional purposes. The tent will be stabilized with guy wires of 1-cm diameter nylon cord. The nylon cord will have a design stress (i.e., force per unit area) of 40 MPa. The county building code requires a design wind velocity of 25 m/sec. Assume a drag coefficient of 2 and an air density of 1.2 kg/m3. Determine the number and location of the guy wires on all sides of the tent.

3. Professional athletes use parachutes to increase the air resistance when doing running drills. Assume the drag coefficient of parachutes is 1.4. The standard chute for such purposes has a diameter of 1 m, and it is intended for use in relatively still air. If the athletic trainer wishes to involve the athletes in chute training on days when there is a significant wind but maintain the same resistance, design the parachutes that would be needed for wind speeds up to 10 m/sec.
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