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Instantaneous vs. Average Velocity

In this experiment, you will measure instantaneous and average velocities.

APPARATUS:

• Photogate timer and accessory photogate.

• Air track system with one glider.

INTRODUCTION:

An average velocity can be a useful value. If you know you will average 50 miles per hour on a 200 mile
trip, it’s easy to determine how long the trip will take. On the other hand, the highway patrolman following
you doesn’t care about your average speed over 200 miles. He wants to know how fast you’re driving at the
instant his radar strikes your car, so he can determine whether or not to give you a ticket. He wants to know
your instantaneous velocity. In this experiment you’ll investigate the relationship between instantaneous
and average velocities, and see how a series of average velocities can be used to deduce an instantaneous
velocity.

Figure 1: Setting up the equipment.

PROCEDURE:

1. Set up the air track as shown in Figure 1, elevating one end of the track with a 1− 2 cm support.

2. Choose a point x1 near the center of the track. Measure the position of x1 on the air track metric
scale, and record this value in Table 1. If you are using an air track without a scale, use a meter stick
to measure the distance of x1 from the edge of the upper end of the track.

3. Choose a starting point x0 for the glider, near the upper end of the track. With a pencil, carefully
mark this spot on the air track so you can always start the glider from the same point.

4. Place the photogate timer and accessory photogate at points equidistant from x1, as shown in the
figure. Record the distance between the photogates as D in Table 1.

5. Set the slide switch on the photogate timer to PULSE.

6. Press the RESET button.

7. Hold the glider steady at x0, then release it. Record time t1, the time displayed after the glider has
passed through both photogates.

5



PHYS141/151 Lab #1: Instantaneous vs. Average Velocity Oxford College

Figure 2: Measuring velocity in gate mode.

8. Repeat steps 6 and 7 at least four more times, recording the times as t2 through t5.

9. Now repeat steps 4 through 9, decreasing D by approximately 10 centimeters.

10. Continue decreasing D in 10 cm increments. At each value of D, repeat steps 4 through 8.

11. You can continue using smaller and smaller distances for D by changing your timing technique. Tape
a piece of cardboard on top of the glider, as shown in Figure 2. Raise the photogate so it is the
cardboard, not the body of the glider, that interrupts the photogate. Use just one photogate and
place it at x1. Set the time to GATE. Now D is the length of the cardboard. Measure D by passing
the glider through the photogate and noting the difference in glider position between where the LED
first comes on, and where it goes off again. Then start the glider from x0 as before, and make several
measurements of the time it takes for the glider to pass through the photogate. As before, record your
times at t1 through t5. Continue decreasing the value of D, by using successively smaller pieces of
cardboard.

6



PHYS141/151 Lab #1: Instantaneous vs. Average Velocity Oxford College

DATA AND CALCULATIONS:

1. For each value of D, calculate the average of t1 through t5. Record this value as tavg.

2. Calculate vavg = D/tavg. This is the average velocity of the glider in going between the two photogates.

3. Plot a graph of vavg versus D with D on the x−axis.

Table 1: Data and Calculations

x1 =

D t1 t2 t3 t4 t5 tavg vavg

QUESTIONS:

1. Which of the average velocities that you measured do you think gives the closest approximation to the
instantaneous velocity of the glider as it passed through point x1?

2. Can you extrapolate your collected data to determine an even closer approximation to the instanta-
neous velocity of the glider through point x1? From your collected data, estimate the maximum error
you expect in your estimated value.

3. In trying to determine an instantaneous velocity, what factors (timer accuracy, object being timed,
type of motion) influence the accuracy of the measurement? Discuss how each factor influences the
result.

4. Can you think of one or more ways to measure instantaneous velocity directly, or is an instantaneous
velocity always a value that must be inferred from average velocity measurements?
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DUE NEXT WEEK...

1. The Data Table with the raw data.

2. A graph of the data in Step 3 of Data and Calculations.
3. Answers to the 4 Questions above.

- - - - - - - - - - - - - - - - - END LAB #1 - - - - - - - - - - - - - - - - - - - - - - -
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NAME: LAB PARTNER:

Free Fall

GOAL:

The goal of this experiment is to better understand the concept of free fall, a specific case of 1D motion
with constant acceleration, where the acceleration is gravitational.

QUESION:

You are an alien from planet Mars. While on Mars, you were able to estimate the acceleration due to
gravity on planet Earth and, more specifically, at Oxford, GA (we will discuss how to make such an estimate
when we learn about Newton’s Universal law of gravitation in the future.) You have estimated that at
Oxford, GA, g = 9.8 m/s2.

You have finally made the trip you have been dreaming of your whole life, and you have just arrived at
Oxford, GA. Now that you are here, you would like to see if you can conduct an experiment where you can
verify or falsify your theoretical prediction for g. Because you are ambitious, you would also like to know
the answer to the following question: Does the time of free fall of an object depend on its mass?

MATERIALS:

You have brought with you in your spaceship the following materials:

1. A metal stand and a steel rod.

2. A right-angle clamp.

3. An electronic scale.

4. Two metal balls of different mass.

5. A meter stick (yes, in Mars you also used the SI system!)

6. A photogate timer.

7. A release mechanism and receptor pad apparatus (i.e., a free fall adapter. Operation instructions are
given on the last page.)

• List the physical quantities you can measure with these materials:
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1. DOES THE TIME OF AN OBJECT’S FREE FALL DEPEND ON ITS MASS?

In the process of understanding free fall, you would like to know the following: Does the time of an
object’s free fall depend on its mass? To answer this question, you need to also conduct an experiment with
the same materials. Design an experiment which will answer the question of whether the free fall time of
a metal ball depends on its mass. To help you with the design process, answer the following while you are
thinking about the original question:

• Since you are interested in knowing if an object’s fall time depends on its mass, which of the physical
quantities you listed above will remain constant during this experiment and which will vary? Why?

a. Constant

b. Vary

Why?

• In an experiment, the independent variable is the variable that is varied or manipulated by the re-
searcher, and the dependent variable is the response that is measured. Based on your answer to (b)
above, which of those quantities will be the independent variable(s) and which the dependent?

c. Independent:

d. Dependent:

Why?

1. Briefly list the steps of the procedure of the experiment you designed.

2. Conduct the experiment and make a table that records your data (you will have to repeat the exper-
iment several times in order to find the average and standard deviation of the physics quantities of
interest. A single data point is not enough for drawing conclusions).

3. What is your conclusion and why?

4. Can you confirm your experimental conclusions by using the free fall equations we learned in class?
Explain.
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2. WHAT IS THE GRAVITATIONAL ACCELERATION AT OXFORD, GA?

After getting sidetracked, you now want to return to your original question. What is the gravitational
acceleration at Oxford, GA?

To help you think about the design of the experiment that will address this question, answer the following
questions:

1. What are the equations of free fall?

2. Based on your materials, which of these equations contains parameters that you can measure with
your materials?

3. With the answers to the previous questions in mind, which equation will you try to exploit in your
experiment so that you can get the value of g? Why?

4. Having that equation and the materials in mind, which physical quantities from the ones you listed
on page 1 are constant? Which variables are the independent variables and which are the dependent
variables?

• Constant:

• Independent:

• Dependent:

Why?

5. Describe an experiment that you can conduct that will give you g.

6. If it is not part of your answer in 5 above, think of a way that you can repeat the experiment so that
you can change the independent variable.

7. Conduct your experiment and make a table that records all your data.

8. Using Excel construct a graph that has the independent variable on the x axis and the dependent
variable on the y axis.

9. Use Excel to fit a trendline to the data points. Make sure you show the equation of the trendline on
the graph as well as the R2 value. (I will give instructions on how to do that in Excel during the lab)

10. What is the form of the equation that best fits your data?
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11. Based on your answers to questions 3 and 10 above, as well as the equation of the trendline that Excel
calculated, calculate the value of g. Show your work and explain your reasoning.

g =

Work/Explanation:

12. Calculate the percent error between your value of g and 9.8 m/s2:

NOTE: The % error between two values x1 and x2 is

% error = 100× x1 − x2

(x1 + x2)/2

EXPERIMENTAL SETUP and DATA COLLECTION:

1. Clamp the ball release mechanism to a lab stand, or any other device that will hold it vertical and
at the desired height over the floor or table (see Figure). For best results, the drop height d should
be the full two meters allowed by the cable. Shorter heights will work fine, but accuracy is reduced
proportionally.

2. Position the ball receptor plate directly under the ball. (You might want to place the receptor plate
in a shallow box so the ball doesn’t roll away after it falls.)

3. Insert one of the steel balls into the release mechanism, pressing in the dowel pin so the ball is clamped
between the contact screw and the hole in the release plate. Lightly tighten the thumbscrew to lock
the ball in place.

4. Plug the phone jack into a port on your electronic timing device.

5. Turn the timer ON and set it in the GATE model.

6. Tap the receptor pad to reset the Free Fall Timer electronics.

7. Press the RESET button to reset the timer.

8. Loosen the thumbscrew to release the ball. It should hit the center of the receptor pad. If not, reset
the timer, reposition the pad, and try again.

9. Read the time on the digital display of the timer. This is the time it took for the ball to fall a distance
d, as shown in the Figure.
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Figure 1: Experimental Setup.

.

DUE NEXT WEEK...

1. This handout with all questions answered.

2. The tables with the recorded data.
3. Any Excel graphs.
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END LAB #2

- - - - - - - - Free Fall - - - - - - - -
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Name: Partner’s Name:

Projectile Motion

In this experiment, you will study projectile motion on a tilted air table.
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1. Apparatus:

• Air table with puck and spark timer

• puck launcher

• recording paper

• ruler, protractor

• drawing triangle

2. Introduction:

An air table will be used in this experiment to provide a record of the motion of an object in two
dimensions. The puck floats on a cushion of air supplied by a compressor through a light, very flexible tube.
This air cushion almost entirely eliminates friction. Inside the flexible tube is a light chain connecting a
spark generator to a sharp point inside a depression in the base of the puck. The puck floats over a sheet of
newsprint laid over a carbonized piece of paper so that each time the spark generator fires, a spark jumps
between that point and the metal table top to mark the puck position at that instant. The spark interval
is known, so measurements may be made of the puck positions to make a quantitative study of the motion
of the puck.

If the air table is carefully leveled to begin with and then tilted in one direction, there results a two dimen-
sional framework with any desired amount of acceleration (up to g) along one dimension. The acceleration
is given by

ay = −g sinα , (1)

where α is the angle of tilt of the table above the horizontal (see cover figure). As would be expected, this
formula shows that the value of a depends direclty on the tilt angle. For a flat table with no tilt, α = 0, so
a = 0 and as expected the puck wouldn’t move. For a table tilted completely upright α = 900, so a = −g,
and as expected the puck would feel the full force of gravity. For any angle in between 00 and 900, however,
only a fraction of gravity is acting along the page.

3. Procedure

1. First check the air table is level by checking that a puck placed on it doesn’t drift only in one direction.
(This was already done by your instructer).

2. Only one puck will be used so place the other puck somewhere on the table where it will be out of the
way. (Both pucks need to be on the table in order to have a complete circuit for the spark.) Turn ON
the puck launcher.

3. First make a dry run. Use the rubber band positioned at the lower right corner of the table to
launch the puck. Do NOT activate the spark generator during these preliminary test. Try different
ENERGY settings by stretching the rubber band by different amounts and different launcher angles
until a good trajectory is achieved. A good flight path should go over the peak of ”flight” for a
reasonable distance, say a few centimeters, before terminating. It need not involve a return to the
launcher level.

4. Make sure the edge of the recording paper is parallel to the front edge of the air table. Reset the
launcher and puck. Set the spark interval to 60 Hz. Activate the spark generator and fire the launcher.
Release the foot switch when the ”flight” terminates.

KEEP HANDS OFF AIR TABLE WHILE SPARK GENERATOR IS ACTIVATED.

5. Lift the recording paper and check that a good record of the flight has been obtained on the reverse
side. If so, record the spark interval on the spark record.
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.

4. Data Analysis

1. Draw a straight line across the spark record through the first good point near the start of the path,
making the line parallel to the bottom edge of the spark record. (It is important that the line be
parallel to the edge; this line is the x−axis) Do NOT use the first couple of points because when those
were recorded the puck was still being launched by the rubber band. Circle the first good point and
label it 0, this is the origin.

2. Circle every sixth point along the path and label them 0, 1, 2 . . . There should be at least 10 points
circled.

3. With a ruler held firmly parallel to the x−axis, slide a triangle along the ruler until the vertical edge
of the triangle goes through the point labelled 0. Make a short thin pencil line vertically through the
x−axis at this position. Mark it with the number 0.

4. Continue the procedure of step 3 for each circled spark point. You should have at least 10 data
points circled. You may need to establish a new horizontal line higher up on your record sheet, if you
exceed the limit of your triangle length, in order to record the horizontal position of each circled spark
point. The purpose of these marks is to make possible a measurement of the horizontal component
of the puck displacement for each time interval. We shall call these the x−components. Measure and
record in Data Table 1 the values of ∆x for each time interval. Calculate and record the corresponding
values for vx. Should vx be constant? Explain.

5. Now establish (using the triangle) a vertical axis (y−axis) and make short marks on the y−axis of
the vertical component of displacement for each circled spark point. Measure and record in Data
Table 1 the values of ∆y for each time interval. We shall call these the y−components. Calculate the
corresponding values of vy and record them in Data Table 1. Should vy be constant? Explain.

6. Initial Velocity ~v: To find the initial direction of ~v0, draw a straight line from data point 1 to data
point 2. This line is tangent to the initial flight path. Using a protractor, measure the angle θ0 of this
line above the horizontal. You can also find the magnitude of ~v0 by measuring the distance along the
tangent line and dividing this distance by the time interval. This is a reasonably good value, but of
course is not exact.

θ0 = v0 =

17
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7. Horizontal Velocity vx: We first examine in detail how uniform the velocity component in the hor-
izontal direction is. From your values of v0 and θ0, calculate the initial velocity in the x−direction,

Initial x-velocity: vx,0 = v0 cos θ0 = .

Now average the values of vx in Table I to find the overall average value v̄x.

Average x-velocity: v̄x = .

Find the percent difference between the initial and average values vx,0 and v̄x.

The % difference = .

Which value is larger? What might cause that? Explain.

8. Peak Position: We next examine the x−position of peak of the curve. If the distance R represents
the full distance (the range) along the x−axis when the puck is back at y = 0, then R/2 should be
the distance to the peak of the curve (see cover figure). Begin by directly measuring on the chart the
x−distance to the curve peak,

Measured: R/2 = .

We can compare this to the value of R/2 calculated from the equation for projectile motion, ∆x = v0,xt.
To do this, first count the points from 0 to the peak and multiply by the spark interval to find the
time tR/2. Using this time, and the value of v0,x above, calculate R/2

Calculated: R/2 = v0,xtR/2 = .

Finally compute the percent differences between these values,

The % difference = .

Which value is larger? What might cause that? Explain.

9. Vertical Acceleration ay: We next examine the values of the downward acceleration ay that acts
on the puck. As explained in the introduction, by tilting the table up by a slight angle α, there is
an effective acceleration, ay = −g sinα, pointing in the negative y−direction on your chart (see cover
figure). From the definition ay = ∆vy/∆t, you can determine the acceleration acting on the puck by
studying the change in the puck’s y−velocity in time. You will find the average acceleration āy from
the slope of the vy vs. t graph:

• Graphical Method: Make a graph of your data for both vx and vy vs. time t. The average
acceleration in the y−direction, āy, is equal to the average slope of the vy vs. t graph. Do a
trendline fit of vy and record the slope value.

Average Acceleration from Trendline Fit : āy =

18
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10. Peak Height: We next examine the y−position of the peak of the curve, ∆ypk (see cover figure).
Begin by directly measuring on the chart the y−distance to the curve peak.

Measured Peak Height: ∆ypk = .

We can compare this to the value calculated from the equation for projectile motion, ∆ypk = −v20,y/2ay.
Use your measured values for v0, θ0, and āy above to calculate the peak height ∆ypk.

Calculated Peak Height: ∆ypk = − (v0 sin θ0)
2

2ay
= .

Compute the percent differences between the measured and calculated values.

The % difference = .

Which value is larger? What might cause that? Explain. In addition, derive the equation ∆ypk =
−(v0 sin θ0)2/2ay used in your calculation.

11. Tilt Angle α: Finally, we examine the tilt angle α of the table. Use a protractor to directly measure α.

Measured Tilt Angle: α = .

We can compare this to the value calculated using Equation (1) and your value for the average
y−acceleration āy above.

Calculated Tilt Angle: α = arcsin(−āy/g) = .

Compute the percent differences between the measured and calculated values.

The % difference = .

12. Label your spark record completely, including the names of everyone who used it, and turn it in with
your report.

—————————————————————–
—————————————————————–
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Table 1: Data and Analysis of Motions in the X− and Y− Directions.

←(units)→

∆x vx = ∆x
∆t Interval ∆y vy = ∆y

∆t

0 - 1

1 - 2

2 - 3

3 - 4

4 - 5

5 - 6

6 - 7

7 - 8

8 - 9

9 - 10

10 - 11

11 - 12

12 - 13

13 - 14
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DUE NEXT WEEK...

1. The spark record (one for each group. Write your names
on the record).

2. This lab handout with all data. Show your work for all
calculations on a separate sheet of paper.

3. The Data Tables 1 and 2 with all data values.
4. Graphs of vx vs. t and vy vs. t. Both graphs should show

linear trendline fits and their slopes.
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Name: Partner’s Name:

Composition and Resolution of Forces

In this experiment, you will examine translational equilibrium of forces.

APPARATUS:

• Force table with ring and threads.

• clamp pulleys.

• weight hangers and slotted weights.

INTRODUCTION:

In class we talked about how to add vectors by components and what it means for an object to be in
translational equilibrium. In this lab you will experimentally verify these concepts.

The force table is shown in Fig. 1. It is a round table with a pin in the middle and angle divisions
marked around its edge. A ring is around the center pin that has pieces of thread attached to it. These
threads are run over pulleys placed around the table at various angles so that weight hangers with masses
can be hung from the threads’ ends.

Due to its total weight, each weight hanger will exert a force on the ring. This force has a magnitude
that is proportional to the total mass and a direction that is along the thread. Therefore, in this experiment
we will be using masses in order to exert forces on the ring. If the ring is in equilibrium, then the forces
have to add up to zero.

Figure 1: Force Table.
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EXAMPLE:

Assume you have three forces as shown in Figure 2:

1. F1 = 0.2 N pointing at 00.

2. F2 = 0.4 N pointing at 900,

3. F3 = 0.45 N pointing at 2430,

Let’s show that the net force is equal to zero.

X−components

ΣFx = (0.2) cos(00) + (0.4) cos(900) + (0.45) cos(2430)

ΣFx = 0.2 + 0− 0.2

ΣFx = 0 N

Y−components

ΣFy = (0.2) sin(00) + (0.4) sin(900) + (0.45) sin(2430)

ΣFy = 0 + 0.4− 0.4

ΣFy = 0 N

Figure 2: Three Forces exerted on the ring. The length of each arrow is proportional to the magnitude of the

force.

So, both the x−component and the y−component of the net force are zero, which means that the net
force is zero. If we applied these forces on the ring of the force table, the ring would be in equilibrium. If
the net force was not zero, then the ring would be pulled in the direction of the net force, resulting in the
ring’s acceleration (Newton’s second law), if the pin of the force table were not there to stop it. Remember
to use in the calculations below,

g = 10 m/s2
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PROCEDURE:

In this lab you will be given 5 different cases of sets of forces and your task is to find the force needed
to cancel them out. You will first solve the problem algebraically (you should show your work in detail in
the space provided), just like I have done in the example above, and then you will be asked to test your
result experimentally by applying these forces on the ring of the force table. You will also sketch these
forces on the diagrams provided. Neatness is very important! Sloppy drawings will not be
given any credit. Remember that the length of the vector you draw needs to be proportional
to its magnitude. Use rulers.

Before you start, make sure that your calculator is in DEGREES mode (test this yourself by typing 90
then SIN, you should get 1.0000, if you don’t, you’re not in DEGREES mode.) Also remember that each
trigonometric function results in TWO solutions, see Figure 3 below. For example, sin(300) = 0.5, AND
sin(1500) = 0.5. The general relations are

sin(θ) = sin(1800 − θ)
cos(θ) = cos(3600 − θ)
tan(θ) = tan(1800 + θ)

You will have to select the solution that will give you a force in the correct quadrant. A sketch that follows
the rules in bold above will be of tremendous help when trying to figure out the angle.

Figure 3: Sine and Cosine functions. It can be seen that each value on the y−axis corresponds to two different

angles on the x−axis.
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CASE 1: ~A + ~B + ~C = 0

Vector Mass (kg) Magnitude (N) Direction x-component y−component

~A 0.200 300

~B 0.200 1200

~Ccalc

~Cmeas

%-error
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CASE 2: ~A + ~B + ~C = 0

Vector Mass (kg) Magnitude (N) Direction x-component y−component

~A 0.200 200

~B 0.150 800

~Ccalc

~Cmeas

%-error
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CASE 3: ~A + ~B + ~C = 0

Vector Mass (kg) Magnitude (N) Direction x-component y−component

~A 0.200 00

~B 0.150 900

~Ccalc

~Cmeas

%-error
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CASE 4: ~A + ~B + ~C = 0

Vector Mass (kg) Magnitude (N) Direction x-component y−component

~A 00

~B 900

~Ccalc 0.30 2400

~Cmeas

%-error

29



PHYS141/151 Lab #4: Composition of Forces Oxford College

CASE 5: ~A + ~B + ~C + ~D = 0

Vector Mass (kg) Magnitude (N) Direction x-component y−component

~A 0.100 300

~B 0.200 900

~C 0.300 2250

~Dcalc

~Dmeas

%-error
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CASE 6: Vector Addition and Subtraction

• Fill in the table for the vectors shown above.

Vector Magnitude Direction x-component y−component

~A 0

~B 0

~A + ~B 0

−(~A + ~B) 0

~A− ~B 0

• Show on the figure how you can graphically find ~A + ~B.

• Show on the figure how you can graphically find −(~A + ~B).

• Show on the figure how you can graphically find ~A− ~B.
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.

CASE 7: Vector Addition

• The graph above shows 5 vectors. Your goal is to find the vector sum ~S = ~A+ ~B+ ~C+ ~D+ ~E. To do
this graphically, start with ~A in its current position, then reposition vectors ~B . . . ~E to find the sum
vector ~S.
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Questions

1. If ~F = ~F1 + ~F2, then is the magnitude of F always greater than the magnitude of F1 and/or F2?
Explain.

2. Can the magnitude of a vector ~F be equal to one of its components Fx and Fy? Can it be less than
the magnitudes of both components?

3. For two forces whose magnitudes are F1 = 400N and F2 = 300N, find the maximum and minimum
magnitudes of their vector sum. How do the forces ~F1 and ~F2 have to be directed to achieve those
max/min values?

4. Can two vectors, of unequal magnitude, add up to give a sum of zero? Can three vectors, of unequal
magnitude, add up to give a sum of zero?

5. Can one place three masses of 50, 75, and 150kg at such angles that they will produce equilibrium?
Explain your answer, and try to make a general statement about this situation.
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6. Show on each chart how to orient the 3 vectors below each chart so that the vector sum is zero. The
vectors can be rotated in any direction, but their lengths must be that given. If it is not possible to
get a sum of zero, state this.

END LAB #4

- - - - - - - - Composition of Forces - - - - - - - -
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Name: Partner’s Name:

Newton’s Second Law

In this experiment, you will examine Newton’s Second Law.

OBJECT:

To find the acceleration of a system given the masses and the acting forces.

APPARATUS:

• air track with glider, masses and hanger.

• balance, photogate timer, meter stick.

• support blocks, pulley assembly.

The system consists of two masses connected by a string. One of the masses, M1, is a glider which glides
on an air track with almost no friction. The other, M2, consists of a hanger and various additional masses
suspended from the string. The system is acted upon by only one external unbalanced force, namely the
gravitational force. The project will be to determine the acceleration of the system as a function of the
masses M1 and M2.

The (constant) acceleration of the M1 glider will be determined by measuring the time required for the
glider to travel the distance between the photogate timers when released from rest at timer A.

Figure 1: Experimental Setup.
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.

SET UP ADJUSTMENTS:

1. Turn on the air supply and carefully place your glider on the air track. The glider should float without
friction and will probably drift toward one end of the track or the other.

2. To level the track, loosen the wing nut on the single leveling screw under the track and twist the
leveling screw until the glider floats near the middle of the track. The floating glider is very sensitive
to the slightest tilt from the horizontal. When the glider floats consistently near the center of the
track, tighten the locking wing nut. It is important that the track be level, since if M2 = 0 we expect
that x = 0, which won’t be the case if the track is tilted.

PROCEDURE:

1. Measure the mass of your glider

M1 =

Then tie a long string to the eye at the top of the glider. Place the glider on the track and adjust your
pulley system so that the string runs parallel to the top edge of the track and does not rub against
the sides of the slot in the bumper mount at the end of the track.

2. Set up the photogate timers to be d = 80 cm apart, with enough space between photogate B and the
track bumper so that you can stop the glider after it passes through gate B.

3. To determine the acceleration a of the glider, you will measure the time ∆t that it takes for the glider to
travel a distance d = 80 cm, starting from rest. What equation will allow you to find a from ∆t and d?

(1)

4. If you have a red glider use masses of

M2 = 30, 50, 75, 100, 125 and 150 gm.

successively. The 30 gram mass (20 + 5 + 5 grams) can be tied directly on the string. Use the weight
hanger for masses of 50 grams and up. Tie the hanger (or masses) to the string, allowing enough string
so that the glider is just in front of photogate A when the weights are up at the pulley and so that the
weights do not hit the floor until after the glider passes photogate B.

5. Push the glider to the end of the track just past photogate A. Turn the photogates to the PULSE
position and press the RESET button. Hold the glider at rest just before it intercepts photogate A.
Release the glider, being careful to let it start from rest without any push. Catch the glider so that it
does not bounce back through photogate B. The timer will count during the entire time of travel of
the glider between the photogates. The glider must be caught so that it does not bounce back through
the timer and so that it does not slam into the end bumper and disturb the leveling of the track. Try
this a few times for practice.
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6. Measure the time ∆t for three runs for each value of M2 and average the times. Record your data in
Table 1.

7. Perform an analysis of your setup (see Fig. 1) using Newton’s second law (ΣF = ma) to derive an
equation for a in terms of M1,M2 and g.

a = g ·
( )

(2)

8. Based upon your Eq. (2) above, use Excel to draw a graph of a so that the graph is a straight line
with slope=g. (The fit line should go through the origin if you managed to keep the track level).

Find the slope =

Find the y-intercept =
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.

QUESTIONS:

1. From your graph trendline, calculate the acceleration of gravity.

2. Calculate the percent error in your value of g.

3. What is the potential significance of your y-intercept value? If the track were tilted at a small angle
φ what would be the relation between the y-intercept and φ?

4. Calculate the tension in the string when M2 = 100 gms and M1 is at rest.

5. Calculate the tension in the string when M2 = 100 gms and M1 is accelerating.
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Table 1

M2 ∆t ∆tavg a M2/(M1 + M2)
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.

DUE NEXT WEEK...

1. Completed data Table.

2. This lab handout with all questions answered.
3. Excel graph of a with a data fit line.

.

- - - - - - - - - - - END LAB #5 - - - - - - - - - - -

Newton’s 2’nd Law

40



PHYS141/151 Lab #6: Conservation of Mechanical Energy Oxford College

Name: Partner’s Name:

Conservation of Mechanical Energy

In this experiment, you will test if the conservation of mechanical energy can be applied to an isolated
system.

APPARATUS:

• Tripod base, long rod, short rod, right-angle clamp.

• Hose, thread, matches.

• Photogate timer, meter stick.

PROCEDURE:

Figure 1: Pendulum at rest at height h0 with the photogate in position.

1. Set up the apparatus as shown in Fig. 1. The length of hose used should equal the separation distance
of the vertical support holes in the metal plate, can you explain why? Adjust the metal plate for lev-
elness by sliding the thread through the hose. Explain why the plate should be level. The photogate
timer should be positioned so that the plate is centered in it when hanging at its equilibrium position.
Why is it important that you position the photogate in this way?
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2. The following measurements should be made: the length of the plate l, the height he above the table
of the bottom edge of the plate at equilibrium, the height h0 above the table of the bottom edge of
the plate at the point of release.

3. Pull the plate toward the vertical bar and attach it with a piece of thread. The vertical threads should
be parallel. Why should they be parallel? With the photogate set to GATE, release the plate by
burning the thread. Why is it important that you burn the thread (instead of cutting it with scissors,
for example)? The photogate will display the time for the plate to pass through the sensor.

4. Make a data table of equilibrium heights he, initial heights h0 and times, with extra columns for the
change in height (∆h = h0 − he), velocity and velocity squared. Take a total of ten data points by
varying the initial height of the plate.

5. Before the plate is released, all the energy is potential, Ei = mgh0. At the bottom of the plate’s path,
the energy is both kinetic and potential, Ef = mghe + (1/2)mv2. Therefore, mg∆h = (1/2)mv2 or
v2 = 2g∆h. Graph v2 versus ∆h, (should the origin be included?), draw a best fit straight line and
determine the slope.

6. Find the acceleration of gravity.

7. Calculate the % error between your value and g = 9.80 m/s2.

8. List ways in which the data could be improved.

DUE IN TWO WEEKS...

1. Full Lab Report

REFERENCES

[1] NC State Univ. reference page on writing lab reports, http://labwrite.ncsu.edu/po/po-selfguide.htm
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Tips for writing a good physics lab report

1. Do not assume that the reader knows the experiment/setup, or what is coming up in the report. Every
section of the report should be able to be read (and make sense) on its own (the Discussion and the
Conclusion are the only exceptions). If you have to refer to other sections of the report, you can do
that only if that other section has already been discussed. Do not include information of the setup
in the Introduction. One can only know what the setup is after reading the Materials and Methods
and that comes after the Introduction. However, you can refer to the setup in the Discussion, if your
components of the setup have contributed to the error.

2. A lab report is a document that is written around the figures. If you have decided what figures you
are going to have in a scientific paper, then the whole paper is written in a way that will tell a story
around those figures (it will explain why these figures are important, where they came from, what they
mean and what the implications are)

3. Before you use a scientific word, make sure you understand its meaning. Words have specific meanings
in science so make sure that what you write is what you mean to write.

4. Be consistent. If you start writing the report using ”we”, do not switch to ”you” half way through. In
addition, do not change the name of variables (eg. go from KE to Ke for the kinetic energy)

5. Do not use generalities. Be specific in terms of results, examples, etc. Avoid sentences such as: ”CME
has many applications in daily life”. Such a sentence will be marked with the comment: ”such as?”

6. Reread your report before you hand it in!

7. Avoid lists. A lab report is not a recipe.

8. The lab reports are not graded based on your English (spelling, grammar, syntax). My English is not
good enough to justify grading your reports based on that. However, I do expect to see sentences that
have a very clear content so that I understand what you are trying to say when I read them. Keep
your sentences short, concise, to the point. If you have a convoluted sentence that is 5 lines
long and has many secondary clauses then that means that you are trying to include too many points
all at once and therefore the main idea of your sentence is not going to be clear, which will force me to
mark this sentence as awkward. (Did you just see what I mean? This last sentence was 3 lines long!)
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Title:

I know you can be more creative than saying Conservation of Mechanical Energy.

Abstract:

Each sentence should have a logical connection to the following sentence. Do not make a list (eg.In
the Introduction, we talk about the equations, in the Material and Methods, we talk about the setup,
etc.). Also, use numbers if appropriate. If the goal of the experiment was to determine g, then say
what you got! Report the % error. Say if that was a good way to determine g. . . Do not say, ”we
determined a value for the gravitational acceleration” and leave it at that. . .

Introduction

For the introduction, you need to start from the beginning of the story. What is CME? What is the
equation that describes CME? Give each equation its own line but define each variable (include units)
in a sentence form. Number the equations so you can refer to them later in the report (in the Results
and Discussion, that comes in handy). For example ”CME is described by the equation

KEi + PEi = KEf + PEf , (1)

where KE is the kinetic energy of the system (in Joules), PE is the potential energy of the system
(in Joules) and the subscripts i and f refer to their initial and final values, respectively.” Also, do not
omit steps. If the mass will cancel out, say that it does. If there is an equation that you will be using,
say it, explain it and describe how it can be used. In addition, since the Materials Section is coming
up, do not assume that the reader knows what the setup is. Do not start referring to the plate in the
middle of the Introduction. Instead, say something like: ”If initially an object is at rest, that means
that vi = 0 and, therefore, based on equation (3) KEi = 0. Therefore, equation (1) now becomes . . .”
In addition, make sure you understand that you are not interested in the height of the plate, but in
the difference between the initial and final heights (∆h in the relevant equation).

Materials and Methods:

Always include a picture (more on figures later) with the description of the setup. Otherwise, I do
not care how good your description is, it will be hard to understand (again, assume that the reader
does not know this experiment). Also, always label and caption your figures and include on them
the components that are important. For example, show on your figure which component the plate is,
where the timer is located, etc. In addition, your tone should show what you did, not what I (or the
reader) should do (in other words, do not give orders). Sentences such as ”Make sure that the plate is
level” do not define an acceptable tone.

Results:

Do not just throw tables and graphs without (i) explaining them in the text, (ii) labeling them and
including a good caption, and (iii) including axes labels (with UNITS). Also, say which data are
quantities you measured and which are quantities you calculated. If the latter, explain how you
calculated them (you might have to refer to equations that you introduced in the Introduction).
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Discussion:

Again, be specific. Refer to equations from the Introduction and tables/graphs from the Results. How
are they connected? Why is there so much error? Why did you use that specific analysis? And finally,
has your hypothesis been verified and why? BE SPECIFIC! If you are listing sources of error, make
sure that these sources are consistent with your results. For example, if your g is greater than 9.8
m/s2, then air drag is not the main source of error (can you see why?) Be specific when you think of
ways that the experiment could be improved. There is no such thing as the perfect experiment.

Conclusion:

Avoid generalities. Do not just say that there are applications, give specific examples.
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Physics Lab Report Evaluation Sheet

1. Scientific validity and style 14 points

1. Does the author tell a story in the report as a whole and in each section of the report? Is there a
beginning, middle and an end to the story? Is there too much repetition? (a good story should not
be repetitive)

2. Does the author avoid generalizations and vague statements, such as: There are many applications of
CME in everyday life?

3. Is the author consistent with the style (does not alternate between we and I and sticks with one tense,
etc.)?

4. Does the tone indicate what the author did instead of telling us what we should do?

5. Are scientific terms used in their proper meanings? For example, are they referring to g as the
gravitational acceleration instead of just gravity or gravitational force, etc.

6. Are abbreviations used only for scientific notation and after these abbreviations have been defined?

7. Does the author use short but concise sentences that only try to make one point?

8. Does the author avoid awkward sentences (i.e., is the syntax proper)?

9. Does the author avoid spelling mistakes?

10. Are all figures/tables/graphs labeled, titled, with the proper units, and axes labels, etc.?

11. Are all figures/tables/graphs easy to see and understand (not too small, not too big, easy to read,
etc.)

12. Do all figures/tables/graphs have a proper caption? Are the captions descriptive?

13. Are all figures/tables/graphs explained and discussed in the main text?

14. Is it obvious to the reader what point the author is trying to make by including each figure/table/
graph?

2. Title 2 points

1. Is the title catchy? Are you interested in reading the report after looking at the title?

2. Does it provide a one-sentence description of the whole report?

3. Abstract 5 points

1. Does the abstract provide a one-sentence summary from each of the subsequent sections (except for
the references)? Is the abstract well balanced? (for example, does it have too much information for
one of the sections of the report at the expense of the other sections?)

2. Are these sentences connected logically to each other in a smooth way? (avoid lists!)

3. Does the author avoid mentioning unnecessary details that the reader can only understand after reading
the report? (the author cannot assume that the reader knows the experiment)

4. Does the author avoid referring to equations and figures via the use of their numbering (eg., equation
2, figure 3, etc)

5. Are the important results/highlights of the experiment mentioned, with specific numbers, when ap-
propriate?
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4. Introduction 8 points

1. Is there a story? Does the author start with the concept under investigation, the equations that
describe it, the derivations from one equation to the next, the point of the experiment?

2. Have all the necessary concepts and equations been introduced and derived?

3. Are the derivations explained step by step (instead of just listing each step)?

4. Are all equations given their own line and number?

5. Are all the new variables defined (including SI units) after each equation where they first appear?

6. Are all the important variables explicitly stated? (important variables are those that you measure,
calculate, etc. If a variable appears in a figure/table, then it is definitely an important variable)

7. Does the author avoid referring to details that the reader can only know after reading the whole report
(i.e., the author cannot assume that the reader knows the experiment)?

8. Is there a thesis statement (i.e., what will the author try to accomplish by doing this experiment, what
is the hypothesis)?

5. Materials and Methods 4 points

1. Is a figure provided that explains the setup? Is the figure referenced in the main text?

2. Are the important components of the setup indicated on the figure?

3. Are important details of the setup and procedure stated and explained?

4. Will a person unfamiliar with the experiment be able to reproduce it after reading this section? (Is it
easy to understand the setup based on the authors description?)

6. Results 7 points

1. Are all results presented in a way that conveys the point the author is trying to make (i.e., use a table
instead of a graph, etc.)?

2. Are the results/tables/figures explained in the main text?

3. Is the order in which the results are presented logical?

4. Are important intermediate results included (even if they are not directly asked in the lab handout)?

5. Does the author specifically state which results are raw, calculated, intermediate, etc.?

6. For the calculated results, does the author explain how the calculation was made by referring to
equations from the Introduction?

7. Has the data analysis been done correctly?

7. Discussion 4 points

1. Does the author discuss the results by referring to equations from the Introduction and connecting
them to figures/tables/graphs or important calculations from the Results section?

2. Are the sources of error listed and explained in a way that is consistent with the results?

3. Has the author discussed if the hypothesis was verified? Has the author explained the reasons why
the hypothesis has been verified or not?

4. Are improvements to the experiment listed and discussed? Is it clear how these suggestions will
improve the experiment?

8. Conclusion 2 points

1. Does the author provide a summary of the experiment with all the highlights reviewed?

2. Is the author specific when listing the applications of the concepts and equations described in the
report?
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9. References 2 points

1. Does the author use the appropriate format for the references?

2. Are all references included?

Total number of points: 48 points (+2 free points for a total of 50 points)

- - - - - - - - - - - - - END LAB #6 - - - - - - - - - - - - -

Conservation of Mechanical Energy
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Name: Partner’s Name:

The Ballistic Pendulum

In this experiment, you will study the conservation of momentum and energy using a ballistic pendulum
apparatus.

Today’s lab will be the study of the ballistic pendulum. For this reason, we will be using conservation
of momentum and conservation of mechanical energy (we will assume that there are no non-conservative
forces acting on the spring-ball and ball-pendulum systems.)

GOAL:

To calculate the velocity of the ball shot from a spring-loaded gun as well as the gun’s spring constant. To
do that, we will measure the maximum swing height H of a pendulum after it collides (perfectly) inelastically
with the ball.

THEORY:

The analysis of the ballistic pendulum is a three-step process.

1. The transfer of mechanical energy from the spring of the gun to the ball.

2. The transfer of momentum from the ball to the system consisting of the ball and the pendulum. Recall
that in inelastic collisions kinetic energy is not conserved.

3. The conservation of mechanical energy is then employed to determine how high the pendulum will
swing given a particular post-collision velocity of the pendulum.
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PROCEDURE:

1. Make sure the apparatus is level and clamped securely to the table. Use the leveling screws and the
bubble level on the apparatus base to level properly.

2. Rotate the thumbscrew holding the pendulum in place and remove.

3. Measure the mass of the pendulum mp and the ball mb using an electronic balance.
mp= mb=

4. Measure the distance between the base and the center of mass of the pendulum (indicated by the
center of mass pin on the pendulum).
h1=

5. Place the metal ball on the end of the gun shaft and cock the gun with the handle provided until the
shaft is locked in position.

6. Using a ruler, measure the length of the spring.
x1 =

7. Press back on the trigger to fire the ball.

8. After the pendulum comes to rest, measure the vertical distance h2 between the base of the apparatus
and the center of mass of the pendulum (indicated by the center of mass pin on the pendulum).
h2=

9. The value of H is the difference between the two height measurements (H = h2 − h1).
H=

10. Also measure the equilibrium length of the spring.
x2=

11. The maximum compression of the spring is given by the difference between the two spring length
measurements (∆x = x2 − x1).
∆x=

12. Use a separate piece of paper to find the following quantities:

(a) The velocity of the ball vb after it has left the gun and before it collides with the pendulum.
(b) The spring constant k.

SHOW YOUR WORK AND USE GOOD PROBLEM SOLVING TECHNIQUES, (i.e. draw a picture;
identify the various steps in the problem and concepts for each step, etc.)

DUE NEXT WEEK...

1. The lab manual pages with all variables measured.

2. Values for vb and k from part 12.
3. The separate sheet of paper where you have solved

this problem.
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Name: Partner’s Name:

Torque and Equilibrium of a Rigid Body

In this experiment, you will study the conditions necessary for rotational equilibrium of a rigid body.

APPARATUS:

Meter stick, 4 knife-edge supports, balance, masses, vertical rod and right angle clamp.

DISCUSSION:

A rigid body in Equilibrium has no translational nor angular acceleration. This leads to two necessary
and sufficient conditions for a rigid body to be in equilibrium – there is no net Force or Torque acting upon
the body, i.e.

Σ~F = 0 =⇒ No Translational Acceleration,~a = 0. (1)

Σ~τ = 0 =⇒ No Rotational Acceleration, ~α = 0. (2)

The magnitude of the torque ~τ is given by

τ = rF sin θ, (3)

where F is the force magnitude, r the distance from the chosen pivot point to the point of application of
the force, and θ is the angle between ~r and ~F .

PROCEDURE:

1. Determine the mass of the meter stick and each of the knife-edge supports. (Identify each knife-edge
support by lettering or otherwise).

Mass of meter stick, M =

Mass of Supports: mA = mB = mC = mD =

2. Find the center of gravity of the meter stick by locating the point where it will balance in a horizontal
position.

Center of gravity of meter stick, x =

3. Support the meter stick with one of the knife edges located at the center of gravity. Hang a 50 gm
mass on the knife-edge support placed at the 10 cm mark and then find the position where a 75 gm
mass on a knife-edge support will cause a horizontal balance. On the drawing below draw and label all
the forces acting on the meter stick. Calculate the clock-wise and counter clock-wise torques about the
supporting knife-edge and compute the percent difference between them. The weights of the knife-edge
and the hanger must be included.
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4. With supporting knife edge at the center of gravity of the meter stick, hang one mass of 100 gm at the
65 cm mark and a 50 gm mass at the 80 cm mark. Produce a horizontal balance by placing one 150 gm
mass near the other end of the meter stick. Complete the drawing and perform the same calculations
as in step 3 below.
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5. Move the supporting knife-edge to the 25 cm mark and balance the meter stick by using one mass that
is about twice the mass of the meter stick. Complete the drawing and calculations below.

QUESTIONS

1. When the meter stick is balanced, why does it assume a horizontal position rather than being at rest
in any other position (i.e. tilted)? In other words, if you tilt a meter stick that is balanced, will it
want to rotate back to being perfectly horizontal? Whys is that? Hint: Draw a full scale picture of
the region around the center of gravity of the horizontal meter stick, including the knife edge support.
Do this again with the meter stick not horizontal. Draw in the forces to explain why it assumes a
horizontal position in equilibrium.

2. Assume that you are given only a meter stick in a knife-edge support, a hanger which can be hung on
the meter stick by a light loop of thread, and a set of masses. Show how to determine the mass of the
meter stick if it is not uniform, that is, its mass is not distributed uniformly over its volume.

DUE NEXT WEEK...

1. The lab manual pages all drawings and calculations in parts 1-4
completed.

2. Answers with drawings to Questions 1 and 2.
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.

END LAB #8

- - - - - Torque and Equilibrium of a Rigid Body - - - - -
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Name: Partner’s Name:

The Moment of Inertia

In this experiment, you will determine the Moment of Inertia of a large metallic disk system.

Today’s lab will be the study of the Moment of Inertia. The Rotational Inertia apparatus is used to
determine the effect of a constant torque on a rotating disk.

Figure 1: Moment of Inertia apparatus. A falling mass m causes the disk to rotate. The fall rate of the mass,
and the rotation rate of the disk, depend upon the Moment of Inertia I of the disk.

INTRODUCTION - THE MOMENT OF INERTIA

The Moment of Inertia is that property of a body which causes it to oppose any tendency to change its
state of rest or uniform angular rotation. The Moment of Inertia I of a body is the ratio of the net torque
Στ acting upon it to the angular acceleration α that results,

I =
Στ

α
, (1)

where the units of [I]=kg· m2.
The rotational inertia of a geometrical object can be calculated using techniques from integral calcu-

lus. For example, the rotational inertia of a uniform cylinder of radius R and mass M rotating about its
longitudinal axis is given by

Icyl =
1

2
MR2. (2)

The Moment of Inertia of an object about any axis may be obtained experimentally, no matter how irregular
the body, by applying a known torque τ and measuring the resulting angular acceleration α. If the torque is
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due to a the application of a force F with R being the lever arm, then τ = RF , and Eq. (1) can be written
as

I =
RF

α
. (3)

In this experiment, the Moment of Inertia I of a circular disk is measured by applying a know torque τ
and measuring the resulting angular acceleration α. The torque on the disk is created by fastening a known
mass m to a cord wrapped around the rim of the disk (see Fig. 1). To model this system, we begin with
the expression for I in Eq. (3). You will measure r and α directly, but the tension force on the disk is not
simply mg because the disk is accelerating.

1. Your first task is to find the tension force T in terms of m, α and g and show that Eq. (3) reduces to

I =
m(g − αR)R

α
(4)

Draw a picture with all the forces clearly indicated and show your work in detail.

*HINT* – Use Newton’s second law,
∑
F = ma, and the relation a = Rα.
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PROCEDURE:

*CAUTION* This apparatus uses a high voltage spark generator to mark sensitized chart paper.
When the spark generator is in use, you must not touch any part of the apparatus except the insulated
slider handle. If you touch any part other than the handle, you may get a painful electrical shock.

1. Initial Setup:
Make sure the metal disk is on its support and the knurled screw is tightened. Wrap the thread

several times around the outside rim, fastening one end to the pin and the other end to the accelerating
mass. Arrange the setup so that the mass will fall one and a half to two meters.

2. Frictional Torque:
Determine the frictional torque by attaching a small initial mass mf to the string. Give the disk

a small initial speed and continue to adjust mf until the disk continues to rotate uniformly at this
speed. The torque thus applied is just equal to the frictional torque τf = mfgr.

3. Data Collection:
Attach a fresh sheet of coated paper to the wheel. Set the slider so that the spark point is near

the rim of the wheel. The spark point should be adjusted so that it is slightly less than 1 mm from
the chart. Attach an accelerating mass of about m = 200 gm in addition to mf . Release the mass
from rest and, as it descends, slide the spark point slowly towards the central axis. Adjust the speed
of the slider so that the spark dots are clearly separated for the successive rotations.

After the method of moving the spark point has been mastered connect the spark-timing device
to the binding posts of the rotational inertia apparatus, turn ON the switch, release the falling mass,
and gradually move the spark point toward the axis of the disk. Make sure the box is set to a frequency
of 10 Hz. Just before the accelerating mass reaches the floor, turn OFF the spark timer and stop the
disk. The spark timer MUST be turned OFF before the disk is touched. Examine the trace to see
that there are no overlapping rings and few missing points. If a few spots are missing the trace can
still be used, but if many points are missing a new record must be made.
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DATA ANALYSIS:

1. Examine the record sheet and record the values of the angle θ (in deg.) and time t in Table 1. For
each complete revolution add 360o.

2. Once all data points have been entered, subtract successive angles to find ∆θ (i.e ∆θ2 = θ2 − θ1) for
all times.

3. Divide your ∆θ values by the time interval between points, ∆t, and record these as ω (deg/s) in Table
1.

4. Finally, complete Table 1 by converting your angular velocity values ω to the units of (rad/s).

5. Make a GRAPH of ω (rad/s) vs. time t.

6. From the graph of ω vs t, how can you find the angular acceleration α? Explain.

α =

7. Use your value for α and Eq. (4) to determine the moment of Inertia,

I =
m(g − αR)R

α
= (5)

I =
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GEOMETRIC CALCULATION OF THE MOMENT OF INERTIA I:

In this section you will calculate the Moment of Inertia I of your disk system based upon it’s mass and
geometry. Figure 3 illustrates a schematic of the rotating disk and shafts.

Figure 2: Top and side view of rotating disk wheel and shaft.

• M,R,L→ Mass, radius, and thickness of large disk.

• m, r, l = l1 + l2 → Mass, radius, and (total) length of both shafts.

• VM = πR2L→ Volume of large disk.

• Vm = πr2l→ Volume of both shafts.

• VT = πR2L+ πr2l→ Total Volume

The first step is to measure the properties of your rotating system ...

• Total mass MT = M +m =

• R = r = L =

• l1 = l2 = l = l1 + l2 =

The disk is made of two cylinders of different radii. The total Moment of Inertia I is the sum of the
separate moments of inertia of the two cylinders. This can be written as

I = (1/2)MR2 + (1/2)mr2 (6)

Now, we can’t directly evaluate I in Eq. (6) because we don’t know M and m separately, only their sum
total MT . To continue then, we need to rewrite the masses in terms of their relative volumes which we do
know. Remember that the material density=mass/volume, with ρ being the density of the metal used, in
units of kg/m3. In terms of the total mass and volume, the density is

ρ =
MT

VT
=

MT

(πR2L+ πr2l)
(7)

The individual masses M and m can be written in terms of ρ and their volumes VM and Vm,

M = ρπR2L and m = ρπr2l (8)
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1. Start with the Moment of Inertia Eq. (6), and use Eqs. (7) and (8), to show that the Moment of
Inertia I can be written as

I =
MT

2

(
R4L+ r4l

R2L+ r2l

)
(9)

2. Use equation (9) and your measurements for MT , R, r, L and l to solve for I.

I =

3. Compare your values for I obtained from the geometry here, and from rotational acceleration above.
Find the % difference.
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Figure 3: Side views of a ring and a solid disk, both with the same mass M and same radius R.

Figure 3 shows two rotating objects. On the left is a ring, or shell, of mass M and radius R. On the
right is a solid disk, like that used here, with the same mass M and radius R as the ring. Because
the distribution of mass is different in the two cases, their Moments of Inertia I are not the same.
As a result, when the same hanging mass is used to rotate them, they will rotate, and accelerate, at
different rates. You are to calculate these two rates.

4. Use Newton’s second law,
∑
F = ma, along with the torque equation,

∑
τ = R

∑
F = Iα, and

a = rα to show that the relative acceleration a/g of the mass m is given by the general relation

a

g
=

1

1 + I/mR2
(10)

5. Now solve Eq. (10) for the acceleration of a m = 5 kg falling mass attached to (a) a ring or (b) a solid
disk. Both the ring and the disk have radii R = 0.1 m and mass M = 5 kg. Which one falls faster?
Can a ever be greater than g?
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Table 1: Rotational Inertia Data

Spot Time θ ∆θ ω ω

# (sec) (deg) (deg) (deg/s) (rad/s)

- - - - - -
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DUE NEXT WEEK...

1. The lab manual pages with all measurements done and
all questions answered.

2. A graph of ω vs. t with a trendline fit for α.
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END LAB #9

- - - - - - - - - - The Moment of Inertia - - - - - - - - - -
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Name: Partner’s Name:

Archimedes Principle

In this experiment, you will use Archimedes’ Principle to measure the density of solids.

1. Apparatus:

Beaker, balances, thread, metal and wood objects, sinker and vernier caliper.

2. Archimedes Principle:

Archimedes Principle states that:

Any object, wholly or partially immersed in a fluid, is buoyed up by a force equal to the weight of the
fluid displaced by the object.

The buoyant force directed upwards, B, is then given by

B = ρfVfg, (1)

where ρf is the background fluid density, and Vf is the displaced volume of fluid. Consider the situation
shown in Fig. 1, where we weigh the same object both in air, and while completely submerged in water (so
that the volume of the fluid displaced is equal to the object’s volume, i.e. V = Vf ). The measured weights
will be different. In the first case, the weight is the usual Wair = mg. When immersed in a fluid, however,
the object weighs less because of the upwards buoyancy force, and Wfl = mg −B.

Notice also that by simply taking the difference between the two weights, you can find the value of the
buoyancy force,

B = Wair −Wfl. (2)

Thus by measuring an objects weight in air and in water, you can calculate B and readily determine
the object’s volume V from Eq. (1). Remember that for a completely submerged object, the buoyant force
doesn’t depend on the objects mass, or its density - it only depends on its volume.

Figure 1: Weighing in object in air and in water.

65



PHYS141 Lab #10: Archimedes Principle Oxford College

3. Procedure:

You will examine two objects, a wooden block and a metallic cylinder, in this lab. The aim is to
accurately determine the sample volume, V , and density, ρ = m/V , of each object. A scale is used to find
the object masses m. For the object volumes V however, you will use and compare the results from three
different methods, shown in Fig. 2, the last two of which are attributed to Archimedes.

• The first method for determining V is to measure the sample dimensions with a ruler or caliper.

• The second method involves submerging the object in water to determine the buoyancy force B, from
which V can be calculated using Eq. (1).

• The third method is to measure the the increase in water volume V when the object is immersed.

3.1. Metal Cylinder

1. Geometric Method
First weigh the metal cylinder and record the mass in Table 1. Be sure that the balance is correctly
zeroed before you make these measurements. Next, using the Vernier caliper, measure the radius R
and height H of the cylinder, and record your data in Table 1. Finally, from your data, calculate the
volume V and density ρ = m/V , and enter these values in Table 3, Method (1) Geometric.

2. Archimedes Buoyancy Force Method
Tie a thread (we can neglect its mass) to the metal cylinder and hang it from the underside of the
balance which must project over the table so that the string and cylinder hang over the edge. Fill the
beaker with water and suspend the metal cylinder so that it is completely submerged. Check that no
air bubbles are stuck to the cylinder. The metal cylinder must not touch the side or bottom of the
beaker.

• Measure the mass of the cylinder in water mwat, calculate the weight in water mwatg, and record
these values in Table 2.

• From the difference between the weight of the cylinder in air and in water, determine the buoyancy
force B from Eq. (2), and the volume V from Eq. (1) (remember ρwater = 1000kg/m3),

B= .

V= .

• Enter the value for V in Table 2, and Table 3, Method (2) Archimedes.

3. Fluid Displacement Method
Fill a graduated cylinder about half way to the top with water. Record the volume of water. Drop
the metal cylinder in the water, record the new water level, and enter the volume difference as the
object’s volume V in method (3) Displacement, in Table 3.
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Fig.2 Three ways of measuring a metal object’s volume V .

Table 1: Geometric Measurements of Metal Object

Mass Radius Height Volume

m (kg) R (m) H (m) V = πR2H (m3)

Table 2: Metal Volume: Archimedes Principle

Mass in Water Weight in Air Weight in Water Buoyancy Force Volume

mwat (kg) mg (N) mwatg (N) B (N) V (m3)

Table 3: Comparison of Metal Volumes and Densities

Volume Density

Method V (m3) ρ = m/V (kg/m3)

(1) Geometric

(2) Archimedes

(3) Displacement

Average
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3.2. Wooden Block

1. Geometric Method
First weigh the wooden block and record the mass in Table 1. Be sure that the balance is correctly
zeroed before you make these measurements. Next, measure the length L, width W and height H of
the wooden block, and record your data in Table 4. Finally, from your data, calculate the volume V
and density ρ = m/V , and enter these values in Table 4 and Table 6, Method (1) Geometric.

2. Archimedes Buoyancy Force Method
In order to use the Archimedes buoyancy force method to get the volume of the wooden block, you
must ensure that the wooden block will be completely submerged when lowered into the water. To
do this, you must first tie a small metal sinker to the bottom of the wooden block, as illustrated in
Fig. 3 below. Once you’ve done this, tie a thread to the top of the wooden block and hang it from
the underside of the balance in the same way you did for the metal cylinder.

• Fill the beaker with water and suspend the wooden block so that the sinker is completely sub-
merged, but the wooden block is in air. Record the scale mass m1, and the corresponding weight
m1g, in Table 5.

• Now submerge both the block and the sinker in water. Check that no air bubbles are stuck to
the wooden block. The block must not touch the side or bottom of the beaker. Record the mass
m2, and the corresponding weight m2g, in Table 5.

• Next, from the difference between the weight of the wooden block in air and in water, determine
the buoyancy force B, and from Eq. (1), the wood volume V ,

B= .

V= .

• Enter the value for V in Table 5, and Table 6, Method (2) Archimedes.

3. Fluid Displacement Method
Fill a graduated cylinder about half way to the top with water. Drop in the metal sinker and record
the volume of water. Now put the wooden block and sinker in the water, and record the new water
level. Enter the volume difference as the wood volume V in Table 6, method (3) Displacement.
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Fig.3 Three ways of measuring a wood object’s volume V .

Table 4: Geometric Measurements of Wood Object

Mass Length Width Height Volume

m (kg) L (m) W (m) H (m) V = LWH (m3)

Table 5: Wood Volume: Archimedes Principle

Block in air Block in water

Sinker in water Sinker in water Weight1 Weight2 Buoyancy Force Volume

m1 (kg) m2 (kg) m1g (N) m2g (N) B (N) V (m3)

Table 6: Comparison of Wood Volumes and Densities

Volume Density

Method V (m3) ρ = m/V (kg/m3)

(1) Geometric

(2) Archimedes

(3) Displacement

Average
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4. Questions

1. Calculate the average of your three volume and density measurements for each sample in Table 6.
Do the three methods yield similar values? Which method yields the largest % difference from the
average? Can you explain why that might be?

2. Re-measure the masses of the wooden block and metal cylinder that you used. What are the values
for m now, are they the same as you found before? If there are differences, what are the % differences
from the first mass values? What would cause the mass to change, and could this be contributing to
the density differences between the various values reported in Tables 2 or 3? Explain.

3. Air is a fluid, a la Archimedes, and buoys up objects immersed in it. Thus we err in not correcting
for the buoyancy of air when we weigh things. Calculate the % error you made, by neglecting the
buoyancy of air, in the determination of the mass of the wooden block. The density of air is ρair = 1.29
kg/m3.
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4. Using the listed densities of common metals, guess the metal that your cylinder is made of. Might it
be a composite of more than one metal?

Material Density ρ (kg/m3)

Aluminum 2700

Zinc 7130

Iron 7870

Stainless Steel 7900

Copper 8960

Silver 10,490

Lead 11,360

Mercury 13,550

Gold 19,320

5. Imagine that you travel to a faraway planet, called Oxfordia. While there you find a large rock and,
being curious, you want to know all it’s properties. You first measure the weight, which is 9,000N.
You then submerge the rock in water, and find it’s weight is only 8000N. You don’t know the strength
of gravity on Oxfordia, but the string holding the rock in water accidentally breaks and you obverse
that the rock begins to sink with an acceleration of 2 m/s2. What is the mass, density and volume of
the rock, and what is the value for g on Oxfordia?
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DUE NEXT WEEK...

1. The lab manual pages with all measurements done and all questions
answered.

END LAB #10

- - - - - - - - - - Archimedes Principle - - - - - - - - - -
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Name: Partner’s Name:

Wave Resonances in Air Columns

In this experiment, you will investigate the production of standing waves and the principles of resonance.

Apparatus:

Various tuning forks and adjustable length tube, rubber mallet, water.

1. Introduction

The word resonance comes from Latin and means to ”resound” - to sound out together with a loud
sound. Resonance is a common cause of sound production in musical instruments. One of our best models
of resonance in a musical instrument is a resonance tube (a hollow cylindrical tube) partially filled with
water and forced into vibration by a tuning fork. As the tines of the tuning fork vibrate at their own natural
frequency, they created sound waves that impinge upon the opening of the resonance tube. These impinging
sound waves produced by the tuning fork force air inside of the resonance tube to vibrate at the same
frequency. Yet, in the absence of resonance, the sound of these vibrations is not loud enough to discern.
Resonance only occurs when the first object is vibrating at the natural frequency of the second object. So
if the frequency at which the tuning fork vibrates is not identical to one of the natural frequencies of the air
column inside the resonance tube, resonance will not occur and the two objects will not sound out together
with a loud sound.

Figure 1: The first two resonances in an open air column.

In this experiment we will create longitudinal standing waves in a tube containing air. The tube, shown
in Fig. 1, is open at the top and filled with water at the bottom. By adjusting the amount of water in the
tube one may lengthen or shorten the length L of the column of air in the tube. If a tuning fork is held
over the open end of the tube and struck, it excites the air molecules in the tube and causes a sound wave
to propagate down the length of the tube to the air-water boundary where it is reflected back up the length
of the tube to the open end.

In tubes, pipes or columns open at one end and closed at other, the resonance condition requires that
a displacement antinode exist at the open end and a displacement node at the closed end of the tube. This
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means that the fundamental (first harmonic) standing wave in such a tube occurs when the column of air is
of length L = λ/4, shown in Fig. 1(a). The second resonance, shown in Fig. 1(b), is when the water level
is L = 3λ/4 beneath the mouth of the tube, the third at L = 5λ/4, etc. The series of nodes and antinodes
in a tube open at one end and closed at the other form an odd harmonic series (in tubes open at both ends
or closed at both ends all harmonics are possible). Thus the condition for a standing wave, or resonance, to
form in a tube closed at one end is L = n(λ/4), or

Resonance Condition: λ =
4L

n
n = 1, 3, 5, . . . (1)

So by raising and lowering the water level, the natural frequency of the air in the tube can be matched
to the frequency at which the tuning fork vibrates. When the match is achieved, the tuning fork forces the
air column inside of the resonance tube to vibrate at its own natural frequency and resonance is achieved.
The result of resonance is always a big vibration - that is, a loud sound. Once a resonant length
L is found, you can use Eq. (1) to find the wavelength λ and, by using the given frequency value f , you will
be able to calculate the speed of sound v in the column of air from

v = λf. (2)

Note also that a variety of musical instruments operate on the basis of open-end air columns; examples
include the flute and the recorder. Even some organ pipes serve as open-end air columns.

Summary: When sound waves travel down a close-ended tube they bounce off the closed end and reflect.
When the reflected sound wave interacts with another sound wave traveling down the tube, interference
occurs. When the two waves interfere constructively, it creates resonance, an increase in the amplitude of
the waves, and very large sounds.

2. Procedure:

1. Fill the reservoir of the resonance apparatus with water (position it near the bottom of the tube before
doing this to prevent overflow). Note how moving the reservoir up and down the attachment rod raises
and lowers the level of water in the resonance tube.

2. Begin with the highest frequency tuning fork. Strike the fork on its tines (a great deal of force is not
necessary) with the rubber mallet, and hold it at the open end of the resonance tube with its prongs
horizontal. Adjust the water level starting from its highest level. Gradually increase the length of the
air column by lowering the water can to find the first position of resonance, where the sound coming
out of the air column is loudest. You may have to strike the fork several times and move the water
column up and down to precisely locate the resonance position. At resonance, record the value of L
in Table 1.

3. Continue this procedure to the second (and if possible, the third) position of resonance. Record these
lengths in Table 1.

4. Repeat the experiment with the three other tuning forks of different frequencies.

5. Once you have found all the resonant positions L for the four tuning forks, complete Table 1 by
calculating the corresponding wavelengths λ, the average wavelengths λ̄, and the speeds of sound v.
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Resonance Conditions

First Resonance: λ = 4L

Second Resonance: λ = (4/3)L

Third Resonance: λ = (4/5)L

Table 1: Resonances in an Open Air Tube.

Tuning Fork Frequency f1 = hz

Resonance Resonance Position Wavelength

# L (cm) λ (cm)

1

2

3

Average Wavelength λ̄1 =

Speed of Sound v1 = λ̄1f1 =

Tuning Fork Frequency f2 = hz

Resonance Resonance Position Wavelength

# L (cm) λ (cm)

1

2

3

Average Wavelength λ̄2 =

Speed of Sound v2 = λ̄2f2 =

Tuning Fork Frequency f3 = hz

Resonance Resonance Position Wavelength

# L (cm) λ (cm)

1

2

3

Average Wavelength λ̄3 =

Speed of Sound v3 = λ̄3f3 =

Tuning Fork Frequency f4 = hz

Resonance Resonance Position Wavelength

# L (cm) λ (cm)

1

2

3

Average Wavelength λ̄4 =

Speed of Sound v4 = λ̄4f4 =
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3. Questions:

1. Find the overall average value of the speed of sound from your four measurements. Compare to the
known value of v = 343 m/s and find the % error. Does the velocity of sound in air depend upon the
frequency of the tuning fork?

2. Sketch the air column vibrations for the third resonance. Label the positions of the nodes with an N,
and the anti-nodes with an A. What is the difference between the positions of the third and the first
resonance in terms of wavelength?

3. Are there anti-resonances where the sound coming out of the air column reaches a minimum? What
is the length of air columns for these anti-resonances?

4. Why does the resonance position correspond to the loudest sound?
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5. END CORRECTIONS: You may have found that all of your values for the speed of sound are
close to, but somewhat below, the known value v = 343m/s. It turns out that a number of very
careful experiments have shown that the idealized pictures shown in Fig. 1 are not the whole story for
tube resonance. The figure next to Table 2 shows a more realistic picture of the sound waves at first
resonance for a tube of diameter d. Here we see that the position of the anti-node is not exactly at
the tube entrance, as we assumed in Fig. 1, but is in fact slightly above it. This affect is also seen for
all order resonances. It’s clear from this more realistic picture that the distance from the node (water
surface) to the antinode is slightly longer than the measured distance L. The extra length depends on
the tube diameter d, and has been found to be approximately equal to 0.35d.

You can test whether this more exact model can improve your values for the speed of sound v.
Specifically, you are to re-analyze the data for the first harmonic resonances. To do this, record the
inner tube diameter d in Table 2, then, as shown, redo the calculations for λ that includes the end
affects, λ = 4(L+ 0.35d). Does this improve your data for the speed of sound?

Table 2: End Effect Corrections: Experiments have shown that in real tubes, of diameter d, the position of
the anti-node during resonance is actually very slightly above the top of the tube. The extra length depends on the
tube diameter d, and has been found to be equal to 0.35d.

First Resonances

Tube diameter d = cm

λ = 4(L+ 0.35d)

Frequency First Resonance Wavelength Speed of Sound

f (hz) L (cm) λ (cm) v (m/s)

f1 =

f2 =

f3 =

f4 =

Average Speed of Sound v̄ =

% Error =

4. References

[1] http://www.physicsclassroom.com/class/sound/u11l5a.cfm
[2] http://www2.cose.isu.edu/∼hackmart/spl1ssar.pdf
[3] http://galileo.phys.virginia.edu/classes/152.mf1i.spring02/Particle%20Wave.swf
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END LAB #11

- - - - - Wave Resonances in Air Columns - - - - -

78



PHYS141/151 Oxford College

.

NOTES:

79



PHYS141/151 Oxford College

PHYS 141/151 REFERENCES

80



The following pages are reproductions of the end of 
chapter summaries from “College Physics” by Serway 

and Vuille, Brooks/Cole Publishing. 

65	  



66	  



67	  



68	  



69	  



70	  





72	  







75	  



PHYS141/151 Oxford College

.

NOTES:

92



PHYS141/151 Oxford College

.

NOTES:

93



PHYS141/151 Oxford College

.

NOTES:

94



PHYS141/151 Oxford College

.

NOTES:

95


