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1. Introduction to Motion: Distance-Time and Velocity-Time
Graphs

Introduction

In this lab you will measure your mation with a sonic motion detector.  The motion detector
emits sound waves and then detects them after they have reflected off of some object (such asyou
or your lab partnersl). A computer then records distance from the detector to the object as a
function of time. 'Y ou will practice making and interpreting graphs.
Equipment
- motion detector - ULI computer interface - MacMotionprogram - 2 meter stick
Before the Lab

Read the sections in your text describing one dimensiond motion. Be familiar with the concepts
of pogtion, velocity, acceleration and the dope of a graph.

Procedure

Setting up the motion detector and MacMotion program

1) Open the MacMotion program. The motion detector uses the ULI (Universa Lab Interface).
Be sure the ULI is connected to the computer and turned on and that the motion detector is
plugged in.

Click on the START button (on the screen) to make a graph of distance versus time. The
electronics will make an audible “clicking” sound when the detector is working and the distance
from the detector to an object will be plotted. (Note that the sound you hear is not the sound
used to detect motion, which isinaudible, but rather the eectronics in the detector clicking.)

Practice with the detector until you understand the reading. Sound from the detector is emitted in a
cone that spreads out from the motion detector. If the sound is reflected by afixed object (such
as awdl) adraight line will appear on the graph since distance to the wall is not changing as a
function of time. Pogtion your detector S0 it does not hit any fixed objects and you are able to
walk back and forth in front of it. Move back and forth in front of the detector and watch the
distance graph change.

Cdlibrate the distance from your detector. Stand 0.5 meters, 1 meter and 2 meters from the
detector and make sure that the distances recorded correspond to your position.

For your report

Labe each part of your report with the appropriate section numbers, corresponding to the hand-
out.

Labe the axes on your graphs with numbers and units.

When discussing your graphs you can labe points on them ((A), (B), (C), etc.) in order to refer to
them in your discussion.

Answer questions in complete sentences so that the answers can be understood independently of
the handout.
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1. Introduction to Motion: Distance-Time and Velocity-Time Graphs

Activity 1: Make distance-time graphs for different walking speeds and
directions

Sart at the ¥2 meter mark and make a distance
versus time greph, waking away from the
detector sdowly and steadily (at constant Distance

gpeed). Sketch the graph.

Time (sec)

Make a distance-time grgph waking away from
the detector medium fast and steadily. bidence
Sketch the graph. (m)

Time (sec)

Make a distance-time grgph waking toward the
detector dowly and steadily. Sketch the
grwh Distance

(m)

Time (sec)

Make a distance time graph waking toward the
detector fast and steadily. Sketch the graph.

Distance
(m)

Time (sec)

Questions:
Answer the following. Consder using these words or phrases (as well as your own): up, down,

Steeper, less steep, rising, faling, increasing, decreasing, faster, dower.

How is distance changing as a function of time when you wak away from the detector. When you
walk toward the detector?

How does you graph show whether you are moving away from the detector or towards the
detector?

How does your graph show whether you are moving quickly or dowly?
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1. Introduction to Motion: Distance-Time and Velocity-Time Graphs

Activity 2: Prediction

Make a prediction of how a distance-time graph would look for a person sarting at the 1 meter
mark, walking away slowly and steadily for 4 seconds, stop for 4 seconds, then walk toward the
detector more quickly. Draw your prediction usng a dotted line. Compare predictions within your
group and discuss them. Arrive a afind prediction and draw it with asolid line (do not erase your

origind prediction).
, PREDICTION

Distance

(m)
1

2

Distance

(m)
1—

FINAL RESULT

4 8 12

Time (sec)

4 8 12 Time (sec)

Do the experiment Move in the way described and graph your motion. When you are satisfied
with the experiment, draw your groups fina result.

Question

Is your prediction the same as the find result? How does the graph show when you are moving
away or towards? The speed of motion? Stationary motion? If the results don't agree how would

you change the way you move?

Activity 3: Moving at non-constant speed

The dope of the graph shows the speed of motion. When speed is congtant the graph is a
draight line. Try to match the following curved graphs.

GRAPH 1

Distance Distance

(m)

- GRAPH 2

Distance
(m)
GRAPH 3

Time (sec)

Questions

Time (sec)

Time (sec)

For each graph describe how you had to move to match the graph. Use word like faster, dower,

going toward, going away, increasing speed, decreasing speed, steeper, less steep.
How does a graph where the speed is changing differ from a graph where you are moving steadily

(at constant speed)?



1. Introduction to Motion: Distance-Timeand Velocity-Time Graphs

Acceleration is the rate of change of speed. When speed is congtant acceleration is zero (no
change means the rate of change is zero). How does the dope of the graph change when there
is accdlerdion?
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1. Introduction to Motion: Distance-Timeand Velocity-Time Graphs

Activity 4: Velocity-time graphs

Set up the MacMotion program to display velocity. Double click on the distance graph and
sdlect Velocity in the didog box. Set the range from -1 to 1 meters/sec. Change the Time scale to
read from O to 5 sec.

Graph your velocity for moving different speeds and directions:

Make veocity-time graph, waking away al
from the detector dowly and steadily. Vosiy
Sketch the graph. (m/sec)
O | | I | |
1T ime (sec
Make a vedocity versus time graph waking Time (s
toward the detector medium fast and 4
steadily. Sketch the graph. +
Velocity
(mise)
0 | | ] | |
Make a velocity versus time graph by firg |
waking fast and steadily away from the 1 Time {sec)
detector, then pausing for about a i
second, then walking dowly toward the +1
detector Velodity
(misec)
0 | | I | |
Make a veocity graph firg standing Hill for 1 1T Time (sec)
second, then walking toward the detector
first dowly and then withincreasing speed. al
Veocity
(mi/sec)
O | | I | |
1T Time (sec)
Questions

How do the plus and minus signs of the velocity show the direction of motion.
Does the sgn of the velocity show whether the distance isincreasing or decreasing as afunction of
time? Explan.

10
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1. Introduction to Motion: Distance-Time and Velocity-Time Graphs

Activity 5: Match a Velocity graph

Pull down the File menu
and sdect Open. Double
click on Velocity.Match.
The vedocty grgoh will
appear on the screen: ;
Try to creste amatching 0 Y ' :
graph.. You may may need |
to tray a number of times.

Work as ateam and plan

your movements so as to -1
match the times and velocities

Questions

Sketch your graph. Referring to different points on your sketch (you might label them A, B, C, D
etc. ) describe how you move to match the graph.

Isit possible to move so asto creete a perfectly vertica line on the velocity graph? Explain.

+1 | Veocity, m/sec

S S

Activity 6: Making a corresponding distance graph

Make a prediction of how a distance-time graph would look for the motion you have just made. It
may help to have one lab partner repeet the motion as you discuss how the corresponding graph
should look. Make a sketch of your prediction.

Switch the program back to the Distance-time grgph and repeat your motions. Sketch the resulting

graph next to your prediction.
: : PREDIVCTION : . FINAL RESULT
Distance, m { e Distance, m : '
4 8 2 1§ 20 Time s 4 8 12 16 20 Time s
Questions

What parts of the velocity graph correspond to a horizonta line on the distance graph?

What parts of the velocity graph correspond to increasing distance? What does the slope of the
distance graph look likein that case?

What parts of the velocity graph correspond to decreasing distance? What does the slope of the
distance graph look likein that case?

13
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Supplemental Questions:

1. What do you do to creaste a
horizonta line on the distance versus

time grgph?

2. How do you wak to creste a
draight line that dopes up?

3. How do you wak to create a
graight line that dopes down?

4. How do you move to create a line
which goes up seeply a fird, then
goes up less steeply?

How do you move to create a U-
shaped graph?

For which parts of the U-shaped
graph isthe velocity zero?

1. Introduction to Motion: Distance-Time and Velocity-Time Graphs

Distance

Distance

(m)

Distance

(m)

Distance

Distance

(m)

Time (sec)

Time (sec)

\

Time (sec)

(m) //

Time (sec)

A

Time (sec)

15
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1. Introduction to Motion: Distance-Time and Velocity-Time Graphs

6. Which object is moving fagter, A or B? B

Distance

(m)

>

Which gartsin front? Which finishes in front?

Time (sec)
What happens at the intersection of the two lines?
7. Which object is moving faster (can you tell?)
Distance A
(m)
Which is moving towards the detector? Which B
away? .
Time (sec)
8. Sketch a graph for an object moving steadily
away from the detector. Distance
(m)
Time (sec)
9. Sketch a graph for an object which is standing
ill.. Distance
(m)
Time (sec)
10. Sketch a graph for an object moving quickly
towards the detector and then dows down and  pistance
stops (m)
Time (sec)

17
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2. Gravitational Acceleration: A case of constant acceleration

Introduction

The gravitationd force is one of the fundamenta forces of nature. Under the influence of this
force dl objects with non-zero mass are attracted by the mass of other objects. This means that
near the surface of the earth al objects are attracted by the mass of the earth itsef and will fdll
towards the center of the earth under the influence of gravity. Because the attraction is proportiona
to mass, dl objectswill fal with the same constant acceleration, which is denoted by the letter g.

Equipment

- free-fdl gpparatus, voltage - paper to record spark-tracks - ruler, graphing software
supply

Note: be sure and ground the free fall aparatus when connecting it to the power supply
Before the Lab

Read the sectionsin your text describing one dimensional motion and congtant acceleration. Be
familiar with the concepts of position, velocity, acceeration and the dope of a graph.

Theory

An object faling near the surface of the earth experiences a uniform (constant) acceleration.
Because accderation is congtant, in a downward direction, and equd to g, its motion can be
described by the equations:

Y(t) = Yo + Vot +3 0t
v(t) = v, + gt

Here we have defined “down” as being the pogtivey direction.

These equations predict that a plot of veocity versus time will gart a the vdue v, & time t=0
and show a draight line with negative dope. The vaue of that dope will be equa to acceleration
(therate of change of veocity, a=dv/dt). Thus we can measure the value of g be determining that
dope of agraph which plots velocity versustime for afaling object.

Procedure

In this lab you will measure the free-fal accderation of amass. The free-fal apparatus consst
of a metd object which fdls down a track between two wires. A voltage pulse between the two
wires causes sparks to jump from the falling mass to one of the wires. Paper is placed between the
faling object and this wire so that the spark makes a mark on the paper. This records the postion
of the object as afunction of time. The voltage pulses are gpplied 60 times per second, so the time

between pulsesis %0 seconds.

Your lab ingructor will make a tgpe for you or assg you in making one.  Carefully examine the
tapes and draw small circles around the spark marks so their locations are easily seen. (Do not
cover the marks themsdves, just outline them). Occasiondly a spot in the sequence may be
missng. If you think there is a missng spot, draw a question mark about where you think it
should be.

19



2. Gravitational Acceleration: A case of constant acceleration

Choose one spot near the top to be “point 0" where the position is y,=0 at timet=0. Thisis not the
first gpot. Do not choose the large spot where the object rested prior to being released!
Choose a spot whichis easy to measure and where dl the following points gppear to travel in a
draight line. Because thisis not the “first” spot we cannot not assume that the initid velocity, v,
isequd to zero.

Using the data table (at the end of this handout) begin numbering points 0,1,2,3... and record times
for each point so that point O is to=0, point 1 ist;=1/60 sec=0.0167 sec, point 2 ist,=2/60 sec
=0.0333 s=c etc. Wherever there are missing spots you should include a postion for them in
your table and write “missng” beside these points.

Draw a draight line through each spot perpendicular to the edge of the tape. You will use these
lines to measure the distance to each spot.

Carefully measure the distance from spot number zero to each following spot on your tape. Record
these positionsin your table as position .

You will now compute the velocity at for each spot. At point “ i ” (wherei means 1,2,3 etc.) the
postion is given by:

1 2
Yi = Yo tVol; +E at;
Vv, =V, tat;
It can dso be shown for congtant acceleration only that the average velocity between two times is
equd to the ingtantaneous velocity at a time hafway in between. Thus, for equally spaced time

intervals, the instantaneous velocity at time t, is equa to the average velocities between timest;
and ta:

(Equations 1)

Y- Vi

t3 - tl

Use Equation 2 to find the instantaneous velocity for points 1, 2, 3 etc. Use the positions and times
for points 3 and 1 to cdculate v, for points 2 and 4 to caculate vs, for points 3 and 5 to
caculate vy, etc. Record each in your datatable.

Y ou can use asimilar equation to calculate and record average accelerations:

V3- V)

ts -4

Make a graph of velocity versus time for your data. Y our ingtructor will show you how to do this
on the computer. If your graph makes it gpparent that you failed to take into account missing
points, adjust the times accordingly. See gppendix for notes on usng the computer programs.

Agan usng the computer, fit a sraight line to your data. The dope of this line will be your
experimental value for g, which you can call Qegerimental -

Determine the dope of your line and record it with your data.

Cdculate and record the percent difference between the experimentd vaue and the theoretical
vaue, g=9.8 m/sec? using the equation:

vV, =V = (Equation 2)

a=a= (Equetion 3)

Percent difference = Dg = gexpL;ajg 100% (Equation 4)

If v, isinfact not zero a t=0, then your graph will intercept the verticd axis at some velocity other
than zero. From your graph determine v,,.

20



2. Gravitational Acceleration: A case of constant acceleration

Make a plot of pogtion versus time using the computer. If position increases as time squared then
this will be a quadratic curve. Use the quadratic curve fit to fit this data and find a second
vauefor “g’.

For your report

Print copies of the graphs that you made for each student in your group. On each graph you should
label the axis and record the dope and intercept. Write a cover page with a summary describing the
experiment. Explain how you obtained the vaues of g and v, from your data. Compare the vaue for
g to the accepted value and discuss possible sources of discrepancy. You must explain why you
expect your velocity graph to be a straight line and why its slope should be“ g” .

Comment on how the vaue of 'g" determined from your graphs compares to the variation in vaues
caulated point-by-point in your table.

Suppose the time difference between sparks were not precisay 1/60 second. How would that
affect your results? (Would Qexperimenta € to0 large? too small? the same?

21
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2. Gravitational Acceleration: A case of constant acceleration

Data Table: Free Fall with Spark Timer

Point Time from t=0, Distance from y=0, Cdculated Caculated
[ ti Vi veocity, acceleration,
Vi a;
0 0 sec Ocm
1
2

Remember measurements should include unitd
Vaue of “g” from velocity graph, Qexperimenta

Percent difference from accepted value, %Dg
Initial speed from velocity graph, v,

Vaue of “g” from position graph, gexperimenta
Percent difference from accepted value, %Dg
Initial speed from position graph, v,

23
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3. The Force Table: Addition and Resolution of Vectors

Introduction

Many of the concepts used in physics must be described by both a magnitude, or size, and a
direction. Some of these quantities are displacement, velocity, force, and acceleration. We use a
vector to represent these quantities. A vector can be represented graphicaly by an arrow whose
length is proportiona to its magnitude and which points in the desired direction. It can dso be
represented mathematicaly by giving the components of the vector dong three perpendicular
directions. In this experiment we will investigate methods of adding the vectors that represent
forces. We will practice resolving the vectors into components.  We will use a force table to
experimentaly observe the addition of different force vectors.

Equipment
» Force Table with four pulleys * Set of dotted weights * Protractor, Ruler
* Four weight hangers o String * Graph Paper

Before the Lab

Read the sections in your text describing vectors and how to add them. Y ou should learn how
to add vectors both graphically (by congtructing atriangle or parallelogram) and by resolving them
into perpendicular components and then adding the components.

Theory

Vector Components:

When we wish to describe a quantity which has both a magnitude (size) and direction, we can
describe it as a vector. The vector can be described in terms of components, anaogous to
directions on atreasure map. To describe the direction of the treasure, we might say it is5 stridesin
anortheasterly direction, or we might describe it aslying 3 strides east and 4 strides north, as shown
in Fgure 1. Smilarly the vector Ye Olde V ectors y
A can be broken into
components Ac and A. We Treasure
describe this vector in terms of I\/Iap
a horizonta direction, x, and a

i 4 strides

veticd direction, y (assshown  / North
in the figre). The angle q >
3 strides
measures the angle fromthe x- Eact
axis to the vector, A. The X

rlaionship  between  the

. Figure 1: Components of a vector are analogous to directions
magritude (or length) of Aand P g

on atreasure map.

its components are then
A, = Acosq where A, isthe side adjacent (or closest) to the angle
A, = Asing where A | isthe side opposite to the angle

25



3. The Force Table: Addition and Resolution of Vectors

For exampleif A isavector 5 units long and the angle g is equa to 53.1 degrees then we would
find that
A =5cos(53.1' )= 3
A =5sn(53.1 )= 4
Thus A might represent the distance and direction to travel to find the treasure.
We can a0 find the magnitude and angle associated with A if we know its components, since

aA 0
A= JA’+A° and =tan"'¢——
JAZ+ A, q=tane
All of these relationships follow from Pythagorus' theorem since A, A, and A, form aright
triangle.

Adding Vectors:

When we wish to
add two vectors, A and
B, to form a resultant
vector, C, then we
smply ad  ther 7
components to find the *.
componentsof C.

The vector C can be
found grgphicdly by
postioning A and B head
to tal, as in the left Sde

of Figure 2. C will be
the vector that goes from Figure 2: Addition of vectors. C is the vector sum of A and B. It can

thetal of A to the head befound ether graphically or by adding components.

of B and will be the

diagond of the pardldogram formed by A and B. The components of the vector C can aso be
found from the components of A and B.

f C=A+B th A

I =A+B then i _
TCy =A *B,

InFgure2, A= Aci +Ay j=51 +3j and B= By i +B, j= -3 1 +3 ] then C=(5-3)i+(3+3)]=2i +6j or

in other words G=2 and G=6. (Here the symbols i and ] are used to denote the x and y

directions, respectively.)

26



3. The Force Table: Addition and Resolution of Vectors

Vector Practice

Find x and y components of a vector which is 10 units in length and 40 degrees below the x axis
(below the x axisis-40 degrees)

A= Ay=
Check your results:

Ax2+A/2 = tan'laA\yQ:

N - 8@21 -

2. Find the components of a vector which has alength of 7 units and a direction 20 degrees above
the x axis.

B,= By=
Check your results as above.
3. Findtheresult of adding A and B to find the componentof C=A + B

Cy= Cy =
Make a sketch showing the vectors A, B, and C and check the addition graphicaly (putting A and
B head to tail and drawing a parallelogram).

Experimental Procedure

The Force Table is an apparatus which can be used to determine the resultant (or vector sum)
of different forces. Weight forces are gpplied to a centra ring by means of strings which run over
pulleys and then hang over the edge of the table. The magnitudes of the forces may be varied by
adding and removing weights and their directions can be varied by moving the pulleys.  When two
or more weight forces are gpplied to the ring, their vector sum, or resultant, can be found by finding
the additiond force needed to exactly balance the applied force. For example, if two forces are
gpplied, the resultant, or vector sum, is

Fl + I:2 = Ftotal

the magnitude and direction of F._,_, may be found by finding athird force, F,, such that
F+F +F,=0

When the net force on thering is zero it will remain centered on the table in equilibrium. The sum of
F,and F, must then be equa in magnitude, but opposite in direction, to F,, i.e.,

E+F =-F
In the following experiments you will practice different methods of adding vectors and then use the
force table to experimentaly check your caculations.

Begin by leveling the force table, if necessary. Then practice balancing forces until you are able
to determine when there is zero net force on thering. Note that it isimportant that the stringstied to
the ring dide easly from side to Sde, so that no Sdeways force is applied to the ring. The strings
should pull straight outwards toward positions of the pulleys on the edges of the table. There will be
some uncertainty in your experimenta method. Remember that the weight of the hangers must be
included in your tota weights.

27



3. The Force Table: Addition and Resolution of Vectors

Given two force vectors, for example F, corresponding to 200 gm at 30° (above the positive x
axis) and F, corresponding to 300 gm at 140°, find their resultant, or vector sum by these three
methods. Record your results in your lab notebook, drawing appropriate diagrams to describe
both your calculations and your experimental method.

Graphicdly: draw a diagram to scade and construct a paralelogram to find the sum.

Addition of components: on your diagram, define an ¥ and y-axis. Resolve the vectors into
components along these axis (with your calculator) and find the sum. Does your answer
make sense when you compare the result with the graphica method?

Experimentaly: Use the force table to determine the third force that would be required to
balance the two force vectors previoudly defined. This force should be 180° opposite the
force found by the previous two methods (since it cancels the first two forces). How does
the result compare to you caculations. What isthe uncertainty in your experimenta result?

Repeat with two different forces in different directions, for example 200 gm at 20° and 150 gm at -
80°. Thistime try the experimental method first. Set up your two forces, then pull on the string
to find the direction that a third force must be applied to balance the first two. Add weights to
determine the third force. Then check your result by graphica methods and by addition of
components. How do your results compare? Is this within the expected uncertainty of the
experimenta method?

Repeat usng two perpendicular forces. You can choose the x- and y-axis to be in the
perpendicular directions. for example F;=F, corresponding to 150 gm a 0° and F=F,
corresponding to 200 gm at 90°.

You can aso find the components of a vector experimentally. Place three pulleys at 240°, 90° and
0°. Hang atota of about 300 gm from the string through the pulley at 240°. 'Y ou should now
be able to find its components aong the x-axis (at 0 degrees) and the y-axis (at 90 degrees) by
finding the waghts that you must hang from these pulleys to baance the weights. Check your
results graphicaly and mathematicaly.

Questions

Compare the graphica and analytical (addition of components) methods for adding vectors. Which
is more accurate? Give possible sources of error for both methods. Why isit useful to use both
methods?

What are the possible sources of error in the experimenta method? (Why is it necessary to dlow
the strings to dip loosdly about thering.)

If the weights of al the weight hangers were the same, could their weight have been neglected?
Explan.

What is the effect of the weight of the ring? What difference would it make if the ring were
considerably more massive?
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4. Atwood’s Machine: Newton’s Second Law

Introduction

A physicd “law” is a satement of one of the fundamenta theoretical principles that underlie our
understanding of how the physical world works. Newton's First and Second Laws describe the
relationship between force, mass, and acceleration. The net (total) force on an object, which is the
vector sum of al gpplied forces, is equa to the total mass times the acceleration of the object. In
this Iab you will use asmple sysem of pulleys, strings and weights to investigate this relationship.

Equipment
* Pulley Leve * String, mass hangers » 2 Meter stick
» clamps and support rods * Sets of masses * Stopwatch

Before the Lab

Read the sections in your text describing Newton's Laws. You should learn draw a forces
diagram and detemine the vector sum of al the forces on an
object.
Theory o -

When two masses are suspended by a string over a
pulley Figure 3) each feds a downward force due to its
weight (W=mg) and an upward force due to the tenson (T)
in the string (Figure 4). If these two forces are equd, then a, T

the net force on the mass is zero and, as Newton'sfirst law & \L

tels us, there will be no acceleration of the mass m, Dy
If one mass is heavier than the other, then the masses

may accelerate — one moving upward and the other down.

Newton's second law tdls us that in this case there must be

anet force on each mass.

F.=ma Ly
If the string and pulley are considered to be nearly Figure 3: Massand pulley system
masd ess, then no force is need to either accelerate the dring
or cause the pulley to rotate. In this case the tenson
in the string is equal on both ends. The forces on the /I\
-

two masses are then: . /I\

F,=T-mg=maadF,=T- mg=-ma
where we have used the fact that the acceleration of my
: ) T T
each mass is the same (since they are connected by mg
the dring) and assumed that mass 1 is accelerating mlg\]/ \l/
upward and mass 2 is acceerating downward.
Algebraicaly we can solve thisto show that Figure 4: Force diagrams- draw each object
m,g- mg=(m +m,)a separ ately
In effect the tenson pulling in opposite directions
cancels, so the net forcebecomes F, =T- mg+m,g- T =m,g- mg whilethetotd mass

m,
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4. Atwood’s Machine: Newton’'s Second Law

being accdlerated is m + m,. Thus a = mz; M 4 andif m, is grester than my it will indeed
m+m

accelerate downward. If m, is greater, the acceleration is negetive meaning that each mass

accelerates in the direction opposite to what was originaly assumed.

Friction and Rotational Inertia

The red pulley and mass arrangement is not as smple as that described above. Some factors
will affect the acceleration are 1) friction, which has not been included in the net force, 2) the mass
of the tring, and 3) the rotational inertia of the pulley. If we add the force of friction, f, to the net
force, it becomes F,, =m,g- m,g- f. The fact the pulley is not masdess means that it does
require a net torque (force acting off-center) to make it rotate — thisis supplied by the tendon in the
gring. The rotational inertia of the pulley then adds an equivalent mass to the tota mass being

- - f
accelerated, sothat a = r(TTi n:?ieq where the equivaent massfor the pulley is approximately
1
rnequiv = E M pulley *

Determining the acceleration with a stopwatch and meter stick

The accderation may be determined by measuring the time, t, required for the massto fdl from
rest a pecific distance Dy . If a is constant then we know that Dy = vt + 1at® = 1at”.

Procedure

Y ou will be investigating the relationship between mass and accderation by varying both my and
m, and observing a. We have shown from Newton’s Second Law that

(m,- m)g- f
m +m, + My,
Thus it seems worthwhile to try to sysematicdly investigate the relationship between mass, force
and acceleration by 1) keeping the net force congtant by holding (m2 - m)g condant while

varying (m, +m) and 2) kesping the total mass, (m, + m ), constant while varying the net force
by chenging (m, - m)g

Vary the total mass (keep the net force constant)

Set up the apparatus as shown in the figure. Before assembling it record the weights of the mass
hangers, the masses you will use, the pulley and the string. Use a piece of string long enough
that you can observe adistance of at least 1 meter asthe massfalls.

Begin with the two messes m; and m, each equd to 50 grams (this may be the mass of the hangers
adone). When the two masses are equa the net force is zero. In the absence of friction, if the
masses are set in motion they should continue to move a constant speed (zero acceleration).
Hang the masses on the pulley and if necessary tap one sSide to set it in motion. Do you observe
any sgnificant friction? Record your observations.
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4. Atwood’s Machine: Newton's Second Law

Add 10 grams to m, but leave m, fixed. Start withm, near the pulley and measure the distance
from the bottom of m, to the floor. Thisis Dy . Then release m, and record the time, t, which it
takes to hit the ground. Make a few trid runs for practice and then record three independent
messurements of t.

Add 100 grams to each sde. This keeps the weight difference congtant while increasing the total
mass. Re-measure Dy(in case the gring stretches) and record three independent

measurements of timet.
Repest twice more by adding additional increments of 100 grams to each side for atota of four
trids with the 10 gram mass difference. Alwaysre-measure Dy .

Now repesat for atotal of four more trids using a 20 gram mass difference.

Vary the net force (keep the total mass constant)

Begin with atotal of 260 grams for each mass. For the ascending mass, m; use a combination of
(50+200 +5+ 2+ 2+ 1) grams, for the descending mass, m,, use (50 + 200 + 10) grams.

Transfer 1 gram from my to m,. Record the mass of each (259 grams and 261 grams) then measure
Dy and make at least three good trias to record times.

Repeet by trandferring additionad massfrom my to m.
Trandfer an additional 2 gramsfrom my to m,.
Transfer an additional 2 gramsfrom my to m,.
Trandfer an additional 5 gramsfrom my to m,.

Repeat garting with atota of 360 grams for each mass.

Analysis

For each trid, caculate the experimentally determined acceeration from the distance and time
measurements. Show how the caculation is performed.

From the masses and mass differences caculate the theoretica accderation. Include the effect of

the equivdent mass of the pulley but neglect the effect of friction.

Cdculate the percent difference between the theoreticd and experimenta values. (Percent
differenceis equal to ((Exp-- Theo)/Theo) " 100%.)

For the data with congtant tota mass, the predicted relationship between acceeration and mass

difference: a= (mz - m)g |
rnl + mz + I’T’Equiv

mass difference (my - mp). A grgph of y versus x is a draght line if it fits the formula
"y(X)=mx+b", where 'm" isthe dope and "b" isthe intercept. Rewrite the equation for a in this
form. What is the dope of the graph of &, versus (m, - my)? What is the intercept. Answer
these questions in your report.

Using a computer graphing program, make graphs of (agyp.) versus (m; - my) for each of your two
data sets. Use aleast squaresfitting procedure to find the dope and intercept of your graph.

Determine the units of the dope and intercept determined from the graph

From the dope and intercept, determine the gravitational acceleration, g and the force of friction, f.
Make sure your units come out in m/sec? for acceleration and in Newtons for force.

can be represented on a graph of acceleration (aeyp,) Versus
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4. Atwood’s Machine: Newton’'s Second Law

Questions
Be sure that your report documents your caculaions and explains how the vaue of g and the
meagnitude of thefrictiond forcef can be determined from the graph.
How does the fact that the string has mass affect your experiment? Do you consder this an

important effect?

Compare the magnitude of the force of friction to the other forces present in this experiment. Is
friction asgnificant factor?

When the net force (due to mass difference) remains constant but the tota mass increases, what
happens to the accleration?

When the totd mass remains congtant but the net force increases, what happens to the

acceleration?
Explain specificaly whether the answers to the previous two questions reflect Newton's Second

Law.
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4. Atwood’s Machine: Newton's Second Law

Vary the total mass (keep the net force constant): 10 gram mass difference

Mass of pulley Mequiv fOr pulley
Mass of gtring Mass of hangers
Data

Ascending

mass,

Descending
mass,

Time, t

my

mp
Distance Dy

1

2

3

Time Avg.

Calculaions

Calculated
acceleration, Gexp

Tota mass
m,+ m2+mequiv

Mass Difference
(M- my)

Net Force
(M- my)g

Theoretical
Acceleration, G¢heo.

% Diff between
exp. and theo.

Cdculations (show and explain work)
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4. Atwood’s Machine: Newton's Second Law

Vary the total mass (keep the net force constant): 20 gram mass difference

Mass of pulley Mequiv fOr pulley
Mass of gtring Mass of hangers
Data

Ascending

mass,

Descending
mass,

Time, t

my

mp
Distance Dy

1

2

3

Time Avg.

Cdculations

Calculated
acceleration, Gexp

Tota mass
m,+ m2+mequiv

Mass Difference
(M- my)

Net Force
(M- my)g

Theoretical
Acceleration, G¢heo.

% Diff between
exp. and theo.

Cdculations (show and explain work)
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Vary the net force (keep the total mass constant at 260 grams)

Mass of pulley Mequiv TOr pulley
Mass of string Mass of hangers
Data

Ascending

mass,

Descending
mass,

Time t

My

m
Distance Dy

1

2

3

Time Avg.

Cdculdions

Cadlculated
acceleration, Aexp

Totd mass
my+ m2+mequiv

Mass Difference
(my- my)

Net Force
(my- my)g

Theoretical
Acceleration, Ghep.

% Diff between

exp. and theo.
From graph:
Slope g from graph
units units theoretical g units
I ntercept f from graph
units units

Cdculations (show and explain work)
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4. Atwood’s Machine: Newton's Second Law

Vary the net force (keep the total mass constant at 360 grams)
Data

Ascending
mass,

Descending
mass,

Time t

my

mp
Digance Dy

1

2

3

Time Avg.

Cdculaions

Calculated
acceleration, Gexp

Tota mass
m,+ m2+mequiv

Mass Difference
(my- my)

Net Force
(m,- my)g

Theoretical
Acceleration, G¢heo.

% Diff between

exp. and theo.
From graph:
Sope g from graph
units units theoretical g units
| ntercept f from graph
units units
Cdculations (show work)
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5. Friction: Investigation of a model for friction

Introduction o
Friction is the contact

When two solid surfaces come in contact  force which isalong

with each other there will be forces acting — (tangent) to the surface. x
between the surfaces. These “contact forces’ - f
can be broken up into two components a A (N
Normal Force which is perpendicular to the  TheNormal forceisthe
surface and prevents the surfaces from passing S oure (o)
through each other and Friction whichactsdong ~ tothesurface. -
the surface and prevents or hinders relative
motion of the two surfaces. Both forces originate
a the microscopic levd in  dectromagnetic
interactions between the atoms of the surfaces.
Rather than attempting to undersand dl the
details of this interaction, however, it is often
useful to come up with a model for describing
theseforces. In thislab we will investigate one modd for friction.

Figure 5: Forceson a block resting on an
inclined surface. Contact forces are
broken into  two perpendicular
components. friction and the normal
force.

Equipment

* adjustable inclined plane » wooden blockswith hooks ~ « masses, mass hanger

with pulley * gring and scissors * balance to weigh masses

* ruler, protractor * graph paper » blocks or books for propping

Before the Lab

Read the sections in your text describing friction. Reead the theory section below and answer
the pre-lab quegtions which follow.

Theory

Friction is the contact force between two surfaces which ressts relative maotion of the two
surfaces: thet is, it prevents or hinders the two surfaces from diding relative to each other. The
direction of the frictiona forces is dong, or tangent, to the surfaces and in a direction that will
oppose the rdative motion. Experimental observation has established that friction depends on the
materids of the two surfaces (their composition and roughness) and upon the Normal Force
between the two surfaces. The Normal force is the force of contact which is perpendicular to the
surface and prevents the two surfaces from moving through each other. To a good approximation
the frictional force appears to be independent of the area of contact between the surfaces.

Static Friction

When we attempt to make two surfaces dide relative to each other, for example by trying to
push a book across the table, the force of friction will oppose the reative motion between the two
surfaces.  This means that as we increase the force with which we push the book, the force of
friction will increase until it has reached alimiting vaue. While the two surfaces are not (yet) moving
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5. Friction: Investigation of a model for friction

relative to each other, we cdl the force of friction static friction. To describe Satic friction
mathemétically, we can mode it with the equation:

fs<mN (Equation 1: Static Friction)
where f is the force of friction, m is cdled the coefficient of static friction and is a number that
depends on the materials and roughness of the two surfaces and N isthe normad force between the
two surfaces. Static friction is less than or equa to the limiting value mN because it starts a zero
when there is no outside force trying to make the two surfaces dide relative to each other and then
increases as the outside force increases until it reaches a limit and the two surfaces breek free and
begin to dide relative to each other.

Kinetic Friction

After the surfaces begin to dide rdative to each other, friction holds a congtant vaue and, while
it can't prevent relaive mation, it will hinder or dow down thismotion. Thistype of friction is caled
kinetic friction and is represented by the equation:

fie N (Equation 2: Kinetic Friction)
where fy is the force of friction, m is the coefficient of kinetic friction and N is again the norma
force. This equation shows that kinetic friction aways has the same congtant vaue any time the two
surfaces are moving reldive to each other (as long as the nature of the surfaces and the norma
forces don't change). The coefficient of kinetic friction is often less than the coefficient of datic
friction, because once the two surfaces begin to dide relative to each other the frictiona force may
actudly decrease dightly, due to factors such as alayer of air between the surfaces.

Note that these two equations only describe the magnitudes of the frictiond forces. The
direction is aways aong the surface (a 90° to the norma force, N) and directed so as to oppose
the relative mation.

Experimental Method A: The inclined plane

Fgure 6 shows that for a block on an inclined plane the component of weight dong the plane,
mg snqg , will act to accelerate the block down the plane. Friction opposes this motion by acting in
the direction up the plane. If the angle is smdl enough or the coefficient of friction is large enough,
friction can prevent the motion of the block. Once the maximum limit for Satic friction is reached,
however, the block begins to dide down the plane and, athough the acceleration is decreased by
the opposing force of kinetic friction, the block will accelerate as it dides down the plane.

Condder an inclined
plane, as shown in Fgure
6, whose angle, q, can be

adjusted. If a block is
placed on the plane while it
is horizonta and the angle
of the plane is dowly iy
incressed  eventudly  the '

block will begin to dide.
This is the point a which
the limit of Static friction has been reached. We can write the forces on the block in terms of
components along (tangent to) the plane and components perpendicular (normal) to the plane.

Block oninclined plane: Force diagram for the block.

Figure 6: Block on an inclined plane
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5. Friction: Investigation of a model for friction

Perpendicular to the plane the accderation is dways zero and the Newtons Laws tell us that
N-mg cosg= ma,=0 or N=mg cosqg ©)]
Before the block dides, friction is less that or equd to the static limit and there is no accderaion
aong the plane either. Thus the forces dong the plane are given by:

mg dng - f=ma,=0 or fs= mg ang (before block dides) 4
In our model, f<<mN and therefore
fs< mmg cosqg (before block dides) (5)

The force of friction increases as the angle increases until the maximum vaue is reeched. Exactly at
this angle accderation is fill zero and:
fs= mg Ing <=mmg cosq s (just as block dides) (6)
From this we find that the angle at which the block dides, gs is relaed to the coefficient of friction by
the equation:
tangs- SN Qs/ COSgs = m (7)
This provides an experimenta way of determining the coefficient of Satic friction.

In a smilar way the inclined plane can be used to determine the coefficient of kinetic friction.
Once the block begins to dide, the frictiona force in our mode is determined by the equation
fi=mN. For the block on theinclined plane, this becomes

fk =mymg cosq (while the block dides) (8)
If the coefficient of kinetic friction is less than the coefficient of atic friction, then less force will be
required to keep the block moving than was required to start the block moving. We can find an
angle, g, & which the block can move at constant speed (no acceleration). At this angle the kinetic
friction must exactly baance the weight down the incline. We will need to “push” the block to start
it moving but once it is arted there will be zero net force down the incline and the block will move
at constant speed. For thisangle:

fk = mg Ingk
and (while block dides at constant speed) 9
fi=mymg cosci
and thus
tangx = Nk (10)

This equation may be used to find the coefficient of kinetic friction by finding an angle for which the
block may need a*“push” to get started but, once started, moves at constant speed.
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Experimental Method B: The block and pulley.

Another experimentd
arangement for measuring the Block and pulley system: Force diagrams for block and mass:
coefficients of friction is Ny
shown in Figure 7. Here the ; /r
inclined plane is lowered to a M <} M'l | L T
horizontal postion and force
is applied to the block by a J/Mlg '
hanging mass connected to i
the block via a pulley. The Mo l Mg

force diagram shows the
forces on both the block and
the hanging mass. Because Figure 7: Block and pulley system

the Tengon, T, tranamitted by

the string represents two objects acting on each other, they form an actionreaction pair and by
Newton's third law, the tenson, T, is the same for both objects. (This assumes that the string and
pulley are both massess and require no force in order to move or rotate)) We again break forces
into components and find that for the block, M, the forces norma to the horizonta plane and along
the plane are:

Nl'Mlg = M]_aly =0 and T-f= Msayy (11)
and for the hanging mass, M, the forces are:
Mzg -T=M-oa, (12)

The acceleration of the block perpendicular to the plane, ayy, is dways zero. The acceleration of the
block adong the plane will be equa to the downward acceleration of the hanging mass and so
Aijx=ady.

If there is no acceleration of the block and the mass (a;x=a,=0) then T=M,g and at the angle for
which the block just beginsto dide (the limit for Satic friction):

fs= T= Myg=mN; = mMg (just asthe block beginsto dide) (13
from which we determine that:
M, =mM; (just asthe block beginsto dide) (14)

This equation can be used to determine the coefficient of gatic friction by finding a mass, My, for
which the block just begins to dide. Note that the basc relationship given by Equation (13) is a
relationship between forces, Mg and m M,g, but because the factor of g is common to both it
cancels and the coefficient of friction is found in terms of aratio of masses. A smilar procedure
can be used to find the coefficient of kinetic friction by finding avaue for the hanging mass for which
the block will dide a constant speed provided it is first given a “push” to overcome dtatic friction.
Again there is no acceleration so the forces exactly cancd and
fk=T= M 0=mN; = mMg (block moves at constant speed) (15
S0 that
M, =mM; (block moves at constant speed) (16)
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Pre-lab questions

Read the introduction to the laboratory and then answer the following questions before
beginning the lab.

The direction of a frictiond force is dways in a direction which is to the rdative
motion or the tendency toward relative motion of two objects.

State what two kinds of coefficients of friction exist. Describe the conditions under which each kind
is appropriate. State the relaionship that is generdly true that exists between their magnitudes.

Suppose a block of mass 25.0 kg rests on a horizonta plane, and the coefficient of datic friction
between the surfaces is 0.220. (a) What is the maximum possible gatic frictiond force that
could act on the block? Newtons. (b) What is the actud satic frictiona force
that acts on the block if an externd force of 25.0 Newtons acts horizontally on the block?

Newtons. Show your work

In the experiments to measure the coefficient of kinetic friction by diding a block down an inclined
plane, it is required that the block move a congtant velocity. Why is this a requirement?

Frictiond forces on a block on an inclined plane are dways directed down the plane. (&) True (b)
Fdse Explan.

A 5.0 kg block rests on a horizontd plane. A force of 10 N applied horizontaly causes the block
to move horizontdly at constant velocity. What is the coefficient of kinetic friction between the
block and the plane? (g= 9.8 m/s2) Show your work.

What are the units of the coefficients of friction?

If the equations described are vaid, why doesn't the force of friction depend upon the apparent
area of the two surfacesin contact?

How does the coefficient of kinetic friction depend upon the speed of a moving object?

Objectives of this lab
In this experiment the nature of the frictional forces between a smooth wooden block and a

smooth flat board will be investigated to compare to what is expected using the equaions given

above (our mode for friction). The board will be used in the horizonta position and as an inclined
plane to accomplish the following objectives:

Determine m and ny by two different methods.

Test whether m > m
Determine whether the coefficients of friction are independent of the normal force.

Part A: Board as an Inclined Plane

Procedure (A)
Measuring the coefficient of datic friction

Place the block withits large surface down on the board. Adjust the angle of the board until the
block just beginsto dide on its own. Record the angle a which it dips as gs in the appropriate Data
Table (Static Friction, A) as gs. Repedat the procedure at least three more times, dlowing each lab
partner to try adjusting the board. Each time place the block in adightly different place on the plane
in order to compensate for the effects of any irregularities in the surfaces. Note carefully which sde
of the block and which sde of the board is used, and continue to use the same surfaces for dl the
measurements made in this experiment.
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Messuring the coefficient of kinetic friction

Again place the block on the board, using the same surface as you used previoudy. This time
you will incline the board until the block is able to move down the plane at constant speed &fter it is
given adight push to gart it ismation. It may take severd atempts to find an angle for which you
can “nudge’ the block to get it started but for which the block will then move at congtant speed
rather than accderating. (The block may start and gdl asit dides) Record the angle a which this
occurs as k. Repeat this process three more times for a tota of four trids. Agan try to use
different parts of the board in order to average the effects of nonuniformity of the surface.

Calculations and Graphs (A)

1. For each g caculate tan s (see Equation 7) and record the values in the appropriate Data
Table. Determine m for the four measurements and then caculate the average vaue of m
determined by this method. From the variations in your measurements make an estimate of
uncertainty in your vaue of m.

For each g« measured calculate tan g« (see Equation 10) and record the values in the Data Table.
Calculate and record the mean m for the four measurements. Make an estimate of uncertainty.

Part B: Horizontal Board with Pulley

Procedure (B)

Mesasuring the coefficient of datic friction

1. Determine the mass of the block using the balance. Record it in the Data Table (Static Friction,
B) as M; in the space labeled “0 kg added”.

2. Place the board in a horizontal position on the laboratory table with puley beyond the edge of
the table as shown in Figure 7. Place the block on the board using the same surface as you used
previoudy.

3. Attach a piece of dtring to the hook in the block. Place it over the pulley and attach the mass
holder to the other end of the string. Adjust the position of the pulley until the string pulls
paralld to the horizontal surface. Carefully add mass to the mass holder to find the minimum
mass needed to just cause the block to move. Record the value of mass determined as M, in
the Data Table (Static Friction, B). Be sure to include the of the holder in the tota for M..
Repeat the procedure two more times for atotal of three trials using different parts of the board
eschtime.

4. Repesat procedure 3 but add 0.2 kg to the top of the block. Record the value of the mass of the
block plus 0.2 kg as M;. Again determine the minimum mass needed to just cause the mass M,
to move. Do threetrids and record each as M, in the Data Table (Static Friction, B).

Continue this process adding 0.4, 0.6, and finaly 0.8 kg to the top of the block. In each case make
measurements for threetrids.

Messuring the coefficient of kinetic friction
Perform a smilar set of measurements as just described, but this time determine the mass M,

needed to keep the block moving a constant velocity after it has been started with a smal push.

Again teke three trids for each case and use vaues of M, beginning with the mass of the block and

incrementing in steps of 0.2 kg up to atotal of 0.8 kg. Record the vaues of M, and M, for dl the

casssin the Data Table (Kinetic Friction, B).
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Calculations and Graphs (B)

Calculate the mean (average) M, for the three trids which measured M, for each of the vaues of
M; used in part B for both the static and kinetic friction cases. Record these values in the
appropriate Data Table.

According to Equation (14) there is a linear relationship between M, and M, provided that i, isa
congtant. Graph the datic friction data for the horizontal plane case usng M, as the ordinate
(vertical or y-axis) and M; as the abscissas (horizontal or x-axis). If rr, isconstant this graph
should be a draight line. Show on the grgph the draight line obtained from the linear least
squaresfit. From the dope of the line determine .

Graph the kinetic friction data for the horizonta plane case usng M, as the horizontd variable and
M; as the verticd varidble. Show on the gragph the straight line obtained from the linear least
uares fit. Determine ny from the dope of the line.

Questions

Discuss the agreement between the two different measured vaues of m measured in part A and part
B. Caculate the % difference for these two methods:

% difference of quantity " X" = —2—2-" 100% (16)
average X

Answer the same question for the kinetic friction data

In part B, if the coefficient of friction depended on the mass M, then the equation M= M, would
not be agraight line. Does it gppear asif risindependent of M;?

For which method (A or B) did you measure vauesof r and mr, for different vaues of the normal
force. (Hint: examine equations (3) and (11) to find the norma force. Assume that any variations
inangle for part A were due to experimentd uncertainty.)

To what extent do your data confirm the expectation that the coefficients of friction, both static and
kinetic, are independent of the normal force? State the evidence for your opinion.

Do your data confirm the expected relationship between m and m? State clearly what is expected
and what your data indicate.
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Data Table: Static Friction, A

5. Friction: Investigation of a model for friction

Experimentd Data Cdculaions
Surface used qs m= tan qs Average M Estimated Uncertainty
Data Table: Kinetic Friction, A
Experimentd Data Cdculations
Surface used qk m = tan qk Average My Estimated Uncertanty

Note: If you try different types of surfaces, you can record that under” Surface Used”. For
example "rough’, "smooth”, "large 9de’, "smdl sde'.
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Mass of hanger=

Data Table: Static Friction, B

Data Table: Kinetic Friction, B

Data Cdlc. Data Cadlc.
Average Average
Mass M, for Mass M for this
added M 1 M 2 thisM; added M 1 M 2 M4
0 kg 0 kg

What is the relationship between the Normal force and M, ? (See equation 11)

5. Friction: Investigation of a model for friction
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5. Friction: Investigation of a model for friction
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6. Centripetal Force: The center-seeking force.

Introduction

When an object is moving in a circle at constant speed the acceleration is not zero. Even though the
speed may be congtant the velocity is changing. Remember that the acceleration is the rate of change of
velocity, not of speed, and velocity is a vector with both a magnitude and direction. Thusto movein acircle
aforce, F=ma is required. This force must point towards the center Snce when moving in a circle the
direction of the velocity is continudly bending towards the center. Using calculus it can be shown theat for
circular motion at constant speed the magnitude of the acceleration is F=mv?/R, where m is the mass, v the
gpeed and R the radius of the circle. In this lab we will attempt to verify this.

Equipment

* centripetal force apparatus * masses, mass hanger * stopwatch
* balance to weigh masses * orings * leve e ruler
Theory

_ Circular Motion:
In the absence of any externa force, Newton's first law tells us <..

thet any object will ether remain a rest or continue to move in a “':,‘,:.:_::.: ‘
straight line at constant velocity. When moving in acircle, therefore, - ? T
a force is required to change the direction of motion even if the g \\
speed does not change. This force must be directed towards the
center of the circle. Whatever its source (gravity, arope, a spring) we
cdl this force the centripetal force, meaning center-seeking. We can
See that this force is necessary for circular motion if we imaging what s
would happen if we removed it. When amasstied to aropeistwirled -
in acircle, the inward force of the rope keepsit moving in acircle. If e
we cut the rope what would happen to the mass? Its inertia would Figure 8 The moon travels
keep it moving in agraight line at congtant speed. Thusit would seem (nearly) in a dircle about the
to “fly avay” from the circle. In fact it is not traveling redidly oitward ot due to the  inward
but rather in a line tangent to the circle. The natura condition of the ¢4 ce of gravity. Without this
mass is to travel in a sraight line: we must apply a“centripetd forc€”  ¢5rce it would travd in a
by means of the tenson in the rope to cause the direction of the raight line
velocity vector to change if we want it to travel inacircle.

When traveling in a circle of radius R a distance of 2pRis covered every revolution. The period (time
for one revolution) is denoted by the symbol T. The speed, v, isthus give by

=X - 2R @
Dt T

For uniform circular motion at congtant speed, it can be shown that the inwardly directed centripetd
acceleration must be

2 2p?2 2
a:v_:l4p 2R :4p2R 2
R R T T
From Newton’s Law, the net (total) force on the object must therefore be
2 2
F:ma:mv :m4p2R 3
R T

Thisforceis created by red, physica forces (gravity, strings, springs etc) and is directed towards the center
of thecircle.
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6. Centripetal Force: The center-seeking force.

Procedure

The centripetd force /— \I?vz!gﬂfing
gpparatus is shown in Fgure

9. The inwad force is
provided by a spring and the Bob S —
hanging Bob may be st in \ Spring pulls
cdrcular mation by twirling the Pointer = inward
center rod between your Pulley from \ ANV
fingers In this lab you will  whichtohana Knurled section
measure the force of the L for twirling
soring for different radii and !

7

then measure the period of
circular motion required to
keep the Bob moving in a
circle of congant Radius. If
the motion is too dow, the
spring will pull the Bob inward towards the center. If the motion is too fast, the force of the spring will be
insufficient to kegp the Bob moving in acirdle and it will travel tangent to the circle -- asitsinertiatendsto
keep it moving in adraight line.

Figure 9: Centripetal Force Appar atus

Measuring the force of the spring for a given radius.

Weigh the Bob on the baance and record its mass as ms.

Set the position of the Pointer to its smalest radius. Measure this radius (distance from the center rod) with
aruler. Record in Table One. Adjust the position of the Bob until it is hanging over the pointer when
no spring is attached. Attach aspring. Thiswill pull the Bob inwards. Attach a gtring to the Bob. Pass
the string through the pulley and attach a mass hanger to the string. Add masses to the hanger until the
Bob once again hangs straight over the pointer. Record this mass, my, in Table One and calculate the
Weight of the hanging masses.

Draw two Force Diagrams Draw separate diagrams for the Bob and for the hanging mass.

The verticd forces on the Bob are the tenson in the verticd string, Ty, and the weight of the Bob, W5.

The horizonta forces on the Bob are gpplied by the spring, cal this Fg, and the tensgon in the string that
pases over the pulley to the hanging mass, cal this Ty,

The hanging mass has only vertica forces, Ty and Wy. (T on the Bob and Ty, on the hanging mass are
equd and opposite due to Newton'sthird law.)

From your force diagrams show that in this Stuation where there is no acceeration Ty=Wy and so the force
of the soring Fs=Wu=myg.

Measuring the period of circular motion

Remove the hanging masses and their string.  The spring now pulls the Bob towards the center. Now you
will twirl the Bob by rolling the knurled section of the center rod between your fingers until the Bob
hangs verticdly over the pointer. Notice that if you twirl dowly the Bob is pulled inward by the spring
and if you twirl too fast the Bob travels outwards towards larger radius. At just the right speed the
force of the spring will be equa to the centripetal force required to keep the Bob moving a constant
gpeed. Practice twirling the rod until you can keep it moving a a constant speed with the Bob hanging
directly over the pointer.




6. Centripetal Force: The center-seeking force.

In order to determine the period of rotation you must keep the Bob twirling at constant speed as you count
and time about some number, N, revolutions. A stopwatch will be used to measure the total time for N
revolutions and period for one revolution can be caculated by dividing the tota time by the number of
revolutions (N). While the time and number of turns are being counted the rotation is maintained at
congtant speed by periodic twirling of the knurled section on the rod.

To measure the period have one lab partner (the twirler) turn the rod. Another Iab partner (the timer) holds
the stop watch while a third (the counter) counts the number of times the Bob passes over the pointer.
When the twirler feds that they are maintaining a constant speed which keeps the Bob centered over the
pointer they sgna the timer and counter by saying “three, two, one, go” After the timing Sarts the
counter counts the number of times the Bob passes over the pointer. After counting 50 to 100 turns,
the counter sgnas the end of the count, for example by saying “67, 68, 69, stop” and the timer stops
the watch. Record the total number of revolutions, N, and the time, T in Table Two. The period
measured isthen T= Tiqa /N.

Repeet for an additiond three trids, having lab partners switch roles (twirler, timer, counters). Record all
trials and caculate an average period for this radius and this Bob mass.

Calculations and comparison

Cdculate the velocity which corresponds to this period and radius.
Cdculate the centripetd force required for this speed and this radius. Compare this to the force gpplied by
the spring and ca culate a percentage difference.

Repeat for different Bob masses

Loosen the knurled nut on top of the Bob and add a dotted mass (about 100 grams). Consider the Force
Diagrams you drew previoudy. Is there any change in the force of the soring if the Bob's mass
changes?

Measure the period of rotation required to keep the Bob moving at constant speed a this Radius as
described above. Repest this measurement three times.

Again compare the calculated centripeta force required for this mass to the force of the spring. How does
the force change when the mass of the Bob changes? How has the velocity changed?

Repeat for a different radius.

Remove the added mass from the Bob. Move the pointer out to its largest radius. Move the Bob (with no
goring attached) until it hangs vertically over the pointer. Now repeat the measurement of the force of
the stretched spring for this larger radius by re-ataching the string via the pulley to the hanging masses.
Add masses until the Bob once again hangs verticdly. Record the masses and cdculate the Weight of
the hanging masses. Record thisdatain Table One.

Once again remove the hanging masses and measure the period of rotation needed to keep the Bob moving
at constant peed and hanging vertically over the pointer. Record in Table Two.

Cdculate the required centripetal force and compare to the measured force of the spring. How does the
centripetal force change with radius?

Questions
1. When the Bob is moving in a circle, what provides the centripetd force? If it is suddenly removed,
what would happen to the Bob?
2. What does Newton's First Law would predict woud happen to the Bob if dl force was removed? Is
this consstent with your answer to Question 17?
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6. Centripetal Force: The center-seeking force.

3. Examine equation (3). If everything in the equation were congtant except that the mass increased,
how would the centripetd force required to move in a circle change? If you double the mass what
happens to the required centripeta force?

4. Examine equation (3). If everything in the equation were constant except that the speed increased,
how would the centripetal force required to move in a circle change? If you double the speed what
happens to the required centripeta force?

5. In your experiment, you changed the mass but kept the radius constant. Because the radius did not
change, the force of the spring did not change. Instead, when you increased the mass, you had to
change something else in order to make the required centripeta force stay the same. What did you
change? Did you increase or decrease it? By how much (whét ratio)? |s this what you would have
predicted from equation (3)?

6. When you changed the radius but used the same mass, what parts of equation (3) changed? What
did you have to change in order to keep equation (3) balanced? Did it change as you would have
predicted from equation (3)?
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Table One: Calibration of the Spring Force

6. Centripetal Force: The center-seeking force.

Experimenta Data Cdculaions
Massof | Radius(Lengthfrom | Hanging massss, Hanging Force of Spring for
Bob center of Bob to My Weight, myg this Radius.
center of Rod)

Force Diagrams for Bob and for the hanging mass. Draw and label the horizontd and verticd
forces on each object. Show that if acceleration is zero the force applied by the spring is equd to
the weight of the hanging mass.

Bob

Mass

Table Two: Measurement of period, calculation of required centripetal force.

Bob Mass, | Radius, | Trial Time | Period | Avg. | _ 2pR mv2 | Faring %
M R No. | N Trota T T V-? F= = (from Diff.
above)

1

2

3

1

2

3

1

2

3

1

2

3
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6. Centripetal Force: The center-seeking force.
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7. The Ballistic Pendulum

Introduction

In this lab we will use consarvation of energy and momentum to determine the velocity of a
projectile fired into a pendulum and compare that to the velocity determined by looking a the
trgjectory of the projectile when it is launched across the room. In the Balistic Pendulum (Figure 1)
a spring loaded gun fires a projectile horizontaly into the bob of a pendulum, where it becomes
lodged. The pendulum swings backward to some maximum height where it is stopped. By
measuring the maximum heights of the pendulum and projectile and usng consarvation of mechanicd
energy, we can determine the kinetic energy of the pendulum plus projectile immediatdly after the
collison of the proectile and pendulum. Knowing the veocity of the pendulum/projectile
immediately after they collide, we can then use conservation of momentum to caculate the velocity
of the projectile done before the collison. This velocity will then be compared to that determined
by firing the projectile across the room and seeing where it lands.

Equipment
Baligic Pendulum Sted Bdl rubber bands level, masking tape
metric rulers paper and carbon balance 2 meter sticks

| Eye Protection Recommended when pr ojectiles ar e flying around!

Before the lab

Review two dimensond projectile motion, conservation of energy and conservation of
momentum. Pay particular atention to when energy or momentum are conserved. Mechanica
energy (kinetic plus potentid energy) is conserved when no work is done by non-conservative
forces such as friction. Internal forces can include forces of friction which generate heat and
cause loss of mechanica energy. Momentum is conserved when no external forces are acting. Ina
collison total momertum is conserved because the interna forces cause equal and opposite changes
in the momentum of the colliding objects.

Ball plus
pendulum Pendulum
swing upward catches ball Spring loaded
“gun” fires
the ball
me+m, horizontally

%

Figure 1: The Ballistic Pendulum. Momentum in conserved in the collision of projedileand
pendulum. Mechanical Energy is conserved asthe pendulum/projectilerisesto itsfinal
height.

=0

m2 ml
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7. The Ballistic Pendulum

Theory

Conservation of Momentum: Before collision: After collison
Orne way to date Newton's Second Law: !

F=ma isin terms of the momentum, defined by: v § Ve

Since accderdion is the rate of change of velocity, 7\

it follows that if the mass is constant force must be m | m+ M,

the rate of change of momentum.  When two
objects collide the exert an equa and opposte
force on each other. This means that their changes
in momentum must be equa and opposite to each other. Aslong as there are no externally applied
forces the momentum of the sysem must be a congant. This can be illugtrated for an indagtic
calligon (one in which the two objects gtick together after the collison as shown in Figure 2.)
Suppose that before the collison one object, with mass m is moving with velocity w. It strikes a
second, initidly stationary, mass, m, and after the collison they gtick together and move with the
same speed, Vu+. . The momentum before the collison is given by phiia=mv;, and &fter the
collison by  pria=(mM+my)vasz Since there are no externd forces acting in the indant of the
collison, consarvation of momentum then determines that

MyVo=(Mi+Me) Vi) D
During this collison some of the energy may be dissipated as heat: kinetic energy is not
conserved in the collision itself.
Conservaion of Energy:

After the callison the pendulum/projectile combinaion (mass m=my+ny) has initid speed
V=V+2. Thismeansit has kinetic energy K= % mv>. We can determine how much energy thisis
by seeing how high the pendulum swings: it stops when al the kinetic energy is converted to
gravitationd potentid energy U=mgDh. We assume friction is negligible and note that snce thearm
of the pendulum acts perpendicularly to its motion the work by the tenson in the arm is zero. By
measuring how high the pendulunvprojectile swings we can determine what its velocity was in the
indant after the collison. From this we can work backwards and use conservation of momentum
(Equetion 1) to determine the projectile’ s velocity before the collison.
Projectile Motion:

If we move the pendulum away from the projectile we — >
can see how far it travels when we fire it across the room. O
The motion of the pendulum is determined by the initid
velocity ( in the xdirection) and the acceleration of gravity
(in the y-direction). The equations for constant acceleration kY Dy
arethen:

DX = X-Xo = Viout + Y2 &, t2 = Vit

Dy =y-Yo = Vpyt + Y28, t° = - Yo t?
From these equations and knowing the height Dy we can - Dx
use ameasurement of Dx to determine \p Or visa versa. D

Figure 2: A totally inelastic collision

v

Figure 3: Projectile mation.
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7. The Ballistic Pendulum

Procedure

Ballistic Pendulum

Determine the mass of the projectile, m, and the mass of the Ballistic Pendulum, nmp, Record these.

The mass of the Balistic Pendulum is not al concentrated on the end. Find the Center of Mass of
the Pendulum by finding the position where you can hold it horizontaly and balance it. Record
the distance from the bottom of the Bab to the Center of Mass and mark it with a pencil.

Replace the Pendulum. Place the projectile Bdl on the gun.

Hold the ball release and push the ball back until the gun is cocked.

Fire the gun and record the number of notches up from the bottom at which the pendulum catches.

Repesat for a totd of five trids. Cdculate the average notch number. This will give you the find
pogition of the pendulum.

Place the pendulum and bal so that they are hanging verticdly (in the postion they would be
immediatdy after the colligon). Carefully measure the height of the center of the bal and the
height of the Center of Mass of the pendulum and record these in the data table. (Heights may
be measured relative to either the base or the table).

Place the pendulum (with bal indde) a the notch corresponding to your average vaue for the
postion after the collison. Now carefully measure the height of the Bdl and the height of the
Center of Mass of the Pendulum. These are their find heights. Record them in your table.

Determine the pre-collision velocity

Y ou will work backwards from the measured changesin height to find the pre-collison veodity, vo.

Use Conservation of Energy to find the Kinetic Energy, and then the veocity, V. of the
pendulunvbal combination right after collison (but before the initia height has changed.).

Cdculate the change in potentid energy of the bal due to its change in height.

Cdculate the change in potentid energy of the pendulum due to its change in height (by
treeting dl the mass, m, asif its concentrated at the position of the Center of Mass of
the pendulum.)

Cdculate the totd change in potentid energy and from this find theinitid kinetic energy of
the pendulumvbal combinaion (Here initid means the indant after the collison but
before the objects have begun to rise in height.)

Find the corresponding velocity V(142

Describe your caculations and record the results.

Now use Consarvation of Momentum for the collison between the Bdl and the Pendulum to find
the pre-collison veocity of the Bal, w. (Thisassumes that dthough externa forces like gravity
ae present the collison happens quickly enough that they have no affect). You have the
common velocity, 1.2 after the collison and know the masses. Describe your caculaions
and record results.

Shooting the Ball across the room.

You now have an pre-collison vdocity for the bal with which it is launched by the gun, \.
Measure the height of the gun off the floor and use v,. asaninitid velocity to find out where the
bal would land on the floor if the Pendulum wasn't in the way. Describe your caculaions and
record your result.
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7. The Ballistic Pendulum

Move the pendulum up the notched rack until it is out of the way. Making sure the space in front of
your projectile is clear, measure out the distance to where you think the projectile will land.
Tape apiece of paper to the floor and mark the spot with an X.

Fire your projectile and see if your prediction is accurate. Check your caculation and re-measure
digancesif you are off.

If you hit the paper, tape carbon paper on top of it and fire the projectile five more times to make
marks where the Bdl| lands.

Carefully remove the carbon (put leave the paper) and record the positions, Dx, where the bdl
landed. (Dx is the horizontd distance from the initid bal postion to where it lands) Compare
thisto your predicted vaue.

Conclusions

Write a description of how you used the eguation for Conservation of Energy, Conservation of
Momentum and Projectile Mation in this lab (next page). What conditions made it vaid to use
these equations in these parts of the experiment?

Compare your prediction for the projectile range and the measured results. Discuss any differences
and reasons for the differences. Are there systematic reasons you might expect the results to be
larger or amdler than the prediction?

Is momentum conserved (congtant) after the collison (as the pendulum swings upwards)? Recal
that @ momentum is a vector p=mv and has both magnitude and direction and b) tota
momentum is acongant if there are no externa forces acting on the object.

In the collison itsdf Kinetic Energy is not conserved. Cdculate the change in kingtic energy in the
calligon (from just before the bal hits to just after and before there is any change in height).
Where might this energy have gone?



7. The Ballistic Pendulum

1. Conservation of Energy

Describe (in words) how you used Conservation of Energy in this lab. You must aso explain
why you were able to use conservation of energy for this part of the problem.

2. Conservation of Momentum

Describe (in words) how you used Consarvation of Momentum in this lab.  You must dso
explan why you were able to use conservation of momentum for this part of the problem.

3. Projectile Motion (Constant Acceleration)

Describe (in words) how you used the equations for constant acceleration in this lab.  Show
how you derived the result which you includein your Calculation Table.
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Ballistic Pendulum Data

7. The Ballistic Pendulum

Mass of Bdl Notch Numbersfor Five | 1) 2)
Trids 3) 4)
Mass of Pendulum 5)
Location of Center of Average Notch Number
Mass of Pendulum
Initid Height of Bdll Find Height of Bdl
Initiadl Height of Center of Finad Height of Center of
Mass of Pendulum Mass of Pendulum
Ballistic Pendulum Calculations:
Formulaor Equation used: Result of Caculation:

Change in Potentia Energy of
Pendulum

Changein Potentia Energy of Ball

Initial Kinetic Energy of Pendulum
Pus Bdl (right after collison)

Velocity of Bal and Pendulum Right
After Collison

Momentum After Collison

Momentum Before Collison

Veocity of Bal Before Collison

Predictionsand Resultsfor Projecti

le Motion (Ball Launched across room)

Measured Height from floor, Measured

Dy

Initid Veocity, o Determined above

Cdculation of Dx Formulaor Equation used: Result:

(Thisisyour prediction)

Actua Dx measured Five Trids Average Dx Measured
1) 2)
3) 4)
5)

Percent Difference;

% =[ (Xi-x2)% ]~ 100%
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8. Collisions on an air track

Introduction

We shdl define a collison as an impact between two or more objects in a system or during a
time in which no external forces act. The very fact that there are no externad forces means that:
total momentum is always conserved in a collision. In fact in three dimensions it is conserved
separately in each direction Ssnce momentum is a vector. Although interna forces may cause equd
and oppaosite changes in momentum, they do not necessarily cause equa and opposite changesin
kinetic energy. Thus Kinetic energy is not necessarily conserved in a collision. An elastic
callison is one in which two objects bounce off of each other and kinetic energy is conserved. Inan
inelastic collison some of the totd kinetic energy is logt from the syssem — it will be converted in to
other forms of energy, for example heat generated by friction. A collison is referred to as totally
inelastic when the two colliding objects stick together after the collison.

Equations
Momentun: KineticEner gy.
p=mv Pl :é my, K =3mv* Kiotal :é%mviz
%DF) _ pfinal_'_ Pinitia , 100% % DK = Kfinal - Kinitial * 100%
pi nitial K initial
Equipment
Air Track 2 large carts index cardsfor flags magnets on carts
Air blower 1 smdl cat 2 photogates, mounts ULI Timer, interface
Bdance Rods, clamps Ruler, meter stick, tape
Procedure

Carts gliding on an airtrack provide an opportunity to study collisons in one-dimension under
nearly friction-free conditions. Begin by setting up the airtrack and photogates (about 45 cm apart).
Attach pieces of index card to the carts to act as flags. Adjust the height of the photogates so the
flags pass through them, as shown in Figure 4. The flags will block the infrared photodiodes in the
photogates and send atiming sgnd to the computer. If you measure the width of the flags, Dx, and
the photogate measures the time it takes for the flag to pass through the gates, Dt , then you will be
able to measure the speed of the cart, v = Dx/Dt .

Cart A Gate #1 ot Gate #2
_> art
He0 TN
[ ]
- |
I
I__u_l I__u_l

Figure4: Air track with carts and photogates
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8. Collisions on an air track

Important: snce the timing software accepts only one flag length, you must put flags of egua
lengths on dl carts. Record this length in the data table.

Set up the ULI Time software

Open the experiment file labeled “Collision” for this lab. This sets up the timers to measure
two photogates independently and to calculate speeds from the measured times. Open the Setup
window and enter the length of your flags under L ength.

There are two columns for the times recorded by the two photogates. One column will record
Gate #1 and the other column will record Gate#2. After you Start the timing successve times will
gppear in each column as each gate is blocked. Practice blocking and unblocking the gates with
your hand until you understand how the times are recorded. Set up the photogates so the time
for Gate#lisrecorded in column 1 and thetimefor Gate#2 isrecorded in column 2.

Notes: for this lab you are only interested in collisons between the carts themselves, not in
collisons of the carts with the end of the tracks. The experiment is “over” as soon as ether cart
bounces off the end of the track. Y ou will keep recording times until you stop the software, but you
will not be interested in any times due to rebounding carts passing through the photogates.

Level the airtrack.

It isvery important that the airtrack be level and that the air supply properly hooked
up.

You can check to see if the track is level by placing a cart on the track and seeing if it driftsto
one end or the other. (The cart may drift dightly due to random fluctuations in the air supply but
should not favor one side or the other).

Place a single cart on the track. Start the Timing as you give a sndl push o that it passes
through both photogates. Ignore any additional times that are recorded after the cart rebounds from
the end of the track. Since there are no externd forces on the cart (after your initia push) its
veocity should be congtant. This means that the first two times recorded should be the same (within
experimenta uncertainty). If they are not then one of the following may be true:

If the cart dows down the air supply may be insufficient, resulting in friction. Check to see that the
ar hoseisfirmy connected.

If the cart dows down it may be going “uphill — you may need to raise the near end of the track.

If the cart Speeds up it may be going “downhill” — you need to raise the far end of the track.

Important These collisions do not work well if theinitial velocities given to the cartsare
too large or too small. Always give the carts a fairly gentle initial push: a violent collision
will cause the cartsto tip and “dig in” to the air layer on which they float, causing excessive
friction. On the other hand they should not be moving excruciatingly slowly either!
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8. Collisions on an air track

Part A: Totally Inelastic collisions, only one car moving before the collision
Record the masses of both the large and small carts.

Totally Inelastic collision with carts of equal mass

Prediction: In this experiment Cart A with mass M collides with a second cart, Cart B, of nearly
equa mass M. If Cat A isinitidly moving with velocity v and Cart B isinitidly moving with
zero velocity the momentum before the callisonis p,,,, = M v, + M>0= M v,. The Carts
move together dfter the collison with velocty v,,; < the find momentum is
Pig = (M + M)V a5 = 2M 3V, . If momentum is consarved in the collison then
Piira = Piniia - CaN you predict what will happen to the carts after the collison? Will they speed
up? Sow down? What will betheratio of v ,,g t0 v,?

Set up acollison between two gliders of nearly equal mass so that magnets attached to the carts will
cause them to stick together after they collide. Place Cart A before the first Gate and Cart B
dationary between the two gates, as in Fgure 4. All cats should be initidly clear of the
photogates and both carts should be able to pass cleanly through the second gate before hitting
the end of the track.

Give Cat A agentle initid push. Observe quditatively what happens to the carts after the collison
(Do they speed up? Slow down? Come to a hat?) Record your observations and compare to
your prediction.

Now set up the timing software. There will be three relevant times for this collison. Gate #1 will
record the initid velocity of Cart A. The initid velocity of Cart B is zero, so no corresponding
time will be recorded. Both carts pass through Gate #2 after the collison, so the fina velocities
of each cart will be recorded there. Because the carts are stuck together after the collison, if
both carts have flags of equa length on them, there redly is no friction, and the track is levd,
these times should be equd. If they are not re-check the leveling and air supply for your track.
The two times can be sgnificantly different only if the two carts are speeding up or dowing
down as they trave together after the collison.

Make at least two trids for this type of collison and record the relevant times and veocities. For
each trid, copy the computer output directly onto the firgt table. Then determine which entries
match which carts and record the appropriate data and calcuations in the second table.

Compare your results to your quditative observations and prediction. Do they make sense?

Determine whether momentum is conserved in this collison by calculating the percentage change in
totd momentum for each trid. Note: you do not average the different trials since you
cannot control theinitial velocities.

Determine wha happens to kinetic energy in this type of collison in each trid by caculaing the
percentage change in kinetic energy from before to after the collison

Totally Inelastic collision with carts of unequal mass

Repeat using carts of different masses, placing the heavier cart in front and initidly a rest. Both
carts must have flags of equal length to use the program’s velocities. Although thereis only
one fina velocity once the carts are stuck together, by using two flags, you can again determine
whether they are speeding up or dowing down ingppropriately.
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8. Collisions on an air track

First make a prediction and quditative observations for this type of collison.
Agan make a least two trids, compare results to your quditative observetions, and caculate
percentage changes in total momentum and kinetic energy for each trid.

Part B: “Elastic” collisions, only one car moving before the collision.

“Elastic” collision with carts of equal mass

Set up an dadtic callison with two carts of nearly equa mass. Place Cat A before the first
photogate and Cart B should be dationary between the photogates, as shown in Figure 4.
Agan dl carts should be clear of the photogates and there should be room for the carts to pass
completdy through the gates before calliding with the ends of the track.

Quadlitative observations. Give Cart A a gentle initid push and observe what happens to each cart
after the collison. Record you observations.

Prediction:_In this experiment Cart A with mass M and initid velocity v, has collided with Cart B of
nearly equd mass M and zero initid veocity. Before the collison the momentum is
Pinitia = M >V, + M>0= M>v,. After thecollisonthe momentumis p;., = M3v, + Mv,.
The finad velocities are pogtive if in the same direction as v, and negative if in the oppodte
direction to vo. If momentum is consarved then Py, = P - VWhet is your quditative

observation of what happened to v, after the collison? Can you predict what the vaue of vg
should be?

Messure the velocities. There are up to three relevant times for thistype of collison. Cart A initidly
passes through Gate #1 s0 the time corresponding to itsinitia velocdity isincolumn 1. Cat B is
initidly sationary soitsinitia velocity is not recorded. After the collison Cart B passes through
Gate #2 and itstimeis recorded in column 2. Cart A may a) rebound and pass through Gate #1
again, b) stop, or ¢) follow Cart B through Gate #2 in which case itsfina velocity isrecorded in
column 2. Figure out what times are recorded in which columns and then make at lesst two
trids to record the velocities before and after the collison. For any initid or find velocities
which are zero, no time will be recorded and you should just record your observation that the
velocity is zero.

Compare your results to your predictions and qualitative observations.

For each of the trids, caculate the percent change in tota momentum before and after the collison.
Is momentum conserved (within experimenta uncertainty)?

Cdculate the percent change in kinetic energy for this type of collison. The smdler the percentage
change in kinetic energy, the closer this collison isto being perfectly dadtic.

“Elastic” collision with carts of unequal mass
Repeat the above procedure for carts with unequa mass, placing the heavier cart in front.
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8. Collisions on an air track

Part C: Collisions with both carts initially moving.

Cart A Gate #1 Gate #2 Cart B

FlagN_El =
=

1 —— — i

Figure5: Collision with both cartsinitially moving

Head-on collisions

Set up the carts as in Fgure 5. Push the carts toward each other a approximately the same
time. Cart A initidly passes through Gate #1 and Cart B initidly through Gate #2. What happens
after the collision depends on the masses of the cart and their initid velocity. If the callison is eagtic
and they both rebound from each other the Cart A’s fina velocity is recorded in Gate #1 and Cart
B’sfind velocity in Gate #2. They may dso both travel to ether the left or the right or one or both
carts may stop (or move so dowly that the velocity is not recorded).

Make atrid run for this type of collison to figure out what columns will record which velocities
and then determine the “before’ and “after” speeds for each cat. Cdculate the initid and fina
momenta. Remember that velocities are positive if in the same direction as Cart A’'s initial
velocity and negative if in the same direction as Cart B's initial velocity. Thismeansthat even
though dl times recorded are postive, Cart B has a negative initid velocity and ether or both carts
may have a negdive find veocity.

With two carts of equal mass set up a collison which has zero momentum both before and after
the collison. (No fair setting up the case where they are not moving before the callisont)
Questions
How do your results compare to both your predictions and your quditative observations. Discuss

possible sources or error or uncertainty.

Do the results support Conservation of Momentum? What possible sources of error could explain
any discrepancies?

In firgt few collisons one cart was initidly at rest and then it was moving after the collison. What
caused the acceleration of this cart? What effect did this have on the other cart?

Which type of collison (“dastic’ or totaly inelagtic) causes agregter change in kinetic energy?
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8. Collisions on an air track

Part A No. 1: Totally Inelastic collision with carts of equal mass

Length of flag:

Masses of large carts:

Mass of smdll cart;

Prediction:

Qudlitative Obsarvations:

Trial 1 Data Table as copied directly from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dtl, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3

Trial 1 Your Dataand cdculationsfor this collison. Show your work.

Beforethe collision | After the collision % Diff.
Mass A= Va= Vp'=
Mass B= V= Vg'=
Pinitia = Pira = % Dp=
Kinitia = Kfira= % DK=

Trial 2 Data Table as copied directly from from computer (cross out any irrelevant times):

Gate#l Gate#2
Row Dtl, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3

Trial 2 Your Dataand cdculations for this collison. Show your work.

Beforethecollision | After the collision % Diff.
Mass A= VA= VA'=
MassB= vB= vB'=
pinitial= pfinal= % ? p=
Kinitid= Kfind= % ?K=
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8. Collisions on an air track

Part A No. 2: Totally Inelastic collision with carts of unequal masses

Length of flag:

Masses of large carts:

Mass of small cart:

Prediction:

Qudlitative Obsarvations,

Trial 1 Data Table as copied directly from computer (cross out any irrelevant times):

Gate#1 Gate #2
Row Dtl, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3
Trial 1 Your Dataand caculationsfor this collison. Show your work.
Beforethecollision | After the collision % Diff.
Mass A= Va= VA’:
Mass B= V= Vg'=
Pinitia = Pfira= % Dp=
Kinita= Kfina= % DK=

Trial 2 Data Table as copied directly from from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dt1, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3

Trial 2 Your Dataand caculationsfor this collison. Show your work.

Beforethe collision | After the collision % Diff.
Mass A= VA= VA'=
Mass B= vB= vB'=
pinitid= pfind= %7 p=
Kinitid= Kfind= %?K=
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Part B No. 1: “Elastic” collision with carts of equal mass

8. Collisions on an air track

Length of flag:

Masses of large carts:

Mass of small cart:

Prediction:

Qudlitative Obsarvations,

Trial 1 Data Table as copied directly from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dtl, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3
Trial 1 Your Dataand caculationsfor this collison. Show your work.
Beforethe collision | After the collision % Diff.
Mass A= Va= VA’:
Mass B= V= Vg'=
Pinitial = Pfina = % Dp=
Kinitia = Kfira= % DK=

Trial 2 Data Table as copied directly from from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dt1, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3

Trial 2 Your Dataand caculationsfor this collison. Show your work.

Beforethe collision | After the collision % Diff.
Mass A= VA= VA'=
Mass B= vB= vB'=
pinitid= pfind= %7 p=
Kinitid= Kfind= %?K=
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Part B No. 2: “Elastic” collision with carts of unequal masses

8. Collisions on an air track

Length of flag:

Masses of large carts:

Mass of small cart:

Prediction:

Qudlitative Obsarvations,

Trial 1 Data Table as copied directly from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dtl, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3
Trial 1 Your Dataand caculationsfor this collison. Show your work.
Beforethecollision | After the collision % Diff.
Mass A= Va= VA’:
Mass B= V= Vg'=
Pinitia = Pfira= % Dp=
Kinita= Kfina= % DK=

Trial 2 Data Table as copied directly from from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dt1, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3

Trial 2 Your Dataand caculationsfor this collison. Show your work.

Beforethe collision | After the collision % Diff.
Mass A= VA= VA'=
Mass B= vB= vB'=
pinitid= pfind= %7 p=
Kinitid= Kfind= %?K=
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Part C: Head-on collisions

8. Collisions on an air track

Length of flag:

Masses of large carts:

Mass of small cart:

Prediction:

Qudlitative Obsarvations,

Trial 1 Data Table as copied directly from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dtl, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3
Trial 1 Your Dataand caculationsfor this collison. Show your work.
Beforethecollision | After the collision % Diff.
Mass A= Va= VA’:
MassB= V= Vg'=
Pinitia = Pfira= % Dp=
Kinita= Kfina= % DK=

Trial 2 Data Table as copied directly from from computer (cross out any irrelevant times):

Gate#1 Gate#2
Row Dt1, sec Velocity 1, m/sec Dt2, sec Velocity 2, m/sec
1
2
3

Trial 2 Your Dataand caculationsfor this collison. Show your work.

Beforethe collision | After the collision % Diff.
Mass A= VA= VA'=
Mass B= vB= vB'=
pinitid= pfind= %7 p=
Kinitid= Kfind= %?K=
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9 . Conservation of Energy in a Pendulum
(See next page for equipment list)
Introduction

The Work-Energy theorem tells us that changesin Kinetic Energy,

K =1imv?

are caused by Work done by forces. A specid case pertains when the Work is done by a
Conservativeforce. A conservaive force is one for which the work done when traveling between
any two points is independent of the path taken between the initid and find point. An example of
this is the force of gravity (weight): work by gravity is dways equa to -mg times the change in
height, Dh. The amount of work done does not depend on how the object in questions gets from
one height to another, only on the find change in height. Furthermore, if the object returns to its
initid height al of the energy lost to work againgt gravity can be recovered.

We can think of the negative work done againg gravity as a Potential Energy that is being
stored up and which can be recovered and converted back to Kinetic Energy by alowing gravity to
do positive work. We define the change in Potentid Energy, U, as

U= - Work by a conservative force
If there are no non-conservative forces (such as friction) the total Mechanical Energy, E, defined
as
E=K+U
isacongant. We cdl this Conservation of Energy.
For the gravitationd force, the potential energy is given by:
Ugravity: mg Dh
where mg is the weight (force due to gravity) and Dh is the change in height. Note that Potentia
Energy can be negative: we define it as zero at some reference point, for example when we define
the floor as zero height. Beow this point the Potential Energy is negative, above this point the
Potentid energy is positive.

In this lab we will investigate conservation of energy for a swinging pendulum. The experimentd
arrangement is shown below. A motion sensor is used to record the postion of the Bob and
cdculate velocity. From the recorded position and velocity you will use a spreadsheet to caculate
Kinetic and Potentid Energy: K =2 mv? and U=mg Dh

@ String of (b) & X=Dy-Dy»Dy-D
length L y=L-Dh
>(2_'_y2=|_2
b y=+L%-x°

[D =./Dh* +D,% » DH)
to Bob of
mass M

Motion L
D = distance [ Sensor

N Dy-D
0 Dy, =Horizontal Distance

Do =Equilibrium Distance D=Measured Distance

Figure 6: Experimental Set-up for recording the motion of a pendulum a5



9. Conservation of Energy in a Pendulum

Equipment

Pendulum clamp, string, Bob ULI Interface Spreadsheet (Excd)
Motion Detector Meter Stick Bdance
Procedure

Aligning the penduum and motion detector
Y ou have a pendulum and a motion detector. Measure and record the mass of the pendulum
bob, m. Hang the pendulum so that when the Bob is hanging straight down its height is in the lower
part of the motion detector. (Place the clamp above eye levd so you don't walk into it!) Measure
and record the length of the siring. Move the detector avay from the Bob to perform the next
observations.
Predictions: Observe the pendulum and place your bets!
Pull the pendulum away from the hanging position by 10-20 cm and release it. Describe below how
the velocity and the height of the Bob change as it moves.

2. Whereis Potentid Energy (PE) amaximum? Whereisit aminimum?

WhereisKingic Energy (KE) amaximum? Whereisit aminimum?

What do you think the sum of KE and PE should be as the pendulum moves? Does this match your
observations. If not, take another look.

Set up the motion detector

Place the motion detector in front of the pendulum so as to dign its sensor with the Bob and then
move the detector until it is far enough away to be able to sense the motion of the Bob. You
can use a meter gick digned on the table to help you move it back while keeping the detector
pointed at the Bob.

Start the MacMotion program and display two graphs. both postion and velocity. Test your
aignment until you can generate good graphs of position and velocity with no flat lines indicating

86



9. Conservation of Energy in a Pendulum

that the Bob has neither gone out of range nor is hitting a nearer obstacle. If your graph is too
smdl you can click on the top number on the verticd axisto change the scale.

Record the motion of the pendulum

Carefully making sure the mation sensor does not move while you are doing your experiments, pull
the pendulum Bob back a distance of 5 cm or kess and rdlease it. SMALL AMPLITUDE
GIVES BETTER RESULTS. The detector measures the distance D (see Figure 6) but for our
caculaionsit is easer to use the distance Dy. FOR SMALL AMPLITUDES D» D ,.

Asit isrdeased gart the motion detector program and record position as a function of time. With
your program s&t to display two gragphs you should smultaneoudy see velocity as a function of
time.

Find the equilibrium distance

With your meter stick you have measured the equilibrium distance, D, which is the distance from
the detector to the pendulum when it is hanging sraight down. Now examine your distance
graph and identify the points that record the Bob being farthest from the detector, closest to the
detector and at the equilibrium distance, O, from the detector. Use the Analyze Data A
feature of the program to find the distance that corresponds to the middle distance, D,. Make
sure that this number is consistent with what you can measure with the meter stick and record it.

Usng Figure 6 (b) determine how to caculate the change in height of the pendulum, Dh = L-y, by
measuring the distance from equilibrium, D» Dy. That is, deriveaformulafor Dh=__ , where
everything on the right Sde of the equad sgn is known (eg., L, Do) except for D Draw a
diagram and show how you derive your formula

Save your data!

Look a the columns of data (From the Windows menu find Data Table A) and identify which
columns record time, distance, and velocity.

From the File menu use Export Data A to save your data (CHECK THE BOX AT THE
BOTTOM TO SAVE ASTEXT on the desktop or on afloppy).
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9. Conservation of Energy in a Pendulum

Using the spreadsheet to calculate KE and PE and make a bar chart.

For the following students should save data on enough disks so that they may work in groups of two

to generate the spreadsheet caculation and graph. This way everyone will get experience with the

Spreadshest.

Open the Excd program and then open the data file you have just saved. If you have saved it as
text the Excd program should be able to automaticaly import al the datain columns. 1dentify
the columns which record time, position and velocity. Use the Edit menu to delete the columns
recording acceleration and force.

Now you will create two more columns to record Kinetic and Potentid Energy. Determine a
formulathat will adlow you to caculate Kinetic Energy in Joules from velocity, v, as measured by
the detector. Determine an Excd formula that will dlow you to caculate Potentid Energy in
Joules from distance, D, as measured by the detector. Enter these n the spreadsheet and
record these formulae. Y ou will be given help in writing the formulaiin the first row of data and
then filling out the re of the sheet.

Y our spreadsheet now contains columns showing KE and PE. Use the chart wizard to generate a
column chart with stacked columns showing both KE and PE as function of time. Print your
graph. (After clicking on the chart wizard button you need to select a place on the page for the
chart area).

Add alegend to the graph explaining what it is. Print your graph.

On your graph or another piece of paper write a verba description and explanation of what is
shown in the graph.

Discussion of Results:

Discuss your charts of KE and PE by comparing them to the predictions you made previoudy.
When KE is a maximum, what is PE? When PE is amaximum, whet is KE?

How does your graph show total Energy, E? What happens to the total Energy?

Isthere any evidence that the gpproximation D » D , is causing you trouble?
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9. Conservation of Energy in a Pendulum

For your report write a one page cover sheet with an explanation of the theory of the experiment in
your own words. Include data below. Print out chart from Excel showing KE, PE and total E with
explanation and discussion of the graph. Be sure and discuss how the graph relates to motion of the
pendulum. Answer questions listed in the handout.

Parameters needed for calculations:

Mass of Pendulum Bob, m

Length of Pendulum, L

Equilibrium Distance, D,
(from motion sensor graph):

Formula for converting Dy-D | Dh =
to change in height Dh

(gives Dh in terms of L, D,
and D)

Formula for spreadsheet to| KE =
caculate Kinetic Energy in
Joules from velocity, v.

(check the units!)

Formula for spreadsheet to| PE =
calculate the Potential Energy
in Joules from distance D.
(check the units!)

Excd Formula for KE as|=
entered in spreadsheet

Exce Formula for PE as|=
entered in spreadsheet

Notes for Formulae in Excel:

Formulae gart with an =

Reference cdls by dicking on them as you enter the formula (have someone show you the first
time).

Multiply numbers with a*

Raise numbers to a power with a” (for example X is written as x"*2)

Use plenty of parenthesis to factor.

Functions can be found by using the button with the script f,.

A Sguare Root is given by SORT(X) or by (x)"0.5.

Enter the formula only in the firgt cdll of the column. After that sdlect the firgt cdl, move the mouse
to the corner until you get a black crosshair and then drag down to fill the rest of the column or
sdect an areato fill and use FILL DOWN from the Edit menu.
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10 Balancing Torques and the Center of Gravity

Introduction
Just as force is required to accelerate a mass, a torgue is required to produce angular

acceleration. A torque is a force gpplied at a distance offset from some axis of rotation. This
disance is often cdled the lever arm and the larger the lever am is the more rotationd

acceleration can be'prodL.Jced by the Torque due to weight: Force of
force. Thetorque, t, is defined by = lever arm times weight gravity acts
t=r." F _t"r“F"_r“W at center of
where 1, is the lever arm: the  Nistorquewill cause mass
. . . clockwise rotation.
distance from the axis of rotation to the W=mg

line of the applied force, as shown in

Foure 7. For rotaion in two r

dimensions, torques can cauise counter- Axis of 7 = Lever Arm = _
dockwi it i Rotation perpendicular distance from axi
ockwise  (positive) rotation  or of rotation to line of force

clockwise (negetive) rotation.

Figure 7: The weight of an object can cause a torque
about an off-center axis

Equipment
Meter Stick Pivot 3 Mass Hangers, 3 meter stick clamps
3 known weights 1 unknown lead weight Triple Beam Badance
Theory
In this lab you will study
the specia case of an object Center of Bivot
in static equilibrium: it is [Mass of bar (axis of

neither  accderating  nor
rotating. This means that ;
there is both no net force and '

W, N

no net torque on the object. ‘
Any forces and torques +

rotation)

applied to the object must be W, : : W
balanced. For example any + ‘r—’ *
torque which would cause \ LB e »
clockwise rotation must be s r, o r ?

baanced by a torque which
would cause  counter- Figure 8: Objects balanced on a pivot: thereis no net force and

clockwise rotation. also no net torque. The weight acts at the center of mass.

One of the externd forces
on the object might be its weight. Although the force of gravity acts on every point throughout the
object, the net effect is the same as if dl the weight were concentrated a the center of mass. We
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10. Balancing Torques and the Center of Gravity

sy that the weight acts at the center of mass, which is sometimes dso cdled the center of
gravity.

Figure 8 shows a bar balanced on apivot. If the bar were to rotate then the pivot would be the
axis of rotation. In order for it not to rotate the torques produced by all the forces must balance.
The weight, Ws= mgg, of the bar itsdlf acts at the center of mass of the bar. The lever arm for this
force is shown as 1z S0 the torque it would produce ist = rg Wg which would tend to make the bar
rotate counter clockwise. Similarly the hanging mass M; dso produces a positive counter-
clockwise torque , r W;, while the second hanging mass, M,, produces a negative, clockwise
torque, - r, W,. For the bar to be balanced the net torque must be zero:

tiowa =8 Wg +1r1 Wy -1, W,=0
or
tcew=tcw 0 that rE Wg+ri Wy =rn, W,
Procedure

A meter gtick balanced on a pivot will be used to investigate how balancing torques creates an
equilibrium.

A. Meter stick supported at center of gravity:

Determine the weight of your meter stick and the three clamps you will use (one for the center and
one on each end). Record this data.

Adjust the postion of the meter stick in the center clamp until you can baance it on the pivot.
Bdance the meter stick on the pivat by moving it ingde the center dlamp until you reach an
equilibrium position. The center of mass should be over the pivot now. Record this postion.

Two known weights (Do not use equal weights!)

Select two unequa weights and attach them to ether Side of the stick by strings or by attaching them
to clamps, in which case the weight of the clamp is included in the totd weight. Adjust ther
positions until you find a balance. Record the weights used, (W), and their positions asread on
the meter stick (X). Make a sketch of the arrangement and |abel the positions of the weights
and the center of mass.

Cdculate the lever arm for each weight. Indicate this distance on your sketch aswell.

Cdculate the net clockwise torque and the net counterclockwise torque. Find the percent
difference between the two. How does this compare to the condition required for balance?

As you move the two weights how is the rotationa equilibrium disturbed? |Is there more than one
way to pogition the two weights to achieve baance? Vary the positions of the weights until you
have determined a genera condition for balancing the weights. Record your observations and
conclusons.

In the second data table record the weights and positions corresponding to your new equilibrium.
Calculate the CCW and CW torques and their percent difference.

Three known weights (not all the same)

Repeat using three weights (at least two different) at three different positions. Find an equilibrium.
Sketch your configuration and record your weights and positions. Compute clockwise and
counter-clockwise torques and their percent difference.
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10. Balancing Torques and the Center of Gravity

Now choose two different postions for the first two weights. Cdculate the lever arm required for
the third weight to balance these two. Record your prediction then experimentally find the actud
postion required. Caculate the percent difference between the predicted and measured
positions.

Unknown Mass:

Choose a lead weight to use as an unknown mass. With the meter stick balanced at its center of
meass, hang the unknown mass on one side. On the other side place a known mass and adjust
its pogition until you find a balance. Describe the calculations needed to find the unknown mass
and record your results. (Don't forget to include the effects of any clamps or mass hangers you
use.)

Weigh your mass with the triple-beam baance and compare the result to your calculation.

B. Meter stick supported away from center of gravity:

With only one weight suspended from one end of the meter stick, move the center support away
from the center of the meter stick until you find arotationd equilibrium.

Cdculate the torque about the pivot due to the single mass hanging from the stick.

The dngle weight is being baanced by the weight of the meter stick, which acts as if it were dl
concentrated a the center. Pretend that the meter stick is in fact masdess. Where would you
need to hang a second mass, equa to that of the meter stick, so that its lever arm would be
auffident to baance the sngle weight? Caculate this lever arm (from the new position of the
pivot). Compareits podtion to the position of the center of mass.

Questions

When two unequa masses are balanced on ether Sde of the meter stick, what is the rdationship
between the ratios of the masses and the ratios of their lever ams?

Isit possible for there to be no net (total) force on an object (such asthe meter sick) but still have a
norzero torque? Explain and give and example.

How does the triple-beam baance work?
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A. Meter stick supported at center of gravity:

10. Balancing Torques and the Center of Gravity

Mass of gtick:

Mass of left clamp: Mass of center clamp Mass of right dlamp
Weight= Weight= Weight=:

Pogition of Center of mass of gtick:

Two Known Weights Data Table (first equilibrium arrangement of weights):

Sketch (labeled) Weights, Position Lever Arms | Reaults
Wi= X1 = = tecocw=
Wo= Xo= r= tew=
% Diff:
Discussion of how the balance of the meter stick varies as the weights are moved:
Two Known Weights Data Table (aternative equilibrium arrangement of weights):
Sketch (labeled) Weights, Pogtion Lever Arms. Reaults.
Wi= X1 = = tececw=
W= X, = = tew=
% Diff:

Additiond Discusson:
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Three Known Weights Data Table (first equilibrium arrangement of weights):

10. Balancing Torques and the Center of Gravity

Sketch (labeled)

Weights, Position Lever Arms. | Results (include
direction)

W= X1 = = t=

W= Xo= M= t=

Ws= X3 = 3= t=

tcow= tow= % Diff:

Three Known Weights Data Table (second equilibrium arrangement of weights):

Sketch (labeled) Weights, Position Lever Arms. Reaults:
W= X1 = r= t=
W= X, = = t=
W3= Predicted
position:
Measured position: % Diff:
Discussion and Observations:
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Unknown M ass;

10. Balancing Torques and the Center of Gravity

Sketch (labeled) Weights, Position Results:
W= ?7?2? X, = W, (Cd cul aaj)
W= Xo= W, (measured)

Describe Cdculations needed to determine unknown mass (here or on additiona page)

B. Meter stick supported away from center of gravity:

Mass of stick (previoudy measured)

Pogtion of Center of mass of stick (previoudy measured)

Posdition of pivot:

Sketch (labeled)

Weight, Postion

Lever Arm:
(from pivot)

Torque:

Wj_: X1 =

r= t=

Lever am required for
weight equa to dick to
baance sngle weight:

Pogdtion required for weight
equal to tick:

Compare predicted postion to center of
mass

Cdculations and Discussion
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11 Rotational Inertia

Introduction

In the case of linear motion, a net non-zero force will result in linear acceleration, given by
Newton's Law F=ma . The moving object will posses kinetic energy, K= % mv?. For rotational
motion, an unbaanced, nonzero torque, t, will result in angular acceleration, a, according to the
equation t=la, where | is the rotationa inertia of the object, and the rotating object will have
rotational kinetic energy, K= %1 w? The rotationd inertia (or moment of inertia) depends not only
on the mass but aso on how the massiis distributed about the axis of rotation.

Equipment
Rotationa Platform Masses, 50 gm mass hanger Rods, clamps, 2 pulleys
Solid Disc, hollow disc String 2 meter stick, stopwatch
For the class asawhole: scissors, leved, baance, scale for heavy weights, verniers
Theory

Varioudy shaped objects are placed on the rotationa P
gpparatus. A system of pulleys are used so that a mass, m Disc
can be attached to a string which is wound around the small Alm
radius of the rotationd stand. A hanging mass produced O

tenson in the gtring which ultimatdy gpplies a torque to the
rotational apparatus and whatever is placed on top of it. We
can measure rotationd inertia by looking a ether the angular
acceleration of objects placed on the rotating platform or by h
looking at the increase in rotationa kinetic energy. For the E
hanging mass, Newton’s Law predicts.
F=mg-T=ma
while for the rotating platform the torque is given by:
t=r,F=r.T=la
where r, isthe radius of the part of the platform which the

gring is wrgpped around. If the dring unwinds without
dipping, then we dso have the rdationships.
a =alr, w=v/r,w=v/r g =s/r,

where a and v are the accderaion and velocity of the string as it unwinds, a,w, and g arethe
angular accderation, angular velocity and angle in radians of the plaform as it urns, s is the
arclength of the cirde (which is equd to the length of string unwound) and r. is the radius about
which the string is wound.

In this lab we will rdate the liner motion of the faling mass to the angular moation of the
platform. This requires the equations for constant acceleration:

Platform

\4

Figure 9: Rotational Apparatus

m

%CZ
Alternatively if we gpply Consarvation of Energy then the gravitationd potentia energy of the

mass (which it possesses due to its initid height h) is converted to kinetic energy of both the falling

Dx=vot +3at>  v=v,+at v®=v, +2aDx and ¢g=98
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11. Rotational Inertia

mass and the rotating platform. Before the mass falls (if the system starts from rest) K=0 and dl the
energy is potentiad E= mg h. After the massfdls from aheight h to height of zero, al of the energy is
kingtic and E= Y2 mv? + ¥ | W2 If thereis no friction then E is a constant and mgh = Y2 mv? +¥4lw?

Procedure

Note: guide the string as you wind it around the pulley to avoid tangling. Make sure it winds around
the pulley and does not become caught indde around the smdl centrd pg. If the string
becomes caught in the centrd post of the rotation platform then turn the platform upside down
to teke its weight off the tring --- the string can then be more easily unwound.

Levd the rotaiond platform and adjust the pulleys so that the sring pulls horizontdly on the
platform and the mass can fdl verticdly.

Measure the radius of the part of the gpparatus which the gtring is wrapped around and the height
which the mass will fal to the floor. Record asr. =Rging ad h.

When the gtring and pulleys are dl in place, suspend mass, M o, from the dring until it isjust enough
to produce dow uniform motion (constant speed). This will be just enough to counterbaance
any frictiond forces. In later parts of the experiment this weight will remain on the hanger but
not be counted as pat of the hanging mass. Record this data in the table as the “Zero
Accderation” weight Wo =M g.

Now add about 50 grams additional mass (or enough to produce significant acceleration) and
measure the time that it takes the mass to fdl from rest until it hits the floor. For good results
the time to fall should be at least 5 seconds. Make three trids making sure to use the same
initia height each time and average your results.

Assume congtant acceleration and caculate the accderation, a, of the mass from the known initia
height, initid velocity and time for fal.

Cdculate the angular accelerdion, a , of the rotating platform assuming the string did not dip.

Once you know the acceleration of the mass you know the net force on the mass. Draw a force
diagram of the fdling mass and caculate the Tension, T, in the string (do not include the “Zero
Accderation” weight W, in this caculaion, do include the added weight, W).

Draw a force diagram for the rotating platform (usng an overhead view) and cdculate the torque
gpplied to the platform by the tenson, T, in the String.

Find the rotationd inertia of the platform, 1.

Rotational Inertia of objects added to the platform

Now you will add objects on top of the platform and determine their rotationd inertia If the
new object has rotationd inertia |, then the total rotationd inertia of both the platform and the object
ontop of itis ke = lo + 1. You will measure |ty then subtract | (as determined above) to find
the rotationd inertia of the second object I».

Perform the following measurements for the solid disc, the hollow ring and the bar or small
cylinder. (The latter can be placed on top of the disc if necessary, in which case indude the
rotationd inertia of the disc as part of 1o).

Make a sketch of your object and record dl of its dimensons and mass. Place the new object on
the platform, making sure to dign its center with the axis of rotation.
Repeat the measurement of the base weight W, since the forces of friction will change.
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11. Rotational Inertia

Use the procedure outlined above to determine k. Subtract your previous vaue for | to find the
rotationd inertia of the object you added.

Cdculate the percent difference between the rotationa inertia you measure and the theoretical value
(See Table).

Rotational Inertia of various objects about an axis through the center of mass

Solid Disc or cylinder, radiusR Hollow disc, inner radius R,, Bar, Length A and Width
outer radius R, B
| =% MR? =M (R + RY) | =1/12 M (A + B?)

Additional Exercises

Rotational Inertia about axis parallel to center of mass

The pardld axis theorem dates that the rotationd inertia of an object about any axisis equd to
the rotationd inertia about a pardld axis through the center of mass plus the mass times distance
between the axis squared. | = Icy + Mh,. (Notethishisnot height!) Place an object off-center on
the platform and determine the rotationd inertia about this new axis. Make a sketch of the
arrangement, label dl dimensions and confirm the parald axis theorem.

Conservation of enerqy

For one st of data show that energy is conserved as the mass fdls (decreasing its potential
energy) and both the mass and rotating platform accderate (increasing their kinetic energy).

Questions:

Cdculate the ratio of the mass of the disc to the mass of the ring. Cdculate the ration of the
rotational inertia of the disc to the rotationd inertia of the ring. Compare these two ratios. If
they are not equd then rotationa inertia must not depend on mass only. What other factors
effect rotationd inertia? Discuss.

Compare the moments of inertia of the different objects. Discuss how they differ in their physicd
dimensons, masses, and how the mass is distributed. Do the measured values for rotational
inertiavary asyou would predict?

How do your moments of inertia compare to the theoretical predictions? Discuss possble sources
of error or uncertainty. (Do your objects match their theoretical descriptions? How big of an
error isany difference?)

Why doesn't rotationd inertia depend on the height (thickness) of the objects?

Compare the rotationd inertia for rotating on-center and off-center. Does it vary as you would
expect?
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Rotational Inertia of Platform (Cross)

11. Rotational Inertia

Sketch:

Initid Height:
Radius r, =Rging:
Mass needed for “Zero Accderation”:

Moz
Welght Wy =

Mass added to M:

Weight added, W:

Times measured:
1)

2)

3)

Average:

Force Diagrams and Calculations. Work out on scratch paper, then write clearly, show al steps and

labd and discuss each.

Results of Caculations,

Accd of
mass, a

Angular
accd. a

Tendonin
dring, T

Lever-am
for torque

Torque,

Rotationd
Inertia, I
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Rotational Inertia of Other object:

Description of this Object and procedure used:

11. Rotational Inertia

Sketch: Initid Height:
Rajlus r/\ :Rstring:
Mass needed for “Zero Acceleration”:
Moz
We ght Wy =
Mass. Dimensons.
Mass added to Mo Times measured:
1)
Weight added, W: 2)
3)
Average:
Reaults of Cdculations
Acce of | Angular | Tendonin | Lever-am | Torque, | Rotationa lo I, for this
mass, a accd.a | dring, T for torque t Inertia, lita object
Experimenta Theoretica %
Vduefor I, (from above) Vauefor I, Diff:

Discusson and Caculations. Work out on scratch paper then write neatly and labd or discussdl
parts. Include extra paper or write on back if needed.
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Rotational Inertia of Other object:

Description of this Object and procedure used:

11. Rotational Inertia

Sketch: Initid Height:
Rajlus r/\ :Rstring:
Mass needed for “Zero Accderation”:
Moz
We ght Wy =
Mass. Dimensons.
Mass added to Mo Times measured:
1)
Weight added, W: 2)
3)
Average:
Reaults of Cdculations
Acce of | Angular | Tendonin | Lever-am | Torque, | Rotationa lo I, for this
mass, a accd.a | dring, T for torque t Inertia, lita object
Experimenta Theoretica %
Vduefor I, (from above) Vauefor I, Diff:

Discusson and Cdculations. Work out on scratch paper then write negtly and labd or discuss Al
parts. Include extra paper or write on back if needed.

109




11. Rotational Inertia

110



Rotational Inertia of Other object:

Description of this Object and procedure used:

11. Rotational Inertia

Sketch: Initid Height:
Rajlus r/\ :Rstring:
Mass needed for “Zero Acceleration”:
Moz
We ght Wy =
Mass. Dimensons.
Mass added to Mo Times measured:
1)
Weight added, W: 2)
3)
Average:
Reaults of Cdculations
Acce of | Angular | Tendonin | Lever-am | Torque, | Rotationa lo I, for this
mass, a accd.a | dring, T for torque t Inertia, lita object
Experimenta Theoretica %
Vduefor I, (from above) Vauefor I, Diff:

Discusson and Cdculations. Work out on scratch paper then write negtly and labd or discuss Al
parts. Include extra paper or write on back if needed.
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Rotational Inertia of Other object:

Description of this Object and procedure used:

11. Rotational Inertia

Sketch: Initid Height:
Rajlus r/\ :Rstring:
Mass needed for “Zero Acceleration”:
Moz
We ght Wy =
Mass. Dimensons.
Mass added to Mo Times measured:
1)
Weight added, W: 2)
3)
Average:
Reaults of Cdculations
Acce of | Angular | Tendonin | Lever-am | Torque, | Rotationa lo I, for this
mass, a accd.a | dring, T for torque t Inertia, lita object
Experimenta Theoretica %
Vduefor I, (from above) Vauefor I, Diff:

Discusson and Cdculations. Work out on scratch paper then write neatly and labd or discussdl
parts. Include extra paper or write on back if needed.
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12 Specific Heats and Latent Heats

Introduction

Heat is the trander of energy due to differences in temperature. Exactly how much the
temperature changes due to transfer of heat depends on the materid in question. For example, it
takes about three and a helf times as much energy to change the temperature of iron as it does to
change the temperature of the same mass of lead by the same amount. The relationship between
heat added (or removed), Q, and change in temperature, DT, is given by:

Q=mcDT
where Q is the amount of heat, m is the mass, DT isthe change in temperature and c is the specific
heat of the materid. In generd the specific hest may change with temperature and will change asthe
phase (solid, liquid or gas) of the materid changes. In addition to the heat required to change
temperature, additiona energy is required when a materia changes phase. The energy per unit
meass required to change the nature of the bonding in the substance as it changes from solid to liquid
or from liquid to gasis called the Latent Heat, and is given by

Q=L m,
where, again, Q is heat added or removed, m is mass and L is the latent heat. Latent heat for
freezing/mdting is called the Latent heat of fuson, Lr and latent for boiling/condensing iscdled the
Latent heat of vaporization, Ly.

Equipment
Bdance 3 styrofoam cups meta specimens (5ea) Specimen tongs
(8oz)
meta besker (for beaker tongs water beaker (250ml)
bailing)
hot plate 2 thermometers liquid nitrogen* stop watch

* (Note for teacher: Liquid Nitrogen in Bosshart 318, key 110)
A. Mixing Warm and Cool Water (a "warm-up" exercise)

Determine the mass of a"triple”’ styrofoam cup (i.e. stacked one inside the other). (Record your
datain Table A.) Put about 100 grams of unheated water (i.e. 100ml since by definition 1 cubic
centimeter (1/1000 liter) of water has a mass of 1g!) and measure the mass of the cups plus the
water. Measure the water temperature. Be sure to gtir the water with the thermometer until you are
aure the thermometer is in thermd equilibrium with the water. Heat about 50ml of water to about
45°C. Remove the besker of warm water from the hot plate and mesasure the water temperature,
then immediatdly pour the warm water into the cup with the unheated water. Stir thoroughly and
mesasure the find temperature. Record the total mass of the cup with the mixed weter.

Write up a description of your procedure and record the masses and temperatures of the unheated,
heated, and mixed water samplesin adata table.

Does the fina temperature you measured seem reasonable? Explain, using the word “heat” in your
explanation.

Would you necessarily expect the same result if you mixed water with acohol (for example?)

Explain why or why not.
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12. Specific Heats and Latent Heats

Set up an equation usng Q = m ¢ DT to express the hypothess that the heat gained by the cool
water during mixing is equd to the heet logt by the warm water. Solve this equation for the find
temperature of the mixture and subgtitute the measured vaues for the initid temperatures of the
warm and cool water, and caculate the expected final temperature of the mixture. How does
your caculated result compare to your measurement of the find temperature?

B. Hot Metal in Cool Water: Specific Heats

Fill a 250 ml besker about haf full of water, pour the water into the meta besker, place it on ahot
plate and begin heating it. Turn the hot plate knob to the highest setting. CAUTION: Be
careful handling hot beakers, water, metas or hot plate surfaces. Gloves and safety goggles are
available for your protection.

While waiting for the water to boil, measure and record the totd mass of 5 specimens of the metd
you are udng (in Table B), then carefully place them in the water being heated using specimen
tongs

Empty out the triple-cup "caorimeter” and fill it haf full with room temperature water. Measure and
record the total mass of the cups plus the water and the temperature of the room temperature
water in Table B.

Leave the metd specimens in the hot water for at least 5 minutes after boiling has begun so you can
assume that the temperature of the metal specimensiis the same as the temperature of the boiling
water.

Using the specimen tongs, carefully remove each metd specimen from the boiling water and quickly
lower t into the room temperature water in the styrofoam cup. (All specimens should be
covered with water.)

Gently dir the water in the styrofoam cups for severd minutes, frequently checking your
thermometer for its highest reading. When the thermometer reading starts to fal, record the
highest temperature reached in Table B asthe find temperature of the system.

Write a paragraph explaining your procedure and discussing your data.

Repeat steps 1 through 7 for a set of specimens of another metd, recording your information in the
datatable.

Explain quditatively what is happening to account for the find temperature.

Assume the heat gained by the water equas the hegt lost by the specimen. The specific heat of
water is 4186 J(kg- °C). Explaining your work in full, calculate the spedific heats of Aluminum
and Copper. Compare to known values by finding a percent difference. Record the resultsin a
table and discuss reasons for discrepancies.

C. Latent Heat of Liquid Nitrogen

The rate of evaporation of liguid nitrogen

Pour about 180-200 grams of liquid Nitrogen in two Styrofoam cups, one insde the other. The
liquid nitrogen will be boiling & room temperature so the temperature inside the liquid will be the
boiling poirt.

Measure the precise mass using a baance scae. Immediatdly start a sopwatch and time how long it
takes for 10 grams to boil awvay. A convenient way to do thisis to set your baance for 10
grams lower and wait until the balance arm swings back up. Record this data as Time =

for 10 gramsto boil away.
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Cdculate the rate of evaporation of the liquid nitrogen: that is the grams per second boiled away.
Record this as Rate of evaporation = grams/sec.

The Latent heat of vaporization of liquid nitrogen

Make two double-cup containers and labd them “A” and “B”. Carefully measure the mass of each
container. Record Mass of A and Mass of B.

Pour 100 grams of warm (~50 °C) water in cup “A”. Measure the mass and the temperature of the
water. REMOVE THE THERMOMETER. Record Mass of Water and Initid Temp. of
Water.

Pour about 40 grams of liquid nitrogen in cup “B”. Quickly (to minimize loss due to evgporation)
measure the mass of cup B (containing liquid nitrogen) and then pour the liquid nitrogen into cup
A with the warm water. A white cloud of nitrogen vapor will show that the liquid nitrogen is
bailing avay. Measure the time to evaporate all the nitrogen. Record Mass of Nitrogen
(not including cup) and Time to Evaporate.

When dl the nitrogen is gone, gently gir the water until al the ice has melted. Measure the
temperature of the water. Record as Find Water Temperature.

Determine how much nitrogen would have evaporated in the same time even without the water.
(Use your rate from the previous part.) Subtract that from the initial mass of nitrogen to find out
how much evaporated due to the water only.

Assume the hesat released as the water cooled went into bailing the nitrogen. Determine the Latent
heet of vaporization for nitrogen.

Write out a description of your procedure and record your datain adata table.

Describe your cdculaionsin full, induding averba description of what is happening.

Compare to the accepted value for L, of nitrogen. The results may not be precise, snce this
expeaiment is not sufficiently isolated from the room, but you should be able to determine the
order of magnitude of the latent heat of vaporization.
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Tablel
Material Specific Heat
(Room Temp) | ¢, Joules/ kgXC
Aluminum 900
Brass 380
Copper 387
Iron (or sted) 448
Lead 128
Glass 837
Water (15°C) | 4186
lce (-5 °C) 2090
Table?2
Melting Le Boiling Lv
Material | Temp °C J/Ikg Temp°C | J/kg
Nitrogen | -209.65 2.55x10" -195.81 2.01x10°
Water 0.00 3.33x10° 100.00 2.26x10°
Ethyl -114 1.04x10° 78 8.54x10°
Alcohol
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A. Mixing Warm and Cool Water:

Procedure:

Volume of Mass of Cool | Temp. Volume of Mass of Temp Fnd

Cool Water | Water Cool Warm Water | Warm Water | Warm Temp. of
Water Water Mixture

Discusson:

B. Hot Metal in Cool Water
Procedure;

Materid | Massof Temp. of | Massof Initid Temp. | Fnd Specific | % Diff.
gpecimen | specimen | Water of Water Temp. | Heat

Discussion and Calculations. Add a separate page
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C. Liquid Nitrogen
Evaporation of liquid nitrogen

Procedure:
Time= for 10 gramsto boil away.
Rate of Evaporation = grams/sec

L atent heat of vaporization
Procedure:

Mass Water | Initid Temp Fina Temp Water Heat Lot by
Water Water
Initill Mass | Timeto Amount that Mass Evaporated | Heat added to
Nitrogen Evaporate would have by Water Nitrogen by
Evaporated by itsalf Water
Latent Heat of Nitrogen Accepted Vaue % Difference

Discusson and Caculations. (Add a separate page)
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13 Coefficient of Linear Expansion

Introduction

In this experiment, you will study the therma expansion properties of various materias. With
few exceptions materids expand somewhat when heated through a temperature range that does not
produce a change in phase (mdting, freezing, boiling etc.). The added hest increases the average
amplitude of vibration of the atoms in the materid, which increases the average separation between
the atoms.  Although this effect is amdl, it is very important in any gpplication thet involves usng
different materials in an environment where they are heated and cooled. For example, if arivet of
one metd is used ingde a hole in a different materid, it can become too tight or too loose if the
therma expansion of the materidsis very different.

Equipment
linear expanson apparatus rods of different bailer, hot plate,
materids tubing
tongs, gloves, funnd, eye protection, paper thermometer, 400 ml beaker
towels

Note: heating istime consuming -- set hot plate on high and heat water right away!
Theory

For solids, the materia undergoes thermal expansion as awhole: that is its volume expands. For
materids that are not isotropic (that is uniform in dl directions),such as an asymmetric crysta for
example, the therma expanson can have a different vaue depending on the axis dong which the
expandon is measured. Therma expansion can dso vary somewhat with temperature so that the
degree of expanson depends not only on the magnitude of the temperature change, but on the
absolute temperature as well.

Suppose an object of length L undergoes a temperature change of magnitude DT. If DT is
ressonably smdl the change in length, DL, is generdly proportional to L and to DT. Stated
mathematically, " proportionaly” means thet:

DL=a: L:DT
where a (Greek letter “dphd’) is caled the coefficient of linear expansion for the materid.

For an isotropic materid, a will be the samein dl directions, so we can measure a Smply by
measuring the change in length of the materid. The vaues obtained for the coefficient of linear
expanson will be compared with accepted values to determine the compaosition of each rod.

Coefficient of linear Coefficient of linear
Substance expansion, Substance expansion,

a( 10°/°C) a( 10°/°C)
Aluminum 24.0 Nickel 12.8
Brass 18.9 Slver 18.8
Copper 16.8 Sted! 13.2
Glass (common) 8.5 Tin 26.9
[ron 114 Zinc 26.3
Lead 29.4
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Procedure

In this Iab you will measure a for rods made of different materids. These metdls areisotropic
so that a need only be measured dong one dimenson. Within the limits of this experiment, a
does not vary with temperature.

To make this measurement the hollow rod is placed in the gpparatus. The length of the tube is
measured at room temperature, then steam is passed through it. The expanson of the metd is
measured using the built in did-gauge.

BEWARE: THE ROD AND JACKET WILL BECOME VERY HOT.
BE EXTREMELY CAREFUL!

Fll the boiler about one-hdf full of water, cap it, and connect the rubber hose to its spout. Hedt it
on the hot plate. While waiting for the water to boail, the rest of the apparatus can be assembled

Firg, the length of therod L must be measured using aruler.

Make an estimate of the uncertainty in the length and cdl thisnumber s | .

Next, insert the rod into the duminum jacket and put it in place on the supporting apparatus. It is
very important that the rod is properly placed. One end must be firmly pressed againgt the
screw protruding from the supporting apparatus, while the other must be in contact with the
micrometer probe. The rod must not be bowed however. The micrometer will be used to
measure DL .To zero its reading initidly, Smply turn the face of the meter until the needle points
to zero.

Insert the thermometer in the centrd opening in the duminum jacket until it is barely touching the
rod. Record the initia temperature Tiniia - Make note of the uncertainty in your temperature
measurements.

Now, it istime to heat the rod. Connect the free end of the rubber hose to the opening in the jacket
that is sticking upwards. Align the whole apparatus s0 the the remaining opening (directed
downwards) is situated over the sink. This opening dlows steam and water to escape the
jacket. The temperature of the rod should remain essentialy unchanged until the water beginsto
boil. At this point, steam will enter the jacket through the rubber tube and heet the rod.

While the rod is hesting, observe the micrometer and make a note of how many full revolutions it
makes.

Wait until the rod has reached thermad equilibrium with the seam. In other words, wait until the
temperature of the rod is no longer increasing and has remained congtant for a couple of
minutes. At this point, record the find temperature T -

Read the micrometer to obtain DL . Note that each minor tick on the micrometer scale represents
0.01 mm and a full revolution by the needle represents a length change of 1.00 mm. Be sure
you observe each time that the micrometer completes a full revolution, Since you must then add
1.00 mm to thefind reading for DL .

Make an estimate of the uncertainty in the change of length and call thisnumber s

Cdculae the change in temperature, Estimate the uncertainty in change of temperature by adding
the uncertainty in theinitial and find temperatures. Call the total uncertainty in temperature s ,;

After obtaining the necessary measurements, unplug the hot plate.
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13. Coefficient of Linear Expansion

Next, the rod just measured must be cooled. Thisis done by removing the thermometer or the tube
from the opening. Then, afunnd is inserted into the opening and cool water is poured into it.
This water will exit through the hole Stuated over the Snk. Tilting this end upwards temporarily
will dlow the water to flow throughout the length of the jacket and cool dl portions of the rod.

Oncetherod is cool, remove it and insert another rod.

Repeet the experiment for the three remaining rods.

CALCULATIONS
Use the measured valuesof L, DT, and DL to cdculate a o, ¢rimentar -

Cdculate the uncertainty in your determination of a . The egudtion for a is given by
DL =a> L:DT. When multiplying or dividing uncetain numbers, the fractional
uncertainties (s, /L for example) are squared and summed that give square of the net

.2 ,.2 .2

neertainty, th =a 210 80 Bor?

uncertanty, thus, s, a\/gL - gDLg eﬁg
greatest effect on the find uncertainty?

Compare the experimenta values for the coefficient of linear expanson with those found in the

table. Use these numbers (and any other observations that you can make) to determine the

compodition of each rod. Take into account the uncertainty in your measurements to see if

your result is conclusive,

. Which measurement has the

|ae<periemental -a |

Cdculate the quantity | | . Thisisameasure of how accurate your experiment is.

If thisis less that one you are doing pretty wll, if less than 2 you are doing okay, if grester ,
then hmmmmm.......

If the fina results seem outside the experimenta uncertainties, discuss any random or systematic
errors.

See Appendix for further discussion of uncertainty.

127




13. Coefficient of Linear Expansion

128



Description of rod:

13. Coefficient of Linear Expansion

Length, L Tinitia DT
S, Tfina S o1
Full turns Additiond
DL S,
Cdculations.
Coefficient, a Uncertainty, s,
Probable type of rod:
Description of rod:
Length, L Tinitia DT
Sy, Thina S o1
Full tuns Additiond
DL S,
Cdculations:
Coefficient, a Uncertainty, s,
Probable type of rod:
Description of rod:
Length, L Tinitia DT
S, Thina S or
Full tuns Additional
DL S oL
Cdculations.
Coefficient, a Uncertainty, s ,

Probable type of rod:
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14. The Ideal Gas Law

14 The Ideal Gas Law

Introduction
Theided gaslaw,
PV = nRT,

is auseful formula that comes from experimenta observation. In this formula P stands for pressure
in N/n¥ (i.e. Pascals); V isthe volume in cubic meters; n is the number of moles; R = 8.31 Jmol K
is the universd gas congtant; and T is the absolute temperature in Kelvin, This law has been tested
on numerous gases and shows a remarkable agreement with experiment for a large range of
pressures, volumes and temperatures when the number of moles per unit volumeis not too high.

Equipment
- BoylésLaw unit - metal sphere - 1500-ml besker - hot plate
- thermometer - graph paper - gtopcock lubricant - ice

Theory: Boyle's Law
When T and n in the ided gas law are kept congtant the variation of pressure with volume is
cdled Boyl€s law.

Notes on the operation of the Boyle's Law unit:

The pressure gage employs a Bourdon tube, a circular, sealed-end tube having an oval cross section
that tends to "uncurl” when the internal pressure exceeds the externa pressure. Observe the
movement of the tube, linkage and pointer when you vary the pressure.

To operate the "quick disconnect” fitting, dide the brass ring at the base of the pressure gage about
5 mm toward the body of the gage and pull the malefitting.

Wait about 5 seconds after setting the desired volume with the plunger before reading the pressure.
Usudly adight initid drop in pressure will be noted.  This results from the gas returning to room
temperature after a dight temperature increase due to compression.

Before making a reading, lightly tap at the base of the gage with your finger to relieve friction effects
in the gage gear and linkage system.

The gage readings are in pounds per square inch (ps); 1 ps = 6895 Pa. Norma atmospheric
pressure is 14.7 Ib./ in®. If your gage does not read 14.7 ps when open to amospheric
pressure, you must correct dl of your readings by either adding or subtracting the difference
between your reading of atmospheric pressure and 14.7 ps. (If your gage is grosdy in eror,
bring it to the attention of your ingructor. It may be necessary to remove the plug directly
behind the gage and adjust the pointer using a screwdriver.)

If the pointer in the gage garts to drift when the volume is held congtant, the gas may be leaking
around the syringe plunger. Y ou may codt it lightly with stopcock |ubricant to prevent leskage
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14. The Ideal Gas Law

Procedure: Boyle's Law

In Boyl€es law the volume V is the totd volume occupied by the gas, thus V = Vs + V, where Vs is
the volume of the syringe and V, is the volume of the gage, tubing and fittings. To obtain V, follow
this procedure:

Disconnect the tubing at the gage and set the plunger a the 0-cc mark on the syringe. Reconnect
the tubing and record the pressure reading.

Pull the plunger in the syringe until the pressure reading is 1/2 of the origina reading. According to
the ided gas law, the totd volume at this pressure is must be twice V,. Therefore,
V&=Vo= cc. Note that this value for V, must be added to the volume of the syringe a
al pressure settings.

Disconnect the syringe from the gage; set the plunger at 15 cc and reconnect. Move the plunger in
increments of 5 cc to all values above and below 15 cc. At each vaue record pressure and
volume. Repest this three times and take averages.

Plot Pvs. 1/V and anadyze the graph.

To what extent isit congstent with Boyleéslaw? (i.e. isthe graph a straight line through the origin?)

Finding the Absolute Zero of Temperature

(note: Thiswill not require atrip to Antarctica.)

The third law of thermodynamics dates that absolute zero is an undatainable limit of low
temperature. At this temperature al motion should cease, and the pressure of the idedl gas should
be zero. We can neither get to zero pressure nor to very low temperatures in this lab, but we can
extrapolate our results to those values and get a decent estimate of the absol ute zero of temperature.

The ided gas law, with temperature, Tc, in degrees Celsius, is

PV = nR(TC + To),
where Ty is the absolute temperature, in K, a 0 °C. Thus, for acongtant number of moles, n, and a
congtant volume, V, of gas, the temperature is linearly related to the pressure:
Te=mP- Ty,
where the dope of the graph is
dope="m"=V /nR.

Procedure: Absolute Temperature

Connect the tubing from the metal sphere to the pressure gage.

The sx 1500-ml besgkers should be 3/4 full with water a different temperatures. One should
contain a mixture of ice and water, in equilibrium a 0 °C. A second beaker should have water
a room temperature. The remaining 4 beskers should be maintained a nomina temperatures of
40, 58, 77 and 95 °C. Each lab group should maintain a beaker at a different temperature.
Conault your ingructor or the other lab groups before sdecting your temperature.
IMPORTANT: Do not alow the plastic tubing to come in contact with the heat source.

Starting from the lowest temperature besker, immerse the sphere in the water and record the
pressure and temperature (below) once the sphereisin equilibrium with the water (it may

take a couple of minutes). Proceed to the hotter temperature beakers. USE CAUTION WHEN
WORKING WITH HOT WATER. EYE PROTECTION AND GLOVES ARE
AVAILABLE FOR YOUR PROTECTION.
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14. The Ideal Gas Law

Using Kadedagraph or Excd, plot temperature vs. pressure and find the equation of the line for your
data. From the eguation of the line determine the absolute zero of temperature in °C (i.e. the
temperature, in Celsius, a which P = 0). A good result would be within 5% of the accepted
vaueof -273 °C.

Plot Tc vs. P and andyze the graph.

From your analysis, determine the absol ute temperature at O°C.
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Boyle's Law

14. The Ideal Gas Law

V:VS+VO ]-/V Pl PZ

Ps

PAVE

Plot P vs. 1/V and analyze the graph.

Towhat extent isit condstent with Boyleéslaw? (i.e. isthe graph a sraight line through the origin?)

Finding the Absolute Zero of Temperature

To

P

Plot Tc vs. P and analyze the graph.

From your andysis, determine the absolute temperature at O°C.

Linear equation of graph:

Absolute zero temperature: Tp = °C
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15 Buoyancy and the Density of Liquids

Introduction

Which weighs more, a pound of lead or a pound of feathers? If your answer to this
question is " a pound of lead", then you are confusing "weight" with "dendty.” If you have a
pound of anything, it weighs a pound (i.e. it is attracted by Earth's gravity with a force of one
pound). The dendty of a substance isits mass divided by itsvolume. Since apound of lead will
not take up as much space (i.e. volume) as a pound of feathers, it will have a greater dengty.
Dengty is one of the most important properties by which we characterize a substance. In this
lab you will measure the dengity of various objects and of a liquid by measuring buoyant force,
displaced volume, and mass and volume directly.

Equipment
assorted meta - digplacementcan - vernier cdiper - smdl besker (50
cylinders - overflow can - ruler ml)
irregular solid - gpedific gravity - dring& scissors - beaker (200 ml)
"unknown’ liquid bottle funnd - triplebeam - graduated
balance cylinder (10 ml)
Theory

Dengty depends on how closely spaced the atoms of a substance are as well as on the
meass of each atom, and therefore is a physical property of the substance. Its numerical vaue
depends on the units used for mass and volume. For example, the proper S unit for dengty is
kilograms per cubic meter (kg/n¥). A unit that is often more convenient for use in the laboratory
is grams per cubic centimeter (g/cn? or g/ce), or equivaently, grams per milliliter (g/ml), since 1
milliliter = 1 cubic centimeter of volume. This unit is particularly handy, snce the density of
water, the must commonly encountered liquid, is 1.0 g/en? (not just by coincidence). If we
measure dengty in one of these units we immediatdly know if a substance is more dense or less
dense than water, and hence whether a solid "chunk” of it will float or snk when placed in
water. In fact, these units are o commonly used that they are often omitted, in which case we
gpeek of the "specific gravity”" of a subgtance, which is numericaly equa to the ratio of the
densty of the substance to the dengty of water. In other words, the specific gravity of a
subgtance is numericaly equd to its dengity expressed in g/cn?, but without the units.

Archimedes principle states that the buoyant (i.e. upward) force on an object due to the
fluid in which it is immersed is equd to the weight of the fluid displaced by the object. Thisis
why a solid immersed in a liquid, for example, appears to weigh less, and why some things
float. Thisprinciple will be used to find the specific gravity of an object immersed in water.
Procedure
1. Hold acylinder of ardatively high densty meta, such as sted, brass, or lead in oneand a

cylinder of alower density metd, such as duminum in the other hand, and get a quditative

fed for their relative weights. Using a common ruler, make gpproximate measurements of
the lengths and diameters of the cylinders. Using avernier cdiper, make more precise
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15. Buoyancy and the Density of Liquids

measurements of these dimensions (see Appendix: Reading aVernier). Compute the
volumes of the cylinders using these measurements.

2. Usealaboratory baance to determine the masses of the two cylinders, then compute the
dendity of each by dividing its mass, in grams, by its volume, in cn?. Record your measured
and calculated values. (How do they compare to your quditative fed for the masses and
dengties?)

3. Tieasdtring around one of the cylinders and lower it into a can of water. Asthe cylinder

becomes immersed in the water, notice the change in its apparent weight (i.e. the pull of the
gring) and the change in the water leve in the can.

4. Pour water into an overflow can (Figure A) until it dowly flows out of the spout. Stop
pouring and wait until the spout stops dripping. Measure the mass of a graduated cylinder
then place it under the spout and dowly lower the cylinder into the water, catching the
overflow in the graduated cylinder. Determine the mass of the overflow water and thereby
determineits volume, based on the known density of water.

5. Determine the dendity of the cylinder using the volume of the displaced water and its
previoudy measure mass. Compare this vaue with that determined in step 2. What isthe
specific gravity of the cylinder?

6. Arrange alaboratory baance and avessd of water as shown in Figure B. Suspend the
cylindrical mass from the undersde of the balance by attaching the string to the balance am
and measure itsmass. | the mass of the cylinder is not the same as was determined in step
2, use the zero adjustment on the balance to make it read the same. Now measure the mass
of the suspended cylinder whileit istotaly submerged in water (but not touching the bottom
of the can). The difference between this reading and the mass mesasured in air is due to the
buoyant force of the water. Does this mass difference correspond closdly to any of your
previous measurements? If o, which one? Isthisto be expected based on Archimedes
principle?

S g =
Lab Bench

Figure A: Overflow Can -
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Compuite the ratio of the mass reading of the cylinder (in air) to the difference between the
meass readings obtained in air and submerged in water. To what does this correspond?
Explan.

Do your observations in step 3 suggest a possible method for finding the volume of an
irregularly shaped solid? Determine the volume of an irregularly shaped object and use the
methods of steps 2 & 4 to determine its specific gravity. Next, use the method of step 7 to
determine its specific gravity and compare results by caculating the per cent difference.
Which method do you think gives the most accurate result? Why? Record your data and
the kind of materia of theirregular bodly.

Specific Gravity of a Liquid by Specific Gravity Bottle (Pycnometer). The specific
gravity bottle is provided with a perforated glass stopper that permits the excess liquid to
flow out of the bottle when the stopper isinserted. Thisresultsin awell defined volume of
any liquid placed in the stoppered bottle. First, determine the mass of a clean, dry bottle
and record. Thenfill it with the "unknown" liquid by pouring very carefully from asmadl
beaker. Make sure the outside of the bottle and the surface of the balance platform are dry
and measure and record the mass of the bottle + liquid x. Pour liquid x back into the
beaker and rinse the bottle with water. Then fill the bottle with water and mesasure and
record the mass of the bottle + water as before. From the measured masses, calculate the
meass of each equa volume of liquid and caculate the specific gravity of liquid x and record.
(Note: The handbook value for the specific gravity of isopropyl acohal is0.78.)

Use the graduated cylinder and balance to determine the density of aliquid directly by mass
and volume measurements.  (The mass of the empty graduated cylinder, which must be
subtracted from the mass of the graduated cylinder with the liquid in it, is commonly referred
toasa"tare’.) When reading the volume of the liquid in the cylinder, notice the "meniscus’
shape of the liquid surface due to the attraction (or repulsion) between the liquid and the
wadlsaof the cylinder. Be sure to use the height of the center of the liquid column for your
measurement, not the edge.
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Quedtions
. You determined the volume of a cylinder by two different methods. Which do you think is
more accurate and why? Can you suggest yet another method for finding the volume?

. Can you suggest a method of measuring the specific gravity of a solid that's smpler than
using the digplacement can? If so describeit.

. From the observations made in this experiment, write a statement of the relation of the
goparent loss of weight of a body immersed in water to other weights of the body you have
determined. Why does an immersed body appear to lose weight? Would this same relation
exig for liquds other than water? Explan.

. What relation did you find between the dengty and the specific gravity of the cylinder?
Why does this relation exigt? If the dendty were measured in dugs per cubic foot, would
the relation be any different? Explain.

. Assume the overflow can is filled and preparations are ready for catching the overflow
water. A block that will float is now carefully placed in the can, and the overflow water is
caught and measured. The experiment is then repested with gasoline in the can.  Discuss
the relative volumes and masses of the two overflow liquids. (Note: Gasoline is less dense
than water.)

. One kilogram of iron and one kilogram of duminum are submerged in water and their
apparent weights are recorded. How do the apparent weights compare (quditatively)?
Explan.
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7. One cubic centimeter of duminum and one cubic centimeter of lead are each weighed in air
and then in water. How do their apparent weight |osses compare? Explain.

8. Suppose a vessH of water is balanced on a laboratory balance. Will the balance be
disturbed if you put your finger into the water? Why? If in doubt, try it.

9. Ingenerd, do you think the density of abody depends on its temperature? Why ?

10. If abody floats in a liquid, how does the loss of weight (buoyant force) compare with the
weight of the body? Explan.

11. What is the dendty of the irregular solid used in the experiment in grams per cubic
centimeter? Inthe S sysem?

12. Can you suggest away to use Archimedes principle to find the length of atangled bundle of
wire without undoing the tangle?
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Density of a Solid Cylinder

Cylinder no. 1

Cylinder no. 2

Materia

Mass (grams)

Length (cm)

Diameter (cm)

Volume (cm)

Densty (¢/ cm)

Specific gravity

Displacement Data

Cylinder

Steps4,5& 6

Irregular Solid
Step 7

Materid

Mass

Mass of empty catch vessdl

Mass of vessdl + overflow water

Mass of overflow water

Bdance reading of solid in water

Difference when suspended
in ar and water

Dengty of cylinder Step2=

Step 5=

% difference =

Sp. Gr. Of cylinder Step 5=

Step 7=

% difference =

Sp. Gr.of irreg. obj. | Step2& 4
Method

Step 7
Method

% difference =
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Specific Gravity of a Liquid by Specific Gravity Bottle (Step 9)

Mass of empty, dry pycnometer (bottle) g
Mass of pycnometer full of liquid x g

Mass of liquid x in pycnometer g
Mass of pycnometer full of water g
Mass of water in pycnometer g

Specific gravity of liquid x

Density of a Liquid by Direct Measurements of Massand Volume (Step 10)

Badance reading with dry, empty graduated cylinder g
Bdance reading with graduated cylinder plus acohol g
Net mass of acohol g
Volume of acohol ml

Densty of dcohal (g/ml) (g/mi)
Density of dcohol in S units (kg/n)
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16 Electric Field Mapping

Introduction

Positive and negative charges produce an Electric Field, E, a every point in space. The force
experienced by a charge, g, in such an dectric fidd is F=qE. Electric fidd lines begin and end on
charges, since these are the sources of the dectric fiedld. We represent the ectric fied by vectors
which point in the direction of the force on a positive test charge: awvay from other postive charges
and towards negative charges. Electric Fields may be measured by looking & the acceleration of a
charged paticle in the fidd, but this can be difficult to do. It is eeser in the |ab to measure the
electric potential or voltage.

Equipment

Shalow glass pan Pads of graph or grid paper 4 eectric leads

tap water (salt) meta shapes DC power supply  voltmeter or multimeter
Theory

As a charge moves adong an dectric fidd line,
work is done by the dectrica force. The energy
gained or logt by this charge moving in the fidd is a
form of potential energy, and so associated with the
eectric fidd is an eectric potential, V, which has
units of Energy per charge or Joules per Coulomb,
which we dso cdl Volts. Since voltage is potentia N RN
energy per unit charge, voltage increases when going ST -
from a negative charge towards a positive charge. v
(The kinetic energy of a podtive charge would
increase when going from a higher potentid to a
lower potential.) A surface aong which the potentia

Equipotentials
A M

Electric
Field Lines

Figure 1. Equipotentials and Electric
Field Lines around a spherical
charge.

is congant is cdled an Equipotential. On a
piece of paper, the equipotential is represented
by a line on which the voltage is condant.
These equipotentid lines may be mapped by
usng a voltmeter to find the lines of congtant
voltage. (If the congtant voltage extends over
a volume of space, then the equipotentid on
the two-dimensona surface may be an area

N

ardy | - i r '
rather than smply a line) At the end of this HE i l‘l BN Ik
sction is a discusson of gravitationa Figure 2 A topographical map. Lines of constant
equipotentials and forces. elevation (height) show how the gravitational

Gravitational Equipotentials and Forces
Snce gravitaiona potentid  energy
depends on height, lines of condant height

potential energy is changing. (Some of the lines
on this map are roads) The line of steepest
descent is perpendicular to the equipotentials.

would be gravitationa equipotentials. A map of such linesis called a topographical map. Typicaly, a
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topographical map shows equaly spaced lines of congtant eevation. Where the lines are most
closely spaced the devation is changing most sharply, in other words the terrain is seep. The
direction of the gravitationa force (the component of gravity adong the surface) would point down
aong the direction of steepest descent. The direction of the gravitationa force is perpendicular to
the gravitational equipotentials snce the stegpest downward dope is perpendicular to the lines of
congtant elevation.

Electric Field lines are also perpendicular to Equipotentials.

Sincethereis no work associated with moving in any direction dong an equipotentid, there can
be no forces in any direction dong the equipotentia line or surface. Thus the vector E must have
zero component aong the equipotentiad surface: in other words it is perpendicular to the
equipotential. Just as for the gravitationa force, the dectric force (and hence the eectric field) points
in the direction of the stegpest change in dectric potentidl.

In this lab you will look at the eectric potentia around different shgpes of conductors. Y ou will
firs use a voltmeter to map out lines of congtant potentid (the equipotentials). After you have
found and sketched the equipotentid lines you will draw the dectric fied lines which are
perpendicular to the equipotentids.

Procedure

Y our conducting shapes will congst of metd shapes which you will place in athin film of weter.
The conducting water (tap water generdly has enough ions in it to conduct dectricity, a little st
may be added if necessary) is needed in order to measure the electric potential (or voltage) at
various points in space. If the negative termina of the power supply is connected to one shape and
aso to the negative termind of the voltmeter, then this shape will be a zero valts (Ground). The
voltmeter will be able to measure the voltage difference between Ground and any point which the
voltage probe touches.

Your instructor will show you how to connect the circuit. Do not turn on the power

supply until you are sure it is Multimeter DC Power Supply

connected properly.
®

Connect the circuit as shown by your \ /
ingructor.  Use two bars for your \3@0 |2
conducting shapes. Place a piece or two
of graph paper under the glass tray to / Y
make a reference grid. Be sure and Cb

connect the shapes to the output

labeled DC voltage. Have your

multimeter set to measure DC voltage.

Practice usang the voltmeter to:

Measure the voltage produced by the
power supply. Cdibrate the variable
knob on the supply by finding the
Setting corresponding to zero volts and
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Graph paper under
glass provides a
reference grid for
measurements

Figure 3: A DC power supply is connected to two
conducting shapes, establishing a potential difference
between them. A voltmeter is used to measure the
potential (voltage) at various points between the two
shapes.
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to ten volts. Leave the power supply st at ten volts.

Now measure the voltage of each of your two shapes. One shape should be at zero volts and the
second at ten volts.

Verify that the entire conducting shape is & the same voltage. Because electrons are free to move
within a conductor, the entire conductor must be an equipotenta (in a Satic Stuation).

Measure the voltage at severa points between the two shapes. Does it vary between zero and ten
volts? If not, you may need to check your circuit or add a little salt to the water to incresse its
conductivity.

If you are having difficulty measuring voltages or they do not seem to be correct, have

your instructor check your setup. It isimportant to get the circuit correct before proceeding.

For your report:
Make a sketch of your circuit. Labd the postive and negative terminas of both the power supply
and the meter.

Each lab partner should use an entire sheet of paper to make an overhead view sketch of your two
conducting shapes. Use the same type of graph paper as you placed under the glass so that
your sketch can be full scale and accurately drawn. Y ou may wish to draw axes on both your
graph paper and the paper under the glass. Labe the shape connected to the positive termind
“10 Volts’ and the shape connected to the negative termind “0 Volts'.

Use the voltmeter to find a point between the shapes which is about 5 Volts. Draw an "X" on you
sketch at the location of this point. Y ou will now find an equipotentia line by moving the voltage
probe and tracing out aline which is at a congtant voltage (in this case, 5 Volts).

For the following one (or more) lab partners should be in charge of sketching while another moves
the probe and another keeps track of the voltmeter. Have one partner move the probe about 1
cm keeping while keeping the reading on the voltmeter a 5 Volts. On your sketch make an X
at the second point and connect to two by alineto indicate an equipotentid.

Continue to move the probe and record on your sketch an X for the points a which you check the
voltage and the lines of congtant voltage which connect them. The separation between X’s may
vary depending on how quickly the voltage changes. If the voltage is congtant for along straight
line you might move the probe a longer distance before recording an X. If the voltage changes
direction quickly you may need to record more X's in order to accuratdly sketch the
equipotentia lines.

Onceyou have sketched a line from the center between the two conductors out beyond the edges
you may have to go back to the center and sketch the second hdf of the line in the opposite
direction. If your shapes are symmetrica you may expect the field lines to be symmetricd as
well. You may be able to make fewer X’s: just check to seeif the equipotentia lines are indeed
symmetric.

The line you have drawn is an equipotential with avaue of 5 Valts. Labd thisline “5 Valts’. For
the two parallel bars make sure that you have investigated the areas out near (and beyond) the
aress of the bars.
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Lab partners should now switch roles so a different person measures the voltage or records the
sketches. Now repeat the procedure to find at least two more equipotentia lines: for voltages
of 7.5Voltsand 2.5 Volts. Labd them on your sketch.

For your report:
Each partner should have a sketch of the equipotentid lines. Some of the sketches will be made
during the voltage measurements. Additional copies can be made by tracing these sketches.

Y ou now have 5 equipotentid lines (counting the surfaces of the conductors). You can now draw
the eectric fied lineswhich are perpendicular to the equotentlds using the following criteria:
The directions of the fidd lines go : : 1 :
from high voltage to low voltage. — —>
(This is because high to low voltage A
would correspond to a decrease in
potentid energy (increase in kinetic
energy) for a pogtivey charged
particle and so this is the direction of
the dectricd force on a pogtive - : :
charge). Figure 4: Equipotentials (dashed lines) and Electric Fidld
The fidd lines should be Lines (solid).  Electric field lines should be

perpendicular (90 degrees) to perpendicular to equipotentials at the points where

the  eguipotentiddls  The they cross.
surfaces of the conductors

themselves are equipotentials! Start at one point on an equipotentid line and draw a
short line perpendicular to it. Then figure out how you would need to bend that line so
that by the time it encounters the next equipotentid line it is aso perpendicular to that
line.

Draw a number of eectric fidd lines which begin on the postively charged conductor (higher
voltage) and end on the negatively charged conductor (lower voltage). Y ou will want to sketch
in aline lightly with a pencil and check with your ingructor to make sure you understand the
procedure.

For your report:

Draw the dectric fied lines on your sketch. Labd the lines "E’ and draw arrows aong them to
show the direction of an eectric fidld. The arrows should go from higher voltage to lower voltage.
At representative points draw aright angle symbol () where thefidd lines meet the equipotentias.

Repeat for additiona conducting shapes. Turn off the power supply while connecting and
disconnecting the leads. . Y ou may try two round shapes or one round shape and one bar.

For your report:
Each partner should have a sketch of the equipotentias and field lines for the additional shapes.
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16. Electric Field Mapping

Obtain a hollow meta ring and place it in the H0||0W
water to represent a hollow conductor. Place R| ng
bar shaped dectrodes on ether sde of the

hollow ring. Investigate the change of potentid
a various points ingde the hollow ring. Compare
to the field without aring.

For your report:
Make a sketch of your set-up and deﬂcribeyour

results. O V 10V

Figure 5: Hollow conducting ring placed

Your lab report should consst of an between two electr odes.

introductory cover page which includes the title,

names of lab partners, a paragraph or two (n your own words) describing the ideas behind the
experiment and the basic procedures. The data for this lab will congst of the sketches you have
made. Summarize your conclusons by answering the following questions in complete sentences
with an explanation of your reasoning.

Voltage is potentia energy per unit charge. If you were a positive charge and you moved from a
higher voltage (10 valts) to a lower voltage (O volts) how would your kinetic energy change?
What would the direction of the electrical force acting on you be?

How does your answer change if you are a negative charge?

What isthe direction of the dectric fied in each case (isthere any difference)?

How does the potentia energy of a charge change as it moves along the surface of a conductor?
What is the force on an eectron dong the surface of the conductor (in other words the
component of force in the direction of the surface). What is the component of eectric fidd dong
the surface of a conductor?

When the equipotentid lines bend, what hgppens to the dectric field lines?

Comment on the equipotentia lines and the eectric field between the two parale bars. If the bars
were infinitely long, what would you expect the eectric fidld between them to look like?

Comment on the equipotentials and field lines for two spherical shapes or a sphere and abar. How
does the symmetry of the configuration show up in the equipotentials and fields?
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17. Batteries ‘n Bulbs: Voltage, Current and Resistance.

17 Batteries ‘n Bulbs: Voltage, Current and Resistance.

Introduction

A smple dectric circuit can be made from a voltage source (batteries), wires through which
current flows and aload, such as alight bulb, which provides resistance. In this lab you will use
the multimeter to measure voltage and resistance and to begin to learn about smple DC circuits.

Voltage: Batteries a source of “dectromotive force” (EMF) for a circuit. Chemicd reactions
in the battery maintain a congtant potentia difference, that is a voltage, between the positive and
negative terminds of the battery. If the battery is connected to a circuit with conducting wires then
electrons will move from the negative termind (U= q V = lower potentid energy for the negative
electrons ) to postive termind (U= gV = higher potentiad energy ). The symbal for voltageisV and
its units are Joules/Coulomb or Volts (V).

Current: Even though we now know it is the dectrons which actudly move, by convention
current is defined as the direction of movement of postive charge. Thus the conventiona pogtive
current is sad to flow from the higher voltage (postive termind) to the lower voltage (negdtive
termind). The symbol for current is | and its units are Coulombs/Second or Amperes aso known
as Amps (A).

Resistance: Resistance is ameasure of how hard it isfor current to move through a conductor.
The symbol for resstance is R and its units are Ohms (W). Electricd devices which have a linear
relationship between voltage and current obey “Ohm's Law’”:

V=IR (“Ohm's Law”)
Not al dectrical devices are “ohmic’. Circuit dements such as capacitors, trangstors, etc. have a
more complex relaionship between voltage and current.

Equipment

Two batteries Battery Holders 8-10 dligator clips 3 light bulbs (different
types)

Light bulb holder multimeter probes for meter

Note: light bulbs should be different types, a least one with significantly different resistance.
Procedure
For each part follow the suggested procedure then stop and write your observations, answer
questions and summarize conclusions. Your report should have a title page with the lab title, your
name, date and time, |ab partners and a brief introduction. Label each section of the report with a
section heading.
Make sure everyonein your group has a chance for hands on investigation.

Examine the betteries. They will have terminds labedled + and -. Determine which end is
postive and which end is negative.

Set the multimeter as a voltmeter to measure DC Voltage (V). Make sure the leads are in the
proper sockets and if there is a switch it is set to DC rather than AV voltage. Be careful to note
whether the voltage reading isin V or mV (10° V). A voltmeter messures a voltage difference
between to points. Measure the voltage difference between the positive and negative terminals of
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17. Batteries ‘n Bulbs: Voltage, Current and Resistance.

the batteries. If you switch your leads you should notice that the reading on the meter changes gn
since the voltage difference changes sgn.

Now you will invesigae different @
configurations of batteries. Pace the
batteries in the holders and use double sided ‘H
dligator clips to connect them as shown in
Figure 6. For each configuration measure
the voltage between the bottom of the ,J.. (B) I (
batteries (the point labeled (A)) and the top
of each battery (B) and (C). Make sure that |
the Common or Negative termind of the (A) (A)
voltmeter is connected to point (A). Note: lay PN
sincewiresin our circuit are consdered ided Batteriesin Series Batteriesin Parallel  “Antiseries’ Batteries
conductors, if awire is connecting two points Figure 6: Battery configurations
in a drcuit they should have the same
potential (voltage). Veify this. To make your voltage measurements you can touch or clip your
multimeter probes to the battery holders. Make sure you have good eectrica contact.

| ©

For your report:

Make a sketch of each configuration Make your sketches large and easy to read. Labe the
points you use to measure voltages and record the voltage next to the sketch. (For example
“Voltage between (A) and (B) = Vag =).

Questions:

A chemicd reaction in the battery tries to maintain a constant potentia (voltage) difference between
the negative and pogtive termina of the battery. Do you observations support this? (Hint: for series
and anti-series configurations the differences should be cumulative.)

Part 2: Anatomy of a light bulb

In this part you will investigate the anetomy of the light bulb and its socket. Your misson isto
find out 1) why there are two dectrica contacts on the bulb socket and 2) which parts of the light
bulb contact which parts of the socket.

Investigate the bulb socket. Remove one of the bulbs. Determine which eectrica connectors
are connected to different parts of the bulb socket (There are nails holding the socket holder to the
board: these are not part of the bulb socket! The ingde of the bulb holder is an important
however!).

Now study the light bulb: how is it congtructed? Which parts of the bulb come in contact with
which parts of the socket?

Connect a battery to the bulb by connecting an dligator clip from each end of the battery to
each dectrica contact of the socket. The bulb should light up a leest alittle. What happens when
you disconnect on clip? Does it maiter which clip you disconnect? What happens when you partly
unscrew the bulb?
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17. Batteries ‘n Bulbs: Voltage, Current and Resistance.

For your report:

Make a sketch of the light bulb (a
side view showing the filament and Batev |, L
how it is connected indde the _-[_ ?
bulb). When the light bulb is )
connected to the battery, the
potentid difference in the battery
should cause postive current to Figure 7: Circuit with a single battery and bulb. The
flow through the wires and bulb circuit diagram symbols for a battery and a resistor are
from the pogtive termind to the shown. Wiresarerepresented aslines.

negative termind. (It is actudly

electrons moving in the opposte direction). Draw the battery connected to the bulb and show on
your sketch how current flows through the bulb. Labe the current with an “I”.

Circuit Diagram

Question:
What is needed in order for the lightbulb to light up?

Now you will sudy light bulbsin pardld and in series. The circuit diagrams are shown in Figure
8. Note that the shape of the circuit diagram does not have to correspond to the physica shape of
the circuit. What is important is 1) where the current flows and 2) which points are connected by
wires (and therefore at the
)
same voltage). (B)

Part 3: Bulbsin a Paralld
Circuit
Construct the top circuit.

If your bulbs have different
brightnesses, move them (A)
around to determine whether
the brightness depends on the
postion in the arcuit.  If it
does not, then they ae
different brightnesses
because the ae different
types of bulbs.

Bulbsin Series

Figure 8: Light bulb Circuit One (top) and Circuit Two (bottom).

For your report: Corresponding cir cuit diagramson theright.

Make a (LARGE) sketch of
the top circuit and label it “Pardlel Circuit”. Draw the circuit diagram next to it.
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17. Batteries ‘n Bulbs: Voltage, Current and Resistance.

Labe the points on each side of the battery and on each side of the bulbs (A), (B), (C), etc. Labd
the corresponding points on your circuit diagram (as shown in the top circuit in Figure 8). Set
your multimeter up as a DC voltmeter and record the voltage differences across 1) the
combination of the two batteries and 2) each of the bulbs. Record these values below your
sketch. For example, the voltage between (A) and (B) should be measured with the negative
probe at (A) and recorded as Vg . Answer the following for this circuit:

Questions:

What happens when you unscrew one bulb? Two bulbs? Does the brightness of the remaining
bulb(s) change?

How does the voltage across each bulb compare? How does it compare to the voltage across the
battery.

Set the multimeter as an ohmmeter to measure Resistance (Ohms or W). Make sure the leads

are in the proper sockets. The resistance may be reported in MW (10° W), k W (10° W) or W.

Resigance is a measure of how hard it is for current to flow. A good conductor will have (nearly)

zero resstance, a good insulator will have very large resstance. Touch the two multimeter probes

together to measure the resstance of the test leads. Hold them apart to measure the resistance of
the ar. (If the resstance is larger than the meter is cgpable of reading it should indicate this). Do
your readings make sense?

Disconnect all of the alligator clips. The dligator clipswill remain disconnected for this section.
Change your multimeter to an Ohmmeter and measure the resistance across the first bulb. The
vaue should be very smdl (an Ohm or a few Ohms; if you read kiloOhms your meter may be
defective) Record thisvalue as “R;”. Repeat for the second and third bulb and record “R,” and
“Rs”. Labd theresstors on your circuit diagram with the gppropriate labels and vaues.

Now connect two aligator dips between R and R s0 they are in pardld again. Measure the
Resgtances across each bulb. You should get the same vdue for each. This is the effective
resstance of the combination. Under the circuit diagram record this vaue as R.,. Connect up
the third bulb in pardld (as in your origind circuit) and measure the effective resstance across
al three bulbs. Record this value under your diagram as Ry.o+3..

For your report:
Y ou have measured the vaues for R;, R, and Rs; and the effective vaues Ry+» and Ry.2.3. These are
you experimentd vaues. For acircuit in pardld the effective resstance of should be

1 1 1 1 1 1 1
and

=—+— =t —+—

R1+2 Rl R’Z R1+2+3 Rl RZ R3
These are the theoretical valuesfor resstorsin parallel. Use the measured vauesfor Ry, R;, and R;
to calculate the expected theoretical value for R, and Ry.,+3 and record these labeled “theoretical
values.

Questions:
Is there a corrdation between the Resistances you measure and the brightness of the bulbs? (If you
can't remember connect the battery up again) If Ohms Law predicts that V=IR how do you
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make sense of this? (Remember that you previoudy determined the voltage across each
lightbulb).

How do the theoretica vaues for expected resstance compare to the experimenta vaue for R?
(The agreement may not be exact, notice however if the effective resstance is larger or smdler
than any of the individud resstance)

Does resstance get larger or smaler when you combine resstors (or bulbs) in paralel?

Congruct the bottom circuit. (Note: depending on your bulbs some may light up very dimly here))

For your report:

Make a (LARGE) sketch of the bottom circuit and label it “Series Circuit’. Draw the circuit
diagram next to it. Label the points on each side of the bulbs (A), (B), (C), etc. Labd the
corresponding points on your circuit diagram. Set your multimeter up as a DC voltmeter and record
the voltage differences across 1) the combination of the two batteries and 2) each of the bulbs. Be
sure to measure the voltage going the same direction around the circuit so that the measured
voltages are dl the same sgn. Record these vaues below your sketch. Answer the following for
thisdrcuit:

Questions:

What happens when you unscrew one bulb? Any bulb?

How does the voltage across each bulb compare?

What is the sum of the voltages across dl three bulbs? How does it compare to the battery voltage.

Do you think the same current is flowing through each bulb? Explain why or why not. (Do not rely
on the brightness of the bulbs, consder the circuit diagram).

Disconnect all of the alligator clips. The batteries will remain disconnected for this section.
Make sure that you remember which bulb is which and labd the resstors on your circuit
diagram with the appropriate labels and vaues for Ry, R;, and Rs.

Now connect the dligator clips between R and R, so that they are in series. Measure the across
BOTH bulbs. Under the circuit diagram record this value as Ry...

Connect up the third bulb and measure the effective resstance across dl three bulbs. Record this
vaue under your diagram as Ry+2+3..

For your report:

Record the three resistances, R , R and R and the two effective resistances R+, and Rii+3.

These are your experimental values. For acircuit in series the effective resstance of should be
R.,=R+R, and Rizs =R*+*R+ R

These are the theoretica values. Cdculate the expected theoretical vaues and record them labeled

as“theoretica vaues'.
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Questions:

How do the theoretica vaues for expected resistance compare to the experimentd vaues. Again
they may not agree exactly but notice if the effective vaues are larger or smdler than the
individua vaues

Which drcuit makes for brighter bulbs? The circuit in pardld or the circuit in series? You have
measured the voltages for each, can Ohm's Law explain the brightness?

Does resstance get larger or smadler when you combine resstors (or bulbs) in series?

Different circuit dements are in pardld when they have the same voltage (potential
difference) across them.

Different circuit elements are in series when they have the same current running through
them.

Write a paragraph summarizing your conclusons and comparing the two types of circuits (you

may have recorded some of your observations earlier but you should summarize them a the end of
your report as well).
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18 Ohm's Law and Resistivity

Introduction

In this lab you will investigate smple DC (direct or constant current) circuits made with a DC power supply
and resgtors.  You will be able to measure voltage, current, and resstance for different components in your
circuits

Equipment

Power Supply with Voltage and Current Rheostat Multimeter, leads
Digplay (HP) (850r 115 W, 2+ Amps)

Resistance Demonstrator Alligator and banana plug leads

Theory

Ohm’sLaw V=R

Resigtance is ameasure of how difficult it is for current to flow through a circuit eement (awire, aresstor, ec.)
“Ohmic” devices have alinear reationship between voltage and current.

Power P=1V which for an Ohmic device yeilds P=1V=1’R= VR

When energy is disspated in aresstive load the rate of a which energy is disspated is P=1V (Power in units of
Watts=Joules/second) is Current (I=Charge flow/scconds in units of Ampere=Coulomb/scc) times Energy per
charge (V=Voltage=Joules/Coulomb). For an Ohmic device, the voltage drop across the resstance is V=IR,
s0 we get the result P=I°R. If you double the current through a given resistance, then you will quadruple the rate
a which energy is disspated.

Resistivity R=r %
The resstivity, r , is a characteridic of a given maerid which
describes how hard it is for current to go through that meterid.
Conductors have very low resistivity, insulaors have very high Area,

resstivity. Resistance (R) is the property of a particular piece of A

wire, carbon, etc. Redstance is determined by the resdtivity Length, L
(what kind of materid), the length of the materid (L) and its cross

sectiond area, (A.)

Materid Regdivity (W-m) Materid Resdivity (W-m)
Copper 1.7 x 10°® Gold 2.44x10°

Silver 1.59 x 10° Glass 10"to 10"
Tungsten 5.6 x 10° Silicon 640

SAFETY NOTES
Turn off the current - (by unplugging one lead from the power supply - and note that the current reading
becomes ZERO every time you re-arrange the circuit. The circuit should be safe to touch, but thisis dways a
good safety precaution that will protect both you and the circuit ements!

Procedure
With no leads connected to the power supply:
Set up the Power Supply so it ison the 2 Amp setting (there is a button to sdect 2A or 3A).
Pressin AND HOLD the "CC Set" button - the current limit will be displayed. Set the current limit to about
1 Amp. Do this by adjusting the Current knob.
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18. Ohm's Law and Resistivity

A Rheoda is a variable resistor made of wire. You should have either an gpproximately 85 or 115 W
Rheodtat that is rated for about 2 Amps of current. The Rheostat is made of along wire wound in a cylindrica
shape. There are connections for each end of the wire - between them is a congtant resstance. Thereisdso a
"whed" that runs back and forth dong the Rheostat. Thereisa
third connection (or one at both ends of the bar running above
the wound wire) that connects to this "tgp*. Thisdlowsyou to End
connect to the Rheodtat any point dong the wire. The symbol ~ connection
for a Rheodtat represents a resstor with a connection at each
end and dso avariable "tap" connection.

Use the Ohmmeter of your multimeter to make sure you understand the connections on the Rheodtat.

Record the tota resistance of the Rheostat as measured by you multimeter.

Schematic of Rheostat: "Tap"

Connection

End
connection

Relationship between current and resistance.

Turn the voltage of the power supply down to ZERO.

Connect the power supply across the entire resstance of the Rheodtat. If it isan 85W Rheostat there should be
85W of resistance across the power supply.

Starting with ZERO Volts, make a record of Voltage (V) and Current (I) as you turn up the voltage on the
power supply. You should record about 8 data points as you turn the voltage up from ZERO to the
MAXUMUM (about 15 Volts on the 2 Amp setting.)

For each data point caculate the Resigtive load (R) by usng Ohm'sLaw V=IR i.e, R=V/I

MAKE A GRAPH of Voltage (V) versus Current(l). Use the curve fitting procedure (with Kaaidagraph for
example) to fit the graph.

REMOVE ONE LEAD FROM THE POWER SUPPLY SO THE CURRENT READING IS ZERO. Leave
the power supply on its highest voltage setting.

Move the center tap of the Rheostat so that it is about 20% of the distance from one end.

Measure and record the resistance between the end and the tap - REMEMBER you only get atrue vaue of the
resistance when al other circuit eements are disconnected.

Connect the power supply leads between one end of the Rheostat and the center tap.

Reconnect both leads to the power supply - record voltage and resistance.

Cdculate the resstance usng Ohm's Law and compare to the multimeter reading.

REPEAT for 3 additiond pogitions of the Rheostat. DISCONNECT THE POWER SUPPLY EACH TIME
YOU ARE MOVING THE RHEOSTAT TAP.

Questions (Part A and B) - .

Look at the numerica vaues you have cdculated for resstance. What is the gpproximate uncertainty in the
resistance?

Are the discrepancies between the vaue you measured with the Ohmmeter and the vaues you cdculated
random (equdly high and low) or systematic (consstently high or low). Discuss the discrepancies - what
are possible reasons?

Look at your graph from Part A - what evidence doesit show that the Rheostat isan Ohmic device.
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The resgtivity demondgtrator conssts of five coils of wire. Each are labeled with the materid (Cu=Copper or
NiAg=Nickd Silver). The wires are clad in copper colored insulation. There are leads tha alow you to
connect to the ends of the wire. Each islabeled with alength (in meters) and a diameter.

REMOVE ONE LEAD FROM THE POWER SUPPLY SO THE CURRENT READING IS ZERO.

Adjust the Rheodtat so that its resistance is about 75W. Verify with the Ohmeter.

Connect the Rheodtat IN SERIES with one coil of the Resigtivity Demondtrator - it will take ONE additiona
alligator clip lead to do this. The new dligator clip goes between the Rheogtat and the wire coil - you can
connect to ONE of the wire coils where they are soldered to the terminds. The circuit isin SERIES if the
same current that goes through the Rheostat dso goes through the coil. NOTE - nothing is connected to the
second end terminal of the Rheodtat - there is no current in that part of the circuit.

Connect the DC Voltmeter (you multimeter) across the wire coil - you
can connect to the terminals of the SAME coil you have connected Voltmeter

to the Rheodtat. With no current the voltage should read zero - if it
does not record the milivolts of offset from zero. Wire Coil
Once the circuit is built and double checked (YOU DO NOT WANT ~ Rheostat

CURRENT TO GO ONLY THROUGH THE WIRE COIL IT
MUST GO THROUGH THE RHEOSTAT AS WELL)
Reconnect the disconnected lead from your power supply.

Record both the voltage across the coil (from the multimeter NOT the
power supply) and current (from the power supply display, since
there is only one current in the resistor.)- write down the numbers as Schematic Drawing
soon as you connect the lead. Y ou may notice the current changing
if youwait too long. Caculate the resstance of the wire.

DISCONNECT THE POWER SUPPLY - VERIFY THAT THE CURRENT IS ZERO.

Connect to adifferent coil of wire and repest for dl five coils.

DISCONNECT THE POWER SUPPLY - VERIFY THAT THE CURRENT IS ZERO.

Change the Rheogtat setting so it is about 30W - verify with the Ohmmeter - measure Voltage and Current
again for each cail of wire. Cdculate Resistance of the coils again.

From Resigtance (R) and knowing the length (L) and cross sectiond area (A=pr?) you can caculate the
resdivity, r . NOTE THAT THE WIRE DIAMETER (not radius) IS GIVEN IN INCHES (not meters).

Cdculaethe resdtivity in unitsof W-m for each coil and for the two current settings.

Power Supply

(Continued next page)
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18. Ohm's Law and Resistivity

As temperature increases the resdtivity of metals generdly increases. Passng current through a wire disspates

energy as heat. The rate a which energy is disspated is the Power (Energy per second) . For Ohmic devices

thisisgiven by theequation ~ P=1V =1°R=V?%R

Using the gpproximatey 30W resistance to control the current in the circuit, go back and determine how the
current in each coil changes as a function of time. Record the Current and the Voltage across the coil
immediately after the power supply & connected to the coil (IN THE SAME CIRCUIT AS ABOVE -
THE RHEOSTAT STILL LIMITSTHE TOTAL CURRENT) and then leave the power supply connected
for about 2 minutes. Record the Voltage across the coil after 2 minutes and caculate the percent change.
Note whether it is an increase or decrease.

For each wire ca culate the power dissipated WHEN THE CURRENT IS FIRST TURNED ON.

Questions (Part A and B) - .(THISISREPEATED FROM ABOVE FOR YOUR CONVENIENCE!)

Look a the numerica vaues you have caculated for resstance. What is the gpproximate uncertainty in the
resistance?

Are the discrepancies between the vaue you measured with the Ohmmeter and the values you cdculated
random (equdly high and low) or systematic (consstently high or low). Discuss the discrepancies - what
are possible reasons?

Look at your graph from Part A - what evidence doesit show that the Rheostat isan Ohmic device.

Questions (Part C and D) -.

Compare the resistance for Copper wires of the SAME radius but DIFFERENT lengths. CALCULATE the
ratio of lengths and compare to the ratio of resistances.

Compare the resistances for Copper wires the SAME length but DIFFERENT radii - CALCULATE theratio
of cross-sectiona areas and compare to the ratio of resstances.

Are the above results consstent with the theoretica relationship between Resstance and Residtivity?

What is discrepancy between your experimentaly determined vaue for the resitivity of copper and the
theoretica value (see table on thefirst page)? I's the discrepancy RANDOM or SY STEMATIC?

The Ni-Ag wire does not have a theoreticd vaue - WITHIN THE EXPERIMENTAL UNCERTAINTY can
you say Whether it'sresidtivity differs from copper? Which is the better conductor (if you can say).

Which wires showed the most changes in resistance when the power supply stayed on - EXPLAIN why these
wires showed more change.
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Tota Resistance of Rheostat =

Voltage V Current, | R from Ohms Law % Difference from multimeter
Approx Voltage Current R from OhmsLaw | R from multimeter % Difference
position

SAMPLE CALCULATIONS:

Record Coil Characterigtics:

Coil #

Material

Length, L, meters

Diameter, Inches

Radius, R, meters

Cross Sectional Area, A, m?

1

2

4

5

Cdculaionsfor Area:
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Trid One Current =

Coil #| Voltage Current Cdlculated Calculated Theoretical. % Diff.
Material | across coil Through coil Resistance, R Resistivity I' g, Resistivity, I' Theo.

Trid Two: Current =

Coil #| Voltage Current Cdlculated Calculated Theoretical. % Diff.
Material | across coil Through coil Resistance, R Resistivity I' g, Resistivity, I' Theo.

Caoil # | Current (t=0) | Vcail (t=0) Vit (2 minutes) % Power a time t=0
Materid Change

Show sample calculations on separate page.

167




18. Ohm's Law and Resistivity

168



Extra Blank Page!

169



18. Ohm's Law and Resistivity

170



19 Resistances in parallel and in series.

Introduction

In this lab you will investigate smple DC (direct or congtant current) circuits made with a DC
power supply and resstors.  You will be able to measure voltage, current, and resstance for
different componentsin your circuits.

Equipment

Protoboard with voltage Resstors Wires Multimeter and andog ammeter,
upply dligator dlip probes

Have lots of spare fuses on hand for the ammeter!!!!

Theory

To understand the relationship between current (1), voltage (V), and resstance (R) in a circuit,
we can use afew smple relationships:
Ohm’sLaw
Resgtance is a measure of how difficult it is
for current to flow through a circuit eement (a
wire, aresgor, etc.) “Ohmic” devices have a
linear reationship between voltage and
current. |
Kirchhoff’s Rules
The sum of currents going into any node in a

crcuit must equa the sum of currents

leaving the node.
The sum of voltage changes around any loop

inadrcuit iszero
“Kirchhoff's Rules’ arise from the principles
of conservation of charge and conservation of k
energy. The firgt rule smply says that since —_— Q é Q

. . 5V —_— 1 R, 2 R,

current is moving charge the number of
Coulombs per second (Amperes) going into T T
any junction of a circuit must be the same as
the totdl current leaving that junction. For the Figyre 9: The current going into a node must equal
node shown in the top frame of Figure 9 thiS the current leaving a node (Top). The voltage
can be written as change going around any closed loop must be zero

la=lg +lc (bottom).
The second rule says that the change in

potentia energy per unit charge (tha is the

change in voltage) must be zero when you make a complete loop around any path in a circuit. The
bottom frame of Figure 9 shows a circuit with two loops. Using the currents defined in the top
frame, the changesin voltage around the loops can be written

5V

5V+VR1:5V' |B R1:O
VRritVre = +HgRi- IR =0

(loop 1)
(loop 2)
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19. Resistances in parallel and in series.

Here we aso use Ohm's Law which says that the voltage across a resstor should decrease by
V=IR inthedirection of the current. Notice that we follow both loops in asingle direction. For loop
2, we go around the loop in the direction opposite to Ig but in the same direction as I, and so the
voltage increases by IgR; but decreases by I.R,. The three equations determined from Kirchhoff's
Rules provide enough information to dlow usto solve thethree currentsla , Is and Ic.

Residors in series have the same current going through them. Resistance increases since the
current must pass through dl the resstors. The effective resstance of severd resgtors in series is
given by

Retetive=R1 +T R+ Rz + ... (Inwlﬁ)
Resdors in pardld have the same voltage across each of them. The circuit in Figure 1 shows
two resgtors in pardle. Because the current can split up among the different paths, the effective
resstance decreases. The effective resistance of severd resistorsin pardld is given by:

1 1 1 1 .
-y in pardld
Riee R R R (in peralle)

Voltage: When usng a
voltmeter to measure voltage, [a]

the probes are attached L,
across to points in the circuit t Nt—/

and the meter messures the — \l
voltage difference DV é A

between those two points.
The ided voltmeter has a
very high resstance so that it

draws very little current from
the circuit.
Current: Anammeter is

Figure 10: A voltmeter measures the voltage difference across two
points in the circuit. An ammeter must be inserted into the circuit in
order to measure current. When an ohmmeter is used to measure

usad to messure current in @ resistance, the circuit eement must be disconnected from the rest of

units of Amperes (or Amps).  thecircuit.
The ammeter must be inserted in the circuit so that the meter measures the current passing through
it. The ideal ammeter has low resistance so that it doesn't affect the voltage in the circuit.

CAUTION: It is possible to damage the ammeter by passing too much current through
it. Make sure it is properly connected (in series with a resistor as shown in Fgure 10). If
too much current goes through the ammeter it will blow a fuse!

Resistance: An Ohmmeter is used to measure resstance in units of Ohms (V). A circuit
element must be removed from the circuit in order to measure its resistance, otherwise you are not
measuring the resgance of that dement but rather the effective resstance of everything it is
connected to.
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19. Resistances in parallel and in series.

Resgtors are often color coded with their values. There are usudly four bands of color. The
first two bands represent two digits and the third band represents additional powers of ten. The
fourth band is ether dlver or gold, indicating the value is good to 10% or to 5%. The numbers
represented are;

Color | Black | Brown | Red | Orange | Yelow | Green | Blue | Viole | Gray | White

Vdue 0 1 2 3 4 5 6 7 8 9

A resistor with bands of Brown, Blue, Red and Gold would signify the three digits 162 and have a
value of 16 x 10° = 1600 Ohms. Practice using your Ohmmeter to until you understand color code
on several resgors.

Procedure
Choose three resistors with different values. For a5 Volts R1
power supply, in the hundreds of Ohms will result in : _\/\/\/\ :
currents of 10 to 100 mA. Choose three resistors of (A) ®) l\
different values between 100 and 999 Ohms. — éRz
Use your Ohmeter to measure the three resstances and Ve Rs ?
record them in adata table.
—\N\

Condiruct the series circuit shown.

Measure the voltages across each resistor. The current
should flow from the pogtive termind of the power
supply to the negative and the voltages should drop across each resistor in the direction of the
current. If you are going around the loop in a clockwise direction, make sure your voltmeter has
its negetive termina the “same” sde of each resigtor. (For example across R, point (A) should
be the negative termina, across R it should be point (B), across R point (C) should be the
negative terminal and across the beattery point (D) should be negative. Record these vaues as
VAB, VBc, etc.

Now you will use your multimeter as an ammeter to measure current. The meter must be inserted
into the circuit to measure the current. BE SURE NOT TO BLOW THE FUSE ON
YOUR METER BY USING IT INCORRECTLY -- do not use it the same way as you
would a voltmeter. To measure the current at point (A), for example, you would unplug the wire
from the resstor and connect one side of the anmeter to the end of the wire. The other lead of
the ammeter then is connected to the end of the resstor where the wire used to be-- the current
you wish to measure goes through the ammeter but is il limited by dso having to go through
the resstor. Refer again to Figure 10.

Measure the currents at points A, B, C and D. BE SURE TO CHANGE THE SCALE ON
YOUR AMMETER TO MATCH YOUR MEASUREMENT. If your measurement is too
small for your multimeter you may need to use an analog ammeter. Record as|a, I, €tc.

Use Ohm's Law to predict the voltage drop through each resistor and compare to the measured
values. The circuit should obey Ohm's Law to within about 10 percent. (Vg = | Reentive). I this

(D) ©
Figure11: Series Circuit
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19. Resistances in parallel and in series.

is not the case the circuit may not be constructed properly, your meter may be inaccurate or you
may not be using it properly. Stop and seek help if thisisthe case.

Cdculate the effective resgance for dl three resstors (see above) and compare to value
determined from Ohm’s Law: Va= | gatt Reffective-

Apply Kirchhoff’'s Voltage Rule by writing an equation for the voltages around the sngle loop in this
crcuit. Write it first with symbols, then use your numbers to check thisrule.

Chooe two ressors which have smilar, but not

| ©
/

2
e

identical, vaues. Messure the vaues with an : | (B)
Ohmeter and record them. I (A) \
Construct the parald circuit shown. . é R
Measure the voltages across the power supply and the Vg !
resstors. f
Insert your ammeter within the circuit a points A, B, C ' '
and D and record the currents. D) (B (F)
Do the resistors each obey Ohm's Law? Figure 12: Paralle Circuit

Cdculate the effective resstance of the wo resstorsin
parallel and determine whether the voltage across the battery is equa to the current from the
battery times the effective resstance.

There are two loops in this circuit. Going around each loop clockwise, write Kirchhoff’s voltage
loop equations, first with symboals, then your numbers.

There are two nodes in this circuit. Draw pictures of the nodes and show the currents coming in
and out. (Label them I, Ig, Ic or Ip) Write the equations for Kirchhoff’s Rules as it applies to
these nodes, firg with symbols, then with your numbers.

Y our report should include atitle page with summary, sketches and data tables, equations. The
find summary should address how well Ohm's Law or Kirchoff's rules hold and compare
experimenta values to theoretical predictions. (Comparisons should include typica percentage
error). Discuss possible sources of discrepancy.

Deriving the effective resistances: (optional)

For the series circuit, use Kirchhoff’s equation for the voltages then for each voltage substitute the
equation Vs = | Rstenive 10 re-derive the expresson for the effective resstance of resstors in
series.

For the pardld circuit, use Kirchhoff’s current equation for the top node on this circuit and then for
each current subgtitute the rdationships | = V / R to re-derive the expression for the effective
resstance of pardld resigtors.
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19. Resistances in parallel and in series.

Series Circuit: Sketch the circuit and labdl resstors and points adong the circuit where

measurements where made. Record data below and Bbel each number to correspond to your
sketch (For example Vag = 1.56V or Iz =.046 Amps.)

Record Data Here, then transcribe below for your caculations:

Battery: V patt= Ri= R= Rs=
VOlt@S V= Vigc= Vep=

Measured:

Currents (A= lg= = lp=
Measured:

Data (insert symbol and vaue from above) and caculations:
Current

Redsigtors:

Effective
Resistance

Theoretica
Vdue

%
Difference

Resistor

this Resistor

for Voltage from
Ohm's Law

% Difference

IA:

Vbatt/ I Batt

Rest

Kirchhoff’s Rules for voltages around the series circuit (write out using symbals, then show the

cdculaions usng your numbers):
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19. Resistances in parallel and in series.

Paralld Circuit: Sketch the circuit and label resstors and points dong the circuit where

measurements where made. Record data below and label each number to correspond to your
sketch (For example Vag = 1.56V or Iz =.046 Amps.)

Record Data Here, then transcribe below for caculations:

Battery. VBat Ri= Ro=

Voltages Vge= V=

Measured:

Currents (A= lg= = Ip=
Measured:

Data (insert symbol and vaue from above) and caculations:.

Resgors:

Effective
Resgtance

Theoreticd
Vdue

%
Difference

Resistor Current  for Voltage from Measured %
thisRessor  Ohm'sLaw Voltage Difference

Ry= lg=

Rgz

Refi=

Vpait! |Bat

Reft

Wite the following using symbols, then show the cdculations usng your numbers.
Kirchhoff’s Rules for Voltages around the two loops:

Loop 1.

Loop 2:

Kirchhoff’s Rules for Currents going into and out of a node:
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20 Multiloop Circuits: Kirchhoff's Rules.

Introduction

In this lab you will practice gpply Kirchhoff's Rules to circuits containing more than one power
supply and severd possible current paths.  Kirchhoff's Rules result when we gpply conservation of
energy and conservation of charge to a circuit. The resulting equations dlow us to solve for the
currents in various branches of acircuit.

Equipment

Protoboard Resistors (~100-1000k) Multimeter Colored
Floating power supply Wires, Aligator Clips Pencils
Theory

Kirchhoff's Rules and Ohm's L aw have dready been discussed in previous labs.

Voltage Rule:The sum of voltage around a loop is zero (év = 0). This is a statement of

conservation of energy since changes in voltage (potentia energy per charge) should add to zero
around any closed loop in the circuit. Once you get back to your starting point the total change
in voltage should add up to zero.
When Kirchoff's Rules are gpplied in a circuit, the signs of the voltage changes are particularly
important. When the voltage changes are traced through a battery or power supply in the direction
from minus to plus the potentia increases. The potentid supplied by a power source is cdled the
EMF (electromoative force), € . When acircuit is traced through aresistor in the direction of the
current the potentia decreases. According to Ohm's L aw this voltage changeis Ve=I R

Voltage (V=IR) is negativein _\/W
€ (EMF) is positive —| the direction of current across a
going from-to+ ona _ resistor, positive when you — >
battery, negative going 4; trace the circuit the other way. IR

the other way e

Current Rule: A node is any junction in the circuit where the current can split into more than one
path. The sum of current into a node is equa to the sum of current out of the node
[o] o] .. .

(a lo=a o ) This is a statement of conservation of charge: the same amount of charge
per second (current) must leave a junction in the wire as arrives. Charges are not crested or
destroyed in the circuit -- they Smply circulate in the circuit gaining energy (from a power supply
or battery) or losing energy (dissipated as heet in aresistor, for example).
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20. Multiloop Circuits: Kirchhoff's Rules.

Power is defined astherate of Energy gained or disspated. Thisraeisgiven by
Power: P=1:V
The equation is easy to undersand since the voltage, V, is potentid energy per charge and the
current, 1, is the charge per second passing through the circuit. The units of power are Waits
(Joules/sec).
A source of EMF (battery or power supply) supplies power at the rate P =1:€ if the current
passes through it in the direction from - to +. If current runs through a battery "backwards’ from
+ to - then it uses up energy a therate P =-1 :€ . This can be equivaent to recharging the
battery.
A resistor dissipates energy as heat at therateof P=-1 % =- 1% xR,

Procedure

In thislab you will first gpply Kirchhoff's rules to andlyze a circuit and predict the currents in the
circuit. After making your prediction you will construct the circuit on the protoboard and check
your predictions. Things to keep in mind as you andyze the circuit are:

Make sure the Sgns of your voltages changes are correct (see above).

In order to solve an agebraic problem with N unknown quantities you need N independent
equations. The number of equations you end up with must be the same as the number of
unknown currents in your circuit.

The equations must be independent. That is you should not be able to combine any two
equations to form athird: each new equation must contain new information about the circuit.
Y ou will need both voltage (loop) equations and current (node) equations.

This circuit may be congtructed using two power supplies and three resstors. Choose resistors
in the range of 100-1000 Ohms. If you use the protoboard supplies then the "negative' terminals do
not exist -- the supplies are automaticaly referenced to ground. If you use externa power supplies

they may have both negative and postive termindls.
"_———————-._“-._._.»
- .._-.’... _____

{I

)

! J R2
\

| ‘. |
Is e I'Ig
\ g 2
\ [tz e

In the figure above the currents have dready been drawn in and labeled. Directions for the
currents were chosen arbitrarily. The current in the same in any path which does not have a split
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20. Multiloop Circuits: Kirchhoff's Rules.

(unction) in it. Current does not change going through resstors or power supplies -- only &
junctions.

The circuit above has two nodes (shown by smdl cirdes). There is only one independent
current equation. For the bottom node the current going in is Ia+lc and the current coming out is lc.
Thus

atlc=1g (Equation One)
The top node would give an equivaent equation since Ig comesin and |4 and I go out.

There are two independent loops in this circuit. Tracing the left loop clockwise garting & the

lower |eft we get the equation

-1,R-1,R, +€ =0 (Equation Two)
Tracing the right loop clockwise garting at the lower right we get
-6, +1,R,- IR, =0 (Equation Three)

The voltage differences are postive going through the battery minus to plus and negetive going
through the resistor in the direction of the current.
If we trace the circuit around the outside circle we would get the equation:

-€,+€ - I,R- IR, =0
This is not independent however, since we could obtain it by adding Equations 2 and 3. There are
three independent (one current and two voltage) equations and three unknown currents so it is
possible to solve for the currents. From equations (2) and (3) both Ig and Ic could be written in
terms of 1x. These expressions could be used in Equation (1) to write an equation with only 14 iniit.
Once thiswas found it would be possible to go back and find Ig and I to show that:
e1R3+e2R1 and | :ele +e1R2' esz and | :ele' ele' esz

RR, +RR; + R R, ° RR,*RR +RR, © RR+RR+RR,

A

Congtruct this circuit using the protoboard and either interna or externd power supplies. Use
resstors from 100 to 1000 Ohms and the 5V and variable voltage power supplies. Make a sketch
of your circuit and label dl the power supplies and resstors with symbols including subscripts
Next to the sketch make a table showing the vaues you are using for power supplies and resstors.
You can use colored pencils to color-code the different currents in your circuit. Indicate the labels
for the currents as well.

Trace the circuit and measure the voltage differences across the power supplies and resistors. The
power supplies on the protoboard are referenced to ground. Be carefull of polarity -- your
multimeter reads voltage differences between its two terminals. Put the leadsin the same
order asyou aretracing your circuit.

Record the voltage differences on your sketch. Indicate the direction you measured (with an arrow)
and the sgn of the voltage.

Determine whether the sum of voltage differences around any loop add to zero.

Beow your sketch write the appropriate voltage equations -- fird with symbols (induding
subscripts) then with the vaues you have measured.

Use the ammeter to measure dl the currents in your circuit.  Again, the meter can tell you the
direction of the current by itssign.

181



20. Multiloop Circuits: Kirchhoff's Rules.

Record the currents on your sketch with arrows showing the direction.
Do the currents into each node add up to the currents coming out?
Cdculate the power supplied or dissipated in the circuit.
Does power supplies equal power dissipated?
Compare measured currents to values caculated by solving Kirchhoff's equations. Show and
label your work clearly.

RECOPY YOUR SKETCH AND DATA IF NECESSARY TO MAKE THEM NEAT
AND READABLE!!!

iy
% R: R
= s

Add another resistor. Make a sketch, labeling and color coding everything as before.

Choose directions and label and color-code the currentsiin this circuit

There will be one less independent current equation in this circuit than there are nodes. Write
out the independent current equations.

How many independent loops are in this circuit? You have found al of them if the loops you
have used have traced every wire. Write out the voltage equations.

Y ou dont have to solve thisone! Can you solveit (in principle) -- are there as many equations
as you have unknown currents?

Measure the currents in this circuit. Pay careful attention to their directions. Record the data on
your sketch.

Are the current node equations upheld? Write them out with both symbols and with numbers.
Are the voltage loop equations upheld? Use the currents you have measured to calculate the
voltage across the resistors and check the loop equations. Again, be careful of directions!

Is energy conserved in this circuit (power supplied P power dissipated). Show and explain
your caculations.

RECOPY YOUR SKETCH AND DATA IF NECESSARY TO MAKE THEM NEAT
AND READABLE!!!
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21. Charging and discharging a capacitor.

21 Charging and discharging a capacitor.

Introduction

A capacitor is made up of two conductors that store positive and negative charge. When the capacitor is
connected to a battery current will flow and the charge on the capacitor will increase until the voltage acrossthe
cagpacitor, determined by the reationship C=Q/V, is sufficient to stop current from flowing in the circuit. Figure
13 shows acircuit that can be used to charge and discharge a capacitor.

Equipment
Protoboard with Capacitors (about 100nt) Wires ULI interface
power  supply Resdors (vdues of about Multimeter Data Logger
and switch 50kW, 100k, 200k) software
Theory

Before the switches are closed, there is no charge on the
capacitor. When switch S, is cosed, current will flow in the circuit
as the capacitor is charged. According to Ohm's Law, the voltage
across the resstor will be

Vr=IR
while the voltage across the cagpacitor will be given by
Vc=Q/C.
By Kirchhoff’'s Rule the voltage changes around the circuit must
add to zero so
Viat - VR -Ve =Vpat - | R-Q/IC =0
When the capacitor charges the charge, Q, starts a zero and there
is no voltage on the capacitor. This means the current initialy
flows a its maximum rate (Imax=Voa/R When Q=0). However as
the flowing current charges the capecitor, the voltage on the
capacitor increases. This voltage opposes the flow of more charge
and the current begins to decrease. The rate a which the
capacitor charges dows as the current decreases -- as more and
more charge builds up the current becomes smaler and smdler.
The current decreases exponentially -- it asymptoticdly
approaches zero for longer and longer times. Smilarly the charge
increases exponentidly -- it keeps growing but at a dower and
dower rate and asymptoticaly approaches (but never actudly
reeches) its maximum vaue. It would take an infinite amount of
time to actudly reach the maximum vaue since the rate of increase
(current) becomes smaller and smdler as time goes by. If we take
into account the fact that current and charge both vary with time,
the equation obtained by gpplying Kirchhoff's Voltage Rule around
the charging circuit becomes:
Equation 1: Kirchhoff's Rule for a charging capacitor

Circuit with two position switch, S1 and Sz

Vewr = | >

<+

Switch S closed, charging the capacitor
S

o S

<

Ratt

~———AAA

C —

.|||_|

Switch Sz closed, discharging the capacitor

Si
—0

I
I
¢

VBat —

L

Figure 13: Circuit
dischar ge a capacitor

to charge and
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21. Charging and discharging a capacitor.

t
Vigat - Ve - Ve =V - 1) R - %20

The exponentidly decreasing current and increasing charge are describe by:
Equation 2(a): I(t) for the charging capacitor

\V} y ..
I — _' Batt RC Q
® = ? p
Equation 2(b): Q(t) for the charging capacitor
YA
Q(t) = CVgy ?' € Aecg

The number e (Euler's Number aso known as the Natura Logarithm Base) gppearsin any equation in which the
rate of increase or decrease of a quantity depends on the amount of that quantity. In this case the rate at which
the capacitor charges depends on the current which decreases as the charge, and hence the voltage on the
capacitor, increases. It takes an infinite amount of time for the current to actualy decresse to zero or for the
capacitor to become fully charged -- this is a property of exponentia functions. The exponentid behavior is
characterized by the time constant, t :

Definition of time congtant:

t =RC
The time congtant has units of seconds -- the larger the product RC the longer it will take the capacitor to
charge to any fraction of its maximum vaue. The time required to charge to increase to (1- e‘l) of the
maximum vaue is exactly one time condant, RC. Eule's number, e is egud to
2.71828182845904523536028747 - - - etc.

If we wait for until severd time constants have passed, the capacitor will becomes nearly fully charged. At
that time the current is nearly zero, the voltage on the capacitor is equd to the voltage on the battery, Vs, and
its charge @ is given by @ = CVga. Now we can change the switch from postion S, to S,. The current will
flow through the resistor to ground, discharging the capacitor. Around this loop the sum of voltagesis now given

by
Equation 3: Sum of voltages around the discharging circuit:

Vq +V, = I(t)><R+%:O

The voltage on the capacitor acts to "push” the current but as the current flows the capacitor discharges and the
current dows down. Thus the rate of discharge dows as time goes by. Both the current and charge decrease
exponentially with time:

Equation 4(a): I(t) for discharging capacitor

|(t) — \i e YRC — &e— t/RC
R RC

Equation 4(b): Q(t) for discharging capacitor
Q(t)= Q. t/IRC — CV € t/RC
The same time congtant, t = RC is used to characterize the discharging cycle but now the time RC describes
thetimeit will take the charge to decreaseto 1/e=e* of itsinitid vaue.
Procedure
Using the breadboard with built in power supplies, construct the cir cuit in Figure 13. Y ou will use cagpacitance

values between 10 and 100nt and resistance vaues from 50kW to IMW. Choose values so the product of
R times C is on the order of several seconds. With the switches set in the “open” position, set up the power
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supply with a voltage of aout 5 V. By usng the switches at the bottom of the board it is possible to switch

between the two configurations. Use a multimeter set as an Ohmmeter to check continuity in your circuit

and as aVoltmeter and make sure you understand how the circuit works. Ask for help if you need it.

Preparing the data acquistion hardware: The voltage will be measured usng the Universa Laboratory
Interface (ULI) with the voltage probes connected to input 1. To drive the ULI, load the program labeled
“data logger”. Place the voltage leads across the capacitor. By measuring the voltage across the capacitor
you can measure charge snce Q=CV.

Preparing the plot: 1t'sagood ideato change the plot which comes up on the data logger program. Y ou can
change the length of time on the x-axis. Make the time at least ten timeslonger than your time congtant, RC.
To do this click twice on the plot just above the x-axis. Change the upper time limit. Set the minimum for
the yaxis to be -0.5V and the maximum about 0.5 Volts higher than your power supply. Click on the
vertical axis labe to sdect the Port 1 input only. The Collect menu can be used to change the ports plotted
or the sample rate if needed.

To collect data you should start with the switch in the grounded postion (S; in Figure 13). You can usean
extrawireto ground both sdes of the capacitor to make sureit isfully discharged before you gart.

Click Sart on the program. Y ou should see a horizonta line at about zero volts. After a couple of secondsflip
the switch to the charging position. Y ou should see the voltage continudly increase. If needed stop and re-
adjust both the time scale and data collection rates. The maximum time scale should be about ten times the
product of R times C and there should be enough data points per second to give a nice smooth curve.
Repeat until you are sure you can make agood data plot.

Once you have adjusted the time scae and data collection rate you can begin taking data.

Start with the switch in the S, position and ground the capacitor to dischargeit.

Click gtart on the program and let it run for awhile to establish aflat zero volt basdine.

Fiptheswitchto S;. Let the program run as the voltage rises.

When the voltage reaches the maximum let the program run so that there is afla line a the maximum
voltage --- the charge on the capacitor has now reached its maximum and the current has stopped
flowing.

Keep the program running and flip the switch back to S. Now the capacitor will discharge. Let the
program run long enough to again establish aflat zero volt basdine.

If there is room on your time scale you can continue flipping the switch for additiond cycles. Print the graph
if desired.

If you have recorded data for severa cycles, choose the best looking charge/discharge graph and adjust the
range on the time axis o only one cycle is plotted. (For example if the best looking graph is between 75
and 140 seconds then adjust the time axis to plot that range). Print a copy of that graph for each
member of your group.

From your graph, determine the time constant of the circuit for both the charging and the discharge portions
of the curve. From the time constant and the measured vaue for your resstance, derive the capacitance.
(See Data Analysis section that follows)

IMPORTANT: STOP and analyze your data befor e proceeding to the next section! You will need to
have the data visible on the computer in order to analyzeit.

Repeat the data collection for two capacitors in series and for two capacitorsin paralel. Demondrate that
the sum of the capacitance conforms to the formula derived in class:

Capacitorsin Pardld: C =4 C=C+C,+C+...

‘equivalent
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1 1

a

Capacitorsin Series:

1 1 1
— =+ +—+..
C c C, G

‘equivalent

=

Data Analysis
Be sure and complete your analysis as you complete each part of the lab

The “time to charge’ or the “time to discharge’ is actudly infinite Snce it takes an infinite amount of time to
fully charge or discharge the capacitor. The charging and discharging times are therefore characterized by a
sngle time t=RC, cdled the time congant, t. From the equations for voltage as a function of time we can figure
out what the voltage actudly is a these times.

When the capacitor is charged its charge increases according to Equation 2 and therefore its voltage as a
function of time is given by the equation:

Ve = 2 =V, @ e el (Charging
The time congant, t =RC, is the time when the charge reaches the vaue given by setting the timet equd to the
vaue RC:
Equation 5: Charge (or voltage) a time t=RC tells you time congant for charging
V(att=RC)=V,,(1- e?) (Charging)
To find the time congtant from the graph smply find the time it takes the voltage (and hence charge) to increase
from zero to (1 - €") timesitsfina vaue. You will find thistime by andyzing the graph.

When the capacitor is discharging, the charge decreases according to Equation 4 and therefore its voltage

obeys the equation:

V() = Vgue '™ (Discharging)
The time condant is the time when the charge reaches the vaue given by this equation:
Equation 6: Voltage a time t=RC tells you time congtant for discharging
V (@t=RC) =V, (e?) (Discharging)
To find the time congtant from the graph smply find the time it takes the voltage to decrease from its maximum
vaueto (e?) timesthat value. You will find thistime by andlyzing the graph.

To andlyze the graph for a charging cycle you need to find the time it takes the voltage on the capacitor to
increase from zero to (1- e'l) of its maximum vaue. Have a charging cycle clearly vishle on the computer
screen. From the Analyze menu choose Analyze Data A. When you move the cursor to the plot it becomes a
cross-hair and you can read the time and voltages for any data point a the bottom of the plot.  Find the time
just before the voltage gtarts to increase.  Transcribe these numbers from the computer to the plot you have
printed and labd this point. Find the maximum voltage on the computer and Smilarly [abdl this on your graph.
Now cdculate the voltage (1- e‘1)>?x/Max . Move your cross-hair until you find the point nearest to this voltage
on your graph. Labd the voltage and time on your print-out. The time congtant for charging is the time between
V=0 and V= (1- e‘l)ﬁs\/Max . Draw verticd lines down from these points on your gragph to intersect the time
axis. Draw a horizontal double headed arrow (« )on your graph between these two points and label it Dt .

Cdculate the difference in time and aso write this on your graph.
To andyze the time for discharging follow a smilar procedure except that now you want the time from the
maximum voltage (just as the switch was thrown to start the discharging circuit) until the voltage decreases to
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21. Charging and discharging a capacitor.

e ' of itsmaximum value. Find and label the starting point for the discharge cydewhen V =V, . Cdculate the
voltage e * %/, and find the corresponding point on the graph. On your graph record the times and voltages

found on your computer and find Dt for the discharging cycle. As in the previous case, draw the verticd lines
down from these pointsand label Dt .

Once you have found the time constant, complete the calculations in the data table to compare the measured
time congtant to the theoretical vaue. Y ou can use the known vaue of the resstor to calculate an experimentd
vaue for the equivdent capacitance for the capacitors in parale and series. The theoretica equations for the
equivaent capacitance in these two circuits are on page 185.

For your report

For your report, write a cover page with brief introduction and include datatable, graphs and andysis. All
graphs should have axis and units labded. The analyss which gives you your time congtants clearly shown.

Cdculations given in the data table should be shown below the graphs or on a separate page. Summarize
your experimental results and discuss errors or discrepancies and their possible sources.

Discussion and Questions

Discuss why the time required to charge and discharge changes with capacitance and resistance (How much
charge is required to reach the fina voltage? At what rate (current) does the charge move? What controls
the current?)

How does the time constant change when the capacitors are in paradld? In series? How does the capacitance
change.

Analyze the time dependence of the solutionsin Equations 2 and 4.

Look at Equation 2(b) and Equation 4(b) for the charge (or voltage since VC=Q/C) at time t=0. Subgtitute
t=0 in the equations. Does each equation give the gppropriate initid vaue for a charging or discharging
capacitor?

Look at Equations 2(a) and 4(a) and determine what is happening to the current at time t=0.

Look a the same equdtions a very long time (subdtitute a very large value or imaging what the value
reaches in the limit t=infinity). Do the equations reach the appropriate limits a very long times?

Write two paragraphs describing in your own words what is happening to the charge on the capacitor, the
voltage on the capacitor, and the current in the circuit as the cagpacitor is 1) charging and 2) discharging.
Comment on whether the time dependence shown by the equations agrees with the expected time
dependence of the charge and current in the circuit as it charges or discharges.

Calculus Based Questions: Understanding the equations in more detail.

Equations 1 and 3 describe the charging and discharging of a capacitor. The solutions to these equations are
Equations 2 and 4, respectively.
Equation 2(b) describes the charge as a function of time as the capacitor is charged.

Find the currents for the charging capacitor by cdculating the function 1(t)=dQ/dt for this case. (Take the
derivative of Equation 2 to find I(t).) Compare to Equation 2(a).

Subdtitute the function Q(t) of Equation 2(b) and the function for I(t) which you have just found into
Equation 1, show that Equation 1 does give zero. This proves that Equations 2(b) is a solution for this
circuit.

Equation 4 describes the charge as a function of time as the capacitor is discharged.

Find the currents for the discharging capacitor by caculating the function 1(t)=dQ/dt for this case. (Take the

derivative of Equation 4(b) to find I(t).)

187



21. Charging and discharging a capacitor.

By subdtituting the function Q(t) of Equation 4(b) and the function for 1(t) which you have just found into
Equation 3 show tha Equation 4 is indeed a solution to the voltage equations for a discharging
capacitor. (Show Equation 3 does give zero).
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21. Charging and discharging a capacitor.

Single Capacitor

Applied  Voltage Vea Ressance R Capacitance C
(“Battery”): used used

From graphs. be sure and labd points on graph and show how your found the time constant
Messured Time | Charging Discharging Average:

Congtant (from

graph);

Cdculdions.

Cdculated  Time Percent  Diff.  (between

Congtant (t =RC): average and calculated)

Paralld Capacitors

Applied Voltage Vgar

Ressance R

Capacitance s| C;

(‘Battery”):

used used

C,

From graphs. be sure and labd points on graph and show how your found the time congtant

Measured Time | Charging Discharging Average:
Congtant (from

graph);

Cdculaions.

Cdculaion for

Cequiv

Cdculated  Time Percent Diff. (between average
Congtant (t =RC): and calculated)

Experimenta Cequiv Percent Diff. (between
(Fromt =RC) experimental and calc. Ceyiv)

Series Capacitors

Applied Voltage Vear Ressance R Capacitance s| C; C
(“Bettery”): used used

From graphs. be sure and labd points on graph and show how your found the time constant
Measured Time | Charging Discharging Average:

Congant (from

graph);

Cdculdions

Cdculation for

Cequiv

Cdculated  Time Percent Diff. (between average

Congtant (t =RC): and calculated)

Experimental Ceqiv Percent Diff. (between

(Fromt =RC) experimental and calc. Ceqiv)
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22 Activity: Magnets and Magnetic Fields

Introduction
In this activity you will investigate the properties of permanent magnets, the magnetic fields they
produce and the forces between magnets and other objects.
Equipment
Two Permanent Bar Magnets. (Make sure they are not so old they are demagnetized)
Set of 6 to 8 smdl disc shaped magnets.
Objects of conducting materid: Iron, Stedd, Copper, Aluminum.
Objects of insulating materid: glass or plagtic
Compasses String and tape. Iron Filings, paper.

1. Permanent M agnets and For ces

Equipment: bar magnets, conducting and insulating objects.

Permanent magnets interact with each other as well as other objects. Begin with at least two
permanent magnets (these should have poles labeed “North” and “South™) and other objectsfrom
the ligt above. (Metd objects should include at least iron, copper and duminum, insulators can be
glass and pladtic.) Sysemdtically investigate the interaction between the magnets and the other
objects.

What hgppens when you bring “unlike’” ends of the magnets together?

What happens when you bring “like’ ends of the magnets together?

Compare the magnets to an dectric dipole.

Describe the interactions of the magnets with conducting materids. Is the interaction with
the different ends of the magnet the same or different.

Describe the interactions of the magnets with insulating materids.

How does the magnetic “behavior” of the materials compare to their eectrica properties? Is
the comparison smple?

Recdl| that when a neutra conductor is brought near an eectrically charged object (either
postive or negative), the eectronsin the conductor moved to create an induced charge
and the neutral conductor is attracted to either postively or negatively charged objects.
Compare this behavior to the behavior of (some of the) materids in the presence of the
permanent magnets,

2. Magnet Orientation
Equipment: two magnets, string, tape, compass
Now you will investigate how a magnet orients itsdlf in space relative to another magnet.
Tie a dring firmly around the middle of a bar magnet and secure it with tape. Suspend the magnet.
Bring a second magnet near and move it around to observe the affect.
Describe the affect.
Does the affect vary with distance?
Next place a compass on the table and observe the affect of bringing a magnet near it. Move
the magnet around.
What is the compass needle made of? Which end points where?
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22. Activity: Magnets and Magnetic Fields

3. Magnetic Field Lines
Equipment: Bar magnets, iron filings, paper.

Place a permanent bar magnet on a piece of paper or plagtic. Lightly sprinkle iron filings around
it. The needle shaped iron filings should orient themselves dong the magnetic field lines and so you
can cregte an image of the magnetic field around the magnet.

Sketch the magnetic field lines.
Compare your sketch to the dectric field lines around an eectric dipole.
Return thefilings to their container when you are done.

4. Breaking Apart a M agnet
Equipment: Sx to Eight small disc magnets, two bar magnets, pieces of iron or steel.

Investigate the small disc magnets.

a) Does each gppear to have both a “North” and a “ South” pole? Explain how your
observations reved this.

Assemble the disc magnets into a stack. Invedtigate its behavior compared to the single bar
megnet.

b) How does the stack behave compared to a sSngle bar magnet? Does it have a
“North” and “South” pole?

Now divide your magnets into two smdler stacks. Investigate their behavior.
How does each smadl stack behave compared to either the larger stack or the single
magnet?
Is the behavior of asingle disc magnet by itsdf the same as the behavior of adisc wheniitis
in the center of a stack?
Pull the stacks completely gpart again.

€) Speculate on what might hgppen if you continued to divide the magnetsin hdf.
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23 Measuring the magnetic field of the earth

Introduction

Magnetic fidds, B, can be produced by moving charges (such as currents) and in turn produce
forces on moving charges. In this lab you will measure the magnetic field produced &t the center of
acoil of wire carrying a current and compare it to the earth’s magnetic field.
Equipment

Dip needle, compass, tangent galvanometer (coil), DC power supply, cables, ammeter (or use
interna readout on Hewlett- Packard supplies).
Note: steel lab tables and chairswill interferewith the Earth’sfield. If thelab benchesare
stedl, this experiment must be conducted on the floor away from sted tables and chairs.

Theory

A magnetic moment is the source of the magnetic fidd. The smplest type of magnetic moment isthe
magnetic dipole: magnetic fidd lines go from the North pole to the South pole.

The Earth has a permanent magnetic moment. The geographic North Pole of the earth is actudly its
magnetic “south” pole since the north pole of a compass needle will point North.

Atoms can have smdl magnetic moments which produce smal magnetic fidds. These are due to
both the intrinsic magnetism of the protons, neutrons and dectrons and to the circulation of the
electrons about the nucleus. In most cases the magnetic momerts of the atoms are randomly adigned
S0 that on average thereis no net magnetic fidd for the materid.

A permanent magnet is a materid in which the atoms are aligned so as to produce a net magnetic
fidd. A smple bar magnet typicdly has a North and South pole at its ends. Opposite poles attract
each other, like poles repd.

A compass is generdly a needle shaped permanent magnet mounted on a pivot so that it can rotate
to show the direction of an externa field. The North pole of the compass is often painted red and
will point towards the Earth’s North Pole (which is its south magnetic pole) since opposite poles
attract.

Magnetic materids are materials that can produce an induced magnetic field in the presence of an
externd field because their atoms are able to redign the interna magnetic moments with the externa
fidd. An example is a ferromagnetic materiad such asiron or sed. Ferromagnetic materids are
attracted to either pole of a permanent magnet because of their induced magnetic moment. Not all
metas are ferromagnetic: Aluminum is not magnetic.

An dectromagnet uses a current to creste a magnetic fiedd. The direction of the field is determined
by the right-hand rule. For a current loop if the fingers of the right hand curl in the direction of the
current the thumb will point in the direction of the magnetic field through the ingde of the loop.
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23. Measuring the magnetic field of the earth

Procedure

The Earth’s magnetic field:

Here you will use a“dip needl€’ to find the direction of the Earth’s magnetic field and calculate
its horizonta component. Ingtructions for the dip needle are found insde its box.
Take the dip needle to a postion away from the sted lab tables, which will interfere with this
measurement.

Firg align the protractor horizontaly and find North. Note this position for future reference.

Align the dip needle so that the needle and its support are digned dong North. Then rotate the
protractor to let the dip needle point downward. The Earth's field actualy points downward
into the Earth snce the pogtion of the magnetic North pole is downward. Record the
downward angle that the dip needle makes with the horizonta direction.

Make a sketch of the dip needle and indicate the angle measured. Use the angle to find the
horizontal component of the Earth's fidld. Use the value of 5x10° Teda for the total Earth's
fidd. Thisisatypicd vaue the locd conditions may vary or the building and sted furniture may
digtort the Earth’ sfield.

The magnetic field produced at the center of a coil

WARNING: TURN DOWN the power supply every time you connect or disconnect leads. DO
NOT let the current exceed 5 Amps. (The Hewlett- Packard supplies are limited to 3 Amps)

Measure the radius of the wire in your coil. Set up the coil with the compass at the center of it so
that the plane of the coil is digned North. The compass needle should point North. Rotate the
casing of the compass until the North |abel dso points North.

DO NOT TURN ON THE POWER SUPPLY YET. If the power supply does not have an interna
current read-out, place the ammeter on its highest setting (for example, 20 Amps). Connect the
ammeters o that a lead goes from the + termina of the power to the Ground or - input of the
Ammeter and a second lead goes from the Amp termind of the ammeter to one of the knobson
the cail --- the ammeter should be between the power supply and the coil so that it measures
the current going towards the coil. MAKE SURE THAT THE AMMETER IS NOT
CONNECTED DIRECTLY ACROSS THE POWER SUPPLY. Connect the other lead from
a second knob on the coail (across the terminads marked 15 turns) to the ground on the power
supply. If the power supply has a current indicator, you can smply connect it directly to the
coil.

Turn up the power supply dowly to test your set-up, do not let the current exceed 5 Amps. Asyou
change the number of turns (coils of wire) used re-test to make sure that you never exceed 5
Amps. (Note: if the current will not increase the supply may be set in a current limiting mode:
ask your ingtructor for help).

Turn the current back down again. Now watch the compass needle as you slowly turn up the
current (keeping it below 5 Amps). Y ou may need to tap the compass to make sure the needle
doesn't stick. Turn it up and down afew times and observe what happens.

TURN THE POWER SUPPLY DOWN and switch the leads. Turn the current dowly upto 3to 5
Amps while observing the compass needle. What has happened? Make a sketch and record
your observationsin a section labeled Observations.
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23. Measuring the magnetic field of the earth

The direction of the magnetic fiedld produced by the cail is
perpendicular to the place of the coail. Thus if the compass
needle originaly points North and the coil is digned so that
this is in the plane of the cail, you should observe that the
compass needle rotates as the current-produced B
(magnetic) field becomes stronger.  When the needle has
turned 45 degrees the current-produced B fidd (Bcoi)
should be equa to the horizontal component of the Earth’'s
fiddd (Bearth)-

Carefully adjust the current until the compass needle points 45
degrees from North (this should be either NE or NW). Tap
j[he compeass if necessafy_to make sure it isn't Sticking. Turn produces a magnetic field
it up md down a few times to see how reproducible the which deflects the compass
current is. Make a note of the current used. TURN THE eedle.

POWER SUPPLY DOWN and switch the leads --- how
much current does it take to turn 45 degrees the other way? If the current for each direction is
not (nearly) equa then your coil may not be digned with North.

Once you are sure the plane of the coil is digned with North, repeat your measurements for the
current required to turn the needle 45 degrees 3 times for each direction of current. Turn the
current down to zero between each tria and tap the compass to make sureit isn't sticking.

TURN THE POWER SUPPLY DOWN and switch the leads on the coil so you are using 10 turns
of wiree. CHECK TO SEE HOW FAR YOU CAN TURN UP THE POWER SUPPLY
WITHOUT EXCEEDING 5 AMPS. (With fewer turns the resstance is less and so the current
will be higher for the same voltage setting.)

Repeat your measurements for the current required to turn the needle 45 degrees each way. Make
three measurements for each direction.

Repeat using 5 turns of wire.

Summarize your observations in your report.

Analysis

When the compass needle turns to 45 degrees the field produced by the coil should be equa to
the horizontal component of the Earth’ sfield.

Figure 1. Current in the cail

Preliminary Analysis. (Answer_in your report)

How reproducibly could you measure the currents required to turn the needle 45 degrees?

Average the currents measured for the different numbers of turns and for the two directions.
Record in the table.

Is the magnetic field required to turn 45 degrees the same in each case? (What is the coil’s fidd
when the angle is +45° ?)

Cdculate 1) the ratio of the current required for 15 turns to the current required for 5 turns and 2)
theratio of current required for 10 turnsto current needed for 5 turns. Record in the table.

How does the current required compare to the number of turns?

Theoreticaly the magnetic field produced at the center of the coil should be
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23. Measuring the magnetic field of the earth

ml
B=N—
2R
where N is the number of turns of wirein the coil, | isthe current and R is the radius of the cail. The

congtant v, is called the permesbility of free space and is equd to
m =126" 10°° Teslaxmeters/ Amperes

The gandard units for magnetic field are Teda. The direction of the magnetic field depends on the
direction of the current. The right-hand rule is used: if the fingers curve in the direction that the
current moves around the cail, the thumb pointsin the direction of the magnetic fied.

Further Analyss. (Answer in your report)

If B is constant (and the radiusis constant) how must the current, 1, change as the number of turnsin
the coil changes?

Does this agree with your observations? If not exactly, isthe trend right?

For each number of turns, use the average current for that number of turns to cdculate the
theoretical magnetic field produced at the center of the cail.

Compare to the expected vaue. Is the result within the accuracy with which you could reproducibly
measure the currents? If not, discuss possible reasons.

Make two sketches of the coil showing the two directions for the current. Use the right-hand rule to
predict the direction of the magnetic field in each case and indicate this on your sketch.

Report

Your report should include a cover page, Introduction, data and observations. Your
introduction should include a sketch of your experimental set-up. Y ou should write sections labeled
Observations, Prdiminary Andyss and Further Andysis answering the questions posed in each
section.  Answers must aways be complete sentences which can be read independently of the
handout. For your Concluson summarize your results and discuss any random or systemdic
discrepanciesin your data
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The Earth’s magnetic field:

Sketch:

23. Measuring the magnetic field of the earth

Cdculation:

Total Bof Earth very approximately = 5x10° Teda

(local By, may vary)
Horizontal component of Be,, =

The magnetic field produced at the center of a coil

Radius of coil =
Number | Current - Current- | Average Ratio of Theoretical
Trid Turns, 45 degrees | 45 degrees | Current, Measured Beoit (Show
N Cw CCw I Current to the caculation)
Current
Measured for 5
turns of wire
1 S
2 5 1.00
3 5
1 10
2 10
3 10
1 15
2 15
3 15
Cdculations.
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24 Current Balance: Measuring the Force Between Two Current
Carrying Wires
Introduction

Pardld wires trangporting dectrical current interact with each other. The interaction is strong enough so
that the interaction force can easly be determined in an introductory laboratory. The design of this
gpparatus is basad on the experiment that defines the mks unit of dectrica current, the ampere (A).

Equipment

* Current Balance * He-Ne Laser and scale * 3-10A Power Supply
* Fractional Weight Set  3-10A Ammeter o Leads

* Reversal Switch * Vernier Cdipers (metric) * Screensto block light

and display position

Safety Issues:

Lasers are potentidly dangerous. Even a reasonably low power laser can cause damage to your
eyesight. Under no circumstances should you direct the laser light toward a classmate or yoursdf. Always
direct the light away from the rest of the class. Reflected light should be intercepted with the screens
provided.

Mogt of the work performed in this lab uses power supplies outputting smdl voltages (<18V), so shock
hazards are minima. However, it is dways important to turn off the current through the circuit when making
any modifications to the experiment. This will diminate any posshility for shock and improve you
experimenta results Snce chmic hegting will be minimized.

Before the Lab

Read and understand the theory section of this document. Answer the questions at the end of the
theory section. Read the procedure section once.

Theory

When a charged particle moves in a magnetic fied, it experiences a force known as the Lorentz Force

given by the expresson

F=qu B Q)
where q is the charge on the paticle, v is the velocity of the particle and B is the magnetic fidd. If the
charged particle is an dectron and the direction of motion of the charge is perpendicular to the magnetic
field (on average), then the cross product reduces to

F=evB. 2
Generdizing this expresson for a current carrying wire in a magnetic field is accomplished by adding the
force on each of the moving charge carriers. Infig. 1, we will count dl of the charged particles in the volume
of wire V=AL, where L is the length of the wire and A isthe cross sectiond area of the wire. If the density
of charge carriersin this volume is n (#/n), then the total number of

| ———

| L |

A

Fig. 1. Schematic diagram of a current carrying wire.
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24. Current Balance: Measuring the Force Between Two Current Carrying Wires

charged partidesin thisvolumeis N=nAL. Equation 2 can then be modified to give the Lorentz force
acting on alength of wire L long

F=nALev4B, ©)]
assuming that B is uniform throughout the region of the wire. The drift velocity of the charged particles, vq,
has been substituted for the velocity of the eectronsin free space.

| ——

— " —
) |
Fig. 2. Schematic diagram of the volume used to calculate the current.

The current is the amount of charge that passes any cross-section of the wire per unit time. In this case, we
determine the number of charged particles (number of eectrons) contained in the shaded region. The
chargein thisregion passing any cross-sectionintimetis

Q=nev4tA,
where the parameters are as they were defined above. The current in the steady Stateis

|=dQ/dt=Q/t= | :%?:%:—:nevdA. (4)

Theforce, eg. 3, acting on the current carrying wire can be rewritten by subgtituting eqg. 4 into eg. 3 as
F=(nAevy)LB=-ILB (5)
which isthe force acting on awire carrying uniform current 1.

If a second wire is close to the firgt carrying the same magnitude current |1, this one will “create’ a
magnetic field (choosing this wire to creete the magnetic field is arbitrary, we coud have chosen the other
wire as the magnetic field generator). If the wires are exactly pardld, the magnetic fidld “ sensed” by the firgt
wire is uniform and B is a congtant along the length of the wire. The magnetic fidld created by the second
wire a adistance r from the center of the second wire is by Ampere' s Law

Q‘ﬁ-aI:n],I.

Congtructing a Gaussan surface as shown in fig. 3, the path integral reducesto 2prand | isthe current in the
wire. The uniform magnetic fidd is given by
m,l

B(2or)=ml P B=—>. (6)
2pr
Placing this result in eq. 5 yields
ml _mL
F=ILB=IL—==—"]° 7)
2pr  2pr (

where L is the length of the wire and r is the separation between wires (center to center distance). Thisis
the expresson we will verify in today’s |aboretory.
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24. Current Balance: Measuring the Force Between Two Current Carrying Wires

Fig. 3 Image showing the “Gaussan” surface used to determine the magnetic field from
Ampere'sLaw.

Prelab Questions:

If the force between two current carrying wires has increased by a factor of four and the wire has not
changed its position, by how much has the current in the wires increased?

If the force between two current carrying wires has decreased by a factor of four and the current has
not changed, by how much has the distance between the wires changed?

The magnetic field generated by the current in the Sationary wire is a condant. The direction of the
current is from left to right in fig. 4. As shown in fig.4, with the movable wire running pardld to the
dationary wire, which direction is the magnetic field at the position of the moveable wire?

Procedure:

Setup the smple circuit as shown in Fig. 4. The switch will dlow reversa of the current in the movesble
wire resulting in a change in the sign of the force. The battery should be replaced with the HP dc power
supply provided.

It is very important that lead wires connected to binding posts on the balance leave them at right angles with
the conductors that are part of the frame. The circut shown in fig.4 provides the configuration for a
repulsive force between the two pardld bars as required in the experiment. By suitably interchanging
the wires connected to the balance, the bars may be made to attract each other.

Caution:
The Earth’s magnetic field can lead to errors. This problem can be avoided by orienting the
conducting bars parallel to the earth’ sfield.
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@

- >:<:

Fig. 4 Schematic of circuit to be constructed with current reversal switch

Remove the frame from the balance and clean the knife-edges, bearings, and the two parald bars carefully
to prevent gticking. The knife-edges have been honed and checked for burrs at the factory. Further
honing by the user should be avoided. Be careful to protect these pivot surfaces from accidenta
scratching. Use only the lifting arms to place and remove the baance assembly from the bearing posts.

Pace the balance directly on the laboratory bench. Adjust the leveling screws to position the base firmly.
Replace the frame and adjust the counter weight behind the mirror until the frame oscillates fredy and
comes to rest with the front horizonta bar a few millimeters above the Saionary bar. Adjust the
counter poise below the mirror until the period of oscillation of the frame is 1 to 2 seconds. It should
cometo rest in 10 to 15 seconds when the poles of the damping magnets are about 2 mm gpart.

To check the two conducting bars for alignment, place a coin on the scale pan to bring the bars into contact
without digtortion. Thumbscrews on each front post permit either end of the lower bar to be raised or
lowered. Similar thumbscrews on each block at the rear permit either end of the upper bar to be moved
forward or backward. The two bars should be aigned as accurately as can be determined by the
unaided eye when viewed from the front and from the top. When viewed from the front, with a white
paper behind the bars, the two bars may appear to be dightly bent. If this is serious, correct by gently
bending one bar or the other by hand until both appear to be sraight. It is difficult to get them so
draight that no light may be seen between them, and this is not essentid for good quantitative results.
Neverthdess, the bars are rather easily bent and this ingpection should be made before every trid. In
generd, the bars should always be handled gently and asllittle as necessary.

Setup the laser and scde 1to 1.5 meters from the mirror. Remove the coin from the weight pan and record
the rest point indicated by the postion of the laser spot on the scale. Note that a screw behind the
mirror permits its angle of tilt to be adjusted so that spot height reading is convenient. Engage the beam
lift gently; the release it and again record the rest point. If it deviates from the first observation, the knife
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edges may not be clean, the base or table may be unsteady, or the baance or laser may have been
jarred.

Determine the length of the wire to be used in the calculation of the force. Record this value as L.

Measure the distance from the pivot to the center of the front bar on each side and record the average of
these two as &.

Measure the distance from the mirror to the scale and record this number as b.

The separation of the two bars at equilibrium is determined in the following the mamner. The scale reading at
equilibrium is noted. Then the upper bar is depressed (by placing a coin on the scae pan) until it isin
contact with the lower bar, and anew scale reading is noted. Geometry will show that the separation is
given by (ask your ingructor if you should derive this expression):

do=a,D/2b

where D isthe difference in position on the scae.

Scale

'I‘mi rror
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24. Current Balance: Measuring the Force Between Two Current Carrying Wires

The center to center distance d is the sum of ¢ and the two radii of the current carrying rods, i.e.
d=d,+r;+r,. Theradii should be measured with avernier caiper.

Caution:
The purpose of the beam lift is to relocate the knife-edges to their proper positions on the bearing
posts so that the front moveable conductor will always be in the same vertical plane as the fixed
conductor below it. Lifting the beam each time a weight is added or removed avoids the risk of
jarring the beam and damaging the knife edge.

Begin atrid by adding a weight to the pan. Increase the current until the beam returns to its equilibrium
position, and read the ammeter. Change the weight on the pan and again adjust the current and reed the
ammeter. Continue this process until you have recorded at least 10 vaues between 10 and 150 mg. (
Do not exceed 10A. If the current must be increased to more than 10A, decrease the weight. Higher
currents will tend to drift due to ohmic heeting of the wire increasing the resstance of the rod.)

Mot the weight on the plate (mg) versus the current squared. Perform alinear fit and determine the dope of
the line.  This dope is related to measured quantities and m = 4p x 10'H/m = 4 x10'VIA.
Compare your dopeto the predicted value.

For a second trid, change the couterpoise dightly to make the separaion of the conducting bars dightly
different. Record the scale readings at contact and at equilibrium, and take another series of readings.
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Data Tables
Trial 1 Trial 2

Mirror to scale, b

Radii of bars, ri+r,

Lever am, a,

Length of upper bar, L

Scalereading at contact

Scale reading at equilib.

Difference, D

Trial 1;

Force, mg (N) 1(A) 1%(A?) F/I?

Trial 2:

Force, mg (N) 1(A) 1%(A?) F/I?

Summarize the experiment and provide samples of dl caculations.
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25.
Investigation of Magnetic Fields due to Current Loops

25 Investigation of Magnetic Fields due to Current Loops

Any dectricd current has a magnetic fiedd associated with it, no matter how small the
current. Electrica currents trangporting information to and from the human brain are detected by the
magnetic idd they generate. In the first part of this lab, we will use the computer to see how a
current loop can generate amagnetic field and the direction of that magnetic field.

Equipment

Computer programs | Bar magnets Coil with 5, 10, 15| Lage green DC
“Ampere’ and | Compass turns of wire supply, Banana plug
“Coulomb” meter gdick and | Smdl coil with two | leads

ULI interface support (rod, | separate coils Ammeter (5 amps)
magnetic fidd probe cdamp) Graph paper

Part I: Computer Simulation.

Single Current L oops

Open the gpplication "Ampere’. A blank @
window will come up and a window containing a \
choice of current levels. Choose "plus 1 current".
Under the menu "Field Lines', choose “fine". v
Click a one pogtion in the empty window. You o
will see an "X" and a number both surrounded by a
cirdes.  This repr&eepts the cross section of a Figure 2: Simulation of current loop
current loop. If a circular current loop were
intersecting the computer screen it would pass
through it at these two points. The "X" represents current going into the screen, number the “Amps’
of current coming out. Under the "control” menu, choose "start".

inter secting computer screen

Magnetic Field from a +1 current loop
Describe and draw what you see.

Choose "plus 3 current” and replace the "plus 1 current”. Make the size of the loops sSimilar.
(Use the Edit menu to remove current loops). Run the program.

Magnetic Field from a+3 current |oop
Describe the quditative differences between the plus 1 and plus 3 currents:

M agnetic field from a solenoid

Creste a horizontal series of five identicd pardld current
loops about 1 in diameter spaced ¥z inch or less apart. (If
you dlick on the screen %2 inch above the center a dot is
drawn both above and below to represent the loop.)Again,
choose "start" under the "control" menu. (Thiswill take longer to run)

| Magnetic fidd from asolenoid
| Sketch what you see here. Indicate aregion where the lines of fidld are nearly pardld.
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Directions of magnetic fields dueto currents

To determine the direction of the magnetic fidld, use the "right-hand-rule’. Taking your right
hand, cup your fingers in the direction of the current flow and extend your thumb. The thumb
indicates the direction of the magnetic fied insde the current loops.

Add arrows indicating the direction of the magnetic fields to your sketches.
Continue to include arrows for your subsequent sketches.

M agnetic fields for two groups of rings

Generate two adjacent groups of loops (each group containing a least two current rings) which
are separated by a distance significantly larger than the spatia extent of a single group.

Magnetic Fidds for two groups of rings
Run and sketch the resullt.

Repeat after reversing the current in one of the groups of currents rings.

Magnetic Fidds for two groups of rings (opposite currents)
Sketch the reaults.

Part Il. Magnetic Fields around a bar magnet .
Equipment needed: two bar magnets, compass.

Review of eectric dipoles

Open the program cdled “Coulomb” and use it to draw the field lines around an electric dipole
(acharge +3 and a charge -3 spaced a distance apart. (This program is Smilar to “Ampere’. Use
the “Quick Sketch” mode to draw the lines more quickly). Make the spacing Smilar to the spacing
of your current loop.

Electric Field from an dectric dipole
Once you have succeeded, sketch what you see.

I nvestigation of Bar magnets: how do bar magnets compar e to eectric dipoles?

You should have two bar magnets, each with an end marked North and South. Have al
members of your group study the behavior of the two magnets. Use a compass to investigate the
shape of the fidd around the magnets (the compass needle will point in the direction of the fidd.

Discusson
How is a bar magnet like an eectric dipole? How does it differ? Use the compass to see if the fidd
linesareamilar.
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Part 1ll. Magnetic field due to coils of wire (experiment)

You will use the magnetic field probe and the ULI interface to measure the “Z” dependence of
the magnetic fidd dong the axis of a cails. The magnetic fidd probe usesthe "Hdl Effect”, which is
described in your book.

Y ou will use the equation for the magnetic field produced dong the axis of a coil:

2
2 (RZ + ZZ)%
where N isthe number of turnsin the cail, | isthe current, R is the radius and z is the distance dong
the axis of the cail, and m, =4p ~ 107" Ty A. The derivation of this formula is sketched out in

(Equation 1)

the Appendix. 7=0 z measured from
Set up the large diameter coil Cail i center along stick

with the power supply and ammeter N\

so that about 5 Amps of current Probe

flows through the maximum number i

of turns.  Set up the meter stick so i [

that you can move the probe dong N

the Ilng through the axis of tr_le 0_0|I. Meter Stick supported by

You will measure the magnetic fidd clamps

as a function of z dong this axis, . . . , :

teking data every 2 am. Figure 3: B(z) ismeasured along the axis of the cail

Safety Note: If your coil or any part of your apparatus becomes hot or has a burning smell,
turn of the current immediately and contact your instructor.

Procedur e for measuring the magnetic field, B.

Set up the UL interface and Probe perpendicular to Rotate probe 180
the magnetic  probe. magnetic field measures+B ~ degrees to measure -B

Under Physics
Applications in the ULI 4> F§_
—

folder and then in the
Data Logger Folder find _ — —
a folder caled
“Experiments’ Open the
Magnetic Probe folder
and the file for reading
fidds in milliTeda with Figure 4: Magnetic Field probe must be rotated in fied to

low sengtivity. The measure +B and -B
switch on the field probe

should aso be st to low sengtivity.

The magnetic fied probe is only sendtive to perpendicular magnetic fidds. It will read the
component of the field aong the direction perpendicular to the probe. Thus when the probe is
rotated 180° it registers a reading from +B and -B.
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Change the scde on the time axis Magnetic Field opeis
of the program so that data 0 Y setionay
can be collected for five - +B$

minutes (300 seconds). Start

the program and rotate the O A—B
probe in the magnetic fidd to /\IMN \n Time

.. . Probeis
observe thfe varlatlon. in lthe 10 rotating 180° Probeis
measured fidd as the direction stationary

of the probe changes. The
madimum  ad  minimum Figure 5: Probe must be rotated 180° to compensate for

readings are +B and -B. If @y offset of the zero reading.

there were no offsst of the

zero reading they would be equa except for opposite Sgns. Change the scale on the axis so that
the readings of the probe fit within the range and are readable.

For a reading on the magnetic field first hold the probe digned with the field for a few seconds to
get areading for +B. Next rotate the probe 180 degrees and then hold it for a number of
seconds to get areading for -B. The results should ook smilar to Figure 5.

Data can be read from the graph by selecting Analyze Data A and then clicking and dragging to
sdect arange of data. The gtatistics command will then tell you the average (mean) vaue for
that range. Obtain readings for +B and for -B for each data point.

Find the actua vaue of B for each data point. For example, if due to the offset from zero, +B reads
0120 mT and -B reads -0046mT, then the true vdue of B is
(0.120- (- 0.046))/2=0.166/2 = 0.082 T . The offset from true zero in this case is +0.037
gnce that is the amount the experimentd vaues of +B and -B are both offset from the true
vaue.

Data collection and analysis

Make a table and record the values for z, +B, -B and the true vaue for B(z) determined from +B
and -B for each vadue of z (distance from the center).

Be sureto obtain a good value for B(0) at z=0 in the center of the coil.

For each data point calculate the ratio B(z) to B(0), where B(0) isthe value at the center of thering.

Magnetic Field asafunction of z
Make a sketch of your experimental setup, showing how z is defined and record the dimensions
of the coil. Your sketch should show how “Z” is defined. Submit your data table and a plot of

B(z 1
B(2)/B(0) versus z.  From the formula given (Equation 1) show that (2 = . Plot
B(0) 2 z520”
L ERa 5

thisfunction and compare to your experimenta results.

212



25.
Investigation of Magnetic Fields due to Current Loops

Part IV: Small coils

Frd set up asmple circuit involving the smdler coils of wire. Your circuit should have a power
supply and ammeter which alows current to flow through the coil. The probe can be inserted in the
access port between the cails.

Smdl Call

Measure the fidd at the center of the smdl coil for a current of 5 Amps. Record both the
numbers measured for +B and -B and the calculated B=(+B - -B)/2. Sketch the circuit and the
coils, record their dimensions, separation and radii. Use Equation 1 and the dimensions you've
mesasured to make a caculaion for the fidd a the center of the coil. Compare to your
measurement.

Field asafunction of current
Measure the magnetic fidd at currentsof 1 A to 5 A inincrementsof 1 A. Plot B field versus
current and determine the dope of the plot. Compare to the expected vaue for the dope.

213



25.
Investigation of Magnetic Fields due to Current Loops

Appendix: Magnetic Field of a Coil

The magnetic field produced a a
given point in goace by a smdl piece
of current of length dsis given by

S mlds'r

dB = 4 rd
where | is the current, the vector
dspoints in the direction of the
current, r is the vector pointing from
the piece of current to the point in
space, and 1 is acongtant given by

m=4p 10" 5 Figure 6: Magnetic field due to a small piece of a
Note that because of the cross- circular current loop.
product the direction of the vector
dB is perpendicular to both the direction of the current and the vector T . In this section you will
derive the magnetic fidd produced by a circular loop of current a a point along the axis running
through the center of the loop.

Figure 6 shows the magnetic field due to one piece of the circular current loop at a distance z
aong the axis through the center of the loop. We consider the piece of current going directly into the
paper.

If theradius of theloop is R, find the distancer in terms of R and z.

Find the cosne and sne of theangle, a , intermsof R and z.

Consder the cross product ds” r . For the piece indicated the current points into the paper and so
does the direction of ds. Since dsand r are perpendicular to each other, show that the

m, Ids

4p r?

Now let dB be broken into two components, dBand dB, , as shown. Show that because dBis

perpendicular to I these components are given by dB, =[dB|cosa and dB, =|dBsina .

magnitude of the magnetic field can be written as |dB| =

(Hint: consider which angles add to 90 degrees or to 180 degrees.)

Now consder what happens when we add up the magnetic field due to dl the pieces of current
around the whole loop. Imagine taking the piece shown in the figure and letting it rotate around
360 degrees to account for dl the current in the loop. Which component of the magnetic field (
dB,, or dB. ) will add? Which component will cancel?

Since one component cancels we only have to integrate one of the two componentsto find the tota
magnetic field due to the loop. Use your results ( cosa or Sna and r interms of z and R) to
show that the magnetic fidd can be written as

N IR . IR IR
Bzg:iB,O,A:m’— S l: 2 SRl

- - pR__
where the integral over al the pieces ds gives the total circumference of the loop.
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Radius of Large Caill:

Data Table
Data Experimentd Theoretical
z (cm) +B -B B(2)=(+B- - B(2)/B(0) B(2)/B(0)
B)/2
o) 1.00 1.00
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26 Magnetic Moment of a Permanent Magnet

Introduction

Although the permanent magnet is a familiar object to most beginning physics sudents, their
understanding is often clouded by misconceptions. In these experiments the student will learn how a
magnet experiences a torque in a uniform magnetic fidd and a force in a magnetic fiedd gradient.
Using these concepts they will be able to determine the magnetic moment of magnets using two
different techniques.

Equipment
Magnetic Torque MT 1-A apparatus Ruler Bdance Cdlipers
Test Tube holder Rod stand, clamp

Before the Lab

Read the sections in your text describing torque. 'Y ou should be familiar with the formulafor the
magnetic field produced by a current in aring aong its axis of symmetry.
Theory

Torgueon a magnetic dipole.

When a force is gpplied of arigid object it can result in a rotation if the torque T =" F is
non-zero. An object with a magnetic dipole moment, ¥, in the presence of a magnetic field, B,

experiences atorque given by the vector product:

r=m B.
If the magnetic field is uniform, there will be no net force on the magnetic dipole. This means that
there will be no net acceleration but that the object may rotate about its center of mass or pivot.
One example of a magnetic dipole rotating in a magnetic fied is the familiar compass needle, which
rotates to line up with an externd magnetic fied.

Force on a magnetic dipole in a non-uniform fied.

If the fidd is not uniform, however, there will be a net force. This is easily understood if you
imagine a magnet made of two magnetic poles of the same magnitude, north and south. (The two
poles form a dipole!). Imagine placing this magnet in a uniform externd magnetic field. The rorth
pole will experience an upward force and the south pole will experience an equa downward force:
the net (total) force is zero. The magnet may rotate (like a compass needle) but it will not accelerate.
Now consder a magnetic field pointing up as before but increasing in strength as you move up. In
this magnetic fied the north pole will experience an upward force that is greater than the downward
force on the south pole. The magnet as awhole will tend to accelerate upward. It can be shown that
the magnitude of the net force on adipole in a non-uniform magnetic fidd is
dB,

dz

F,=m
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26. Magnetic Moment of a Permanent Magnet

The derivative, dfz is cdled the gradient of the field. The more quickly the field changes as a
z

DB

function of disance, z the larger the gradient will be. The gradient is equa to z for afidd

Dz

changing at a congtant rate.

M agnetic torque and gravitational torque

In the Magnetic Torque apparatus, a
white "cue bal" contains a cylindricd
permanent magnet at the center. The ball
has a dipole moment vector i that
points in the direction of the bdl’'s
handle. The bdl is placed in an externa
uniform magnetic field, B, which points
upward. Thus the bdl's magnetic
moment makes an angle q with thefidd
as shown in FHgure 7. The bdl will
experience aForque t'— m B VYhId1 is @) (b)
equa to nBs€n g . This torque will tend
to rotate the handle up. Thistorque can  Figure 7: Directions of magnetic field, B, magnetic
be cancded if it is baanced by the moment, m weight, mg, and lever arm, r.
torque produced by a smdl weight
w=mg acting on the axis of the handle plus a congtant torque ("C") due to the weight of the
auminum rod. The distance from the center of the ball to where the weight is hung is the lever am,
r. The weght therefore produces a torque given by T =r" W which is equd to
rmgsn(180- q) =rmgsnq . The right hand rule tdls us that this torque points opposte to the
one produced by the magnetic field on the dipole. Thus, for equilibrium (no rotation) it is necessary
that

nB =rmg+"'C". (Equation One)

Uniform magnetic fidd (used in tor gue method)

The magnetic fields of interest to us are those a the center of the gpparatus where the magnets
will be placed.. The magnetic fidld of the Earth can be ignored in this experiment, asit is sgnificantly
amadler than the typica field applied in this experiment. The source of the externdly applied field are
the two current carrying coils wire of effective radius R=0.109 m separated by an effective
distance d =0.138 m. When the two coils carry current in the same direction, the magnetic fidd a
the center isgiven by:

1

B, =mIR? (Equation Two)
R CIPTIN

Here the z axisis the "upward" direction so we cdl the magnetic fidld B,.
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26. Magnetic Moment of a Permanent Magnet

Note : Do NOT confuse the fundamental constant m, =4p ~ 10" T x1/A , with the dipole
moment of the ball, i, which we aretrying to measure.
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26. Magnetic Moment of a Permanent Magnet

Non-uniform magnetic field (used in for ce method)
When the two coils carry currents in the opposite direction, a magnetic field gradient at the
center is set up. It can be shown that the magnetic field ingde the cails is given by:
B = m)IR2 1 i n])IR2 1
z 2 (R2 + Z2)3/2 2 (R2 N (d i 2)2)3/2

where z is the distance from the center of one of the coils as measured dong the z axis ("up”). Note
that the center is therefore located at z=d/2 where B, =0. Taking the derivative of the above
expression respect to z and evauating it a z = d/ 2 we have an expression for the gradient:

dB, _ 3mIR*d 1

iz 2 (Re+d?/4f”
This expression is exactly true only &t the center, z=d/2, but for the displacements from center

used in this experiment the gradient is nearly congtant and this equation will be used for dl vaues of
"Z'

(Equation Three)

M agnetic for ce and spring for ce (used in the for ce method)

The plagtic tower gpparatus contains a magnet hanging on a spring. If the spring is stretched by
adistance "Dx" then the force gpplied by the soring is given by Hooke's Law:
F=-k:Dx
where Kk is the dadtic congtant (dso caled the spring congtant) for the pring. The dastic congtant
can be determined by hanging weights from the spring and observing how much each weight
dretches the spring.  When the force of the spring balances the weight a graph of weight, mg,
versus displacement distance, Dx , should fit astraight line according to the equation.
mg =k :Dx (Equetion Four)
If the magnet is placed in the field gradient described above then suspended magnet experiences

anet force, F, = mddzz , & previoudy discussed. This force will stretch or compress the spring.

When the force exerted by the spring on the magnet is balanced by the force on the magnet due to
the field gradient, we have the equilibrium condition:
k>xDx = mddBZ (Equetion Five)
z
where Kk is the spring congtant and Dx is the displacement of the spring from equilibrium. Thus

once k is known, we can make a graph of Dx versus the field gradient, ddBZ to determine the
2

magnetic dipole moment to the known eagtic congant.
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Procedure

Y ou will measure the magnetic moment of two magnets. The magnetic moment of the magnet ingde
the cue bal will be measure by the torque method using the theoreticdly relaion nB =rmg. The

magnetic moment of the magnet hanging on the spring will be measured by the force method using

therdation k xDx = mddBZ )
7

Torgue method

Firs measure dl the congtants that are involved in the experiment. Use a baance to determine the
mass of the weight, the cdiper to measure the diameter of the ball (convert to radius, Rs), and
the ruler to measure the length of the ball’s handle (L).

Insert the duminum rod in the bal’s handle. Make sure that the Sde of the rod that has a small
magnet is the one that is inserted. Also there should be a smdl pladtic ring that can be moved
aong the rod and plays the role of aweight.

Turn on the power supply and the ar. Keep the fidd gradient and the strobe light off. Set the
direction of the magnetic field up. For smdl currents the gravitationd torque is greater than the
magnetic torque, so tart with a aurrent of about 2.5 A. Record this in the first column of your
data table. With that current, adjust the position of the weight until the rod remains stationary at
about 90 degrees with respect to the verticd. Take the ball off the air bearing, turn the current
down to zero and measure the length from the end of the handle to the position of the center of
meass of the weight. Record this number, 7, in the data table. Add to this value the length from
the center of the ball to the end of the handle. The resulting vaueisthe lever am, r=Rs+L+ 7,
of the weight. Record r in your data table for this current.

Repest the above steps for at least Six different currentsup to 4 A.

Analysis

For each trid, caculate the magnetic field according to Equation Two and the vaue of the lever
am, r. Show sample caculations. (Hint: factor out dl the constants from equation two and just
cdculate them oncel)

Using a computer graphing program (see Appendix), make graphs of r versus B. Remember that
when you are asked to plot "y versus x" then the "y" should be one the verticd axis. Find the
dope and intercept of your graph. From the dope of this graph you should be able to calculate
.

Questions

Why is the y-intercept not zero? (Hint: the duminum rod aso provides torque. What is the effect of
its mass and length.)

Supposed you choose and angle between the rod and the vertical to less than 90 degrees, what
changes in your andysis will be required?
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For ce method

1. Pace the plagtic tower on top of the air bearing with the air turned off. Take the cap of the
tower, and insert the rod with the spring and suspended magnet into the hole in the cap. Place
the cap on the top of the tower. Adjust the length of the rod so that the suspended magnet isin
the center of the cails, that is, where the mark on the magnet is line up with the O cm mark on
thewall of the tower.

Set the field gradient off and turn up the current. Now keep and eye on the magnet and change the

field direction. Write down observetions.

Turn the current down to 0.5 A and turn the field gradient on. If the magnet moves down change the
fied direction. Measure the pogition x of the center of the magnet. Now increase the current by
increments of 0.5 A and measure the respective values of Dx . The maximum current should be
4A.

Next, the spring congtant, k, should be determined. Take the spring with the magnet out of the
tower. Use the support stand to hold the soring-magnet system. Attach to the magnet one smdl
bal of about 1 gram (=.001 kg) and record the position of the magnet. Repest this until you
have used dl the bdls.

Analysis

Plot the data of the spring displacement Dx versus weight mg of the bals hanging on it. From this
data caculate the spring congtant k . The units of k should be Newtons/meter.

Using Equation Three cdculate the fidd gradient, ddBZ , for the different currents used.
z

Plot the displacement Dx versus the fied gradient. From the dope of this data caculate the
magnetic moment of the hanging magnet.

Questions

Should the y-intercept for the plot of the disolacement Dx versus the field gradient be zero? Why
may or may nat it be zero in your plot?

What, in your opinion, is the mgor source of uncertainty when you try to measure the magnetic
moment of the magnet indde the sohere using this method?

Compare your result to the result obtained in the previous method.
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Torque method

Coail Dimensons d=0.138m R=0.109m
(Diameter of bdl):

Radius of bal, Rs: Mass of weight, m
Length of handle, L: Waeght of weight, mg

Data (make sure dl units are MK S: meters, kilogram, Newtons, Teda, Amperes, €etc.)

Current |

Distancedongrod | ¢

Lever Arm r

Cdculated B
Magnetic fied
(Equation Two)

Results of Andyss

o units
dope=—
mg

n units

Note: m, =4p "~ 10" TxWA , g = 9.8 m/sec’®
Show sample calculations below. Attach clearly labeled graph:
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For ce method

Cail Dimendons R=0.109 m

d=0.138m

26. Magnetic Moment of a Permanent Magnet

Data (use MKS units)
Current |
Displacement Dx
Cdculated aB
Field gradient dz
(Equation Three)

Mass of little balls= 1 gram = .001 kg

Data to determine Spring constant (use MK S units)

Weght mg
Displacement Dx
Results of Andyss
k units
sope = n units
Kk
n units

Show sample cdculations and attach clearly labeled graphs.
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27 Worksheet: Electromagnetic Induction

dF
Induced EMF: € =- —& Current | = €
dt R

Magnetic Flux: F_=0B-dA =B- A for uniform field
B A=|B| Al cosgg,

dF dB dA
-5 = - gAlcosay, =+ [Blcost, - Bl Asingy, —_ =

Changing magnetic flux through any closed loop crestes an
induced emf in that loop. The magnetic flux can change ether
because the magnetic field changes, the area of the loop changes,
or because the angle between the area and the field changes. The following cases illugtrate some
examples.

Problem 1: A magnetic fild of 0.30 T goes through a circular
loop of radius R=10 cm s0 that it makes an angle of 30 degrees
with the area vector.

Figure 8: Changing Magnetic
Flux createsan induced EMF

What is the magnetic flux through the loop?

g

Figure 9: Magnetic Field
(B) isat a 30 degree angle
to the area vector.

Fg= Weber=T n?¥ (units of mag. flux)

The magnetic fidd increases from 0.30 T to 0.50 T in one tenth of asecond. If we assume that
it increases a a condtant rate, what isthet rate? (Rate = change per unit time)

dB _
dt

Wheét is the induced EMF the loop? If the resistance in the loop is 20 Ohms, what is the
induced current?
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Lenz Law: the direction of the induced EMF is such that e

the induced currents will produce a magnetic field which tends
to counter-act the changing megnetic flux.

Egrwininn

This means that in the previous example, snce the
magnetic fidd and therefore the flux was increasing, the
induced current will tend to counter-act that change by L/W
cregling a magnetic fidd in the opposite direction as the R
origind field (thus subtracting from the increasing flux) Use the
right hand rule to find the direction of that current, |, and the direction of the induced magnetic fied,
B, q.ceq Created by theinduced current. Sketch | and B, .4 aOVeE.

induc

Problem 20 A long solenoid (cylinder
wrgpped with many turns of wire) crestes a
magnetic fidd inside of it equd to B=mnl
where my =4p~ 10" Txm/ A, n is the number
of turns of wire per unit length, and | is the current
in the wire. If the solenoid is very long, then
outsde (far from the ends) thefidd is zero.

Consider asolenoid with 100 turns of wire per  Figure 10: Large loop outside a
cm (n=100 cmi*). If a current of 2A runs through solenoid
it, what isthe fidd ingde? (Be careful of your unitd
Y ou must convert turnsg'cm to turng/m.)

B=

Let the radius of the solenoid be Ri=2 cm, the radius of asmdl loop inddeit be R=1cm and
the radius of a big loop outside it be R=5cm. Find the flux through the two loops. (Be careful!
Remember the fidld outside the solenoid is zero, so thereis only flux through part of the area of the
outer loop.)

Smdl Loop: F ; =

LargeLoop: F ; =

Now suppose that the current is decreases at a congtant rate from 2A to zero over atime of 0.2
seconds. What is the EMF induced in each of the two loops?

Small Loop: 62 =

Large L oop: 63 =
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27. Worksheet: Electromagnetic Induction

Problem 3: A circuit conggts of three fixed metd rails (shown in black) on which afourth rall
(shown in white) is moving a condant

et _ © ® ® ® ®

A condant magnetic fidd of 4
magnitude B comes out of the paper. -

®
The area inside the dlosed dircuit is © Vo ®
A
A=W x H. Show that %:H’% < >
W=x=Xo+ W t

(What is constant? What is changing

with time?) Figure 11: The areas increases as the bar travels

along therails.

If the black rails have zero resstance and the white rail has ressance R show that the
magnitude of the current intherail is | = BHv, / R.

The direction of the current should be such as to counter-act the changing flux. Is the flux
increasing or decreasing? Should the induced current add to the origind B field or subtract from it?
(Hint: another way to tdl the direction of the induced current is that the force on the white rail,
F=IL" B, should dso be in a direction which opposes the changing flux by trying to stop the
change.) Draw the direction of the current on the figure.

Problem 4:An AC (Alternating Current) generator can be made by rotating a current loop in a
magnetic field. If the loop of area A rotates at angular frequency w then we can show that the flux
changes (because the angle between A and B changes) ‘

d
so that: oS w :d—?
dF, d _ . dqg ] _
g = | AlBl5, cosq =[A|B|sing o
The induced EMF thus varies snusoiddly with time: \\ q ==Wt
et)=Vv_, sinqg=V,__ snwt) e
We wish to generate AC voltage with amplitude M. >
Vmax=170 Volts a a frequency of f =w /2p =60Hz —1 % >
If we have a magnet which can creete afidd of B=0.25 S Vumnw '
T, what area of loop will we need? What area would
we need if there were 100 turns of wire in the loop? Figure 12: A loop of wire rotates in a
magnetic field.
A= A(100 turns)=
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28 Electromagnetic Induction

Introduction

Electromagnetic Induction is one illudration of the fundamentd link between dectricity and
magnetism. 1n 1820 Hans Oergted (during a demongtration in a physics class) noticed the deflection
of the needle of a compass placed near a current carrying wire — showing that the moving eectric
charges in the current where creating a magnetic fied. In this lab we will see that changing magnetic
fields can dso cregate potentia differences which cause currents to flow. This phenomenon was first
demondgtrated by Michadl Faraday and is known as dectromagnetic induction.

Equipment

Large green power Green primary and Red coil with 440 turns compass
supply secondary coils or 220 turns

gdvanometer (0-500 Alligetor dlips DPST switch 2 bar magnets
microamps) Multimeter ged and Al rods (wesk and

1.5 Volt Battery srong)
Theory (No Calculus)

The word "flux" comes from the Latin word for "flow" and
in physics refers to the "flow" of a vector quantity through an
area. A current of water can be described by avector sinceiit
has a magnitude (amount of water per time) and a direction
(direction of the current). If we imaging placing a tennis racket
in the water then the "flux" of water through the head of the
racket would depend on 1) the strength of the current, 2) the
area of the racket, and 3) the angle between the area of the
racket and the direction of the current. Electric and magnetic
fields are vector quantities and so we can define either an Figure 13: If the magnetic flux
ectric or a magnetic flux: the amount of dectric or magnetic through any closed loop is changing
field passing through an area. It depends onthe strength of the as a function of ime, an induced
field, the area through which it passes and the angle between voltage will be created.
the area and the fidd. For afixed area, A, and a magnetic
fidd given by B, theflux of magnetic field isgiven by

F s = BAcosq (fixed, flat area and constant magnetic field)
Theangle, g isthe angle between the area vector and the magnetic fied, both of which are shownin
Figure 13.
Electromagnetic Induction: Faraday’s Law of Induction states that if the magnetic flux through any
closed loop is changing as a function of time, then a voltage or electromagnetic force (emf) will be
induced around that loop.

DF

Dt
If the loop is part of a closed circuit, then the induced emf will create and induced current. In
this lab you will look at the current induced in a coil of wire (a solenoid) as the magnetic flux ingde

(changes a a congtant rate)
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28. Electromagnetic Induction

the solenoid is changed. If the magnetic fidld goes down the axis of a solenoid with N coils of wire,
then, when the magnetic field changes at a congtant rate, the induced emf is given by
DB

e=- NAE (note: this equation is a specia case as described above!)

The direction of the induced voltage or current is predicted by Lenz Law which is described
below.
Theory (Calculus)
Magnetic Hux: In discussing Gauss Law we have dready defined dectric flux. We can amilarly
define magnetic flux as the integral of the magnetic field passng through a surface. When the
magnetic fidd is uniform over aflat surface characterized by the areavector, A, theintegral reduces
to the scalar product of the magnetic fidd, B, and area vector:

F,=(0B dA=B- A
Electromagnetic Induction: Faraday’s Law of Induction gates thet if the magnetic flux through any

closed loop is changing as afunction of time, then a voltage or electromagnetic force (emf) will be
induced around that loop.

dF
Tt
For the case of uniform magnetic field over aflat area, we can gpply the chain rule to show that
dF g d/: 5\ dB dA . dgg, 6
- 2= = (A 8) = FAcosts, = +[Blcosdg, - [Bl Asing,, — 22

Thus an induced voltage will be observed if:
the magnetic field is changing as a function of time, so theterm | Al cosq, (jj—? IS non-zero

: . : : dA.
the areais changing as a function of time, so theterm | B| cosq, & IS non-zero

the angle between the area vector and fidd is changing as a function of time, so the term
|B| Alsingg, —dgf‘\ iS non-zero.
If the loop is part of aclosed circuit, then the induced voltage will create an induced current whose
magnitude depends on the resstance in the dircuit. If the flux is through a coil of N turns of wire,
then the flux and resulting emf are smply multiplied by N.

Lenz’ Law

States that the induced voltage or emf will be in a direction S0 as to oppose the changes in the
magnetic flux. For example, if the flux is increasing the emf will be in adirection that would cause
current to flow around the loop in a direction that would try to decrease the flux by subtracting from
the existing magnetic fidd. If the flux is decreasing, on the other hand, the induced current would
ress this change by creating a magnetic field which adds to the exigting one.

236



28. Electromagnetic Induction

Procedure

In this lab you will quditatively examine the effects of changing magnetic fiedd by observing
currents induced in a solenoid (cylindrical coil of wire). Snce we don't have meters capable of
accurately measuring the rate of change of current, you will make quditative measurements and then
determine whether your observations agree with the theory of eectromagnetic induction and Lenz
Law.
For Your Report Include the usud cover page and introduction. Labe sections cealy
(corresponding to headings in this handout). Y ou should take the time during each part of thelab to
record your observations and conclusions (discuss them with your lab partners) and write them out
using complete sentences before proceeding on to the next section.. Write an overdl summary for
your concluson and decide whether your observations support the theory of eectromagnetic
induction.

IMPORTANT SAFETY NOTES

To avoid damage to equipment be sure and observe the limitations given for current and
voltage.

Use the external switch to gpply current to the solenoids. Ask your ingtructor if you are not sure
how to congtruct the circuit. Do not connect or disconnect wires unless the switch is
open and thereisno current flowing.

Avoid contact with wires and connectors while the switch is closed and current is flowing. The
currents used will be unpleasant to comein contact with.

The gdvanometer is very sengtive and is only used with very smdl currents. DO NOT connect
the galvanometer to the circuit containing the power supply.

Thedirection of the Galvanometer .

The gavanometer mesasures very smadl currents with a needle which deflects right or left, depending
on the direction of the current. (The needle is attached to a smdl coil which is attached to a spring
and placed between the poles of a magnet, current flowing through the coil causes it to deflect due

the torque created on the current loops by the magnetic m

field.) In this section you will establish how the direction of

the current is related to the direction of deflection.

By briefly touching a lead from the battery to the |
gdvanometer (in effect “closing a switch” briefly) you can ﬁ
find how the direction of deflection corresponds to the
direction of current. + -
Knowing that the (positive) current flows from the positive v Battery

to negative terminds of the battery, determine which

direction the current must flow through the galvanometer to Figure 14: Circuit using a battery to test
cause it to deflect left or right. Reverse the kaitery and 9@lvanometer:  EXCESSIVE  CURRENT
make sure that the needle deflects in the opposite direction. WILL DAMAGE THE GALVANOMETER.

Record your observations below and in your report:
Direction of current into galvanometer needle deflects right or left
When the current goes in the left terminal of the galvanometer, the needle deflects

o Q@

When the current goesin the right terminal of the galvanometer, the needle deflects
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28. Electromagnetic Induction

Magnetic Fidd around the bar magnets

Lay a bar magnet flat on the table and use the compass to
investigate the shape of the magnetic field around the bar magnet.
Recdl that the compass needle points dong the magnetic field with the
North end pointing in the direction of the field. The intendty can be
esimated by noting how strongly the compass needle spins. In your S
notes you should record the direction and intensity of the field around
the North pole of the magnet, near the center, and near the South pole.  Figyre 15: Sketch the
Make a sketch of what you suppose the megnetic field linesto 00K fidd lines around the
like around the bar magnet. bar magnet

For this lab you will need two bar magnets of different strengths.

Edtimate the relative strengths of the two bar magnets (using compass and the stedl rod).

Using the Bar magnets to induce current in a solenoid.

You should have three solencids. One st of primary and
secondary coils has green insulation. The “primary” coail fitsindde the
“sacondary” coil The second solenoid has red insulation and actualy

conggts of two sats of coils, one indde the other. Terminds on the
end are labded 440T for 440 turns and 220T for 220 turns and
alow connection to either set of coils.

Connect the galvanometer to the red solenoid containing 440 turns of

wire. (ThereisNO POWER SUPPLY in this circuit)
Using the stronger bar magnet, move the magnet in and out of the )
coil, noting and recording the effects. You should note the effect 19ureé 16: Using a bar
of 1) the speed with which you move the magnet and 2) changing magnet to_ induce current
the polarity of the magnet. in a solenoid.
Insert the North pole as quickly as possible. Pause when it is
inserted about haf way. Note the gdvanometer deflection and record its maximum
deflection. Repeat your motion severd times in order to verify your eimate of the
maximum deflection.
Start with the North pole inserted hafway, then withdraw it as quickly as possible. Again record
the direction and estimate the maximum deflection.
Repest, this time moving the magnets dowly.
Repedt, for both fast and dow motion, this time using the South poles of the magnets.
Repeat using the 220 turn coil and note the differences.
Repeat using the 440 turn coil and aweaker magnet and note the differences.
Summarize your results and draw conclusions based on your observations.

I nvestigating the magnetic field insde a solenoid.

Insde a solenoid the magnetic fidd is farly uniform. We can use Ampere's Law to show that it
isequa to B=m,nl where my =4p " 10" 22 nisthe number of turns of wire per unit length
and | isthe current in the solenoid. Thus we can creete a changing magnetic fied indgde a solenoid
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28. Electromagnetic Induction

by changing the current. By placing this solenoid ingde a second solenoid, we can induce currents

in the second solenoid as we change the current and the flux changes with time.

With the power supply not connected to any circuit, use the multimeter to set your power supply to
areading of about 5 Volts. (On the large power supplies the voltage switch should be set to “B”
and the knob turned to about “1”) .

FOR THE REMAINDER OF THE LAB DO NOT INCREASE THE SETTING ON THE
POWER SUPPLY. (Switch to “off” if desred but do not change the setting.) USE THE
EXTERNAL SWITCH TO TURN THE CURRENT ON AND OFF. DO NOT
TOUCH METAL WIRES OR CONNECTORS WHILE SWITCHING THE
CURRENT.

WITH THE SWITCH OPEN connect the positive termind of the power supply to the one termind
of an externd switch. Connect the output Sde of the switch to one termind of the smdl
solenoid. Connect the second termina on the smal green solenoid to the negative termind of the
power supply. Examine the solenoid and determine which way current flowsinit.

Lay the solenoid down on the table. Without touching any meta connections, CLOSE the switch
(current flows) and investigate the magnetic field around the solenoid with a compass. Since the
fidd iswesk, it may help to switch the current on and off while looking at the compass needle to
see how it deflects. Y ou should be able to detemine the direction of the magnetic fidld asit goes
through the solenoid.

OPEN the switch and reverse the leads. Repeat the previous step and verify that reversing the
current reverses the direction of the magnetic field.

Changing current in one solenoid to induce current in a second solenoid.
OPEN THE SWITCH to stop the current in the small /S
coil. —<
Place the smdl green coil indde the larger green +
solenaid. -
Connect the Galvanometer to the larger solenoid. -
Y ou will be changing the current in the smaler cail
(the “Primary Coail”) and observing the effect on
the current in the larger, outsde coil (the Secondary
“Secondary Cail”). Coil
Close the switch, sending current through the primary
coil, and observe the effect on the current in the
secondary coil. Note the direction of deflection Figure 17: Changing current in the
and estimate the magnitude of largest deflection.  primary coil will cause a changing flux in
(It may help to close and open severa timesto  the secondary .
get an estimate of the maximum deflection.)
Leave the switch closed for amoment. What is the deflection of the gdavanometer?
Open the switch again, noting the effect on the current in the secondary cail.
Repeat as needed to verify your observations and to dlow al lab partners to observe and record
the resulits.

— Primary
— V Coil
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28. Electromagnetic Induction

WITH THE SWITCH OPEN (no current), change the direction of the current in the primary coil be
reversng the leads. Again close and open the switch to start and stop the current, noting the
effect on the current in the secondary coll.

Summarize your results and draw conclusions.

M agnetic effects of materials.

When a magnetic field exigs in a materid, rather than in vacuum, the magnetic fidd will be
changed by the magnetic properties of the materia. Here you will compare the magnetic properties
of Aluminum and Sted. (Note sted is an dloy containing iron and smdler amounts of other
elements))

Try to pick up both the duminum and sted with your bar magnet. Does it make a difference
whether you use the North or the South pole of the bar magnet?

Using the same circuit as aove, WITH THE SWITCH OPEN, insert the duminum rod insde the
primary coil. Open and close the switch and note any effects on the current in the secondary
coil.

WITH THE SWITCH OPEN, replace the duminum rod with the sted rod. Repeat and record
your observations.

Summarize and draw conclusions about the magnetic properties of auminum and sted.

When a magnetic fidd exists in a materid, rather than in vacuum, the congtant 1, isreplaced by a

vaue n that depends on the materid. Speculate on the values of 1 for duminum and ded.

To observe an interesting effect, try placing the steel rod halfway inside the primary (do this
from the side without contacts and wires). Turn the current on and see what happens.

Effect of number or turnsof wirein the primary and secondary.

Continue to use the smdler green coil as the primary. With the switch open, replace the
secondary (larger green) coil by the red coil with 220 turns. Close and open the switch and note
the effects. With the switch open, change the connections so that the 440 turn coil is used as the
secondary.  Close and open the switch and note the effects. With the switch open, move the
connections from the small green cail to the leads for the 220 turn red coil so that it becomes the
primary (while the 440 turn coil remains the secondary). Close and open the switch and note the
effects.

Summarize your results and draw conclusions about the effect of the number of turnsin the primary
or secondary coails.
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28. Electromagnetic Induction

Conclusions

Why does the direction of the induced current dependon =~ A, /
which pole of the permanent magnet is inserted into the
solenoid?

Why does the magnitude of the induced current depend on

the strength of the bar magnet? °
The megnetic fild indde a solenoid is given by: B = mnl .

Outside the solenoid the field may be gpproximated as

zero. Suppose that a solenoid of area As andturnsper Figure  18: Two  concentric
unit length n; is placed insde a second solenoid of area splenoids.

A, , tuns per unit length n, and length L, (total

number of turns in second coil No= L,n,). Explain why the emf, €, induced in the second coil

dl
by a changing current, El inthefirst cail isgivenby €=- N,A,mn, % If the changeis at

acongant rate, then % may be replaced by %)
If the secondary solenoid is in a circuit with ressance R, there will be an induced current,

I, = % . Discuss how the equations predict the direction of the current in the secondary coil
depends on whether the current inthe primary coail, |4, isincreasing or decreasing. Does this

dl
match your observations? (Hint: consder the effect of the sign of El -- isit increasing or

decreasing?)
Given the expression above, how do the equations predict the induced current depend on the
number of turnsin the primary? In the secondary? Does this match your observations?
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Using the Bar magnetsto induce current in a solenoid.
440 Turn Secondary

Magnet 1:
Strength of magnet =

28. Electromagnetic Induction

220 Turn Secondary

North Pole

Maximum
Deflection, mA

Direction
Current

of

Maximum
Deflection, mA

Direction
Current

of

Moves quickly inward

Stationary ingde

Moves quickly outward

Moves dowly inward

Moves dowly outward

South Pole

Maximum
Deflection, A

Direction
Current

of

Maximum
Deflection, mA

Direction
Current

of

Moves quickly inward

Stationary ingde

Moves quickly outward

Moves dowly inward

Moves dowy outward

Magnet 2:
Strength of magnet =
North Pole

Maximum
Deflection, mA

Direction
Current

of

Maximum
Deflection, mA

Direction
Current

of

Moves quickly inward

Saionary indde

Moves quickly outward

Moves dowly inward

Moves dowly outward

South Pole

Maximum
Deflection, mA

Direction
Current

of

Maximum
Deflection, mA

Direction
Current

of

Moves quickly inward

Saionary indde

Moves quickly outward

Moves dowly inward

Moves dowly outward
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Changing current in one solenoid to induce current in a second.

Primary=smadl green cail

Secondary=large green coil

Initial Current Direction

Opposite Current Direction

Maximum Direction of | Maximum Direction of
Deflection, mA Current. Deflection, mA Current.

While dosng switch

Current congtant

While opening switch

M agnetic effect of materials

Primary=samdl greencoil  Secondary=large green coil
Aluminum Rod Stedl Rod
Maximum Direction  of | Maximum Direction  of
Deflection, mA Current. Deflection, mA Current.

While dosng switch

Current congtant

While opening switch

Effect of number of turnsin primary and secondary

Primary=small green coil  Secondary = red cail
Secondary=220T Secondary=440T
Maximum Direction of | Maximum Direction of
Deflection, mA Current. Deflection, mA Current.

While dosng switch

Current constant

While opening switch
Primary=220T Secondary=440T Primary=440T

Secondary=220T

Maximum Direction of | Maximum Direction of
Deflection, mA Current. Deflection, A Current.

While dosng switch

Current constant

While opening switch
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29 AC Circuits: Driven Oscillations and Resonance

Introduction

In an AC (dternating current) circuit the direction of the current in the circuit dternates as a
function of time. Since the current is time dependent, both capacitors and inductors play important
rolesin AC circuits. The response of an AC circuit will aso depend on the driving frequency of the
AC power supply.

Equipment
Function generator Capacitance  decade Redstance decade Inductances (30mH
box (0.1nF- box (1- &100mH)
100nF) 99,999W)
Alligator clips and banana Oscilloscope Scope probes Multimeter
plug leads (8 sats, BNC to
dligator or Graph paper
banana)
Theory

Some important AC circuit dements are:

Capacitors:

A capacitor stores charge +Q and -Q on either plate. The amount of charge, Q, is proportiona to
the voltage across the capacitor. Potential energy is stored in the eectric field between the plates.
Because the voltage depends on charge rather than current, the voltage in the capacitor is out of
phase with the current (voltage V¢ lags current by p/2 when there is no resistance).

Inductors:

Changing current results in an induced emf or voltage that is proportiond to, and opposes, the rate
of change of current. Potentid energy is stored in the magnetic field created by the current. Because
the voltage depends on the derivative of current, the voltage in the inductor is out of phase with the
current (voltage V. leads current by p/2 when there is no resstance).

Resistors
A resigtor has voltage proportiond to current (Ohm’'s Law: Vg=IR) Energy is disspaed in the
resstor. The voltage on aresstor, Vg, isin phase with the current
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_Q
_I_"'Q Ve = l\h V. =- al V=l R
C ) L dt -
] _1Q% 12
Q Ue=3¢ Ug ==L V)
Capacitor |nductance Resistance

Figure 19: AC circuit elements. Voltage and energy in a capacitor depends on charge,
which changes as current flows. Voltage and energy in an inductor depend on
changesin the current. Theresistor is a passive circuit element: voltage is directly
proportional to current, and energy isdissipated as heat.

The AC circuit: Driven oscillations and resonance.

An AC drcuit diven by a
snusoiddly varying power supply has a
snusoiddly varying current and voltage.
In the different circuit e ements, current is
not aways “in phasg” with voltage. That

|

Voltage

V()=Vyasin(w) Period:
[,

is, current may reech its maximum vaue
a adifferent time than voltage reechesits

maximum vaue. Phase
Figure 20 shows how the voltage leference
and current can vary in an AC circuit. t‘gT

The magnitude of the current and the

phase difference between the voltage Figure 20: AC circuit. Solid line shows voltage from AC

and current depend on circuit eements
such as redsors, cepacitors and
inductors.

The rdaionship between pesk

power supply, Dashed line shows voltage in resistor, which is
in phase with the current. The voltage and current peak at
different times. The voltage leads the current here.

voltage and pesk current is characterized by the impedance, Z.

VMax = IMax>Z

If the drcuit is driven by a power supply with pesk voltage Vimaand angular driving frequency

w,, then
V(1) =V sin(w, %) and

1(t) =1 e SIN(W, X - £ )

The smaler the impedance, the larger the current. The impedance, Z, and the phase depend not
only on the resistance, cgpacitance and inductance in the circuit, but aso on the driving frequency.
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Resonancein the Series RL C circuit
A sies RLC dircuit is shown in Figure 21. For this | |

circuit; | | .
X, - X
z=R?+(X, - X.)°  and tanf =¥ V() ,\) L
where R
R = Resistance I\/V\/

X = Inductive Reactance =w, xL
Figure21: SeriesRLC circuit

X = Capacitive Reactance = "

d
The pesk current in the circuit depends on the frequency of the driving voltage. For smdl
frequencies the @pacitor has a large reactance and for large frequencies the inductive reactance

becomeslarge. The peak current is given by
I _VMax — VMax
Max — -
2 \/R2+(XL - XC)2

0 the largest value of pesk current can be achieved when X, = X. which is when
w, XL = ]/ (Wd >C) . Notice that this occurs when the driving frequency w , isequd to the “natural”
osaillating frequency of the series LC circuit, w, = J/«/ LC . This studion is known as Resonance
and the frequency w, = J/«/ LC is cdled the resonant frequency of the circuit. If the resstance is

smdl, the peak voltage can become quite large. In fact, in the limit that the resstance is zero, the
peek current would theoreticaly beinfinite. In redlity the power supply would limit the current.

Procedure

Setting up the oscilloscope

You will begin by setting up the oscilloscope to detect the snusoidal voltage output by the
function generator. Connect Channel 1 of your scope to the sine wave output. All inputs should be
st to AC and the trigger should be set to Channel 1. On the function generator set the frequency to
midrange on the 10 kHz scale and the amplitude to midrange.  Set the time scadle of your scope o
that you can observe severa periods of oscillation. Make sure al knobs on the scope are “clicked”
into their calibrated pogtions. Adjust the position, intendty and trigger of your scope until you can
see the voltage output from the function generator. Ask for help if you are unsure. Use the position
adjustments on your scope to verify which trace is CH 1 and which is CH 2. Vary the amplitude,
frequency, and oscilloscope controls until you are sure you understand what you are seeing. Sketch
what you see (including axis and divison marks) and record the VoltgDivison and Time/Divison
settings from the scope. Label Vinax and the period, T. Caculate the frequency, f= 1/T, and
angular frequency, w4 =2pf. Change the frequency by a factor of ten and re-adjust the scope.
Measure the period and calculate the frequencies.
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A capacitive cir cuit:

Set up the drcuit shown in Fgure 22 usng the resstance and | L€
capacitance decade boxes. The “MF’ on the capacitance decade box I I
represents microfarads (nf). Use the following settings: ch.

One V(t)
| Rabout500Ww | CaboutOlnF | fabout500Hz | R
L Y
Connect Ch. 1 of the scope across the voltage source and Ch. 2 =  chTwo

across the restor. Note that Ch. 1 and Ch. 2 actually have the same o
ground which must be connected to the same “ ground” in the circuit. Flgure 22: RC Circuit
Since the voltage on the resgtor is V; = IR, Ch. 2 will provide an indirect

measure of the current in the circuit: | = Vr/R.

Adjust your scope until you can see both Voltage (Ch. 1) and Current (Ch. 2). Adjust the
Voltgdiv Time/div on the scope so that Voltage and Current both display well. Make a sketch of
what you see, including axis and divison markings on the data sheet. Record the VVolt/div for both
channels and the Time/Div., and measure the maximum voltages and the period and cdculate the
maximum current and frequencies. On your sketch labe amplitudes, Vua and Ve=IuxR, the
period, T, and the time corresponding D the phase difference, t = (f /2p )T. (See Fgure 20).
From the amplitudes for Viua and Vs determine the impedance, Z.

Does the voltage lead the current (peak before the current) or lag the current (pesk after the
current)? Calculate theoretical values for the impedance and phase and compare to experimental
vaues.

Vary the @) frequency and b) the capacitance C (or inductance L for the next section) and
observe the effects on the amplitude of the current and the phase. Discuss whether or not the
behavior iswhat you would expect from the theoretical equations for impedance and phase.

An inductive cir cuit:

Sat up the circuit shown in Figure 23 using the resistance decade
box and L=100mH inductance. Use the following settings

| Rabout100 W | L about100mH | fabout50kHz |

Repeat the measurements and observations you made for the RC - Ch.Two
circuit (See data sheet). Figure 23: An LR circuit
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Series RL C circuit and resonance

Set up the series circuit shown in Figure 24 usng
C=0.1 nF and L = 100 mH. Set the resistance to about
1000 Ohms. Observe the current (i.e. V) in the circuit as
you vary the frequency. Find the frequency that results in
the greatest current (i.e. greatest k). Thisisthe resonant
frequency, f;, for the circuit. Measure the amplitudes,
period and phase. Cdculate experimentd vaues for the
impedance and phase a the resonant frequency.

Repeat, substituting the 30mH impedance. Make a Figure 24: SeriesRL C circuit
prediction for the new resonant frequency and then find it
experimentaly. At the resonant frequency measure the amplitudes, period and phase and compare
the impedance and phase to the theoretical values.

Which way (earlier time or later time) does the pesk current move when the driving frequency isless
than the resonant frequency. Whenit is greater than the resonant frequency?

Ch. Two

Width of the resonance

Change the resistance to about 100 Ohms. Vary the frequency around resonance and observe
and differences in comparison to the circuit with 2000 Ohms resistance. Notice any changes in the
“width” of the resonance (i.e. range of frequencies over which Vg decreasesto 1/2 of its resonance
vaue).

Questions

Compare the capacitive circuit to the inductive circuit. For each, discuss how the impedance and
phase changed with frequency. Discuss both your experimenta observations (of amplitude and
phase) and what the theory would predict.

For the RLC circuit, which way (earlier time or later time) does the pesk current move when the
driving frequency is less than the resonant frequency. When it is greater than the resonant
frequency? Is this what you expect? Is the capacitor or the inductor more important at high and
at low frequency.

Is the width of the resonance greater or narrower (i.e. “sharper”) with 100 Ohms than with 1000
Ohms?
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Capacitive (RC) cir cuit
Sketch:

AC Circuits: Driven Oscillations and Resonance

O<cilliscope Settings:

TimeDiv:
Ch. 1: VoltgDiv
Ch. 2: VoltgDiv
R= C=
Experimenta (from oscilliscope trace) -- include units
T= f= W=
Vmac—
VR = IMaX=VR/R /= VMax/ IMaX:
t (for phase difference)= f=2p >(t/T) =
Theoreticd Vdues (give formula)
Z= % Diff.
f= % Diff.

Does the valtage lag or lead the current? How does the current amplitude and phase change with

frequency?
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Inductive (RL) circuit
Sketch:

AC Circuits: Driven Oscillations and Resonance

Oscilliscope Settings:

TimeDiv:
Ch. 1: VoltgDiv
Ch. 2: VoltgDiv
R= L=
Experimentd (from oscilliscope trace) -- include units
T= f= W=
VMax:
Vg = Ima=VRr/R Z=Vyad Ima=
t (for phase difference)= f=2p{t/T)=
Theoreticd Vdues (give formula)
Z= % Diff.
f= % Diff.

Does the voltage lag or lead the current? How does the current amplitude and phase change with

frequency?
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Saries RLC dircuit
R=

Experimenta (from oscilliscope trace) -- include units

L=

AC Circuits: Driven Oscillations and Resonance

C=

T=

f=

Wd:

IMaX:VR/R

Z= VMax/ IMax:

t (for phase difference)=

f:2p>(t/T):

Theoreticd VdAues (give formula)

W =

% Diff.

% Diff.

f=

% Diff.

Series RL C circuit
R=

Experimenta (from oscilliscope trace) -- include units

L=

T=

f=

IMaX=VR/R

Z= VMax/ IMax:

t (for phase difference)=

t =2p{t/T)=

Theoreticd VaAues (give formula)

% Diff.

% Diff.

% Diff.
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30. Hooke's Law and Simple Harmonic Motion

30 Hooke's Law and Simple Harmonic Motion

Introduction

The force gpplied by an ided spring is governed by Hooke's Law: F=-kx. Becausetheforceis
proportiond to displacement of the spring, a mass atached to the spring will undergo simple
harmonic motion. In thislab we will verify Hooke' s Law and learn about Smple harmonic maotion.
The mation of the spring will be compared to motion of a pendulum.

Equipment

Spring Rods, Clamp Mass set String

Tape Meter Stick Mass hanger pendulum Bob

Motion Detector ULI interface Graphing, MacMotion software
Theory

Hooke’s Law
The firgt part of this experiment is designed to verify Hooke's law. Hooke's law dtates that the
force F gpplied to a mass by a connected spring is proportiona to the displacement, (x-Xp)of the
meass from its equilibrium position, thet is,
F=-k >(x -xo)
where the proportiondity k is the spring congtant. The minus sign occurs because the force is

opposite to the direction of displacement. Hooke's law can be used to measure the spring constant,
k.

Simple Harmonic Motion
The second part of the experiment verifies that the motion under this force is “smple harmonic

motion” with aperiod, T, of
T=2p%|™
=2p "

Thus, k can dso be measured by measuring the period of the mass oscillation.

Oscillation of a pendulum

In the find part of the experiment we determine that a Smple pendulum (mass hanging from a
gring) aso appears to exhibit smple harmonic motion and test the dependence of the period of a
pendulum on the length of the penduum.

Procedure

Part 1: Verifying Hooke's Law and measuring the spring constant

In this part, the UL with the motion detector is used to measure the displacement of “blocks’ of
different masses. If Xy is the equilibrium postion of the soring (n0 mass dtached), then the
displacement is (x-xo), where “X” is the position measured by the detector (see Figure 1). According
to Hooke' s Law, the force applied by the spring is.

F(x) = - k{x-%,) = - kx+koxx,
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Graphing software, such as Kaedagraph, is used to make aplot of F versusx. Hooke's law is
veified if Fvs x isalinear line. The dope of this line represents the spring congtant k (the intercept
will be kxo).

Data collection

DO NOT DROP THE MASSESON THE MOTION DETECTOR - tapein place

Set up a pring-mass system as shown in Fgure 1. (The
goring can hang off the table and the detector ' '
may St on the floor.) In this part you will use the
motion detector to measure distances for
dtationary masses.

Connect the interface board to the computer (modem
port). Connect the motion detector to port 2 of \I/

;[:te e{f r:;fscoe;r Sf)ard. Turn on the power to the (X-Xg)

Open MacMation. Clicking Start and Stop will gart and
stop the motion detector. Letting the software run X
while the block is ationary dlows you to get a
reading on the distance for different masses. .

Measure the distance of the hanger with the maximum - - Moion Detector
weight first.  The distance between the object to Figure 1. Mass on spring with
the motion detector must aways be greater than motion detector.
about 50 cm.

Click Start to collect data. The distance as a function of time should be a horizonta line.
Click Stop to stop the motion detector.
Select Stats...under the Analyze menu. Record the mean vaueto Table 1.

Repesat the measurement of distance for different masses by placing the listed masses (Table 1) on
the hanger, and recording the mean position vaues.

Express F in terms of Newtons and fill out the last column in Teble 1.

Input F and x in Table 1 into a graphing program such as Kadedagraph (See Appendix). Make a
plot of F vs x. F vsx is expected to be linear with dope corresponding to the spring
constant k. Determine the dope by using a linear fit. If your plot does not seem to fit a
graight line it may be because your masses are too close or to far from the detector at one
end or the other.

Part 2: The oscillating mass

This part is desgned to verify that the motion of the oscillating mass on the spring is Smple

harmonic motion with a period of
m ,
T= Zp\/% (Equation 1)

Because of the mass contribution from the goring, m in this equation conssts of the mass of the
weightsm,, and the effective mass of the soring M, . The above equation can be written as
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m,, + M, .
T=2p " , (Equetion 2)
or, by squaring both sdes:
2
T2 _JD_mN +JD—Me (Equation 3)
2
Equation (3) suggests that T2 versus my, is linear with dope equd to E and intercept equa

2
to % Mc. Thus both the spring constant k and the effective mass of the spring, M, can be

derived from the T2 versus m,, line. Thek derived in this method should be very close to the one
obtained by the Hooke's law. The ratio of M, to the actual mass of the spring Mg is aways less

than one.

Data collection

The same set-up is used in this part.

Add 100 grams to the hanger.

Givethe block asmadl initid displacement and |t it oscillate.

Set the data collection rate to its highest vaue. Click Start to collect data. The podtion as a
function of time should look like a sine function. (That is precisely what is meant by smple
harmonic mation!) Click Stop to stop the motion detector. Change the scade of your vertica
axis (by dicking on the top and bottom numbers) until you see your graph well. If your data
does not look like a nice sne wave adjust the data collection rate or the dignment of your
apparatus.

Select the Analyzer itemunder the Analyze menu. Y ou will use thisto measure time.

The period is measured more accurately if severa periods are counted, rather than just one.
Between some number, n, periods, messure the pesk to peak time, T; and T, , and the number

of the period between T; and T, , n. Record themin Table 2.
Repeat steps 1-5 with different weights listed in Table 2, and record timesto Table 2.
Cdculate T and T2 in Table 2.
Input T2 and my,( don't forget to convert Grams into Kilograms) to Kaedagraph.
Make aplot of T2 versusm,, .
Cdculate the spring congtant k and compare it with the one obtained in Part 1.
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Position, x
nPeriods, nT

< >
One Period, T time

Figure 2: Smple harmonic motion: the mass oscillates like a sin function: X(t) = X, Si n?_ft%

Part 3: Oscillation of a pendulum

In this part, we verify the expresson for the period of a pendulum. For small angles of
oscillation, the torque on the pendulum Bob is proportiond to the angle of displacement. This means
that the pendulum should aso undergo smple harmonic mation. We shal measure the period of
ocillation and find out how it is rdated to the length of the pendulum: that is the distance from the
axis of rotation to the center of mass of the pendulum bob.

Data Collection:

Set up asmple pendulum and position the ultrasonic motion detector to monitor the motion.

Mesasure the period of the pendulum for severd different string lengths (Table 3)

Determine the relationship between the period of the pendulum and its length by plotting period, T,
versus length or T? versus length

From your indructor you can find the actud relaionship between period and length, which is vdid
for samdl angles of oscillation

Additional Activities: Damped Oscillations

If alarge piece of cardboard with adot in it is placed under the mass in the mass/spring setup,
the air resistance experienced by the mass as it oscillates will be greetly increased. Y ou will be able
to investigate how the damping force acts to decrease the amplitude of the oscillations over time.
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M
(weights on the hanger)

Pogtion,

For a stationary mass,
F(=Mg) g=9.8m/s’

0

100 g=0.100 kg

200 g=0.200 kg

300 g=0.300 kg

400 g=0.400 kg

500 g-0.500 kg

Spring constant from method 1 =

Table 2: Oscillation of the mass

m. (grams)’ Tq

T2

T= (Tz -T1)/n T2

50+ 100

50 + 200

50 + 300

50 + 400

*where 50 grams is the mass of the weight holder.

Spring constant from method 2 =

Discussion: (continue on separate pages as needed)
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Table 3. Ogcillation of the pendulum

30. Hooke's Law and Simple Harmonic Motion

Length
(meters)

T

T2

(T, -T1)n

T2

0.2

0.4

0.6

0.8

1.0

Discussion (continue on separate pages as needed):
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31 Waves: Strings and Sound

Introduction

A mechanicd wave is a digurbance which moves through some medium. In this Iab you will
study two types of waves. transverse waves on astring and longitudina sound waves.
Equipment:
Strings: Vibraing gtring driver, string, tape, rods,clamps, pulley, mass hanger, weight set, meter
gick, high precison scde.
Sound: Knudt’ s tube apparatus, cork dust, chamais cloth, rosen, meter stick, ear protection.
Theory

Waves:

Common characterigtics of waves are | [ Antl-node
Wavelength: | , the minimum distance for the pattern of f '

A :
the wave to be repested. m

Frequency: f , thetimes per second the wave motion
is repested (measured in Hertz=Hz=1/s=C).

Period: T, The time required to make one oscillation Distance, x

or for thewaveto travel one wavelength. Figure 3: A standing wave osillates in
Speed: v, the velocity of propogation of a raveling pace at frequency, f. A traveling wave
wave v =1 > f will propogate at speed, v. At any one
Amplitude: A, The maximum sze of the disturbance. point the disturbance oscillates with
A Node in a wave is a postion where the Size of the frequency f suchthat v=1 :f

disturbance is zero. An anti-node is the pogdtion of

meaximum disturbance.

Waves on a string:

A wave on a dring is an example of a transverse wave: the disturbance in the string (displacement
from a graight line) is transverse (perpendicular) to the direction of the string. The wave may be
traveling down the length of the string or be a standing wave which oscillatesin place. Waveson
a gring have characteridtic frequencies which depend on the dengty of the string (mass per unit
length, ) and the tension ( ) in the string. The speed of the wave in the gtring is given by
V= 4/t /m. Even though standing waves do not actudly travel dong the string, their wavelength and

frequency are dtill characterized by | xf =/t /m.
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Sound Waves:
Sound waves in a gas are created by a mechanicd

A uniformly distributed gas:

disurbance which sends a wave of high and low
pressure traveling through the moleculesin thegas. Ina

solid, sound propagates as a disturbance in the

pOS.tionS of the atoms in the solid. Sound waves in the A “pressure wave” of hiah and low pressure reaions:

ar are an example of alongitudinal wave because the
changes in pressure and displacement of the ar

molecules are in the same direction as the wave. Each
gas has a characteristic speed of sound which depends
on pressure and temperature. In ar the speed of
sound is about v= 331.5m/sec+0.61% (°C), where T is
temperature in degrees Celsius.

Resonance:

Resonance occurs when the driving frequency credting a
wave matches a natura frequency of the mechenicd
system or medium in which the wave propagates. In a
dring with both ends fixed, sanding waves can be
supported only if there is an integer number of hdf
wavelengths dong the string (L = n»l /2): in this case the
ends of the dtring are a nodes which remain fixed. The
characterigtic, or resonant frequencies of the string are then

determined from the relationship | xf =/t /m. In atube

or pipe with two closed ends, the gas at the end of the
pipe does not move: again there must be an integer number
of haf waveengths indde the pipe for it to support
ganding waves of sound. The characteridtic frequencies
are determined by the length of the pipe and the speed of

A
v

I
Figure 4: Sound Waves

v v

Figure 5. A closed pipe supports
standing waves of sound with nodes at
both ends. An openended pipe has an
anti-node at the open ends.

sound inside the pipe. The lowest characteristic frequency is called the fundamental frequency and

higher frequencies are cdled overtones or higher harmoni
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Procedure

Waves on a String:

A gring will be attached to
a vibrator which will provide a
driving force to excite standing

waves in the dring. The N

vibrator uses a eectromagnet String T
which dtemately atracts and Vibrator
repels a dsed reed. The 60 Hz l
magnet operates usng the AC

line voltage and its driving |

frequency isthe line frequency, ) ) ) . .
o;aqGOHz equency Figure 6: Standing WavesonVibrating String

Measure and record the mass of the string and itstotal length.

Attach the gtring to the vibrator and to a mass suspended from a pulley which will goply a
tenson, t = Mg, to the string. (You can loop the string around the back of the vibrating reed and
use tape to fix one end to the front of the reed). Let the length of the string be about 2 meters.
Record the length of the string between its fixed ends.

Once dring is positioned, you can vary the tenson in the giring to produce standing waves in the

string. The velodity of traveling waves in the string would be v =/t /m, where t =Tension and
m =mass/Length. Standing waves between fixed end-points must have a half-integer number of
wavelengths between the ends, L = nl /2, where n isan integer. If the length and frequency are
fixed, the tendgon in the string can be varied to excite standing waves of different waveengths.

When the driving frequency (f) and awavelength | fit the rdationship f ¥ =v =,/t/m thena

resonant standing wave is excited in the gring. (In a piano the length and tension of the piano wires
are adjusted until the resonant frequency matches a desired note. Here the frequency isfixed by the
driving force).

Experiment by applying tenson to the string (pull down on the mass hanger) and observe how
different harmonics can be excited as the tenson varies. . Have one lab partner hold a contrasting
paper behind the dring if it helps you see better. Record your observations How does the
wavdength vary with tensgon?

With tengon adjusted so a number of haf-wavelengths are excited (add or subtract masses to
hold the tenson) move your finger dong the string and observe what happens to the standing waves.
Record your observations. What happensif your finger in on anode? On an anti-node?

Since the vibrating end is not rigidly fixed, it is not a true node. The true wavelength can be
measured by nessuring the distance between nodes (which is | /2) You can measure from the
fixed end (above the pulley) to the last node before the vibrating reed and divide by the number of
loops to get the length of one haf wavdength.

Now measure the effect more systematicaly. Hang different masses from the hanger and
record the values of mass for which the amplitudes of different standing waves become large. For

271



31. Waves: Strings and Sound

each such dtuation, record the number of haf-wavdengths and measure the wavelength as
described above.

Jt = J9 VM = CVM , where C is a contant. In your report

T

explanwhy C isacondant for this experiment.

Use the computer (Kaaidagraph or other program) to plot wavelength versus the square root
of mass and determine whether the relationship in fact fits a straight line. Discuss your results.

Find the dope of the line (using the computer) and determine the agreement with theory: (You
will have to make sure your units are the same when you make your comparison,)

Show that | =

Sound Waves

SAFETY NOTES: Do not hold the glass tube while stroking the rod. Ear protectors
may be desired as thislab makes an annoying , high pitched sound.

Resonant sound waves in a cavity dso have wavelengths that match the dimensions of the
cavity. A complex shape such asaviolin has avariety of resonant frequencies. A smple shape such
as a tube has resonant frequencies determined by its length. Standing longitudinal pressure waves of
sound will be supported by a closed or open ended tube (See FHgure 5) if a haf-number of
wavdengths fit within the length of the tube. Sound dso travels within solids as a wave of
displacement of the atomswithin the solid. A meta rod will have anding-wave resonances that are
like an open-ended pipe there is an anti-node at each end and a node in the center where it is
clamped. In this experiment you will excite sound waves in a metd rod which will then be
trandferred to the air within a glass tube. The wavelength and velocity change as the waves travel
from one medium to the other, but the frequency remains the same. The pressure wave of sound
within the tube will digplace cork-dust which will alow you to record the wavelength of the standing
wave in the glass tube.

Clamp at
exactly half
lenath . |

=3

Figure 7: Kundt's Tube Apparatus

Set up the gpparatus as shown, making sure that the rod is clamped precisdy at its center. In a
solid (unlike a gas) both longitudind and transverse sound waves may be excited. When sound
waves are excited in the rod they will have an anti-node at each end and a node at the center where
itisclamped Remove the glass tube, cover the open end with your hand and shake it to distribute
the cork dust evenly before replacing it. The disc at the end of the rod should not touch the glass
tube when it isin pogtion.
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By droking the rod adong its length you can excite high frequency sound. Use a chamoais cloth to
stroke the rod.

IMPORTANT: Do not let your hand run off the end of the rod -- this will cause
sideways mechanical oscillations which might break the glass tube. Do not hold the glass
tube while stroking the rod.

The technique take some practice but when you excite the high frequency sounds you should
see nodes and anti-nodes in the cork dust. The cork dust will be blown out of high pressure regions
and collect in low pressure regions. If multiple half waveengths in the glass tube does not gppear to
match its length then you may need to adjust the length of the glass tube (and redistribute the cork
dust again) so that large amplitude resonant waves can be excited.

When you have the gpparatus working well, excite a number of vibrations in the rod to get a
good pattern in the cork dust. Ignoring the first and last piles of cork dust, measure the length of the
piles of cork dust and count the number of nodes. Each pile of cork dust represents one haf-
waveength. Calculate the wavelength of the sound in the glass tube. The velocity of sound in ar is
about v,=331.5xn/sec+0.615(°C). From the velocity and wavelength caculate the frequency of
the sound in air.

The frequency of the sound will be the same in the meta. The wavdength will be such that an
integer number of haf-wavdengths fit within the rod length. Measure the length of the rod.
Velocities of sound in various metals are: Aluminum=5104 m/sec, Brass=3500 m/sec, Steel=5000
m/sec. The exact velocity varies with temperature. From the velocity and frequency determine the
waveength of the sound in the rod. The rod is like an open-ended pipe: there should be an anti-
node a each end and a node in the center where it is clamped. Compare the ca culated wavelength
to the length of the rod and find out which resonant wavelength best fits the data. _ Sketch the rod
and show how the wavdengths fit within the rod.

Conclusions:
Compare the two experiments and discuss the nature of the wavesin both cases.
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Wavesin a string:

31. Waves. Strings and Sound

Mass of string (m):

Tota Length (Lota):

Mass Density I =

Length between fixed ends (L g):

Number of loops
observed Ny

Suspended
Mass, M

Measured
for N loops (L)

length

Waveength JM
| =2 (Lw/N)

Include graph with axis labeled including units and analysis shown.

Slope of graph:

Theoretical Prediction: ¢ :ﬂ
f/m

Percent Discrepancy:

Kundt’s Tube (Sound): Type of metal rod used:

Formula

Result

Temperature of Room (T):

Veocity of Sound in Air (Va):

Length of dust piles Measured (Lp):

Number of dust pilesin Length (Np)

Wavdengthin Air (1 ,):

Frequency of Sound in Air (f»):

Speed of Sound in Meta (vi):

Waveength of Sound in Metd (I, ):

Length of Rod (L):

Number of Half-wavdengthsin rod (Ny):

Sketch of rod with wavelengths:
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32 Speed of Sound and Resonance

Purpose:

The purpose of thislab isto demonstrate resonance of sound waves and determine the speed of
sound traveling in ar and in ametd rod.

Equipment

Resonance tube (graduated cylinder and inner glass tube), water, tuning forks, meter stick,
Knundt’ s tube apparatus.
Procedure:

Part I: Velocity of sound in air

1) Fill the 1 liter graduated cylinder to within two inches from the top with water. Place the inner
tube ingde the graduated cylinder.

2) Chooseatuning fork and record its frequency.

f= Hz
Strike the tuning fork with hard rubber and hold the tuning fork horizontally, with its tines one above
the other about 1 cm above the open end of the inner tube. Move both the inner tube and the fork
up and down together to find the air column length that gives the loudest sound. Measure the
distance from the top of the resonance tube to the water level.

Length of the resonance tube = m
4) Record the diameter of the resonance tube.
Diameter of the resonance tube = m

5) Make a corrected length by adding 0.4 times the diameter of the tube to the measured
length of the air column. This length accounts for the smal amount of ar just above the tube thet
aso vibrates.
Corrected Length = m
6) The corrected length is one-fourth of the wavdength of the sound vibrating in the ar column.
Record the wave ength.

Wavelength = m
7) Determine the velocity of sound and record.

Speed of sound inair = m/s.

8) Repeat each of the above steps for a second tuning fork:
f= Hz
Length of the resonance tube = m
Corrected Length = m
Wavelength = m
Speed of sound in air = m/s.
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The accepted vaue for the speed of sound in air is 332m/s a OC. the speed of sound in air
increases by 0.6m/s for each degree C above zero. Compute the accepted value for the speed
of sound a room temperature.

Calculate the percentage difference between this and the average of your two measured values.

Part Il: Speed of Sound in a metal

1. Ensure that the cork dust in the glass tube of the Kundt gpparatus is evenly distributed throughout
its length (remove from the support if necessary).

2. Record the rod material and measure its length.

material: length m

3. Adjust the position of the rod so that it may be clamped at its midpoint being careful that the disk
on the end of the rod does not touch the walls of the glass tube leaving it free to vibrate.

4. Rub alittle resn on acloth and stroke from about sx inches from the end to off the end. If the
cork dust is not agitated, change the length of the air column by moving the glass tube a short
distance. Continue this procedure until the best resonance is obtained. (Rosin has been used to
replace cork dust in some of the tubes. In these cases, you may need to look very carefully to
see the wave formed)

5. Omit the cork dust loop nearest the disk and neasure the distance across al other loops.
Record the number of loops included in the measurement. (two piles of dust per waveength)

Distance: m Number of loops:

6. Usng the caculated vaue for the velocity of sound in ar from Part | and the average wavelength
of the sound in the ar column, determine the frequency of sound (f = v/I ) in the air column.
Thisisthe same as the frequency of sound in the meta rod.

frequency of Sound in air: Hz
7. Since you know that f5=f..q, ad that f=v/l , you can find the velocity of sound inthemetd. The
waveength in the metd is twice the length of the rod since antinodes are set up at each end and
the middle of therod isfixed.
Write an expresson for Vinea -

8. Cdculate Vmea from your measured quantities.

Compare this with vaues from the list below by materia speed of sound(mvs)

Aluminum 5104

caculating a percentage difference. Brass 3500
Copper 3560
Iron 5130
Sted! 5000

Don't forget to summarize.
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33 Optics: Reflection and Refraction

Introduction

In this lab you will investigate the reflection and refraction of light. Reflection of light from a
surface is what dlows us to see objects that are not luminous. Different colored objects reflect
different wavelengths of light. A smooth surface can reflect light in such a way that we can view
images of objects. Refraction occurs when light passes from one medium to another and is bent.
For example, a straw in a glass of water appears to be bent because the light itsdf bends when
traveling between water, glass, and air.

Equipment

HeNe laser plagtic hdf cirde, wedge water glassdabs
poster board wooden blocks (video boxes) protractor meter stick
masking tape draight edge or ruler beskersfor fetching water

prism, paper cardboard dit and white light source (overhead) set up as demonstration
Theory

When light is reflected from a «——Normal to
smooth surface the angle of reflection is surface
egua to the angle of incidence (Law of Incident . Reflected
Reflection): Rav . Rav 0\

Uincident = Yreftected
When light passes through a surface -
from one medium to another (ar to
water for example) the angles obey ]
Shell’s Law: Surface

n sing, =n,sing,
where n; and n, are each the index of
refraction of the two media. The index
of refraction is a measure of the way in which the light interacts with the medium. The speed of light
in the medium isgiven by v = ¢/nand thewavelengthinthemediumby | =1,/n, where | , isthe
waveength in vacuum and ¢ isthe peed of light in vacuum. The frequency of light does not change
when traveling from one medium to another. The index of refraction is dways a number greater than
or equa to one. The index of refraction will depend on wavelength.

Refracted
Ray

Index of refraction at | =589 nm

Air 1.000293 Glass, crown 1.52 Polystyrene 1.49

Water 1.333 Glass flint 1.66 Diamond 2.419
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Procedure

Reflection and Refraction with a HeNe laser

Obey all ingructionsregarding laser safety: you do not want to shine the laser in anyone's
eyel
Turn off the laser when you are not using it
The direct beam is most hazardous: aways make a “block” out of poster board and block the laser
beam before it leaves the lab table.
The reflected beam is less dangerous but should till be watched. Keep track of reflections and
make sure they do not shinein anyone seye.

Reflection of light:

Equipment needed: HeNe laser, glass plate, ruler, protracter, paper, beam blocks
For this experiment you will look &t reflection of alaser from a piece of plate glass.

Tape a piece of paper on a levd surface
(such as the table) and draw aline at the
center to use as the base line for the
position of your “mirror”

Set up the HeNe laser so that the beam is
reflected from the glass straight back at
the laser. (If your table is not exactly
leve the beam may be high or low when
it gets back to the laser). Obey laser
safety instructions and make sure the
transmitted beam is blocked.

Hold a draight edge verticdly down from
the laser beam (let the laser beam graze
the edge of the ruler) and sketch a line
on the paper to trace the path of the
incident beam.

Measure the angle between the glass and

Transmitted
Beam

(BI OCked) Incident

Beam

Reflected
Beam

Figure 1. Reflection from a glass

Initial
position of

the beam and confirm that it is 90 ;/ gass
degrees. (Does this agree with the law , , Initial path of
. Gl “ ” i S

of refraction?) ro;:zd rg/r;(i)r | / Lz;?/(;r (incident
Make sure the laser beam islined up with _\ |

the line you drew and rotate the “Normal” to

glass an angle of 30 degrees from its , rotated glass

origind position. This makes the angle L Reflected ——A. |

between the laser beam and the laser beam \

normal to the glass aso 30 degrees.

Figure 2. Lines drawn on pape during

measurements. The incident and reflected angles
are measured from the normal.
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On the paper mark the line pardld to the surface of the glass. Mark the line under the reflected laser
beam.

Remove the paper. Draw the line normal (90 degrees) to the surface of the mirror. Labe al these
lines dearly.

Measure and labdl the angle of incidence and the angle of reflection (these lines are measured
from the normd to the surface.)

Repeat for angles of 45 degrees and 60 degrees. (For the final report each member may keep one
picture or trace a picture and write their own labels).

Make atable summarizing your data and discuss whether it agrees with the law of reflection.

Refraction of light: Transmitted
Equipment needed: hdf-circle plagtic dish, Beam _
wooden block, laser, ruler, paper. (Blocked) Incident

Set up the hdf circle plastic dish (open side up) Beam
gmilaly to the mirror with the flaa sde
towards the laser. Line up the dish so its flat /
surface is normal to the laser beam and mark
the path of the laser, and the flat surface of
the platic. These lines should be 90 degrees Lo T
from each other. Make sure the transmitted -
beam is blocked. 9

Leave the laser fixed and rotate the dish by 30 Figure 3: Refraction of alaser beam in water.
degrees and mark the new postion of the flat
dgde. Natice if anything happens to the transmitted beam.

Fill the dish with water and notice if anything happens to the tranamitted laser beam.

The laser beam should be visble in the water (add a little chalk dust if needed). Postion the
protracter on top of the plastic dish and measure the angle of the refracted beam from the flat
Sde of the dish.

Remove the paper and on it draw the line for the refracted beam using the angle you measured.
Labd dl linesdealy.

Repeat for angles of 46 degrees and 60 degrees. Each lab partner should have a sketch which they
have l[abeled for their find report.

Make atable summarizing your data (angle of incidence and angle of refraction).

In athird column in your table caculate the angle of refraction usng Sndl’s Law and the percent
difference from your experimenta observation. Discuss any discrepancies.
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Refraction from water to air (Internal reflection):

Equipment needed: wedge shaped plagtic dish, ,

wooden block, laser, ruler, paper. ;g;nsm'tted

Line up the wedge shaped dish so that the laser (Blocked) /739“_90@0' Beam
refracts through the wedge, as shown. Find the (inside water)
transmitted beam. Fill the wedge with water N
and observe what happens to the transmitted ~
beam. %

You will be looking & reflection from the second
surface (ingde the weter). If necessary, adjust .
the angle of the “prism” until you can see the SNe‘():g:]‘g'st&face I(Prfsli%een\t,&%?;n
transmitted beam.

Now q, isthe angle insde the water and g, isthe

anglein the ar as the beam leaves the second  Figure 4: Internal reflection inside the wedge
surface of the prism. Which is bigger g, or
q,?

In the water you should also see internal reflection on the second surface (the water to air
interface.) Rotate the prism and observe the intengity of both the reflected and transmitted
beams. How does the intengty of the tranamitted light and of the interna reflection change with
angle?

In total internal reflection thereis no transmitted light. Can you observe this? Is the angle from the
norma of the incident beam (hitting the second surface from ingde the water) large or smdl in
this caseCompared to when there is transmitted light)

Refraction by a prism:

Equipment needed: white light source, prism

Set up a white light source and prism so that the prism disperses the light.
Make a sketch of what you see, noting the colors.

Figure 5 shows a dingle color of light being refracted by a 60 degree
(equilaterd triangle) prism. Because the prism (glass) has an index of ;
refraction greater than air the light is bent inward when passing from ar  Figure 5. Refraction
to glass Different wavelengths (colors) will have different indexes of PY @Prism
refraction in glass but nearly the same index of refraction in ar.

According to your observations, is blue light be refracted more or less than red light by the
prism? Istheindex of refraction greater or lesser for blue light than for red light?
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Index of refraction of glass:

Equipment needed: glass dabs, wooden block, laser, meter stick and supports.

Set up the laser so that it hits a meter stick (positioned on metd supports). Mark a line under the
laser for the undeflected position of the beam.

In the laser beam place severd dabs of glass podtioned a a 45 degree angle (measure carefully).
Observe what happens to the transmitted beam as you insert the glass.

Is the laser being deflected a an angle (in which case the distance of deflection gets larger as you
move father from the %
gass or is it dmply ]
displaced a congant
digtance (in which case it
travels padld to the
undeflected  path  but h I
displaced to the side)?

Use a card to trace the \ d=(B-C) ;
laser beam peth until you h =(A-B)sin(q,-q,)
understand  what IS
happening.

Measure the distance of
deflection and the totd
width of the glass dabs.
Make sure you have a
careful measure of the angle of incidence on the glass dabs.

Make a sketch of the path of the laser beam through the glass and label the angle of incidence, the
thickness and the defection distance.

Use Sndl’s Law, your total glass thickness, h, the incident angle, q,, and avaue of n=1.5 to
cdculae the deflection distance, d, through the glass. Does your glass have an index of
refraction greater or less than 1.57 (Does the deflection increase or decrease with index of
refraction?)

Qs d
(A-B) cos(q,)=h

Figure 6: Refraction in glass (two views). For a dab of glass
with parallel sdesthe emerging angle is equal to the incident
angle and the beam of light issmply displaced a distance d.
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34 Optics: Lenses and Mirrors

Introduction

Mirrors reflect light while lenses tranamit light. Both can form images, however. In thislab you
will sudy spherical lenses and mirrors. A spherica surface is Smply some portion of the surface of a
sphere. It is characterized by itsradius of curvature, R..

Equipment

Meter  sick optica Light source, object Sphericd and cylindricad  Screen (white
“bench” card mirrors cardboard)

Lens holders Convex lenses Concave lens Ruler  for ray

(f=10-30cm) (f=-10to -30cm) diagrams.

Theory

A spherical mirror is a section of a sphere. If the s

“shiny” dde is indde the sohere it is a concave )

surface (Figure 7). If the mirror is on the outside Center of

surface then it is convex (flexed out). Aswith dl curvature _\

mirrors, light eflecting from the surface obeysthe ... SN {
law of reflection: the reflected angle is equd to the
incident angle. The norma to a sphericd surface
passes through its radius. From this it can be _
shown that rays pardld to the optic axis of a
concave spherical mirror will dl be reflected
towards the foca point (converging). Rays
reflected from a convex sphericad mirror  will
diverge away from afoca point behind the surface.
(See Figure 8)

The focal length (distance to focd point) of a
goherical mirror isgiven by

Focal point

1 2 R

f_ = _R or f = E
Lenses form images by refracting light. A spherical e
lens can be made of any trangparent materia with a V
curved surface and an index of refraction that ©P1et 7\ Virtual

differs from the mediumitsin. For alenswith index N ' / i mece
of refraction n and spherical surface(s) of radius R —— e

and R which is placed in air, the focd length is
givenby

~

@
=

s

OC\ C

1
RZ

e

1
=g
Figure 8: Concave converging mirror (top)

and convex diverging mirror (bottom).
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For a sphericd lens, pardld light incoming to a lens with convex surfaces will converge on its foca
point, while pardle light incident on a concave lenswill diverge avay from itsfoca point. (Figure 9)
The image location for either mirrors or lenses can be found by a ray diagram. A ray diagramis
condructed using the following rules for a converging (or diverging) lens.

Q)

.

Figure 9: Converging (left) and diverging (right) lenses

Pardld incoming rayswill be bent towards (or away from) the focd point.

A ray incoming from (or towards) the foca point will be refracted so it is parald.

A ray through the center of alensis unchanged.

These rays are shown in Figure 9. A red image isformed if these rays intersect. If the diverge when
exiting the lens, a virtud image is found by tracing them back behind the lens. Smilar rules gpply to
mirrors as shown in Figure 8.

The magnification of an image is the ratio of image height (h’) to object height (h). Drawing Smilar
triangles shows tha this is equd to the ratio of image digance, i to object distance, p. The
relationship between image distance, object distance and foca length is given

1 1 1 h' [

IO+i =7 and the magnification by m= h"
A negative magnification indicates an inverted image. Object distances are podtive when on the
incoming Sde of the lens (or mirror). Image distances are podtive on the opposite side. Foca

lengths are positive for converging lenses and negetive for diverging lenses,
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Procedure

Part A: Spherical Mirrors.

Finding the focal length and radius.

Light from an object located very far away is nearly pardld. This can be used to find the focus of a
spherica mirror. Take a mirror and a white card to the window. Hold the mirror up to the light
from the sun and adjust the position of the white card until the light is focused on it. (If it is night
time use another light source far from the mirror). Measure the distance from the mirror to the
card.

Have a second person repesat the measurement to check your accuracy. Average the results.

Cdculate the radius of curvature of the mirror. Does your answer seem reasonable? Draw a ray
diagram for the mirror showing the incoming light coming in pardle and converging on the focus.

Images in spherical and cylindrical mirrors.

Hold one hand up next to your face. Hold the spherica mirror so that this hand is farther than the
focus. Tilt the mirror til you see your hand. Describe what you see. Is the image upright or
inverted? Smdler or larger?

Make aray diagram for a spherical converging mirror and an object farther than the focus. Explain
whether or not your diagram agrees with your observations.

Repeat these two steps using the convex sde of the mirror as a diverging mirror. (You can look
directly a your face instead of your hand now).

Look at theimagesin aflat mirror and acylindrica mirror. What do you see? How does it compare
to the spherica mirror? Explain why the image in the cylindrical mirror looks the way it does.

Part B: Spherical Lenses

Here you will st up the lenses on an opticd bench and find the images of the light through a
triangular aperture. First try to use a reen to find the image. If you cannot do this it may be a
virtud image. In this case you can look through the lens to see the image but cannot actudly
mesasure the image distance. In each case you should record the relative size and orientation of the
imege.

Convex (Converging) Lenses

Measure image distances and observe the Sze and orientation of the image for the following cases
using a+20 cm foca length lens: object distance =5 cm, 10 cm, 25 cm, and 40 cm.

For the 10 cm and 25 cm object distances, draw aray diagram (label everything in your diagram to
explain what it is). The diagrams should be to scale and drawn accuratdly with aruler. For each
case compare your results to the ray diagrams.

Mesasure the image distances and magnifications for an object distance of 40 cm and lenses of foca
lengths +10 cm, +20 cm (done above) and +30 cm.

For each case cdculate the theoretica image distance and magnification and compare to your resuilt.

Concave (Diverging) Lenses
Using a-20 cm focd length lens, find the images for object distances of +10 cm and +20 cm.
Record your observations, draw ray diagrams and do cal culations as described above.

291



34. Optics: Lenses and Mirrors

Part C: Making a telescope
A telescope magnifiesimages which are very far away.
A terredtrid telescope forms an upright image: Rays from the distant object are nearly parald and
are focused by a converging lens (cdled the Objective). Because the rays are nearly pardld, the
image from the Objective is nearly a its focus. A diverging lens (cadled the Eyepiece) is placed
ingde the focd distance. The image formed by the Objective becomes the object for the Eyepiece
which then forms a much bigger, upright virtua image which can be viewed through the Eyepiece. If
the focd point of the Eyepiece is near the foca point of the Objective then the final image should be
very large.
A agtronomical telescope forms an inverted image: Again a converging Objective lens focuses rays
from very digant object. In this case a converging (caled the Eyepiece or Occular) is placed
outsde the focd distance of the Objective and and is used to form afind inverted virtual image that
is megnified.
Construct atelescope. Describe it for your report.

Eyepiece

Objective " Final Image

fomev:tlva nyep\ece

Incoming
Rays

Figure 10: Terredtrial (Galilean) Telescope (not to scale)

Objective
Eyepiece
(Occular)

Eve fobjective  Feyepiece Parallel
& Incoming
7 Rays
Fina Image

Figure 11: Astronomical telescope (not to scale)
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Part A: Spherical Mirrors.
Distance from mirror to screen when focused

Average:

Radius (cal cul ated)

Ray Diagram (Draw accurately to scae and show severd incoming rays, reflected rays, the
focal point and the radius.

Images in Mirrors (USE THISASA TEMPLATE FOR ALL PARTS)

Converging Mirror, Object farther than focus;

Description of image (what your hand looks like!)

Ray Diagram (draw to scae usng aruler for sraight linesl)

Does the diagram agree with what you saw? EXPL AIN!
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Part B: Spherical Lenses
USE THISASA TEMPLATE FOR EACH CASE Follow with discusson.

Converging Lens: Data and Calculations

Foca Length, Object Image Describe Relative Image Orientation
f Distance, p Distance, i Image Size
Theoretical Image Distance Theoretica
Magnification, m

Ray Diagram: Use aruler and make the drawing to scde. Mark the focal points and labd dl rays.
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Part B: Spherical Lenses
USE THISASA TEMPLATE FOR EACH CASE Follow with discusson.

Converging Lens: Data and Calculations

Foca Length, Object Image Describe Relative Image Orientation
f Distance, p Distance, i Image Size
Theoretical Image Distance Theoretica
Magnification, m

Ray Diagram: Use aruler and make the drawing to scde. Mark the focal points and labd dl rays.
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Part B: Spherical Lenses
USE THISASA TEMPLATE FOR EACH CASE Follow with discusson.

Diverging lens: Data and Calculations

Foca Length, Object Image Describe Relative Image Orientation
f Distance, p Distance, i Image Size
Theoretical Image Distance Theoretica
Magnification, m

Ray Diagram: Use aruler and make the drawing to scde. Mark the focal points and labd dl rays.
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Part B: Spherical Lenses
USE THISAS A TEMPLATE FOR EACH CA SE Follow with discusson.

Diverging lens: Data and Calculations

Foca Length, Object Image Describe Relative Image Orientation
f Distance, p Distance, i Image Size
Theoretical Image Distance Theoretica
Magnification, m

Ray Diagram: Use aruler and make the drawing to scale. Mark the focal points and labd al rays.
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Data Summary
Data and Calculations

34. Optics: Lenses and Mirrors

Focal Length,
f

Object
Distance, p

Image
Distance, i

Relative
Image Size

Image
Orientation

Theoretical
Image Distance

Theoretical
Magnification
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35 Wave Optics: Interference and Diffraction

Introduction

In our optics labs we have described the properties of light smply in terms of rays, usng the
laws of reflection and refraction. This description works well for many phenomena, including image
formation with lenses and mirrors, but for other circumstances it fails. In this lab we examine some
phenomena which clearly require a different description. This aternative description is caled wave
optics, to distinguish it from the ray description which is called geometric optics.

Equipment
HeNe Laser diffraction dits meter stick tape
poster board hologram set up as a demongtration

Obey all instructionsregarding laser safety: you do not want to shinethelaser in anyone's
eyel
Turn off the laser whenyou are not usng it
The direct beam is most hazardous. dways make a“block” out of poster board and block the laser
beam before it leaves the lab table.
The reflected beam is less dangerous but should ill be watched. Keep track of reflections and
make sure they do not shine in anyone' seye.

Theory

If the waves have the same sign (are in phase) then the two waves congtructively interfere, the
net amplitude is large and the light intengty is strong at that point. If they have opposite sSgns,
however, they are out of phase and the two waves destructively interfere: the net amplitudeis smal
and the light intengty is weak. It is these areas of strong and week intensity which make up the

interference patterns we will observe in this .
exparimen. Intensity of (

Interference can be seen when light from a ‘ Light N5 +4ng=2i/a
gngle source arives a a point on a viewing ( .
screen by more than one path. Because the q rsng=lia | Y
number of oscllations of the eectric fidd a$ s
(wavdlengths) differs for paths of different ,
lengths, the dectromagnetic waves can arrive a sna=-r
the viewing screen with a phase difference Lsing = -2l /a
between ther dectromegnetic fidds If the ’\9
Electric fields have the same sign then they add L

constructively and incresse the intensity of light, Figure 12: Diffraction by a dit of width a.

if the Electric fields have opposite sgnsthey add - Graph shows intensity of light on a screen.
destructively and the light intendity decreases.

Diffraction can be observed when light travels through a hole (in the lab it is usudly avertica dit)
whose width, a, is smdl. Light from different points across the width of the dit will take paths of
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different lengths to arrive a a viewing screen (Figure 12). When the light interferes destructively,
intengty minima appear on the screen. Fgure 12 shows such a diffraction pattern, where the
intengity of light is shown as a graph placed aong the screen. For arectangular dit it can be shown
that the minimain the intengity pattern fit the formula
asing=m ,

where mis an integer (x1,£2,£3,...), a isthe width of the dit, | isthe wavdength of the light and
q is the angle to the position on the screen. The m™ spot on the screen is called the m™ order
minimum. Diffraction patterns for other shapes of holes are more complex but aso result from the
same principles of interference.
Two-dit Interference: When laser light o
shines through two clossly spaced oo Vg"r’g
padld dits (Figure 13) each dit
produces a diffraction pattern. When
these peatterns overlap, they dso
interfere with esch other. We can ‘>> d
predict whether the interference will be .
go;strugtlve (@ brignt spot). or Light " Dp=d sing

ructive (adark spot) by determining Source
the path difference in traveing from

each dit to a given spot on the screen.
Intensity maxima occur when the light Figure 13: Interference of light from two dits. A

arrives in phase with an integer number maximum occurs when Dp=ml and a minimum
of wavedength differences for the two when Dp = (m+ Y 2)I , wherem=0,1,2,...
paths

Ray 2

< »
<< L >

Dp=dsing=ml where m=0,+1,+2,+3,...

and the interference will be destructive if the path difference is a hdf-integer number of waveengths
S0 that the waves from each dit arrive out of phase with opposite sgns for the eectric field.

19
26
Smdl Angle Approximation The formulae given above are derived usng the small angle
approximation. For smdl angles g (givenin radians) it isagood approximation to say that

g » sing » tanqg (for q inradians)

For the figures shown above this meanstha g » sing » tanq :%

Dp=dsing = gaem+ where m=0,£1,+2+3 ...
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Procedure

Part A: Diffraction

The diffraction plate has dits etched on it of different widths and separations. For this part use the
aeawherethereisonly asngle dit.

Look through the dit (holding it very closeto your eye). Seeif you can see the effects of diffraction.

Set the laser on the table and am it at the viewing screen. DO NOT LOOK DIRECTLY INTO
THE LASER OR AIM IT AT ANYONE! DO NOT LET REFLECTIONS BOUNCE
AROUND THE ROOM.

For two szes of dits, examine the patterns formed by single dits. Set up the dit in front of the laser.
Record the distance from the dlit to the screen, L. For each of the dits, measure and record a
vaue for y on the viewing screen corresponding to the center of a dark region. Record as many
distances, v, for different vaues of m as you can. Use the largest two or three values for m
which you are able to observe to find a value for a. The HeNe laser has a wavelength of 633
nm.

Pull ahair from your head. Mount it verticaly in front of the laser using a piece of tape. Place the
hair in front of the laser and observe the diffraction around the hair. Use the formula above to
edimate the thickness of the hair, a. (The hair isnot adit but light diffracts around its edgesin a
amilar fashion.) Repeat with observations of your lab partners hair.

Part B: Two-slit Interference

Using the two-dit templates, observe the patterns projected on the viewing screen. Observe how
the pattern changes with changing dit width and/or spacing.

For each set of dits, determine the spacing between the dits by measuring the distances between
minima on the screen.  (The smaler spacings give are from the two dits patterns interfering, if
they get too smdl to measure accurately, just make your best estimate.) Y ou will need to record
distances on the screen y and the distance from the dits to the screen, L. Answer the questions.

Part C: Viewing a hologram

A hologram records a three-dimensiond image because it records a virtual image that contains both
amplitude and phase information. When looking a a three dimensond object, both the
amplitude and phase of light vary as you look at the object from different angles. Since a
hologram, unlike an ordinary photograph, “saves’ the phase information, the image of the

hologram changes with viewing angle.
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Part A: Diffraction

35. Wave Optics: Interference and Diffraction

Slit Used Sketch:

L=

| =

Diffraction | Distance, y y/L | Angleq snq a

Order, m inradians 2 m ¢
& snqg

Cdculation of dit width (show your work):

Slit width =

Sit Used Sketch:

L=

| =

Diffraction | Distance, y y/L |Angleq snq a

Order, m inradians

Cdculation of dit width (show your work):

Slit width =
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Edtimate of width of hair (Describe your measurements, show your work):

Questions.
How does the distance between diffraction minima change (increase or decrease) asthe dit width is
decreased?

Why don't you see diffraction patterns when light is sent through alarge hole?
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Part B: Two Slit Interference

35. Wave Optics: Interference and Diffraction

SitsUsed Sketch:
L=
| =
Diffraction | Distance, y y/L @ 16 Dp
Order, m tominimum | =tang » sing UMY sing
= Dp
SitsUsed Sketch:
L=
| =
Diffraction | Distance, y y/L @ 16 Dp
Order, m tominimum | =tang » sing CHNPY sing
= Dp
Questions:
Is a more complex (more intricate structure) interference pattern observed with closely spaced dits
or with widely separated dits?
Why isthat s0?
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Percent Difference and

Uncertainties and significant figures

Appendix A Percent Difference

When comparing an experimenta value to atheoretica value it is usualy more useful to consider the percent
difference rather than the absolute numerica difference. The percent differenceis give by
Experimental - Theoretl cal , 100%

Theoretical

The percent difference will be postiveif the experimentd valueis greeter than theoreticad and negetiveif itisless
than the theoreticd value. The theoreticd vaue is assumed to be wdl-known, which is why it is in the
denominator.

When comparing two experimenta vaues we may not know which is more accurate. In this case we need
to caculate the average

% Difference =

Average = (Experimental One + Experimental Two)/ 2
and then we can find the percent difference between the two vaues by dividing by the average:
ExperimentalOne - Experimental Two , 100%
Average
This does not "favor" ether experimenta vaue. The dgn in this case is not meaningful Snce we are not sure
which experimenta value might be more accurate.

% Difference =

Appendix B Uncertainties and significant figures

All measured vaues should be reported as x = Dx, where X is the measured (or caculated) vaue and Dx
is the uncertainty. (Other symbols used for uncertainty include s ,and d x). Theratio Dx/x is defined asthe
fractiona uncertainty and 100% "~ Dx/x isthe percent uncertainty.

In this course, uncertainties will be rounded to one sgnificant figure. The last Sgnificant figure in the vaue x
should be in the same decima position as the uncertainty. For example, if you measure the length of ameta rod
using a ruler which has mm markings, you may be able to measure the length to within 0.5 mm. The length
would be reported as 37.0mm =+ 0.5mm or perhaps as 3.70cm= 0.05cm. Notice that the last Sgnificant
figurein the data is the same size as the uncertainty.

Random uncertainties

Random uncertainties are inherent in the process of measurement. They can be reduced by making careful
and/or repeated measurements. Uncertainty can be estimated by looking a how “scattered” the data is about
the mean (average). For large numbers of measurements a more sophisticated estimate called the “standard
deviation” is cdculated.

If a measurement is made only once, the random uncertainty must be estimated based on how precisaly you
were able to read the measurement off of the provided scae. Often, this uncertainty is quoted as being one- half
of the smdlest divison on the measuring device, as in the example above.
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Uncertainties and significant figures

The standard deviation
If the measurement is repested severa times, the random uncertainty can be cdculated Satidticaly.
Consder a measurement of a quantity, x, made N times, providing the messurements X, X,, X5, X, . From

these measurements, we report

% =~ {x + X+ -+ X ):i;c;xi ad s, =1 z“gll(x.-i)2

N VP N N - * JEN - 15 i
where Xis the mean (aso cdled the average) and s ,is an estimate of the uncertainty called the “standard
deviation of the mean”.

Systematic uncertainties

Sysemdtic uncertainties are inherent in the instruments that we use to obtain data. Accurately cdibrated
ingruments can reduce it. Systematic uncertainties are often provided by the manufacturer of the equipment. |
will give you these uncertainties when necessary. The systematic and random uncertainties for a given
measurement are summed, such that Dx = Dx + Dx

random systematic *

“Propogation” of uncertainty
When severd measured data values are used to caculate afind vaue, the uncertainties associated with the
experimental measurements must be combined to find the find uncertainty

Addition and subtraction
When adding or subtracting two measured values, the uncertainties are added.
Example:

If cza+borc=a-b then:

ic=(atDa)+(btDb)P c=a+b+(Da+Db)

Addition }
i o c=a+b ad Dc=(Da+Db)
Subtractionlc:(ai Da)- (b+Db)P c=a- b+ (Da+Db)
} oo c=a-b ad Dc:(Da+Db)

Multiplication and division
When multiplying or dividing two messured values, the fractional uncertainties are added.

If c=a” b or c=a/b then:

%c:(aJ_rDa)’(b Db)p c=a  bxa b’ §E+Dbo
Multiplication i > Da. b b g

I or cza’'b ad —=—2+

t c a b
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Uncertainties and significant figures

{c:(a+ Da)/(b+Db)D c= a/b+(a/b @Jr@Q
Dividon i = b Db b o
! o c=alb ad —=224
t C a b
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Understanding Resistor Codes. and Reading a Vernier

Appendix C: Understanding Resistor Codes.

Resigors are often color coded with their values. There are usudly four bands of color. The first two
bands represent two digits and the third band represents additional powers of ten. The fourth band is either
dlver or gold, indicating the value is good to 10% or to 5%. The numbers represented are:

Color | Black | Brown

Red

Orange

Ydlow

Green | Blue | Videt | Gray | White

Vdue 0 1

2

3

4

5 6 7 8 9

A resgtor with bands of Brown, Blue, Red and Gold would sgnify the three digits 162 and have avaue of 16 x

10? = 1600 Ohms.

Appendix D: Reading a Vernier

10—

Fourth mark ]
islined up N

0

Figure 1: Vernier scalesreading 74.4
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Vernier scales consst of two scales Sde by side.
One scde gives arough scae reading and the second
determines the decimd reading.

In the figure the zero of the left hand scdeislined
up between 74 and 75 on the right hand scale. This
tells us the reading is between 74 and 75. To get the
exact decima reading look on the left hand scale to
find where a marker lines up with one on the right
hand scale -- this is the fourth line, so the reading
should be 744



Using the computer lab for graphing

Append IX E: Using the computer lab for graphing

The computer can be used to graph data and fit a line to your data points. The method used is a “least

sguares fit”, which finds the straight line which best represents the data by minimizing the sum of the distances
(squared) from the line to dl the points. The programs will aso perform other types of fits (quadratic curves
etc) Theseareasummary of ingructions for two programs in the computer lab (Y ou can use ether one.)

Kalaidagraph 3.0

1.
2.

N U~

10.

Open Kalaidagraph. If adatawindow is not open, select NEW from the FILE menu.

Enter datain column. Enter the datafor the horizontd axis (eg., time) in column A and datafor the verticd axis
(eg., velocity) in column B.

Y ou can let the program calculate numbers. For example, enter “ =1/60 “ in acell in order to caculate 1/60.
After entering two columns of data, select dl the data you want to plot with the mouse.

From the GALLARY menu, choose LINEAR and then SCATTER PLOT to make aplot of y versus x.

Choose column A for the “x” data and column B for the“y” data.

After your graph pops up, you can choose CURVE FIT and then LINEAR to fit astraight line.

If aformulafor your straight line is not shown make sure that DISPLAY EQUATION is sdected in the PLOT
menu.

Your equation displays as y=-8.3+41.4x R=0.9599. Thisgivesthe formulafor the linein terms y=b+mx, where
b isthe intercept and m isthe dope. Theterm R (not part of the formula) is caled the remainder and measures
how closdly the linefits the data.

From the FILE menu choose PRINT GRAPHICS to print your graph. Generaly the “landscape’ orientation
will give abetter print. Make surethe printer is“BSH Laser [IF.

CricketGraph

1.

>

© N O

10

11.

Open CricketGraph which isin the Grgph 111 folder. If adatawindow is not visble, sedect NEW from the FILE
menu.

Enter datain column. Enter the data for the horizonta axis (e.g., time) in column 1 and data for the verticd axis
(eg., velocity) in column 2.

Y ou can let the program calculate numbers. For example, enter “ =1/60 “ in acdl in order to calculate 1/60.

If too many digits are digplayed in your numbers, change this in the OPTIONS menu by sdecting NUMERIC
FORMAT and choosing aformat with fewer zeroes after the decimal.

After the datais entered, choose NEW GRAPH and sdlect a SCATTER graph.

Let the horizontd axis be column 1 and the vertical axis be column 2.

From the OPTIONS menu choose CURVE FHT

Change the METHOD for thefit to LINEAR

The equation for your lineis displayed as y=mx+b, where m isthe dope ad b is the intercept.

From the FILE menu choose PAGE SETUP to change your printout style to landscape.

From the FILE menu choose PRINT to print your graph. Make sure the printer is “BSH Laser [IF”. If you
select PRINT and nothing comes out of the printer but thereisno error message, find your instructor
. Do not keep trying to print
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Using the computer lab for graphing

Excel

The "Chart Wizard" button (picture of a chart with a magic wand) will guide you through making a graph or

chart from data in an Excel spreadsheet. If you click on the button nothing happens immediately! Y ou must
select an area on the page with your cursor/mouse. After that dialogue boxes will let you select the type of graph
you want and the columns to be graphed.

Notes for Formulae in Excel:

1.

O N AWDN

Formulae gart with an =

Reference cdls by dlicking on them as you enter the formula (have someone show you the firs time).
Multiply numberswith a*

Raise numbers to a power with a” (for example X is written as x/*2)

Use plenty of parenthesis to factor.

Functions can be found by using the button with the script ..

A Square Root is given by SQRT(x) or by (x)"0.5.

Enter the formula only in the first cdl of the column. After that select the firgt cell, move the mouse to the

corner until you get ablack crosshair and then drag down to fill the rest of the column or select an areato fill
and use FILL DOWN from the Edit menu.
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