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THE ACCURACY OF PHYSICAL MEASUREMENTS

Every experiment is subject to a certain degree
of accuracy which the student is expected to attain.
Good results can always pg obtained py following the
instructi xerci

Rule A, In general, instruments should be read
to the limits of their scales by estimating the
last figure.

For example, when the scale of an ammeter is
graduated in amperes, it is usually possiole to
estimate the tenths of a division. All observa-
tions and other data should be recorded vefore any
calculations are made; i.e., do not record calcula-
tions for observations. By observations one means
all quantities actually read on the instruments.
Fractions should ve reduced to the decimal form
before recording. Do not retain more figures in
the result than the precision of the data warrants.
Students ‘should form the habit at once of reject-
ing at each step of the work all figures which
will have no influence on the reliability of the
final result. Too much emphasis cannot be placed
on the proper use of significant figures, for
much time in computing is wasted oecause of the
retention of more figures than the precision of
the data will warrant. In most laboratory
exercises not more than the first four signifi-
cant figures of any result will be correct, and
often not more than three, because the apparatus
cannot be made to give more accurate results. It
is not considered gyood form to retain more than
one doubtful figure; so, in general, computed re-
sults should not contain more than five signifi-
cant figures, the extra figure being retained to
protect the correctness of the fourth figure in the
result.

A significant figure is any digit used to de-
note the amount of the quantity in the decimal place
in which the digit stands. Consider the reading
¢ = 3.09 mf. All the fijures are significant,
including the zero. In c = 3.10 mf. the zero is
again siynificant; since the value was nearer to
3.10 mf. than to 3.09 mf. or 3.1l mf. But in a
value I =.05675 milliamperes, the zero is not
significant, since the same current might have been
written I = .00005675 amperes or 1 = 56.75 micro-
amperes, all of which are correct to four signifi-
cant figures although the nonsignifi¢ant zero has
disappeared in the last way of writing the

current. In rejecting superfluous figures in any
resylte
Rule B. In sums and differences no more

decimal places should be retained than can be

trusted in the quantity having fewest trustworthy
decimal places.

Rule C. In products and quotients no more
figures should be kept than can be trusted in the
auantity having fewest trustworthy figures.

AVERAGES: When measurements of physical
quantities are made in the laboratory absolute
accuracy is not attained, as is evidenced by the
small variations in the results that occur from
different observations, even though they are made
with great care and under most exacting conditions.
Thus, every result, no matter how carefully it may
have been obtained, has a certain propatle error
which depends upon the number of measurements made,
their agreement and certain other factors. The
errors of measurements fall into two yeneral classes:
systematic or constant errors, and erratic or
accidental errors. Systematic errors may oe due to
imperfections in the apparatus, to faulty methods,
or to prejudice of the observer. All those effects
may te removed by study and care on the part of the
observer. The accidental errors are as likely to
be positive as negative. When several independent
observations have peen made with eaqual care the
most probable value to he obtained: i.e., suppose
"n" observations are made on the capacitance of a
fixed condenser and call the separate observations
€1, C2 Cg «..-Cp; then the best value of C is
the arithmetical mean (average) or

C=—
nlz Cnv. (,)
which is as nearly as possiole the value sought. |f
the quantity has a generally accepted value (T); then
the error can be at once determined by subtracting
C from T. The per cent of error then is

Per cent E = ]—;—Q— x 100 (2)

In case the true value of the guantity is not
known, then the trustworthiness of the measurements
may be determined oy the "average deviation" (a.d.)
test. The deviation (d) of any sinjle ooservation
is the difference oetween that observation and the
average (c) for the set of observations. The "a.d."
is the arithmetical mean of the deviations: i.e.,

1N
a.d. = —
| ™ ®
which is the amount by which any single observation
mi3ht be expected to deviate from C.
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Obviously the reliability of the mean value
C is greater than that of any single observation
and it may be shown by the Theorem of Least Squares
to be Vn times more reliable. So the Average
Deviation of the Mean (A.D.) is VI/n times the
average deviation of any single observation: i.e.,

a.d.
AD. = (¥)

Vo

One sees by this that the mean of four ob-
servations is only twice as reliable as a single
observation; that the mean of nine observations
is three times as reliable, etc. The above
equation is the general test for trustworthiness,
put it must be clearly understood to apply to
the erratic errors only.

If the value found for a guantity a is ) per
cent too large, i.e., is 1.0la, then the value that
will be obtained for a2 is |.020la, which is about
2 per cent too large, and the value for a8 s
1.03031a, shich is about 3 per cent too large.

Rule D. In general, if the value found for
a is k per cent too larje, the value that will be
obtained for a" will be nk per cent too large. So
that a quantity which is to oe squared, cubed or
raised to some higher power should be measured
with more care than if it entered the formula
to the first power.

When any of the quantities which are to oe
multiplied or divided can be trusted no closer than
one per cent a slide rule can be used. Otherwise,
more accurate methods should bde issed.
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stick by 0.1 mm or 0.0l cn. Likewise the -second
vernier division will lack coincidence with the
second meter stick division by 0.02 cm., etc., until
the 10th division of the vernier which will lack
coincidence with the 10th meter stick division by
l.mm. or it coincides exactly with the 9th division
of the meter stick.

Conversely, if in making a measurement the |Ist
vernier division coincides with a division on the
meter stick, then the zero mark of the vernier is
0.01 cm. oeyond some division of the meter stick.
In a similar manner, if the 7th vernier division
coincides with a meter stick division, then the
vernier zero will be 7(s/n) beyond some division
of the meter stick, where s/n is the value of the
least count (C.0! cm. in this case). Therefore,
in general, if x is the numoer of the vernier
division which coincides with a meter stick
division, then the vernier zero will be x(s/n)
beyond some division of the meter stick. It
should be remembered that it must be determined
how much the vernier zero lacks coincidence with
a division on the meter stick. In Figure 2, on
the precedinyg page, the reading is l.14 cm.

If measurements are desired with an accuracy
greater than that jiven by the vernier, the
micrometer vernier is used. This instrument,
shown in Figure 3, is usually made in a semi-
circular form and has two "jaws" one of which is
stationary and the other movable. The movable
one is so arranjed as to advance a certain
distance for one complete revolution of the
shaft by having cut on it a very accurate thread.
Usually this distance is such that the movable
jaw moves forward | mm. or 0.5 mm. for one
complete revolution. So if the "drum" of the
shaft is divided into an equal number of
divisions, the fraction of a am. (or 0.5 mm.)
that the screw has moved can be found by reading
the division on the drum which coincides with a
mark on the shaft. This division of the drum is
usually 100 eaual parts, jgiving the smallest
reading possible as 0.0l mm. or 0.001 cm. In
case the drum is divided into 50 equal parts
for an advance of 0.5 mm., then the smallest
reading possible is 1/50 of 0.5 or again 0.0}

mm. (0.001 cm.). However, in the case where the
drum must rotate twice for an advance of one mm.,
care must be taken to note, in making a reading,
whether the drum is on the first or second
revolution beyond a mm. mark. |f it is on the
second, 0.5 mm. is to be added to the fractional
reading.

| [
N

I[YIH

Figure 3
Experiment

Part |

With the vernier caliper assigned, note the
value of the smallest division on the main scale.
Calculate the least count of the instrument as ex-
plained above. Measure the diameter of sample |
with the vernier caliper at nine different places,
being sure to displace and reset the caliper each
time. Find the averaje diameter, and the average
deviation as explained in "The Accuracy of Physical
Measurements.” Also measure the length of the

sample. Make the same calculations as for the

diameter.

Part 2

With the micrometer caliper assigned, note the
smallest reading of which it is capable and find
the zero correction, if any. Measure the diameter
at nine different places, being sure to displace and
reset the screw each time. Calculate the average
diameter, and averaje deviation of the mean. With
a vernier caliper measure the length of the sample.
Make the same calculations as before.

Part 3

Usiny the data from Part | calculate the
volume of the sample. In doing so observe rules
8 and C as given in "The Accuracy of Physical
Measurements. "

Calculate the average deviation of the mean
(A.D.) for measurements made in Part i.
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TEST EXPERIMENT 1

le A certain vernier caliper has a.....divisions on its movable
scale. These divisions are of the same length as be.....divisions
on the main scale. If each division on the m2in scale i8 Ceccse
inch, the least count is (1) y (2) y (3) , (4) . .

2. The density of a solid is found to be a..... The true value
i8 Deeees The percentage error is (1) y (2) y (3) R

(4)

3. The least count on a certain vernier caliper, whose smallest
division on the principel scale is 2....mm. and whose smallest
division on the vernier scale is beseomm. is (1) , (2) ’

(3) y (4) e 6 o s e s s s e s s s s s s s e s s s e s s

4. Following the rules for zddition of significant figures, we
should write 8 coeeedD cecedC covetd oo = (l) » (2) ’

(5) ,(4) e 6 ¢ o 6 o o @ o o o o & & o e s o o 0 o o o o

5 The length of a pendulum was deterﬁined by measuring the length
of the support, @a....cm., and adding to it the radius of the bob,
beee.cm. The length of the pendulum (in cm.) is (1) y (2)

(3) ,(4 e ¢ 06 6 o o o e e o o o o o o o ¢ o o o o . o

6. The result of multiplying two measured vaiues 8eeee¢ 2Nd besoe
iB (l) » (2) ’ (3) ) (4) e o o o o o & o & o o

7. The diameter of a piston is measured as &....inches. The cross
‘sectional ares (in sqe. in.) is (1) y (2) y (3) ’

(4) L] [ ) L] L] L] L] L] . L] L] L] . . L] L] L J L] L 4 . . . L ] L] L] L L] L]

8. Five observations, @.eeeCme, DeeeeCMe, CosssCme, deeosscm., and
€eeeeCle, are made in the measurement of a diameter. The most
?§?bable va%u§ of the diameter (in cm.) is (1) y (2) ’

» 4 [ [ L ] [ ] [ [ ] [ (3 L ] L] L] [ ] L 3 > [ ] L]

(] L] [ ] (] L] . L] L

9. In the case of the preceding problam one checks on the trust-

worthinees of the observations by finding the average deviation,
which is (in inches) (1) s (2) y (3) y (4) « o o

10. On a certain barometer, the main scale has a....divisions per
inchs The vernier scale is divided into be....parts and is Ceeee
inches in length. The least count is (1) y (2) y (3) ,

(4) .
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Experiment 2

FORCE AND ACCELERATED MOTION US-
ING THE ATWOOD MACHINE
Object: )
Joservation of accelerated motion and a study
of Newton's second law of motion.

ratus:

A mounted pulley, cord, weights to be suspend-
ed, and a stop watch to be used in measuring the
time intervals.

Theory:
The motion of a freely falling body is the
most direct example of uniformly accelerated motion.

The equation of motion for such a body is

W=mg 1
where W = the weight or force of gravity, m = the
mass of the body, g = the acceleration. As g is
a rather larje acceleration, the velocity in-
creases very rapidly and measurements are difficult.

Since the purpose of this experinent is to

learn the use of Newton's law

F = ma, (2)

of which equation (I) is a special example, it is
important that the acceleration be small enough
so that reasonably accurate ineasurements of
distances the body travels in given units of
time can be made.
If a string is attached to

a body that pulls upward on it
T with a tension T and this s
just equal to the weight (see
Figure 1), then the force equa-
tion is

W=TorWN-T= g,

If T is made a little less than
W (see Figure 2), the equation of
forces is
fT W-T=F, (3)
where F is the remaining or
unbalanced force that causes
motion. By combininy egqua-
lw tions (2) and (3) one gets

Figure 2 W-T= m. (%)

This last equation shows that theoretically the

acceleration a can be made as small as desired

by makiny W and T more nearly equal to each other.
Suppose a string is placed over a pulley and

6

two masses my and mg are at-
tached to the ends of the
string as in Figure 3. This
/ is a device in which both the
forces of tension and gravity
: act and it is called the
Atwood machine. |If my is great-
er than mg motion will occur and
the pulley will turn in the di-
rection indicated by the arrow.

; M2 From Figure 2 and equation
(4) the equations of motion of
Dm, the masses in Figure 3 can be
written immediately.
The motion of my is given
Figure 3 by

Wy - Ty =mg a1
and of mg by (5
HQ - Ta = mg ag
Since the masses my and mg and the striny form a com-
plete system,the two above equations are not independent
of each other. |If the string remains the same length,
then the motions of the two bodies must be equal in
magnitude. However, they move in opposite'directions, .so

a3 ¥ -ag = a. . (6)
Another simplification is possiole if it is as-
sumed that the string is very light and flexible and
also that the pulley is very light and rolls so freely
in its pearings that the effects of these factors on
the motion can be neglected, then
T1 = Tg =T. (7)
On substituting equations (6) and (7) in equation
(5) they become
Wy -T=mg a
“3 -T= "'m2 a,
and substraction of these gives
Wy - Wy = (my +mg)a.
Hl - wg _F.

Therefore a=
m+tmg M
and, making use of equation (I), the acceleration
may be expressed
my = mg F

= (®

a =
mg + mg

Equation (8) shows that the acceleration varies di-
rectly as the unbalanced force F and inversely as the

total mass M.
The acceleration can be found by another method

because the fundamental definition of acceleration
is rate of change of velocity, or in symbols:



Name' Instructor:_ e

Observations, Drawings, Computations: e

—_Division:

Date.

Answers and Conclusions: . .
usions:.




i (©)
where Vo = the initial velocity.vf the final velo-
city, t = the time during which the change is tak-
ing place.

The quantities that can be measured directly
are distance and time. The definition of distance
traveled is

s = 1/2(vy + vg) t. (10)

Elimination of v¢ between equations (9) and (10)
gives

s=v t+1/2at? | (1)
Furthermore, if the initial velocity is zero, then
s = |[/2 at?® |
whence 2s
a=— (12
t2

Equations (8) and (12) are both measures of the
same acceleration; therefore they should give the
same result. The distance s traveled can be mea-
sured quite accurately, so the only source of ap-
preciable error in equation (12) arises in the mea-
surement of the time.

All the quantities in equation (8) may be ob-
tained with great accuracy since weighing can be
performed with high precision and the correct val-
ue of g may be obtained from tables. The only
source of error that can affect equation (8) comes
from the assumption that

11=Ta .

This:implies that the effect of the string and the
pulley is zero, which is not strictly true. |f
the string and pulley are very light in weight,the
only remaining error is the friction in the pulley
bearings. This can be compensated for by adding
a small additional weight to the end of the string
that moves downward. Small weights of | gm. or
1/2 gm each are provided for this purpose. Enough
of these are added to my so that the weights will
move with uniform velocity when once started. When
this is done the effect of friction is practically
eliminated and equation (8) becomes

m - m

Mf*m“m‘g. (13)

where m¢ = additional weight to overcome friction.

Equations (12) and(13) are to be used in the
experiment. The former gives what is called the
observed acceleration and is denoted by a , the
latter gives the theoretical acceleration and is
denoted by a;. The reason for these names is that
a, is determined by actual observations of motion,
while a, is calculated directly from Newton's law,

by using the constants of the machine.

Experiment
Part |

c——

Vary the force and keep the total mass constant.

Let my = mg and let my + mg = about 175 or 180
gms. and adjust mg until the motion is uniform. Re-
move a 2 or 2 1/2 ym. weight from mg and place on my
The accelerating force will then be 4 or 5 gm. Raise
the heavier weight to the starting position and then
release it. Determine the time that it takes to
fall | meter. Next find the time that it takes to
fall 2 meters. Record your results in & table sim-
ilar to the following:

- | meter ' 2 meters

sit]a

my -~ mg Flmf«mz me atist a, o

|

Next transfer another 2 (or 2 1/2) gm weight
from mg to mqy so that the accelerating force is 8
{or 10) gm. Determine the time that it takes to
fall | and 2 meters respectively. Continue re-
cording the results.

Transfer one or more 2 (or 2 1/2) gm. weight and
observe the time that it takes to fall | and 2 meters.
Having taken this data calculate and compare

the accelerations.

In what way do these results confirm equation

(8) 7

Part 2

Vary the total mass and keep the force constant.

In this case the weight added to correct for
friction will likely need to be adjusted each time
the mass is changed. Let my -mg = about 5 gm. thru-
out this part. For my + mg = about |15 gm. observe the
time that it takes to fall | and 2 meters respective-
ly. Second let my + mg = about 165 gm. and observe
the time that it takes to fall | and 2 meters re-
spectively.

Record all the data and calculate the accelera-
tions.

In what way do these results confirm equation (8).7
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TEST EXPERIMENT 2

le A man on a bicycle starte from the top of a hill with a speed
of a....fté per second and undergoes an acceleration of be....ft.
er second®. During the third second he travels (in ft.)
l) ’(2) ,(3) ,(4) e & & o o 0 o o o o o o o (

2. The 8+¢¢s1b. hammer of a pile driver falls freely for bssseBece
before striking the pile. The velocity at impact in ft./sec. is
(l) ,(2) ,(3) ,(4) ooooatooooooo(

S3e An elevatgr weighing 8....1b. has a downward acceleration of
beesofts/secs“. The tension (in 1b.) on the elevator cable is
(l) ,(2) ,(3) ’(4) g e o o o o o O o 6 o o o o (

4., Two masses of a....gme. each are connected by a light cord and
hung over & frictionless pulley. If a bee..gm. rass is added to

one side, the acceleration of the system is (in cm. per sec.< )

(l) ,(2) ,(3) ,(4 ,ooocoooocooo.(

5. A force F of a....dynes is pulling a wooden block along a .
horizontal surface against a retarding fcrce of be.e..sdynes. If the
mass of the block is Cesssgms., its acceleration is (in cme. per sec.”)

(1) s (2) y (3) , (4) e o o 6 ¢ s 0 e o 8 s s e (

6. The height of an airplane framn which a bomb fell to esrth in
2.e008ece (neglect air resistance on the bomb) (in ft.) was
(l) .(2 ,(3) ,(4) ooolooaoao‘ooo(

7« A body will fall (in feet) from rest during the first 8e.ee.

seconds (1) y (2) s  (3) y (4) |
8+ A body is thrown upward with a velocity of a....ft./sec. The
time (in sec.) it takes to rise is (1) y (2) y (3) R

4 ‘ L] L] L] [ ] L] [ [ L] . L] [ ] [ ] L[] . [ 2 . [ ] [ ] L] [ ] [ 3 [ ] [ ] [ ] [ ] L] [ ] L] L] L]

9« A mass of a.ssegm. is pulled along a horizontel surface with a
uniform velocity by a cord attached to a mass of be..ogme which

is suspended vertically by means of a pulley at the edge of the sur-
face. The wgi t of be...gme. would produce an acceleration

(in Cnlc/seco of (l) » (2) ’ (3) ’ (4) o o o (

10. The velocity with which a stone must be thrown into a well
8eeseft. deep to reach bottom in bes..sec. is (in feet per sec) ,
(l) ,(2) ,(3) ,(4) ® o o & e o & 9 o o o o o
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Experiment 3

FRICTION

Object:

To study the laws of dry friction, and to
determine the static and kinetic coefficients of
t-iction for clean dry surfaces.

Apparatus:

Inclined plane,made for pulley to fasten at
either end, wooden block, weights, pulleys, scale
pan and a proctractor (if there is not one on the
plane) .

Theory:

When a body such as a block rests on any
plane surface it takes a certain minimum force,
Fp. applied parallel to the plane, to start the
body sliding. Since one can apply a force fs less
than this minimum force Fp and the block stays in
equilibriumn, there must be another force tending
to keep it in equilibrium. This force will be
exactly equal in magnitude but opposite in
direction to the applied force, and whep the block
is_just on the point of slipping this reaction
force is called the force of gtatic friction. Now
if one keeps the block slidiny along the plane at
constant valocity (state of equilinorium), one
must again apply a certain force, fk, parallel
to the plane in order that the block move with
constant velocity. Since it is in a state of
equilibrium there must be another force which is
equal in magnitude and opposite in direction to
tne applied force. This reaction force is called
the force of Kinetic friction.

At once several auestions arise. How great
are these forces of static and kinetic friction
if the block is 2, 3, n times as heavy as be-
fore, all other conditions oeing the same? How
great are these forces of static and kinetic
friction if the Ylock is laid on its side, thus
Jiving a larger or smaller surface of contact
with the plane? How does the force of kinetic
friction vary with different velocities? These
questions are answered by experimental tests and
the results formulated into what are called the
Laws of Dry Friction.

£ fx

§ -—tf
. T m—

Figure |

Wsin© F,

Figure 2

As to the first question, one knows from exper-
ience that the least force, f5 necessary just to
move the block is a definite fraction of the normal
force, N, pressing the block and plane together.
Denoting this fraction by p, one can write

fs =p N
p will have a definite value for every possible pair
of surfaces and is known as the coefficient of static
friction for these two surfaces. As to the second
question, one knows that the force of friction is
independent of the area of contact. It is also known
that once the oody is set in motion, the minimum force
necessary to keep it sliding with constant velocity
is a certain fraction of the force normal, N; so one
can write

fi = bN,

where b is called the coefficient of kinetic friction,
This proportionality does not hold strictly for very
small or very large velocities, but for moderate
velocities b has a definite value for every possible
pair of surfaces.

when the block rests on an inclined plane of
angle 9, its weight can be resolved into two
components as shown in Fiqure 2 The component W
sin @ acts parallel to the plane and tends to make
the body slide downwards,while the component W cos
0 acts normal to the plane and presses the block to
the plane with this force. This normal force in turn
results in a force of friction parallel to the plane,
but its direction of apolication is upwards.
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If the block is about to slip, this force of
friction has a majnitude p W cos 8. If the olnck
is'movina with uniform velocity the majnitude is 5¥
cos 0. In addition to these two forces parallel to
the plane, one may apply either Fy upwaras or Fo
downwards. +#ith these things in mind and remember-
ing that the force of friction always opposes the
motion of the block, one may writa the following
equations for four possiule cases that may arise:

(a) The force Fy that is just necessary to
start the body sliding up the plane is

F1 =W sin @ + pW cos 0, (n

for in this case Fq must overcome static
friction and the downward component of the
weight.

(b) The force Fa that is just necessary to
start the Slock slidiny down the plane is

Fg + W sin @ = pd cos @, (2)

for in this case the weight helps to overcome
friction.

(c) The force Fa that will keep the olock
slidiny up the plane with constant velocity is

Fy = W sin @+ 5W cos &. (3)

(d) The force Fg that will keep the block
sliding down the plane with constant velocity 15

Fo + W sin 6 = bW cos 0. ()

It is a watter of common experience that if
the angle 6 is increased sufficiently the block
will seqin to slide down the plane without any
force F beiny applied. This occurs when W sin
@ becomes just larye enoujh to overcome the static
friction force pW cos 6. This anjle is called the
limiting anyle of static friction and is given oy

% sin @ = pW cos @
p =tan o. ()

Similarly, the limiting angle of kinetic fric-
tion is the angle such that the block will
continue to slide with constant velocity once
started.

b = tan 6. (6)

Experiment

Part |

¥ith block on the level plane put enough weights
on the scale pan so that tne olock just starts to
slide. Note the value of tne weiyhts and weijht of

. the pan. Repeat three times. Weiyh the vlock.

Lay the dlnck on its side and repeat the
experirent, Put weijhts equal to the weiiht of the
Slock on the block and repeat. Using equation (1),
calculate the coefficient of static friction. To
what conclusions do you arrive?

With the »lock on tre plane (inclined) (pulley
at oottom end) out weights on the scale pan so as
to nake the dlock just start to sliue down the plane,
fepeat toree times. Measure the angle of inclina-
tion and calculate the coefficient of static friction
oy equation {(2).

With the block on the plane (pulley at top end)
put enough weights on the scale pan so that the block
just starts to slide up the plane. Note the value of
the weights and repeat three times. Measure the angle
of inclination of the plane. Compute p.

Part 2

#ith the olock resting on the plane (inclined)
(pulley at tro end) put enoush weiahts on scale pan
so that tne olock slides up with constant velocity
once started. Repeat three times. Using eauation
(3) calculate the coafficient of kinetic friction.

With the block on a planz (pulley at bottom
end) put enouh weijhts on the scale pan so that
the dlock slides down the plane with constant
velocity once startes. Repeat three times. Usin,
equation (4) calculate the coefficient of kinetic
friction,

Part 3

(a) &djust the olane so that the olock just starts
to slide down. Note the angle of inclination of the
plane. Repeat three times. Using equation (5 calcu-
late the coefficient of static friction.

Record all date in a suitable manner so as to
ne able to compare the results.
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TEST EXPERIMENT 3

l. An ax is pressed against a grindstone with a force of &ceeo
lbv. If the radius of the grindstcne is be...ft. 2nd the co-
efficient of static friction ce.ee, then the starting torque* of
the grindstons (in 1b. ft.) is (1) y (2) y (3) ,

(4) 9 ® o o e 6 ¢ 6 o o o o o o o o o ® o o o o o o o o o

2+ The coefficient of kinetic friction of iron on ice is 0.16.

A boy is able to exert a pull of @.+se1bs. in a horizontol direc-
tion. The greatest load that he can move by the use of a sled with
iron runners (in 1lb.) is (1) , (2) y (3) y (4) .

3. It requires a force of @....lb. parallel to the surface of a
plane to pull & beeselbe box up the plene when inclined ces..deg.
to the horizontal. The coefficient of kinetic friction is

(1) '(2) ,(5) ’(4) e © e e o o o o o o o o

4. The force required tc keep @ 8e¢e¢selbe box 8liding down a beee.
dege. plane at a uniform velocity, with the coefficient of kinetic
friction being Ceeee, is (in 1b.) (1) y (2) s (3) ’

4 e o o o . e o o . L] . . . o e o o [ . L3 . . (] . . . .

5« A block of mass a...ogm. is being pulled along & rough hori-
zor tal surface b§ a force equal to beeoo.dynes. Its accelieraticn
is8 Ceeeecm./BeC. The retarding force of friction (in dynes) is
(l) ,(2) ,(3) ,(4) e o o o o o o & o o o o o

6. A force of a.e.elb. was necessary to slide @ beeeslbs box up
en incline ceeseft. long and dese.ft. high at the upper end. The
force of friction (in 1b.) is (1) y (2) y (3) ’

(4) e o o o 6 6 6 6 o s 8 o e e s o o e o o o

7. A 8sled slides down a plane inclined at an angle whose Sine is
8e...0and cos is b....with an ecceleration of Ceeesfts/sec.<. The
coefficient of kinetic friction is (1) s, (2) s (3) ,

4 L] L] . L] L . . L] L] L] L] L] . [ ] [ ] (3 L] [ ] L] [ ] L] L d L] L ] L] . L L] Ld .

8. The force of friction necessary to bring to rest a mass of @eeee
gm. in a space of beesocm., if the initial horizontal velocity of
the body is cCese.cme/Bec., is (in dynes) (1) , (2) ,

(3) .(4) e © o ¢ o & o e o o o 6 o o o &6 ° 6 o o 0 o o o o

9 It requires a force of @ae.s.elbe parallel to the surface of a
plane to puil & beeselbe box up an inclined plane, and & force of
Ceeeelbs is required to let the box slide down with a uniform
velocity. The frictional force (in 1b.) is (1) ,y (2) R

(3) [} 4 (] [ ] L] L ] . L[] L] . . L] . . . L] . . . . . L] L d

10 The coefficient of kinetic friction between 8 block and a table
ie @eeses The force rejquired to keep & beecesgme block in uniform
motion (in dynes) is (1) y (2) , (3 , (4) o o

#(frictional force x radius)
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Experiment §

CENTRIPETAL FORCE

Object:
To verify experimentally the centripetal force
due to circular motion as deduced from theory.

Apg!nt us:

Rectangular frame with suspended bob, two
springs, spring balance, meter stick, calipers,
and stop watch.

Theory:

Uniform circular motion is a motion in a
circular path with a constant speed. Since the
direction of the motion is continually changing,
the velocity of the dody is chanjing at every
noint in its path. This neans tnat the body is
susj2cl to an accezl:ration. In calculating tris
acceleration, it is convenient to regard the
circular path as being made up of a large number
of very short arcs and then to resolve the mwotion

Figure |

of the voly alony any of these arcs into two
components, one component being uniform motion
tangent to the circle and the other beiny acceleratea
motion toward the center of the circle. See Fiyure
I. Assume that a sody at M moves at constant speed
V around a circle of radius R and that Juring a
short time interval t it follows the arc to some
point N. In the diagram MN is drawn large tor the
sake of clearness, but actually it is taken to be
so small that arc MN practically coincides with
chord MN. The chord is resolved into components

L and S, tangential and oerpendicular to tne
motion at M. So in joing from M to N, the body

may be considered as moving a distance L with

the constant speed V and simultaneously moving

a distance S with a constant acceleration A.

Fron the equations of linear motion:

(1 L=Vt , S=1/2At8,
Triangles M\D and NPD are similar, so:
S L.
L 2R - 8§

Hut as the arc MN oecomes smaller, the length 2R-S
approaches the value 2k. Hence for a very short arc:

s L

L R
Substitute the expressions of equation (1) for L
and S:

(1/2 M9 - vt ,or
vt 2R

(2 A=

This is the exoression for the accelerction of the
vody toward the centar.

Fron Wewton's Seoond Law of iotion one findas
tne centripetal force acting upon a pouy of mnass m
noving with uniform circular motion. Newton's law:

F=mA.

For A substitute the value given in equation (2).
Then the centripetal force is yiven by:

n V2

The period T of the motion is the time of one
complete rotation. In eacn rotation tne anjular
displacement is 2T radians. Hence the constant
angular velocity () is jiven vy:

2m

(4) W=—.
T
The anjular velocity is also given by:
v .
W= "

Fron the above equation and equation (4), one can
notain other expressions for V, A, and F,

2T %
(5) v= Wi = ’
.
© A V2 4TIRR
[ == e— 5]
R T2
2 mR
(7) F=mA=" ML) .

123
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The guantities m,R, and T wi'l be measured di- Change the tension-in the spring and repeat all
rectly and the force F will be ootained by an ap- . measurements and calculations.
plication of Hooke's Law, which states that the Calculate the centripetal acceleration A, the
stretch of a spring is directly proportional (with- linear speed V, and the anjular velocity for each
‘in the elastic limit) to the force applied to it. case.
Experinent A Experiment B
The apparatus is set up as in Figure 2. A Apparatus:
vertical rod rotates on bearjngs ovetween the hori- Stop watch and Centripeta! force apparatus with
zontal pbars of a rec- rotator, - In this experiment the apparatus is fasten-
tangular frame. Near the ed (with its axjs of rotation in a vertical nosition)
H - top of this rod is fixed in some form of rotator with varianle speed.

i . A . .
a horizontal rod H The apparatus is represented in Fiqure 3. A

i?:;: :Zrazgzt:l :zdf;im cylindrical inass ﬁ, free to sliqe on Jui?a rod§. i§

} , fastened to a sprinyg. The tension of this spring is
al. A heavx metal bou is adjustaole oy means of a screw 5, the setting of
hun3 froT this Snort_rOG which is indicated by imeans of a scale fastened to
-] S by a ?'f"ar §uspen§|on. the frame. Tae entire apparatus is iounted in a ro-
A helical spring S is tator socket. A pointer P attachei to the mass in-
fastened to the pob and dicates its nosition.

= 1 H . . . . . . ) N
l th? vertfcal rod . For a given tension (i.e. a jiven setting of the
nointer is attachea to ) o [ . .
the & £ the bob screw 3) adjust the speaa of rotation so that tne mass
Figure 2 ¢ dbottom of the bod, 4 moves out until the nointer comes to a predetermined

and another pointer is placed on the lower cross var sosition. Keaping the speed as nearly uniform as pbssi-

of tne supporting stand. ’ . _ole, ocserve the time for twenty rotations. Repeat this
Twist the vertical rod vetween the flvgers,_ ovservation five times (for the same tension and same
thus causiny the bob t9 rotat:. The ?ob wll] swiny bointer position). From this set of opservations find
out until the tension in the surln,ins sufficiently T, the tine of one rotation. reasure R, the distance
great to pr?duce the necefsari centripetal force. from the axis of rotation to the center of mass of the
If the tension of the sprinjy is equ?l to tne reT cylinier (when pulled out to its rotation position).
auired ce?tripetal f?rce, th? 200 will r?tate with suostitute the measured values of T and R and the jiven
uniform circular motion. Twust the vertical rod valus uf the mass, m, into equation (7), and calculate
at such a rate that the pointer on the bob swinas F, the centripetal force exerted on tne cylinder by the
just over the pointer on tne frame. mMake sure spring.
that the spring $ is horizontal. Keep the spéed This force F can be found by hanging the apparatus
as nearly uniform as possible. Qbsefve the time in a vertical position, attachina a weight holdzr to
for twenty rotations. Repeat this five tfmes (do the lower end of M and adding weights until the s.ring
not chanye position of pointer). From this sat of is stretched by the same amount as duriny rotation,

observations, defermine T, the tnme'of one rotftlon. Then F is given by the added wriaht plus the weight of
_Measure R, the distance from the axis of rotatto? M. This value of the force should be the same as the
to the center of mass of t““_°°b' that 'S, the dis- calculated value of tne centrivetal force. Calfculate
tance from the axis of rotaflon to the pointer oq the percentage error.

the frame. Weijh the bo» with a sprtng balance in Change the tension in the soring (by changing the
order to odtain its mass, m. Substitute tnese setting of the Screw $) anJ repeat all measurements
measured values of T, R, a?d ~ into eguation (7) and calculations.

and calculate F, the centripetal force exerted on Calculate the centripetal acceleration A, the

the boo oy the sprinj. ) linear speed v, and the anjular velocity @ for each
The force exerted by the spriny may pe found case. .

by a spring balance. deasure this force when the
vov is pulled out oy the balance so tnat the two
pointers coincide. This value of the force should
pe the same as the calculated value of the centri-
petal force. Calculate the percentage error.

fl i l
A —
7 RANTSSR S w vawes

e ey ? ama—
R R L A L T R LAt
7

Z
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TEST EXPERIMENT 4

le A body of mass 8..e.egme is moving in a circular path of radius
Deseocm. With a linear speed of Cesceocm./sec. The centripetal
force (in dynes) must be (1) y (2) y (3) y (4) . o

2¢ A body of mass 8eeeogm. is rotafing in a circle of radius
bDessscme at the rate of Ccessereve p. sece The ceantripetal force
(in dyneS) is (l) ’ (2) » (3) ’ (4) e o o o o o

3¢ A body of mass a...slbe moves in a circular path of radius
Deseofte with a linear gpeed of Cesssfte/Bec. The centripetal ac-
celeration (in ft./sec.<) is (1) y (2) y (3) y (4) &

4. The centripetal force acting upon the body of problem (3) is

(

(

(10 1bo), (l) ’ (2) ’ (3 ’ (4) e o o o o o o » o (

5« A body of mass a....gm. moves in a circular path with radius
DessosClme witz a period of c....8ec. The centripetal acceleration
(in cm./sec. ) is (l) ’ (2) ’ (3) ’ (4) e o o o

6. The centripetal force acting upon the body of problem (5) is
(in gm‘) (l) A ] (2) ’ (3) ’ (4) e o o o o o o o

7. A heavy ball is whirled in a vertical circle of radius a....ff.
In order for the cord to be taut when the ball is at the highest
oint, the least linear velocity (in ft./sec.) must be (1) ,

2) s (3) y (4) e o s e s o s s s e s s s s s s e s s

8. A boy weighing a«...1bs. sits on a rotating platform at a dis-
tance of Deeesft. from the axis. The force of friction is Ceese
1b. The angular velocity (in rad./sec.) which will make the boy
slide off is (1) ’ (2) ’ (3) ’ (4) e o o o o o

9. Two bodies A and B are located at distances of &¢eee and beess
cme. respectively from an axis. Both bodies rotate about the axis
with the same angular velocity. The ratio of the centripetal
acceleration of B to the cantripetal acceleration of A is8 (1)
(2) ’(3) '(4) e o & & o o o o 0 o o o o o o o

10. A given cord a«...ft. long can withstand a tension of beesoelb.
The weight of the heaviest body that can be whirled at the

end of this cord at a rate of Cessereve ps Becs is- (ine 1b))

(l) ] (2) '] (3) » (4) ® o o 6 o o o o o ¢ o o

’

(
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Experiment 5 that I may be found from equation (1) and then check-
ed oy the theoretical expression of equation (3). For
MOMENT OF INERTIA AND RADIUS OF GYRATION any value of I, the corresponding value of K is given
by equation (U
Object: )
To give the student some experience in quantita- Exper iment
tive measurements dealing with angular motion oy Part |
deternining the moment of inertia of a wheel and To measure the torque T and the accelerationocpro-
axle from ugasurements of the torque requlred to ceed as follows:
ac.:celerate it and of the resultant angular accelera- The apparatus is assemoled as in Figure I. Start
tion. with a small mass for M, but with the mass M not at-
Apparatus: tacr.\ed.. Increase or decrease the amount of.mass
_—L—_Nheel and axle, pulley and cord, small weights, until it goes down at constant speed after it has been
calipers, meter stick. The Atwood's machine of started. This partially corrects for the frictional

resistance.
kext, attach a 200 jm. mass M to Mo’ wind up the
cord on the axle and let Mo rest on a support at posi-

Expt. 2 can be used by supbstituting the wheel and
axle for the light mounted pulley.

Theory: tion A. Release the support and let the cord unwind.
The angular acceleration given to a rotating Place a support at a lower
body by a torque T is expressed by: point 3 such that the mass
) Q M will travel | meter. Ob-
(1) T =1ex, where T = torque in dyne-cm, v serve the time that it takes
I = moment of inertia of rotating body the mass to reach the point
in gm-cn?, o 3. Repeat the operation by
o< = angular acceleration in rad/sec® . aajusting the point 8 so that
Hence, if T and ocare found experimentally, I may the mass falls 2 meters. Tabe
pe calculated from equation (I). . :
K, tie radius of gyration, is defined by: LI~ u!ate th‘-! distances s and
A times t just measured.
(2 1=m=, :El— The angular accelerationox
Fi $ can be found from the linear
where I = morent of inertia, hure 1 ¢ -L’ acceleration, a, by the
T = mass in Jm. relation
K = radius of gyration in cm. ) a
So, once 1 is determined by equatjon (1), K may be o>®¢ =7
1

found from equation (2).
In this experiment tne rotating body is a wheel

and axle (see Fig. 1) for which the masses are known The linear acceleration, a, can be found from the

and the radii may easily oe measured. For a wheel relation
and axle, the moment of inertia is: s = (1/2) at2,
M M
(3 1=-2 [r: + r:; + 1 ri s Combininy these equations, one jets
2 2 25
o= ——
ry t2
where M1 = mass of axle,
Mo = mass of wheel, Calculate 2 for each distance s and get an average
ry = radius of axle, value (since it should pbe constant). Then calculate =
ro = radius of wheel (outer), using the average "a", The tension P in the cora
rg = radius of wheel (inner). can be found from the force equation:

In equation (2) m denotes the total mass. Hence, for
the wheel and axle,the radius of gyration is given by:

W I=M + Mﬁ) K2 .
1n the experiment measurements will ve made so

M+M Ja-P=(M+N ) a

After finding P, one can calculate the torque T from
the relation:

T=Pry - Mo qry °
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Combining these eauations one yets
T=ry M+M,) (3 -a)-Mgrs.

Calculate T using the average value of "a" found
above. It remains only to find I ana K from the
relations (1) and (4).

The values of the masses My and Mg are stamp-
ed on the wheel and axle, The radii rq and rg are
to be measured with calipers and a meter stick.
The distances should be measured in centimeters.

Part 2

——

Find the theoretical values of the moment of
inertia and the radius of gyration of a wheel and
axle by calculations based upon equations (3) and

OF

Find the per cent error in your experimental
value found above.

In conclusion, discuss the cause of the large
errors involved.



Neme:  lnstructor-___ Division: __ _

Date.w_m,‘__,

Answers and Conclusions: e




TEST EXPERIMENT 5

l. A wheel rotates a....revolutions in b....seconds. 1Its average
a ular velocity (in rad./sec.) is (1) » (2) » (3) ’

. L] . L] L] L] . . L] . L] L] L] L] . L] . L] L] L] . (] L] L] L ] . L ]

2+ The torque applied to a wheel of diameter a....ft. i8 beeecslbe.
ft, If the force producing the tor ue is applied tangentially to
the circumference, it is (in 1lb. ? y (2) y (3) , (4)

3¢ The radius of a disc is a....cm. and its veigbt i8 beosoogme.
Its moment of inertia (in gm. cm.2) is (l) y (2) (3) ’

(4) © o o o o o e o 6 o s o o s o o c e o o o o o .

4. A tangential force of a.e...lb. is applied to a cylinder Desesfte,
in diameter. The torque (in 1b. ft.) is (1) (2) ,

(3) y (4) © o s o o e s s o s o 6 s s s 0 s s s e e e s s

5 The linear acceleration of a body attached to the end of a cord
which is being wrapped around a cylinder of @a....cm. radius is
beesscme/sec.“. The angular acceleration of the cylinder (in rad./
BGc.z) is (1) » (2) ’ (3) ’ (4) e o o o o o o

6. An engine flywheel is making a....revolutions per second when
the steam is shut off. If it comes to rest with constant decelera-
tion in b....seconds, it will make (1) y (2) y (3) ’
(4) TEeVOlUutions ¢ ¢ ¢ o ¢ ¢ ¢ o o ¢ o o o 6 o s o ¢ o o o o @

7« A force of a«s..lb. i8 pulling on a cord which is wound around
the axle of a wheel. If the moment of inertia of wheel and axle

i8 beees(w/g) ft.2 and the angular acceleration is c....rad./sec.2,
the radius of the axle (in ft.) is (l) y (2) y (3) ’

(4) e [ [ (] o o [ ] o o L] L] s o . [ [ e o [ ] [ [ . o o [ L[]

8¢ A point on the rim of a wheel a..sefeet in diameter has a
linear acceleration of b....ft /8ec.2+ The angular acceleration
of the wheel (in rad./sec.2) is (1) , (2) ,» (3) ’

. ( 4 . L] L] L] L] . [ ] [ ] . . L[] . . [ ] L] L] . L L . . L] L] . L] L L] L L]

9. A torque of a....dyne-cm. is applied to a body whose moment
of inertia is b....gm.cm. « The resultant angular acceleration
(in rad./sec.?) is (1) ,» (2) y (3) , (4) o« o o

10. A torque of @8¢eeelbe. ft. is applied to a bgdy initially at
rest whose moment of inertia is be....(w/g) ft. If we neglect
{r%ction, t?e)reaultin% angular acceleration is (in rad. /sec.2)
1 ’ 2 3)

1] 4 [ . . [ ] [ ] [ ] L] (] L L ] L (]
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Experiment 6

APPLICATION OF THE THEOREM OF MOMENTS IN THE
STUDY OF THE SENSITIVITY OF THE BALANCE

Object:
To verify experinentally the sensitivity of a
balance as calculated from the theorem of moments.

Apparatus:
Model balance, 10 gm. wt., 2-200 gm. wts., meter
stick.

Theory:

A force acting upon a body produces a rotation
of the body if the line of action of the force does
not pass through the center of mass of the body.

The effect of a force depends not only on the magni-
tude of the force but also on the perpendicular dis-
tance between the line of action of the force and
the axis of rotation. |In Figure I, if the dis~

tances 0A and 08 are equal and if F; = Fg , then
no motion of the rod AB occurs vecause
OA (F1) - 08 (F5) = 0.
A . B
0
Fl Fl

Figure |

The palance is an application of this principle.
Usually the arms of a balance are enual, and when
equal nasses are placed on the scale pans, jravity
exerts the same downward pull oir each. dy attach-
ing a pointer to the beam at 0, one can tell when
the masses are equal by noting the direction of the
pointer. The pointer is vertical for equal masses
and an inclination of the pointer shows that one mass
is greater than the other.

-addition of 10 milligrams to one pan.

In using a balance it is important to know how
sensitive it is to small differences of load on one
of the pans. It is oovious that one can not measure
the mass of an object to the nearest milligram on &
palance which shows no motion of the pointer for an
It is also
inportant to know how the sensitivity depends upon
the load. An expression for sensitivity will be de-

“rivad which shows what factors determine sensitivity,

and calculated results will be checked in the experi-
ment.

Figure 2 is a schematic diagram of the balance.
K1 and Kg are knife edges upon which the scale pans
are suspended, and Kg is the knife edye upon which
the whole beam is talanced. Suppose that, with *!4 on
the right oan and Mg on the left pan, the valance comes
to rest as indicated in tne figure. One must also take
into account the effect of the mass of the beam, Mg , in
producing eauilibrium. Wwhen equilibrium is establisned,
tr.e surn of the moments of all the forces acting must be
zero.

Hence:

(1 My + p) 3L 1sin(ey-p)
(M + p) 9& 2sin (62+B)-Mg yr sin =0,

where £ 1 sin(® -P) is the lever arm of the lett pan
load, £ o sin (6g + P) is the lever arm of the right
pan load, and r sin B is the lever arm of the center
of mass of the beam, if the center of mass is located
at a distance r from the knife edye Kg , and p is the
mass of either scale pan. By using the relations for
the sine of the sum or difference of two angles, equa-
tion (2) can ve written:

(+p) €4 (sin 64 cos P-cos 81 sin f)-Mgr sin p
-(Ma#p) £ 5 (sin @3 cos P+cos 05 sin B) = 0.

Recause P is kept small in actual practice the above
ecuation holds to a close dejree of approximation if

(m +plg
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one substitutes in it:
cos B =1, sin p=B. Then

(M+p)€ 1 (sin 03- B cos 01) - Marp- (Motp)
£ a(sin 05 + B cos 83) = 0.

In the usual casefi =[3 ={ and

91 = 05 = 09, and “hence:

@ B _ {sin @
Mg - Mo (Mg +2p) £ cos 0 + Mar
The expression on the left-hand side of the
equation is the definition of the sensitivity of
the balance (expressed in terms of radians per
gram).

Withdy =0p =, 01 =05=0, and B =0,
sin @ = x, the perpendicular distance between
the line of action of the force (My +p)g and the
axis of rotation. Alsodcos @ = h, the vertical
distance between the points of suspension of the
pans and the points of suspension of the beam.

In terms of x and h, equation (2) becomes:

@ P - -
M- Mg My #4g+2p) hHgr

An analysis of this expression shows that:

(a) 1 @ is greater that 90°, i.e. if the
knife edges K1 and Kg are above the knife edge
Kz , then h is neqative and the sensitivity of
the balance jncreases with increase of the load.

(b) 1f @ =290° i.e. if all three knife
edges are in a straight line, then h is zero
and the sensitivity is independent of the load.

(c) 1 @ is less than 90° , i.e. if the
knife edges K1 and Kz are below the knife edge
K3, then h is positive and the sensitivity de-
creases with increase of the load.

(d) In all three cases the sensitivity of
the balance jncreases with jncrease of the
length of the balance arms, and increases with
decrease of the distance between the point of
suspension of the beam and the center of mass of
the beam.

Experiment

Part |

For the model balance (see Figure 3) measure
the length of the arms, weigh each of the scale
pans to the nearest gram, and, if the pans are not
of equal weight, make them equal by adding the
proper weights to the lighter one. Measure the
vertical distances between the knife edges holding
the scale pans. Weigh the beam of the balance.

By sliding a bob along the pointer, tihe position of
the center of mass of the beam may be varied. First
place the beam on knife edge Kq at the groove P and

X ' €2
. 4N\ x, o
8,
a,
4

P ~'
M, o
Lo Q

R

s
Figure 3

slide the bob along the pointer until perfect balance
is obtained. Be careful not to drop the beam in this
operation. Then the distance from knife edge K3 to
the groove P gives r_, the distance the center of mass
is from the knife edge K3 . Measure the length of one
scale division and also the length of the pointer from
the fulcrum to the top of the scale. Record all these
measurements in tabular form

Part 2

With the center of mass fixed at P suspend the
pans from the knife edges a1 and ag . With no load
on the pans find the sensitivity of the balance as
follows: . Put 10 grams on one scale pan and observe
the point of rest. Place the |0 grams on the other
pan and observe the new point of rest. Then half the
distance divided by the length of the pointer gives the
radians deflection for 10 grams. This divided by 10
equals the sensitivity for zero load in radians per gram,

Sensitivity= .._?__.__ (observed). (w)
M - M

In the same manner find the sensitivity for a load of
200 grams. Compare these values with those calculated
theoretically from equation (3).

Now place the scale pans on by and bg and again
find the sensitivity of the balance for both zero Joad
and for a load of 200 grams. Repeat the experiment
with the scale pans suspended from knife edges cy and
ca. Compare the observed and calculated result .

Part 3

Now balance the beam at the groove Q and slide the
bob until equilibrium results. This gives the new dis-
tance r_ from the center of mass of the beam to the
point 02 suspension. Place the scale pans on the knife
edges by and bg and find the sensitivity for a load
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of 200 grams in the same manner as in Part 2. Repeat
the experiment charjing the distance r

to re by a

A convenient tabulation of the data of the
experiment is as follows:

rebalancing of the beam. Compare the - observed and p= - £~ _.
caloulated results. M= eemm————— h Seecceemmmamee
Length of | scale division= --- rp=
Length of pointer= e -
Calc. Sensitivity = X St
(Ml*Mg'*ZP)h*Mar
Position of Point of Point of Sensitivity

end knife edges

Ms + Mg

rest (M1 > M3 )

" rest (M < Ma) Obs. Calc.

Below fulcrum
L] n

Even with fulc.

Above fulcrum
L] n

Even with fulc.

n L L]
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TEST EXPERIMENT 6

l. A uniform board a....m. long is balanced on & saw horse. A
boy weighing be..ekg. sits on one end. Another boy weighing
Ceesskge balances the first boy by sitting (1) » (2) ’

(3) ,y (4) meters from the B8aw hOIrS€ee « s o o o o o o o o

2. An object is balanced by one Qessogme plus two beeecogme. massec.

If the a.e.ssgme. mass is calibrated to within c...+% and the bess.gm.

masses to within d....%, then the weighing is accurate to within
(l) 1 (2) H] (3) [} (4) e o o o o o o o o o . o o

3« The beam of a balance, including pointer, weighs a....gm. The
pointer is beeo.cme. longe. The distance between center and outer
knife edges is ceesscme A mass of de....gm. on one pan deflects

the pointer so that is moves e....cm. over its scale. The distance
of the center of gravity below the plane of the three knife edges
is (in Cm-) (l) ’ (2) ’ (3) ’ (4) e o o o s o o

4. The sensitivity of a balance is a....scale divisions per mg.
When an object is placed in the left-hand pan and two be...gme
masses in the right-hand pan, the pointer comes to rest c....scale
divisions to the left of the zero reading. The weight of the
object, (in gm.) is (1) y (2) y (3) , (4) e o o

5« Two boys carry an a....lb. basket on a light horizontal pole
Deeeeft. long. If one boy is to exert c....times as much force

as the other, each boy grasping the pole by an extremity, the
basket should be placed at a distance of (1) y (2) R

(3) » (4) 9 ft. from one end. e 8 o s o o 6 o o o o o o o

6e An ass..lb. ladder be...ft. long lies on the ground. The center

of mass of the ladder is cCeeeeft. from one end. The least vertical
force necessary to l1ift one end off the ground is (in 1b.) (1)
(2) L] (.3) ] (4) L] [ ] . . [ ] L] ® L] [ ] L] . L] L] L] L] L ]

7« The least horizontal force applied at the center necessary to
roll a wheel @aeseeeft. in radius and weighing b....lb. over an
obstacle c....fte. high, assuming the weight of the wheel as acting
at its center, is (in 1lb.) (1) ,y (2 y (3) ,» (4) . &

8. An a....inch pointer of a balance is deflected be...inch by a mass
of ceeeegm. placed in one scale pan. The sensitivity of the balance

for zero load (in radians per gm.) is (1) y (2) y (3)

(4) © s s s e s s s e s s e s s s s e e e o s ‘oo e . .

9. A meter stick is balanced at its a....cm. mark by a force of
b....gm. at its cess.Cmes marke. The weight of the stick (1n gm.) is
(l) 9 (2) '} (3) j (4) e o o o o o oo ¢« o e » & o

10. The beam of a balance whose knife edges are in line with the
fulcrum weighs ae....gme. The distance between the two knife edges
i8 Deeescme A mass of c.ee.gm. on one pan deflects the pointer
through deeeecme of its scale. If the pointer is e....cm. long,
the distance along it from the fulcrum to the center of gravity
(in cm.) is (1) y (2) y (3) y (4) e o o o s o s

(

(

(

(
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Experiment 7

STATIC EQUILIBRIUM

Object:
To study the conditions of equilibrium of cop-
lanar forces and to apply them to the derrick.

Apparatus:

The apparatus consists of: Meter stick and
inclinometer, a heavy beam AB supported at the top
by the rope and spring balance T and at the bottom
by spring balances F1 and Fo. A weight W may be
hung at B.

Theory:
When a body is in equilibrium under a system

of coplanar forces, the sum of the force components
is zero for each of any two directions of resolu-
tton and the sum of the moments of the forces about
any axis perpendicular to the plane is zero. In the
present case it is most suitable to resolve the forc-
es in the horizontal and vertical directions and to
take the moments about either A or B.

The center of gravity of a body is defined as
the point at which the whole mass of the body can
be considered as concentrated. Thus, if we support
a body at any point, it will be in equilibrium pro-
vided the point of support is directly above or be-
low the center of gravity, i.e,, the lever arm of
the weight of the body will be zero, and thus there
will be no tendency for the body to rotate.

Experiment

Part |
The apparatus is set up as shown in the sketch.

Record all spring balance readings, Measure the
length of the beam AB. Measure the angles B and R
with an inclinometer. Make a neat diagram to scale
and record on it the data obtained.

Note: All lever arms used in the following
calculations should be marked with dotted lines on
the diagram and their respective lengths recorded
as calculated from the values already measured.

22

Figure |

In the following calculations the values of the
weight of the beam, distance to the center of gravity,
and the spring balance reading at T are to be used for
purposes of comparison only.

I. From the equations summing up the horizontal
components of force, determine the tension in the
rope T and compare with the observed value as read
from the spring balance at T. -

2. Using the calculated value of T and the equa-
tion summing up the vertical components of the forces,
determine the weight of the beam and compare with the
value stamped on it oy the Instructor.

3. Using the results of the two previous calcula-
tions and the equation of moments with axis at A,
determine the distance from A to the center of gravity
of the beam and compare it with the position for a
uniform beam. )

On your data sheet set down in a neat form the
calculated and observed values of: (a) the tension
in the rope T; (o) the value of the weight of the beam
(c) the distance from A to the center of gravity of the
beam.

The force and moment equatims with the numerical
substitutions for the quantities are to be placed on
the data sheet directly beneath the drawing.



____ Division: _ Date. .

Name: R _Instructor: .~

Observations, Drawings, Computations: _ ,

Answers and Conclusions:




TEST EXPERIMENT 7

l. 4 uniform plank a....ft. long weighing b....1lb. is supported
Ceeeefte from one end. A weight on the short end bal ances the

?lank. This weight (in 1b.) is8 (1) , (2) , (3) ’
4 L] . Ld L] L] L] L] L] . . L] L] L] L] L] L ]

2. A weight of 8....1b. is tied to 2 point b....ft. frox one end
of a ceseofte length of ropes The ends of the rope are fastened
deeeofte apart to a horizontal beam. The tension in the shorter
7e ent of the rope (in 1lb.) is (1) y (2) s (3) ’
4 9 0 L] L] [ ] o L[] L] L] L] L] L] L] . L[] . . . L] L] ‘e L]

3¢ A uniform ladder weighing @a....1lb. and bee..ft. long is lean-
ing against a wall at an angle of Cee.ssdege with the horizontal.
The force excrted perpendicularly to thz wall (in 1b.) is

(l) [} (2) ) (3) ’ (4) e o o o & o 0 0 0 0o o o

4. An a....lb. man is be..ss.the way up the ladder of problem (3).
The additional force exerted perpendicularly to the wall (in lb.)
is (l) ') (2) ’ (3) [] (4) 9 e L] L] L] L] L] L] L] L] [ ]

5« A uniformm rod a....ft. long, weighing b....lb., is hinged to
the floor at one end. The other 'end is supported by a horizontal
cord.e The rod makes an angle of C....deg. with the floor. The
?ension in th2 cord (in 1b.) is (1) y (2) y (3) ,
4 L] . . (] o e (] L] e o . L] L] L] L] . L ] L] L] [ ] L]

6. A picture weighing a....lbe. hangs upon a cord whose parts
make an angle of be.o.edege with each other. The tension in each
part of the cord (in 1lb.) is (1) , (2) y (3) ,

(4 . . . . . . . . L] L d L] .o L] L . . . - L] . . L[] . (] L] L] . L] L] L]

7. A uniform yardstick weighing ae«..elbe rests horizontally on
two points be...inches and c...einches from one end. The upward
reaction on the bar at the point be....inches from the end (in lb.)
is (1) ’ (2) ') (3) ’ (4) * o o ®» o o o 0o o o s

8¢ A unifom rod a....ft. long weighing be....lbe is held in =
horizontal position by two men. One of them is c....ft. from one
end, while the second man is desesfte. from the other end. The
upward force exerted by the second man (in 1lb.) is (1) ’

(2) ’ (3) L] (4) L] L] L] L] . L] L] L] L] L] L] . [ ]

L] L] L] L] L] L[]

9. A 8e¢e..fte. rope is tied to two hooks in the ceiling so that
when a given mass of b....lbs is tied to its center the angle be-
tween the two halves of the rope is ce...dege The tension on each
part of the rope (in 1lb.) is (1) y (2) y (3) , (4) .

10. A triangular frame is made of two uniform beams each @....ft.
long, held at an angle of b....deg. to each other by a very light
bar between the free ends of the beams. zach beam weighs Ce.eeelbe
The compression in the bar when the frame is hung from the vertex
of the b.-..deg. angle (in lbo) is (1) » (2) ’ (3) ’

(4) L L] L] L] L] L L] . L] . L] [ [ [ . L [ ] L[] ] [ . L] L] L ] . . . .
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Experiment 8

WORK, MECHANICAL ADYANTAGE
AND EFFICIENCY

Object:
. To better comprehend the meaning of work,
mechanical advantage and efficiency by performing
experiments with a simple machine.

Apparatus:
Platform scales, one spring scal_e (0-100
Ibs.), two pulleys, rope and platform.

Tl :

When a force acts upon a body, the product
of the force by the distance the body moves in
the direction of the force is called the work
performed by the force. In the English system
the unit of work is the foot-pound, the work
done by a force of one pound acting through a
distance of one foot. The erg (Metric unit) is
the work done by a force of one dyne acting
through a distance of one centimeter. A joule
is 107 ergs. In explanation of the definition
of work: The work done by a man pulling a rope
is the product of the force exerted times the
length of rope passing through his hands.

The actual mechanical advantage of any
machine is the ratio of the force developed,
to the force applied.

The theoretical mechanical advantage is
the ratio of the distance through which the ap-
plied force acts to the distance through which
the opposing force acts.

By the efficiency of a machine is meant the
ratio of the useful work to the energy received.

24

Experiment

Part |

A block and tackle is made with the rope and
pulleys. With it the platform is suspended from the
ceiling, large pulley at the top.

Case (a). The experimenter 1ifts himself with
the platform by pulling on the free end of the rope.
The force required for the experimenter to lift him-
self is measured by the use of scales attached to the
free end of the rope. Record this force. Find the
weight of the experimenter and the platform by weighe
ing with the platform scales.

Case (b). Repeat the experiment having a second
person lift the experimenter by means of the block and
tackle.

Case (c). Repeat the experiment by having a
second person lift the experimenter, this time with
the small pulley at the top.

Draw a diagram for each case. For each case answer
the following questions: How does the weight of the
exper imenter plus platform compare with the force on
the free end of the rope? What is the actual mechani=-
cal advantage? What is the,theoretical mechanical ad-

- vantage? Can you draw any conclusions as to the ten-

sion in each strand of the rope? Can you show any
relationship between the number of strands of rope and
the theoretical mechanical advantage?

Part 2

In each of the three cases of part | calculate the
efficiency and also the total work done to raise the
experimenter a distance of ten feet. "Show that the
ratio of the actual mechanical advantage to the theo-
retical mechanical advantage is equal to the efficiency.
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TEST EXPERIMENT 8

1. The work done winding in up 8 @a«.seft. chain which hangs ver-
tically and which weighs beese.lbs per fto. (in ft. 1b.) is (1 ,
(2) ’ (3) ’ (4) L] . * L] L] L] L] . L] L] L] L] . L] L] L L] L[] L]

2. A windlsss with e drum a.«..in. in diameter has a crank arm
beeeeine. long. If the efficiency is cCe.esee%, the force(in 1b.)
which must be applied to the crank in order to raise a load of
deseelb. is (l) ’ (2) ’ (3) ’ (4) e o o o o o

3. A tapering flag staff weighing @a.<..1lbs and b....ft. long,
whose center of gravity is at e distance cf c.... of its total
length from the thicker end, is raised until the beam makes a
d..s.esangle with the horizontal. The work done (in ft. lb.) is
(l) [] (2) [ ] (3) '] (4) [ ] . e e [ ] [ ] L] . [ 2 . L2 [ ]

4. A column a....ft. high was built up of wooden blocks weigh-
ing beeeelbe per foot of height of column. The work done (in ft.

%b.) in setting up this column was (1 y (2) y (3) ’
4 L] e o L] . . L ] L] L] [ ] . . L] L] L] L] L] . [ ] L[] . L] L] [ ] L] L] L] . [ ]
5. The work (in ft. 1lb.) necessary to push & barrel weighing

8eesselbe up @ bessoft. frictionless plane inclined at

Cessodege. to the horizontal is (1) y (2) s (3) ’

(4) @e0s s ecssesssecssssss00c s s e s e ® e 000000 0000000000000

6. To dig a well @ae¢sesfte deep, beesslbe of earth of uniform
density must be dug out. The work (in ft. 1lb.) required to do this
15(1) ’ (2) ’ (3) ’ (4) 96 o 6 o o ¢ o o o o o

7« A 8.es.1b. pole whose center of gravity is b....ft. from the
base lies on the ground. Using a certain system of ropes and
pulleys, it requires ce...ft. 1b. of work to stand it upright.
The efficiency of the operation is (1) s (2) y (3) ’

(4 . . . L] [ . . [ . . . . . [ . . L] . L3 L] L] . L] [ ] [ ] . .

'8¢ A certain windlass has & drum a....ft. in diameter and a crenk
&m be....ft. long. A force of ceeeelb. is required at the handle
to raise a mass of de....lb. The theoretical mechanical advan-
tage is (l) ] (2) ’ (3) ’ (4) L] L] L] [ 2 L] . [ ] [ ]

9+ The actual mechanicel advantage of the windlass in (8) is
(l) .(2) ,(3) '] 4) ® o6 o o o o o o o o o o

%0; The eff%c%ency of the windlass in (8) is (1) y (2) ’
3 , (4 . ~ :

2
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Experiment 9

MOMENTUM AND ENERGY

Object:

To study the principles of the conservation of
energy and |inear momentum and to measure the speed
of a bullet.

Apparatus:
Ballistic pendulum, weights, meter stick, gun.

Theory:

The 1inear momentum of a body is the product
of its mass by the linear velocity. According to
the principle of the conservation of energy, it
can be stated that when energy is transformed from
one kind to another the total energy after the
transformation is equal to the total energy before
thé transformation. Also, according to the prin-
ciple of the conservation of linear momentum, the
total momentum after two bodies collide is equal
to the total momentum before the collision.

In Figure | two bodies are assumed to ap-
proach each other with their relative velocity of
approach equal to Vo -v, and to collide, after
which their relative velocity of separation is
(vV-v.

It has been found that the relative velocity
of separation is always proportional to the rela-
tive velocity of approach and that the proportional
factor e is a measure of the elastic property of
the bodies; it is called the elastic constant or
coefficient of'restitution.

If put in mathematical form the above-stated

principles appear as follows:

Conservation of Energy:

Im V§+.%.mgv9=_;_m1v9 +%.mgv3+ loss. ()
Conservation of Momentum:
m¥, + mgv, =mV+my . (2

e

o

Ve

Figure |

26

Velocities of approach and separation are
proportional:

e(Vy = v) = -V(V -v). (3

From these three equations the loss of
energy during the impact can be caloulated
in terms of the elastic constant and the
masses,

If the bodies remain together after im~
pact so that their relative velocity is zero,
then e is zero in value and the impact is in-
elastic. This case only will be considered
in this experiment and equation (2) becomes:

mVy +mgvo = (m+mg) V. (2a)

Experiment A

Part

Figure 2 shows twin ballistic pendulums
with cords of length £ and blocks of wood each
of mass my attached to the cords at their bot-
tom ends.

O\

—

Ju

ma m,
Figure 2
{f one mass is swung out so that its cord
makes an angle By with the vertical and then
released, the velocity of approach Vo just as
it collides with the other one can be calculat-
ed from the angle By of the cord and its length
£, together with the principle of the conser-

vation of energy.
—

© )
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This is done as follows:
mahs= mg £ ( | - cos By ) =_|2_,,1v°a
vo=0

Vo=V2g2 (1-cosBy .

After impact the two masses go on together and
have the same velocity V which can be found from the
angle Bg which the cord makes with the vertical after
impact at its greatest sw'ing.

Then V=v=V2g £ (1-cos By - (5)
Assuming that no outside forces are acting,
such as air resistance, equation (2a) holds for
these measured values.
Perform the above experiment 5 times and substi-
tute in equation (2a).
Make mg double my and repeat the experiment 5
times--what are the errors?

Part 2:
K small rifle is held in place horizontally so

that its bullet will hit the mass mg and become em=-
bedded in it.

The angle Bg is noted as the pendulum swings
out after impact.

=4 L
Figure 8 %

Equation (2a) can be used to calculate the
speed of the bullet, which weighs 1.75 gms.

Perform this experiment at least twice and
find the speed of the bullet in feet per second.

hrt3
Calculate the percentages of kinetic energy
lost during impacts in Parts | and 2.

Experiment 8

The pendulum consists of a massive cylindrical
bob suspended by a strong light rod supported at its
upper end by pivot bearings (see Fig. 4). The pendu-
Tum support is a rigid bracket mounted upon the end
of a steel rod fastened in the base. The psndulum
bob is hollowed out to receive the projectile, a
brass sphere. The projecting apparatus is a spring-
actuated gun mounted at one end of the base. The
brass ball is drilled for mounting on the end of
the propelling rod. When the sphere is fired into
the bob, the pendulum swings upward and is caught
at its highest point by a paw! which engages a tooth
in the curve rack. A scale along the outer edge of
the rack enables one to record the position of the
pendul um.

Part i:
Since the ball is caught and held within the

pendulum, an inelastic collision occurs. Let my
represent the mass of the pendulum and mg that of the
sphere; let Vo represent the initial velocity of the
ball, and V the final velocity of ball and pendulum
Then

mg vy = (my +.ug ) V. (6)

From the principle of conservation of energy it
follows that the kinetic energy of the pendulum
immediately after impact is equal to its potential
energy at the highest point in its path. This may
be written:

(mg +mg) V2= (m +mg) gh,
2
where h is the vertical rise of the center of gravity
of the pendulum. Hence

V=2 gh 1)

Determine mg and my by weighing the sphere and
by removing the pendulum from its support and weigh-
ing it. Fire the ball into the pendulum five times,
and each time measure h (note that the position of
the center of gravity is marked on the pendulum bob ).
For each h, calculate the corresponding V from equa-
tion (7) and the corresponding v, from equation (6),
Find the average initial velocity of the ball.

Part 2:

The initial velocity of the pall, Vo + May be
found by an application of the laws of motion.
Remove the pendulum and place the apparatus in such
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a position that the ball will travel in a path not
touching any other obstacle before striking the
floor. Fire the ball five times, each time mark-
ing with chalk or with carbon paper the point at
which it strikes the floor. Each time measure s,
the horizontal distance traveled by the ball, and
y, the vertical fall of the ball. Find the average
values of x and y. The laws of motion give (since

v, is a horizontal initial velocity):

=
X vot

y=1/2g te,

Elimination of the time gives:
v8 =1/29 x2

®
y

Use the average measured values of x and y to cal-
culate the initial velocity of the ball, Vor from
equation (8). How does this value compare with the
average of that found in Part |? Calculate the
percentage error.

Calculate the percentages of kinetic energy
lost during the impacts of Part |.

Part

—

Figure §
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TEST EXPERIMENT 8

le An @acesegme gun fires & beecegme bullet with a velocity of
Cessocms/sece The initial velocity of recoil of the gun (in cm.
/bec.) is (l) ’ (2) ’ (3 ’ (4) o o o o o o o o

2. An 8.ese..gm. ball having a velocity of bssese.cms/secs strikes a
Ceesegm. stationary cylinder that is free to move. After the in-
el?stic imp?cg, their velocity (in cm./sec.) is (1) y (2) ,

(3 '] 4 L] L[] [ ] L[] e o L [ [ ] L] L] L] [ ] L] L[] . L ] L] . L] L] (

ds The fraction of the kinetic energy transformed into heat in
the above problem is (1) » (2) y (3) s (4) .« o (

4. Two inelastic bodies (one of mass a@sssslb. moving with velo-
city bessefte/secs; the other of mess cee.e.lbe. moving with velo-
city deseofts/sec) collides The velocity of the masses after
collision is (in ft./sec.) (1) s (2) y (3) ’

5 A car weighing 8....tons moving be...ft.sec. collides and

couples with a car weighing ce....tons moving in the opposite dir-
ection with a velocity of deso..ft./secs Find the velocity (in ft.
/sec.) after impact. (1) y (2) s (3) y (4) I |

6 Two inelastic bodies of masses 8e¢ece8nd beseegme collide when
traveling in the same direction with velocities of cCeeccand deees
cm./8ec. respectively. The velocity (in cm./sec.) after impact

iB (1) [} (2) ') (3) ' (4) o o o s o & o o o s o

7. If the bodies in problem (6) were perfectly elastic, the velo-
city of the lighter ball after impact would be (in cm./sec.) (1) ,
(2) »  (3) y (4)

(] . . [ ] [ 3 . . [ ] [ ] [ ] L] . . L] L] L[] . L]

8. Two railroad cars are coasting in the same direction. m; is
Beseelbe; M2 i8 beesselbe; v is Coooofto/SQCoi ve 18 .decsofte
/sec. Car number 2 catches up with car number 1 and couples on
to it. Their velocity (in fte./sec.) is (1) y (2) >

(3) , (4 R |

9. Two perfectly elastic ivory balls of the same masses approach
each other with speeds of @&+...cm./secs in their respective di-
rections and collide. The relative velocity with which the two
?qsarate (in cme./Bec.) is (1) y (2) y (3) '

4

" L] L] L[] L] [ ] L] L) e (] (] L J L] L . . [ ] (] . . ® L . (] [ ] [ ] [ ] L L L] (

10. A 8sseegme bullet in passing through a ballistic pendulum has

its speed changed from beeeeto Cescocme/Bec. The momentum im-

rarted to the pendulum (which was initially at rest) was (in gm.
cmo/seCO) (l) ’ (2) . ’ (3) ’ (4) o o o s o o 0 (
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Experiment 10

SINPLE HARMONIC MOTION

Object:

To find the period of vibration of a mass on
the end of a spiral spring and to investigate the
effects of change of amplitude of motion, mass,
and force copstant of the spring upon the period.

Apparatus::

“Large coiled brass springs, weight holder and
set of weights, stand for supporting spring, meter
stick, and stop watch.

Theory:

The projebtion upon a diameter of a point mov-
ing in a circle with constant speed moves with

Figure |

varying speed and describes a complete vibration on
the diameter while the point moves completely a-
round the circumference. See Figure |. P' repre-
sents the point moving in a circular path with
constant speed V, and P is the projection of P'
upon a diameter. The motion of P is called simple
harmonic mot ion.

R represents the radius of the circle of
reference, and @ the angle between OP' and OM'.
PM = x, the displacement of P from M, its position
of equilibriume Then

) x =R sin 0.

In uniform circular motion, there is at every
instant an acceleration toward the center. The
acceleration of P' toward thé center 0 is:

A-Lﬂ-.
R

The acceleration a of P toward M is the component
along 0D of A.
-y2

2) a= —gsin.

The minus sign indicates that the acceleration is
downward when the displacement is upward, and vice
versa. Dividing (2) by (1), one obtains

- .V o
X RS
(3)
a= —=¥2,
R2

Since neitner V nor R changes numerically during the
motion, V3/R® is a constant; and since V and R
are both real quantities, V2/R® is always positive.
This means that for every position of P the ratio
of the acceleration of P to its displacement is a
constant and that the acceleration and the displace-
ment are always opposite in direction.

According to Newton's Second Law of Motion, the
force F necessary to give an acceleration a to a body
of mass m is:

F=ma.

If a body of mass m moves with simple harmonic motion,
its acceleration a is given by equation (3), so that

F=ma--m-vi

X.
R2

Represent the constant mV2/R2 by c'. Then
(W) F= -c'x.

The above equation symbolically expresses Hooke's Law,
namely that "stress (force) equals a constant times
strain (stretch).”

The period of a simple harmonic motion is de-
fined as the time necessary for the particle P to
make one complete vibration from one end of its path
to the other end and back again. The period is also
equal to the time necessary for the point P' to move
once around the circle of radius R. In the period T
the point P! mve{at a constant speed V through a
distance 2TTR.  Hence

2TMR=VT, or
2TR
T==.

From equation (3),
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V2 = % , and

V=R < -

So the period T is given by:

(5) T=21TV-.—:-

Application of Theory:

|f a body of mass m is hung at the end of a
light spring and the mass is set into vertical
motion, this motion is a very good approximation
to simple harmonic motion. This is because the
restoring force exerted by the spring upon the
mass is proportional to the elongation of the
spring (or displacement of the mass) and in the
opposite direction. But this is simply a re-
statement of equation (4), that the force acting
upon a body moving with simple harmonic motion
is equal to a negative constant times the dis-
placement of the body from its position of equili-
brium. Since the motion of the body is simple
harmonic, the period of the motion is given by
equation (5). Equation (4) may be written:

F= -c'x =ma.,
Then

(6) -X _m

a ¢

Equation (6) may be substituted into (5) to ob-
tain:

m
4] T=2Vo .

Since the spring as well as the mass on the

end is set into motion, the mass of the spring M‘
must be considered if Mg is not very small as com
pared to the mass m on the end of the spring. If
M‘ is not sufficiently small to be neglected, the
effective mass accelerated is m + PL/S where "3/3
is the "effective" mass of the spring. Therefore,
for heavy springs, the period is given by:

® P VAR E

Experiment

Part |

Determination of Force Constant. Place the
long spring and weight holder on the stand and ad-
just the pointer near the scale so that it can be
read without error of parallax. Read the zero posi-
tion to the nearest tenth of a millimeter. Load the
pan with a 100 gm. mass and read the position. Con-
tinue adding 100 gm. masses until a load of 500 gm
is on the pan.

31

Unload the masses one by one,
taking the reading of each
position. Average these read-
ings with those previously
taken. Plot a graph of load
against deflection. The slope
of the best line drawn through
the points gives the force
constant ¢' in gm. /cm. Calculate
Nt from this the value of ¢' in
dynes/cm.

Figure 2 Hang 500 gm. on the spring
by means of a cord about 50 cm. long. Pull the 500 gm.
mass down about 2 cm. and release. Notice the transfer
of potential to kinetic energy and vice versa as the
system oscillates. To time the oscillations, release
the 500 gm. mass so that it is at the center of its
path when the stop watch is started. (In counting be
sure to start with zero.) Count 100 oscillations. Re-
peat this series of observations with a different number
of oscillations. '

In order to test the depengience of period upon the
amplitude, repeat the above observations for oscilla-
tions with an initial amplitude of 10 cm.

Part 2.

Weigh the spring to determine "s' Calculate the
period T from equation (8). Check this value with the
value of T experimentally measured in Part 1.

To test dependence of period upon mass, increase
m to 500 gm. and take two series of observations of
the period. Calculate the period from (8) and com-
pare with the experimental value.

Part 3.

Discuss the errors of observation and point out
where precautions are most necessary.

Cite three different kinds of systems in which
there is the interchange of potential and kinetic
energy in such a way as to give simple harmonic
mot ion,
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TEST EXPERIMENT 10

1. A body vibrates along a straight line with S.H.M. If the
period T is 2.sse8€Ce, the acceleration of the body when it is
besecocme from the midpoint of its path is (in cm./gec. 2) (1) ’
(2) ’ (3) ] (4) L[] L . L] . [ [ ] L] . . . . » . L] L] ] L]

2+ A spring is stretched a....cme. by a force of bes..edynes. By
a force of Cesesdynes, it will be stretched (1) y (2) ,

3) ’4 Clle e o o 6 e 6 o e e o o o o s 6 s o e s o

3« The constant of the spring in problem (2) (in dynes per cm.
of stretch) is (1) y (2) y (3) y (4) e o o o

4, A light spring with a....gme. on the end has a period of bDesss
sec. The force per unit stretch (in dynes) is (1) y (2) ,

(3) ,  (4)

5 A light spring with a....lb. on the end has a period of
bes.esece The force (in 1lb.) for a 1 ft. stretch is (1) ’
(2) '] (3) ] (4) . ' ® . . o . . . . ) . . . . 3 3 Y

6+ A spiral spring weighs a....2m. and has a mass of bDeseogme.

on its free end. The force constant of the spring is c....dynes/
cme. Its period of vibration (in sec.) is (1) y (2) ’
(3) ' (4) L] [ ] L] L] . L] L] (] L] L] . L] L] L] L] L] L] L ] L] L] L] L] L]

7. Two springs have the same force constant. One is extremely
light and when a load of a....gm. is attached to tne end has a
period T1. The other weighs b....gm. and when ascc.gm. is

attached to its free end, it has a period T2. The ratio T1/T2
iB (1) ’ (2) , (3) ' (4) L] L] L] L d L L] L] > L] L]

8. A period of a....s8ece. results when a b....gm. sprin whose
force constant is c....dynes/cm. is loaded with a mass %in gm.
of (1) y  (2) (3) »  (4) ¢ o e

9. A weight of ae¢ecegm. is vibrating in S.H.M. making 1 complete
vibration in b..e.s8ece The force acting on it when it is cessecme
from the center of its path is (in dynes) (1) y (2) ’

(3) , (&)

10. A mass in S.H.M. has a maximum displacement of a.see.cme and
makes one complete vibration in be....sec. Its maximum velocity
(in cm./sec.) is (1) y (2) y (3) y (4) e o o

32
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Experiment ||

DETERMINATION OF YOUNG'S MODULUS OF
ELASTICITY BY HOOKE'S LAW

Object:
To find Young's Modulus for a steel wire.

Apparatus:

Young's Modulus apparatus, micrometer cali-
per, set of weights, 10 ft. scale.

Theory:

When a force of any kind acts on a body the
body will be deformed to some extent. A substance
is considered to be elastic if this deformation
disappears when the force is removed, and in-
elastic if the body does not return to its original
shape.

Hooke, who made quantitative investigations of
the elasticity of materials, found that the defor-
mation of a body was directly
proportional to the force ap-
plied and inversely propor-
tional to the area over which
the force is spread. The
force exerted per unit area
is defined as "stress." He
also found that for a given
stress the deformation de-

: pended upon the size of the

i pody. In the case of wires,
it was found that the elon-
gation was proportional to

| —) the: length of the wire. The
elongation per unit )ength is
Figure | called the "strain." Hooke's

results may therefore be sum-
med up in the law that the stress is proportional
to the strain.

For a wire or rod the ratio of the stress,
expressed as force per unit area, to the strain
expressed as elongation per unit.length, “is called
Young's Modulus of Elasticity.

Hooke's Law is true for a perfectly elastic
substance, but most substances do not remain e-
lastic under excessive stress. Thus, India rubber
does not follow Hooke's law exactly even under
moderate stresses.

Exper iment
Part |

The apparatus consists of two identical steel

33

wires hung from a single bracket and attached at
their lower ends to a flexible framework. One of

the wires carries a small weight to keep it taut,
while the other is attached to a micrometer screw

and a pan to carry several weights. A spirit level

is attached to the first wire and rests on the mi-
crometer screw of the second wire. Adjust the screw
until the spirit level ¢s horizontal, and take the
reading on the screw as the zero reading. Add a 500
gm. mass to the pan of the second wire and readjust
the micrometer screw until the level is again hori-
zontal and note the reading. Repeat by adding 500 gm.
each time and taking a reading each time until a total
of 4.5 kgms. have been placed on the pan.

Now remove 500 gm. masses each time and take a
reading at each unloading until finally the pan is
empty. (The final reading should not differ from the
initial reading by more than .2 mm. |f it does, then
repeat the experiment, taking more time and care to
make your readings.) Take the mean of the observa-
tions for each load as the actual reading for that
load. Tabulate your data. Now subtract the first
reading from the third, the second from the fourth,
etc., and obtain four values for the increase in
length when the load is increased by 1.0 kg. Take
the average of these as the best value.

Measure the diameter of the wire with a micro-
meter gauge at 5 different places along the wire,
taking two readings at right angles to each other at
each place. This must be done very carefully. The
length of the wire is given by the Instructor.

Calculate the stress in dynes/cm. 2 and also the
strain. From these calculate Young's Modulus for
steel and give the units.

Convert your result into the F.P.S. (British)
system.

Part 2

Would a change of temperature or a vertical
motion of the support affect the results in Part I?

Show that the method of averaging used in Part
| is a better representation of the accuracy of your
measurements than if you would only average the dif-
ference for each 500 gm. increase in load.

Calculate the potential energy of the wire when
loaded with 4.5 kg.
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TEST EXPERIMENT 11

le Two light wires of the same length and diameter are joined to-
gether end to end. This arrangement is susypended vertically with
& weight hanging on the lower ends The Young's modulus for the
upper wire is 8....dynes/sq.cm. gnd b....dynes/sq.cm. for the
lower wire. The weight elongates the upper wire ceeeocme The
elongation (in cm.) of the lower wire is (1) y (2) ’

(3) ’ (4) 3 [ . '] . . [ . . ® [ . .

. L 3 . . L . . L . [ ] L]

2. Young's modulus for steel is @a....dynes/sq.cme. The force (in
dynes) required to give a steel wire of length be..e.cm. and cross-
sectional area Ceeee8qscm. an elongation of dessocm. is (1) ’
(2) ’ (:‘)) i ] (4) . L] . . . L] L[] . L] ] L] L] . . . . L3 [ ]

3. If a wire would break at ses..lbe per sq.ft., the length in
feet of the same kind of wire with & cross-sectionel area of
booooSQofto end a deﬂsity of Coo--lbo/cu- ft. thet would hang
freely without bresking is (1) y (2) y (3) , (4) .

4. A 8.e.. meter length of wire whose crcss-sectional area is

bPeees2qecm. and whose breaking point is ce...kge. per s8q. cm. is

used to hang a picture. If both ends ar: fastened to the picture

and the wire is strung over & hook so that its two equal sections

meke an angle of de...dege. with eech other, the hecviest picture
?h?t can be hung weighs %in kgo) (1) y (2) , (2 ’
4 . L] L] L] L] L] L[] L] L L] . L] o L] L] L]

. . [ e o L] [ . . e o o o

5« A wire a....meters long whose cross-section is beseseeqecme is
stretched ceseoecme. by a weight of deeceskgs Young's modulus is (in
dynec per sqg. cm.) (1) y (2) y (3) y (4) e o o

6. The Young's modulus of a wire a....ft. long whose cross-sec-
tional ar<a is be.eeBQs in. is Ceesolb./8q.in. 4 force of desee
lbs. wiil stretch it a distance (in ft.) of (1) y (2) ,
(3) , (4) L] L] . L] L] L] L] . . . L L ] L] . L] L] L . L] L] ® . L] 1

7¢ & wire s...emeters long and beesesqemmes in cross-sectional area
is stretched ceo.s.cms Its Young's modulus is de....dynes/sqe. cme.
The potential energy in the stretched wire is (in ergs) (1) ,
(2) ] (3) [} (4) L] . . L] L] L[] L] L] L] L ] . L] Ld L] . L L] ] .

8« A wire is stretched @a«..cecme by a forcc of beeeekge The po-
tentiel energy in the stretched wire is (in ergs) (1) ,

(2) ] (5) | ] (4) L] L] . . L] L 3 L] L] L] L] L] * . L] . . L] . *
9. A wire @ass..cm. in dismeter is wrongly read 28 beesocm. in dia-
reter. This introduces an errcr in the calculation of Young's
modulus of (l) ’ (2) ’ (3) ’ (4) e o o o o o o o

10. An elevator gust carry a load of a...elb. with an acceleration
of beecoft./sec.~* If the safe working stress of e steel cable is

Ceseelbe rer 8qein., the minimur cross section (in sq. in.) of the
cable used is ?l) y (2) y (3) y (4) e s o o o
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Experiment 12

ARCHIMEDES' PRINCIPLE

Object:

To make use of Archimedes' Principle to cali-
brate an hydrometer and to determine the density
and specific gravity of a solid and liquid.

ratus:

Hydrometer, 100°C. thermometer, Vernier cali-
per, meter stick, ice, graduate, samples, scales
and weight.

Theory:

The mass per unit volume is called the density

of a body. Letting m represent the mass of a body,
V the volume, and d the density of the body:
D) g=2

v

The specific gravity of a liquid is defined as the
ratio of the density of a liquid to the density of
water at 4 degrees C. In other words, it is the
number of times heavier the given liquid is than
the same volume of water at 4°C. The hydrometer
is an instrument used to find the specific gravity
of a liquid. A sketch of the instrument is shown
in Figure |I.

According to Archimedes' Principle, the weight
of the liquid di_splaced.,'equals the weight of the
instrument when floating in the liquid. This can
be stated in letters as follows:

Vo dg=mg,
where V_ is the volume of the displaced water (for

the K level) at 4°C. and m is the total mass of
the hydrometer. Since d is | gm./cc., numerically

= m for water at 4°C.

vO
A
2 ".‘5_:_
K . &

HyOat
#c

If the instrument
be placed in a liquid
of density, dy such
that it floats with
the surface at P,

Ve Archimedes' Principle
gives: :
V°d1g+Ahd19=mg,
where A represents the
cross-sectional area of
the stem of the hydrometer and h the distance be-
tween the P and K levels. Then

Figure |.

(2) dy - m = m
Tt whed A I e N
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If mA, and h are measured, Vo and the Sp.g. can be
found experimentally,

From the relation W = m g, the masses of bodies
are proportional to their weights at any single place
(3 = constant). If we weigh a body using an equal-
arms palance, we are comparing its mass and its weight
with the mass and weight of the standards used. It is
customary to say that a standard mass of one pound has
a weight of one pound, a standard mass of one gram has
a weight of one gram. Since we determine the mass of
a body by comparing its weight with that of the stan-
dard masses, the usual units for density are pounds/
cu. ft. and grams/cc.

Archimedes' Principle states that the buoyant
force actiny upon a body submerged in a liquid is equal
to the weight of the liquid displaced. In determining
the density of a solid, this principle is useful in
finding the volume of a given body.

Supposing that the body weighs m, grams in air,
its mass is m, grams, Suppose also that it has an
apparent weight m  grams in water. From Archimedes’
Principle the volume is:

6) v=Ta-

d

W
where d is the density of water. From this:
m.d
(¥) d=-t=_2w
v my- M,

Suppose now that the body has an apparent weight
of mgrams in a liquid of unknown density. From
Archimedes' Principle, the weight of the volume V of
the liquid is m, - py, where V is given by equation
(3). Then use equation (1) to obtain:

(5) g =Tam™ 4.
My = My
Exper iment

Part |.

Weigh the hydrometer carefully and measure the
diameter of the stem with a vernier caliper. Put the
hydrometer into ice water at 4°C. to get the reading
at K, the surface of the water. Measure a series of
distances h, one for each main reading on the hydro-
meter. Calculate the sp.g. for each value of h, and
plot a curve with the hydrometer readings as abscissae
and the differences between these readings and the
calculated values as ordinates. Such a curve can be
used as a correction curve for the hydrometer.
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part 2 .
Measure a series of distances h for the Baume'
scale with equal divisions of length, and calculate
the sp.3. corresponding to each mark on the scale.

Part 3

The Baume' scale for liquids lighter than water
starts at zero for a 10% solution of salt water.
It reads 10° for water at 4°C. and 70° for liguids
of sp.g. .700. Let q be the distance from K to P,
where P is the surface of liquids of sp.g. .700.

If q be divided into 60 parts, each part will
be the length of each Baume' degree, and for any
reading b on the Baume' scale, the corresponding
distance h is L (b - 10). From Equation 2 one
gets:

m |

36

Calculate the value of Aq/60m for your hydro-
meter and check your Baume' scale calibration with
equation (6).

Part 4

Using the equal-arms balance, weigh the sample
(solid)in air, and find the apparent weights in water
and in the solution given. Take the temperatures of
the water and of the solution. Look up in a table
the density of the water d . Using equations (4) and
(5), calculate the densities of the body and of the
solution.

The specific gravity of any substance is defined
as the ratio of the density of the substance to the
density of water at 4°C. d_ at 4°C. is Igm /ec. or
62.4 1b. /cu. ft. Calculate the specific gravities of

the solid and the liquid used. From these values cal-
culate the densities in the British engineering system
of units. ‘

(6) sp.g. = Aq - Aq
+ 50100 | +55n(b-10)
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TEST EXPERIMENT 12

le An @essegme hollow sphére just floats when completely submerged
in water. If the shell is of aluminum (8p.gr.2.6), the volume of

the cavity (in cc.) is (1) ., (2) v (3) . (8) e .. |

2. A light balloon is first filled with hydrogen (density approx.
0.09 gm./liter) and then with helium (density approx. 0.18 gm./
liter). Neglecting the wt. of the balloon and taking the volume upon
inflation as as...cc., the 1ifting force of this balloon when

filled with hydrogen is bee.eo.gme When filled with helium, the
1ifting force of the balloon is (in gm.) (1) y (2) ’

(3) '(4) oaooooooooooaoo-oooo'ooo(

3. The density of a block of wood is @....gms/ccs The fraction of
ite volume which will remain above the surface when it is floating
in water is (l) ’ (2) ’ (3) N (4) e o o o6 o o

4., If the specific gravity of a liquid is &¢ees, the amount of
water to be added to b....gm. of the liquid to get a mixture of
8DegTe Cessels (in gm-) (1 ’ (2) ' (3) ’ (4) ¢« o o

5. The specific gravity of a metal is a...« The weight of beeso
cu. ft. of such a metal is (in 1b.) (1) y (2) y (3) ’

(4 [] 3 o o . ] . . . . e o o . [ (] L] . . (] e o o e o e & o o o

6. The apparent weight of 8....cu. ft. of a metal of sp. gr.
besoowhen immersed in water is (in 1b. ) (1) ’ (2?

(4 o o L] e o o o . [ . (] L] ¢ o o o o o e o o o o o e & o & o o

7« A block of metal weighs 8e¢eselbe in air and beesslbe in water.
Its sp. gTe is (l) ’ (2) ’ (5) ’ (4) ® o o o o o

8. A stone of sp. gr. @8....weighs beseelbe in air and ceeceelb. in
0oil. The sp. gre. of the oil is (1) y (2) y (3) ’

(4) e 6 & o &6 & & o o o o o e o o ¢ o e o & o o e o 5 o & o o [ ]

9. A tube of glass aeesecme. in length and beesop }s cme in cross-
section is sealed at both ends after some mercury is placed in it.
When floating upright in water, the surface of the water 18 Ceees

cm. from the bottom end. When the tube is placed in alcohol of sp.
gre. 0.8, the surface of the alcohol will be at a distance from the
‘bottom of the tube equal (in cmes) to (1) y (2) , (3) )

4 o o o o [ ] o o0 e o o6 o o o o o e o o o o o [ ] e o [ ] o o o o o

10. If the tube of problem 9 is floated in a salt solution, the
surface of the solution is a....cm. from the bottom of the tube. The
?p; gr. of the solution is (1) , (2) y (3) '

4

e o o e o e o o o ] [ ] e o ] e o o e o L] [ ] ¢ o e o . L] e o o

(

y (3)
) (

(

(
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Experiment (3 that the liquid will flow through the horizontal tube,
keeping the upper surfaces in the vertical tubes at
COEFFICIENT OF EXPANSION OF A LIQUID the same level. Sufficient air is left in the in-
verted U-tube to keep the short columns separated. The
Object: . . liquid in the left-hand tube is kept cool at a tem-
Tt? determine the absolute coefficient of cubic perature ty and the liquid in the right-hand tube,
expansion of oil. over a length Hg , is heated to a temperature tg by
Apparatus: means of a steam jacket. Then the oil in Hg becomes

less dense and is no longer able to balance the other
columns. Hence the oil rises in the left-hand branch
of the U-tube and falls in the right hand branch.

Regnault's Apparatus as provided in the lab-
oratory, meter stick.

Theory: Consider the pressures at the various levels de-
Since the volume of any container changes noted by P. K., Piand Po. The pressure P at the

with temperature, it is impossible to determine bottom of the heated column is:

the true expansion of a liquid by direct measure-

ment in a simple vessel. Such a measurement P = P. + Hodaog, (1)

would give what is known as the apparent or re- where Pc is the pressure at the top of the heated

lative expansion, which is the difference be- tube and dg is the density of the heated liquid. From

tween the two expansions, that of the liquid and the figure it is seen that: '

that of the vessel.
b= “g - H1 - a.

The pressure Pg may be expressed as:

‘
47 HCL9T
1:-; -x Pa =P, - bdsg,
’ where dy is the density of the cool liquid. By using
2 eq. (1) and the expression for b, Pg is mt into
H. W the form:
1 U Hz
g Pa =P, +Hgdgg - (hg - Hy - a) dy g. (2
2 The pressure Py is:
x N
R / Py =Py + Hy dy g 6
; But since the columns of the U-tube are balanced,
— PL = P and hence eq. (2) and (3) are set equal:
+¥-p Pe + Hodog - Hody gt Hidig + adsg = P, + Hydyg
Figure | Hodog - Hgdyg + adyg = 0
The French physicist, Regnault, devised a de "
method whereby the actual expansion and the co- —d; = H_Lg — .
efficient of expansion could be determined from (w)

direct measurements without having to take into
account any changes in volume of the container.
This method employs the principle of balancing

Denoting the coefficient of expansion of the
liquid by B, the volume becomes:

liquid columns and the fact that the density of Vo=V (1 + BY).

a given mass of material varies inversely with _ t o

its volume. The arrangement of the ayparatus is But _ =
shown in Figure I. Vo ‘9; a t d, .

Vertical tubes about one meter in length are

connected by a horizontal tube near the upper ends Hence L
and by an inverted U-tube at the lower ends. The ~== (1 +Bty ,
system is filled with the liquid (oil) whoee co- d1 4,
efficient of expangion is to be determined, so and
=L +pta) .
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Elimination of d_, the density of the oil at 0°C,
gives:

di=1+Bte 5
T T+ ®

Substituting eq. (4) and solving for B gives:

a

P= Ho (ta - ti) -at - ()

X

1%

Another arrangement which embodies the same
principles is shown in Figure 2. By the same line
of reasoning one can prove that (8) holds for this
arrangement as follows:

+
As pbefore, d_l = _'._._.B_tf and Hy = Hp -a.

dg I+ Ptl

At P Hedog = Hyd1g.
By eliminating dy,da. and Hy and solving for P one
gets equation (6). )

Experiment

Part |

The instructor will see that the oil levels
in the tubes are properly adjusted. Open the
water valve about one fourth turn, or just enough
to let water flow slowly through the cooling jack-
et. Too rapid water flow may burst some of the
hose connections.

See that there is plenty of water in the boil-
er. If it boils noisily, fresh water or some bits
of glass in the boiler may be necessary. After steam
begins to flow from the heater jacket, note the value
of "a" at intervals of a few minutes until no further
definite change is observable. The oil may now be
assumed to be at steam temperature, which latter may
be determined from the barometer reading.

Measure "a" by means of the vertical scales and
Hz with a meter stick. Index points are provided to
assist in measuring Ha. Each student in the group
is to make these measurements independently, after
which the results should be compared. |f they check
quite well, use them for computing. If they do not
check, repeat the readings and find out if possible
why they did not check. A student working alone
should make two or three separate readings.

Part 2

Is it apparent to you that this method will give
the absolute coefficient of expansion of a liquid?
In what manner will the following affect the results?
(Give reasons for your answers.) (a) Nonuniformity
of the inside diameter of the tubes used in the ap~
paratus; (b) Differences of temperature of the liquid
in the two arms of the U-tube; (c) Inclination of the
oil tubes.
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TEST EXPERIMENT 13

l. The ratiac of the density of iron at a....deg. C. to that at
Dessodege Co 18 (l) ’ (2) ’ (3) ’ (4) ‘ e o o o o

2. A bar of iron is a..s.ft. long at bes..deg. C. Its length at
Ceesedege Co (in ft.) is (1) y (2) y (3) , (4) o o

3« The apparent coefficient of cubical expansion of mercury in
glaBB is fl) ’ (2) » (3) ’ 4) e e o o 0o 0 0 o o

4. The Pennsylvanias Railroad has a 4 track line between Pittsburgh
and Philadelphia (300 miles)s Due to a temperature difference of
8essedege C., the road will have less track in winter than in
summer by an amount (in ft.) of (1) y (2) y (3) ’

4) [ ) e o [ [ L] . L[] . . . L [ ] L . . L] L] L] L] . . L] . (] . L] [ 3 L] L]

S5 If a glass tube 8....8Q. cm. in cross-section contains bessscce
of mercury at c....dege C., the height of the column at d....deg.
Co will be (1n ems) (1) " o (2) o (3 Tay

6. At room temperature the inside diameter of a length of copper
tubing is a.s..cm. and the diameter of a steel rod is b....cCm.

In order to slip the tubing onto the rod, the temperature of the
tubing must be increased by (1) y (2) y (3) , (4) .

7 A steel railroad car of a....gal. capacity ies filled in Texas
with gasoline when the temperature is b....deg. C. When the car
arrives in Indiana the temperature is c....deg. C. The capacity
of the car has decreased by about (1) ’ %2) , (3? ’
(4) gallons @ 6 0 6 0 o o 6 0 0 ¢ 6 o o & & 6 6 0 & ° & o ° & o

8. The Indiana purchaser will find that the tank of (7) lacks
being full by about (1) y (2) y (3) y (4)
gallonﬂ ® o o o 8 s s 6 0 o o @ & & 6 o 0 0 0 0 0 6 e s 0 s 0

9. The total space that must be left between rail joints of an
8.reemile track to allow for an expansion due to a temperature
rise of beseoodeg. C. is (in mi.) 1) ’ (2) ’ (3) ’

(4 e o o [} (] [ ] [ o o o o e oo o ¢ o o e o [ e o e o e o o o [ ]

10. A glass bottle holds &..s.cce 0f mercury &t bees.dege C. When
the bottle and mercury are at cs..e..dege. Co, the number of cc. of
?z§cury that the bottle will hold is %l) ,y (2) y (3)

e o o [ ] o o e o o [ ] . e o o o o e o e & 6 » o o ® o o o o

(

(
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Experiment 14

HEAT OF FUSION OF ICE AND HEAT OF VA-
PORIZATION OF WATER

Object:

To learn calorimetric technique and to de-
termine the heat of fusion of ice and the heat of
vaporization of water.

Apparatus:

Weights, calorimeter, 50° thermometer, 100°
thermometer, cup, steam boiler, steam trap, watch.

Theory:

By definition the calorie is the amount of
heat necessary to raise the temperature of one yram
of water from 15° to |6°C., hence to raise x grams
of water from a temperature t1 to a temperature to
takes x (tg -ty) calories. This amount of heat
always produces the same change in temperature for
the same amount of water provided that there is no
change of state occurring between the temperature
limits. Likewise a definite amount of heat is re-
guired to raise the temperature of x gm. of iron
from t1 to tg ; and for any given substance a
definite amount of heat is needed to raise a given
mass through a given temperature range. It is often
convenient to use the amount of heat required to
raise one gram of a given body by one degree. This
is found by dividing the mean thermal capacity of
the body by the mass of the body. This ratio is
called the mean thermal capacity of the substance
and is denoted by c:

c=——9
m(tg - t]_)

The ratio of the mean thermal capacity of the
substance to that of water is called the specific
heat of the substance. This quantity is a pure
number; and since, by definition of the calorie,
the mean thermal capacity of water is one calorie
per gm. per deg. C., the specific heat of a sub-
stance is numerically equal to the mean thermal
capacity of the substance. Then the amount of heat
required to raise the temperature of a body of mass
m grams and of thermal capacity c¢ cal./gm. /deg. C.
from t1 to tg is:

0=mc (tg - ti) calories. (1)

Also, if the same body cools from the temperature
to to ty , it gives off the quantity of heat given
ineq. (1). :

41

Two bodies, originally at different tempera-
tures, finally come to the same temperature when
placed together. The body at the higher initial
temperature loses a quantity of heat equal to

0=m1c1 (th’t) ’
where t, is the initial temperature and t the final
temperature. The cooler body absorbs an amount of
heat equal to

Oz=mgco (t -t),
where tc is the initial temperature.

If this exchange of heat takes place in a region
where no heat can enter or leave, i.e., an isolated
region, and there is no chanye of state, then the
heat lost by one body must equal that gained by the
other body. Hence

mocy(ty - t) =moca (t-t)

Similarly if n substances are at a temperature
to , and m substances at a temperature ty , upon
contact the m + n substances will be at the same temp-
erature t, and the amount of heat lost by the n sub-
stances must equal the amount of heat gained by the
m substances if they are in an isolated region.
Consequent 1y

m
| ml] cli (th = t) =T msi Cai (t -tc) .
: i=|

M s

When a substance changes state, e.g., from a
solidto a liquid, or liquid to a vapor, or vice versa,
heat is absorbed or lost without change in tempera-
ture. Since the heat absorbed in changing a unit
mass of solid to liquid, or liquid to vapor, is exact-
ly regained in reversing the process, this heat is
called the latent heat of vaporization (or condensa-
tion), L¢ . To account for this heat one must then
add to the heat equation a term of the type mL, where
m is the mass of substance which changes state.

Any apparatus supplying approximately the condi-
tions of an isolated region is called a calorimeter,
and usually consists of a metal cup in which the heat
exchange takes place, supported inside a metal jacket
by an insulating ring, and fitted with a stirrer and
an insulating cover. The inside cup is highly polish-
ed to reduce transfer of heat by radiation tc a mini-
mum, and the space between the cup and jacket is kept
dry to reduce heat loss by conduction through the air.
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If the calorimeter is below room temperature
at the early part of the experiment it yains heat
from the surroundings by radiation. |f at the
latter part of the experiment the calorimeter is
at a temperature above that of the room it loses
heat by radiation. Hence to get correct values for
the latent heat of fusion of ice or heat of vapor-
ization of water corrections due to temperature dif-
ferences must be made. To do this, temperature
readings at intervals of about 30 seconds must be
taken, not only during the melting of the ice or
condensation of the steam but also for about five
ninutes before and after these operations.

In the case of the
heat of fusion of ice a
curve like that of Fijure
| is obtained. For the
heat of vaporization of
steam a curve like that
Fimre in Figure 2 is obtained.
In either case prolong
the curves A3 and DE and
draw the ordinate which
divides equally the area
~formed with the part of
the curve, 3C. Where the
ordinate cuts the pro-
longed lines, i.e., at
G and H, the correct tem-
peratures are given.

A

Figure 1

TEri>

Figure 2

Experiment
part |

Weigh the cup of the calorimeter and also the
stirrer. Knowing the specific heat ot the material
out of which these are made (Cu or Al), the thermal
capacity of the cup and stirrer can be computed.
Partially fill the cup with a known mass of water,

. Before adding the ice, take a temperature
run of the water. Add a known mass, m; ., of ice
and stir, always checking the temperature of the
mixture every 30 seconds. After a constant tem-
perature has been reached continue the tempera-
ture run for 3 minutes. Weigh the cup again to
get the mass of ice melted. The amount of heat
lost by the water, cup, and stirrer is

Q- (m,c, *m oc.+Mcg) (t, -t) cal
The heat gained by the ice is

Q=m L +moc, (t-0%) cal.,

42

Since the heat lost equals the heat gained

(mocy*mcotmoeg)(t, - th=milyg 2
+m c,(t - 0°C.),
from which Lg, the heat of fusion of ice, can be cal-
culated.
Calculate Lf using the correct values of temper-
ature as obtained from a plot of your data similar
to Fig. 1.

Part 2

Heat water in a boiler during Part | of the exper-
iment. |f the water in Part | is not already about
10°C. below room temperature chill it. Take temperature

reauings for a few minutes at intervals of 30 seconds
before the steam is added. (The steam is ready when
steam is shooting out of the steam trap.) Quickly in-
sert the steam tube into the water of the cup. Keep
reading the temperature and stir contihuously. When
the temperature reaches 45°C, quickly remove the steam
jet, but centinue the stirring and the recording of
the temperature for three minutes more.

Remove the cup and weigh carefully. The differ-
ence between the weight at the end of Part | and this
weight gives the weight of steam condensed. Read the
barometer and find the boiling point of water from
the table. The heat of vaporization can be computed from

(mcu * eGe * mey) (- t) =mL,
+mc,(t, - t), (3)

where t_ is the temperature of boiling water, m, is the
mass of vapor condensed.

Using a temperature-time chart like Fig, 2 obtain
the correct temperatures and calculate the correct heat
of vaporization.

General Precautions:
I. Keep the space between the cup and the jacket

dry.

2. Do not splash water out of the cup.

3. Keep cover on except when inserting ice (or -
steam) .

4. Put ice below the stirrer.

5. Keep the thermometer bulb submerged but not
touching the ice (or steam jet).

6. Do not allow the temperature to fall below the
dew point.

7. Stir continuously.
3. Make all weighings with care.
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TEST EXPERIMENT 1%

ls The number of calories reqﬁired to change a...egm. of ice at
O dege Ce to @eooegme of Bsteam at 100 deg. C. is (1) » (2) ’

(3) » (4 L B I L I S A .

2. The number of B.T.U. required to change a.esslbe of ice at 32
dege Fo to beoeelbe of water and Ceeselb. of steam at 212 deg. F.
is (T) * ’ (2) ’ (3) ’ (4) e 6 8 ¢ 6 o o o 0 o o

3¢ The melting of ae....gm. of ice absorbs from a_glass of hot tea
(l) ’ (2) ’ (3? ’ (4) calories « o ¢ o ¢ ¢ o o

4. A plece of copper with water equivalent a....gm. heated to a
temperature of bes..deg. C. is placed on a cake of ice at 0 deg.
C. The mass of ice meited (in gm.) is (1) , (2) ’

ﬁS) ’ (4) ® 6 o o o o o 6 s 6 & o o o & 6 s s s s 6 0 s o

5. Aecesogm. of steam at the boiling point are turned on a large
block of ice at 0 dege Ce« The mass of ice melted is (in gme)
(l) 9 (2) ’ (3) ’ (4) e o o ¢ o o 6 s o o o o

6. A piece of ice at O deg. C. weighing a....gm. is placed in a
large chamber filled with steam at 100 de%. C. The amount of
steam condensed is (in gm.) (1) y (2 ,» (3) , (4) « &

7« A plece of ice weighi 8.e0s.gm. is placed in a calorimeter
(water equivalent b....gm?% containing ceesegm. of water at deses
dege C. The final temperature of the mixture (in deg. C.) will
be (1) y (2) y (3) y (4) - o s o o 0 0 0 0 0 0 00

8. In an experiment to measure the heat of fusion, the temperature
of asesegme of water (including the water equivalent of the calori-
meter) is lowered from bes..dege Ce to Cess.deg. Co by the addition
of deeeegme. of ice. This set of data gives for the heat of fusion
a value %?n cal./gm.) of (1) y (2 y (3) s (4) .+ &

"9. Steam of mass @.r..gm. at 100 deg. C. is turned into a calori-
meter (water equivalznt be...gm.) containing C....gm. of water at
des..degs C. The final temperature of the mixture (in deg. C.)
Will be (l) [ (2) '] (3) ') (4) 0000000000000 00

10. In a steam radiator system steam (s.he 0.5) is brought in at a
temperature of ase¢..dege. C. and sent out as water at be....deg. Co
If ceovegm. of steam are sent into the system each second, the
amount of heat evolved per sec. (in cal.) is (1) y (2) ’

(3) » (4) e o ¢ o o o o o o o o 6 o ° 0 o 0 0 0 o o o o 0

43



Name: nstructor: Division: . Date. .

Observations, Drawings, Computations: I

Answers and Conclusions: | ) .




Experiment 5
THE SPECIFIC HEAT OF A SOLID

Object:
To measuresthe specific heat of a solid by the
method of mixtures.

Apparatus:

500 grams lead shot; 100 grams aluminum shot;
| copper calorimeter; boiler; dipper; 0-100° ther-
mometer; 0-50° tenth-degree thermometer; Bunsen
ourner; platform balance.

Theory:

Definitions:

I. Acalorie is the amount of heat which will
change the temperature of one gram of water from
15%C. to 16°C. This is more generally (but not so
exactly) defined as "the amount of heat which will
raise the temperature of | gram of water 1°c."

2. The mean thermal capacity of a substance
is equal to the number of heat units required to
raise the temperature of a unit mass of the sub-
stance one degree. -

3. The specific heat is the ratio of the mean
thermal capacity of a substance to that of water
at 15°C.

The mean thermal capacity of a substance is
then numerically equal to the specific heat.

From the above it can be seen that the ther-
mal capacity of water in the metric system is |
cal./gm. /deg °C, and hence the specific heat of
a substance is numerically eaual to "the number
of calories which will change the temperature of
one gram of that substance by 1°C." Definitions
2 and 3 may be applied to the Enjlish system as
well. Thedritish Thermal Unit is defined as
"the amount of heat required to raise the temper-
ature of one pound of water from 60° to 61°
Fahrenheit." Then the mean thermal capacity and
the specific heat remain the same despite the
change in systems.

One other definition is required in this ex-
periment. The water equival f is given
by the product of the mass of a body and the ther-
mal capacity of the substance. It may be thought
of as the mass of water which will require the
same amount of heat to raise its temperature 1°
as that required by the body itself. The metal
containing the water will always have the same
temperature as the water. Once the water equiva-
lent of the metal cup is known, one can add this
value directly to the mass of the water and con~

4y

sider this sum as the effective mass of water.

The method to be used is called the Method of
Mixtures. Its success depends on the fact that when
two bodies at different temperatures are brought to-
gether, the amount of heat lost by the one equals the
amount of heat jained oy the other body (always assum-
ing no loss of heat by radiation). In this experiment
a metal is heated to about 95°C. by being heated dry
in a cup immersed in boiling water. The dry metal is
then poured into a measured amount of cold water and
tne metal and water come to equiliorium at some inter-
mediate temperature. The specific heat can be found
from the following equation:

Heat lost = heat gained,
mty-tgd c=(m +e) (tp-t) 1,

where mx = mass of the metal; m, = mass of the water,
e = water equivalent of calorimeter; tf = final tem
perature of the metal and water; t_ _ initial tem-
perature of the metal; tw = initial temperature of the
water; ¢ = mean thermal capacity of the unknown; ther-
mal capacity of water = |,

The heat gained or lost by radiation fror or to
the surroundings will be least if the initial temper-
ature of the water is chosen a few degrees below room
temperature and the relative amounts of water and metal
are taken so that the final temperature of the mixture
is a few degrees above room temperature. The suggested
amounts will approximate this condition.

Exper iment

Part |

Fill the copper boiler half full of water and start
heating. Be sure the boiler has plenty of water in it
at all times during heating.

Weigh to the nearest gram about 500 grams of lead
shot and place in the copper dipper and set the latter
in the boiler. Insert the 100° thermometer carefully
so that the bulb is well covered by the metal. BE SURE
THAT THE THERMOMETER USED HERE READS AT LEAST 100°C.

While the shot is heating, weigh the calorimeter
(dry): this is the inner cup in which the mixiny is
doneé. Pour into this cup about 150 grams of tap water
and weigh again to get the weight of the water (to the
nearest gram).

When the temperature in the dipper has ceased to
rise (between 95° and 100%), read the temperature of -
the cold water with a tenth-degree thermometer, re-
move this thermometer from the water, check accurately
the temperature of the hot shot, and without loss of
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time pour the hot shot from the dipper into the tecord all the necessary readings and calcu-
calorimeter. late the specific heat of lead shot.

Let the shot and water stand for about ten or
fifteen seconds and then, being careful not to let

the hot shot run the thermometer above the top of Part 2
its scale, stir metal and water thoroughly with the Repeat for aluminum, using 100 grams of aluminum
tenth-degree thermometer and observe the highest in 150 grams of water.

equilipbrium temperature; that is, the temperature
at which the thermometer when pushed well down
into the shot begins to go down slowly and regular-
ly. '

what faétors in this experiment produce errors
in your values for specific heats? In which direction
do they tend to shift your values?
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TEST EXPERIMENT 18

l. The rise in temperature when 8....gm. of copper ( 8. h. =
0.09) at be.c.dage C. ie added to Cess.gme of water at d....dege
C. (in degrees C.) is (1) y (2) y (3) » (4) o o o

2. If it takes a..oemin. to heat besecegm. of soup of sp. heat
Ceesefrom deesesdege to esveodege Co. and the stove is fooao’ ef-
ficient, then the stove must supply heat at the rate of (1) ’
(2) ’ (3) ’ (4) c&lc/hino S T S

3« When 8+c.cegm. of aluminum at be....dege C. is dropped into
CevseCCe 0f water in a calorimeter of water equivalent de.sc.gme,
both calorimeter and water at e....deg. C., the temperature is
raised to fsss..dege. The amount of heat wasted (in cal.) is (1) ’
(2) .(3) .(4) e o & e o & & 0o 0 o o o o o o o o o

4. The water equivalent of the mercury in a glass thermometer is
8esoezgme If it reads be....deg. C. before being immersed in c.s..gm.

of water at d....deg. C., it will read after immersion (1) ’
(2) ] (3) ] 4) [ ] [ ] L] L] L . . L] . * L [ ] .. ] [ ] [ ] L] L] [ ]
5¢ A block of metal weighs &:.sslbe and its water-equivalent is
F.;.JB-T-Kp The specific heat of the metal is (1) y (2) ’
3 [] ~ L ] [ ] [ ] [ ] [ ] [ ] [ ] L[] L ] [ ] [ ] [ ] [ ] L] [ ] [ ] . [ ] L ] [ ] ® ] [ ] [ ] [ ]

6¢ Aeceescce of alcohol (sp.gr.=0.8 and Boho-O-G) at b.sodeg. C.
is poured into a graduate whose water equivalent is Ccec.ogm. at
room temperature (25 deg.c.). The alcohol will be cooled (1) ’
(2) ’ (3) ’ (4? d.egrees C. ® o & o o o o 8 o o o

7. A vessel of lead (B.he=0.033) weighing a.e..sgm. has the same
water equivalent as a copper (s.h.=0.09) vessel weighing (in gm.)
(l) '] (2) [ (3) '} (4) [ ] [ ] L] L] L] L] [ ] [ [ ] L] [ ] [ ] [ ]

8s It is desired to raise the temperature of a....lb. of water at
Deesedege Fo to its boiling point by immersing in it ce...lb. of cop-
per (a.h.-0.0Q?. The temperature of the copper (in deg. F.) must
be(l) ’ 2) .fS) » ) ® o o o o o o o o o o

9« A tin vessel of aooiogmo containe bessegm. of water at Ceeoo
deg. C. If the temperature of water and vessel rises d....deg. C.
upon the addition of e....cal. of heat, then the specific heat of
tin is (1) » (2) » (3) o (4) ¢ ¢ 0 0 0 o o 0 b o

10« The following pieces of metal are added to &«...cc. of water in

& container whose water equivalent iB beecegme: Coeeceegm. of lead
(Behe=0.33) at Qecsedege Coy €eceegme Of copper (s-h-~0-093) at
fnu(lOGo C., and g...ogn. of zinc (B‘h--0o095) at heeoedeg. C.

If the final temperature is i....deg. C., the original temperature
in dege Ce¢)of the water and conteiner was (1) s (2) ’

?3) , (4

(

(

(

(

(
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Experiment 16

CbEFFICIENT OF EXPANSION OF A SOLID

Object:
To determine the coefficient of linear expan-
sion of a metal rod.

Apparatus:
Expansion apparatus, two 100° thermometers,
steam boiler.

Theory:

In this experiment the coefficient of linear
expansion of a metal rod is determined. A metal
rod, when heated uniformly over its entire length,
expands and every unit length of the rod pecomes
longer. The increase in length of each unit
length for one degree rise in temperature is call-
ed the coefficient of linear expansion. This co-
efficient depends upon the temperature scale used,
but not upon the unit of length employed. This co-
efficient can be expressed as:

£ - )

dz ’
Lt

where o= coefficient of linear expansion, L =

47

the original length, € = change in length produced
by the temperature change t.

The apparatus' used is shown in Figure |. Measure
the length of the rod to the nearest millimeter with
a meter stick. Place the rod R inside the jacket J
so that one end is placed firmly against the end plate
8. Bring the micrometer screw M into contact with the
other end of the rod and record the reading. Screw oyt
the micrometer at least one centimeter to allow for
the expansion. Insert a 100° thermometer into the
opening T and record the initial temperature. Leave
the thermometer in place. Pass steam from a boiler in-
to the jacket through one of the openings in the jacket.
Continue to heat the rod until the temperature reaches
a constant value. Then bring the micrometer screw in-
to contact with the end of the rod and record the read-
ing. Record the temperature.

From the measured change in length, change in tem-
perature,and original length calculate the coefficient
of linear expansion of the rod from equation (1).

Repeat the measurements and calculation for a rod
of different material.

Figure |
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TEST EXPERIMENT 16

le. The coefficient of linear expansion of the steel in a bridge

is aseeeper degree Co If the maximum change in temperature is
besssOC, and the bridge i8 Cesesft. long at the minimum tempera-
ture, the change in length of the bridge (in ft.) is: (1) ,
(2) ,(3) ,(4) e e & o o O o o & o o6 o6 o o o o oo o
2+ _A rod has a cross sect%on of @¢ess8qe cme (Young's Modulus =
1010 dynes/sqe. cm.; o<=10-° /°C.) The force required to extend
the rod the same amount as the expansion would produce by heatin

it through bess+s¢°Ce (in dynes) is: (1) s (2) y (3) ,(4

3. The cables of a suspension bridge are a....ft. long, and the
coefficient of linear expansion of the steel of which they are
constructed is be...per °F. If the maximum and minimum temper-
atures to which they are exposed are c...%. and d...°F., re-
spectively, the maximum change in length of the cables (in ft.)

is: (1) y (2) y (3) y (4) e o o o o o s o s o »
4. A metal bar is aesss.cm. long at bessesdegrees C. and CeosseCme
long at d...odegrees Co Its average coefficient of linear ex-
pansion per degree C. between these temperatures is: (1) 0"

(2) ,(3) '(4) ® 6 o o 0 & 5 o o s o o s s s 0 s s o

5. A wire @aesees8qge in. in cross-section (Young's modulus g

106 1vs./ 8q. in.) is held from contracting when the temperature
is reduced from be+:eOF. to Cees®F. The tension in the wire is
deesepounds. The average coefficient of linear expansion is:

(l) ,(2) ,(3) ,(4) 906 o o o 0 6 o 8 o o o o o

6. Two metal rods are arranged to gompensate for changes of
length due to temperature changes. The distance between the free
ends will remain constant. The coefficient of linear expansion
of the short rod is ae.sseper degree F. and its length is bese.ft.
If the long rod is cees.fte long its coefficient of linear ex-
pansion per degree F. is: (1) y (2) y (3) y (4) o o @

7« If a railroad were made around the earth at a latitude of a....
degrees and the rails were all welded together, (coef. of linear
expansion = be..s/°F) (radius of earth at equator = besee.mi.) the
rails would rise from the earth, with a change of temperature of
CeeseOF., a distance (in ft.) of: (1) s (2) y (3) ’

(4) ’ 6 6 o 0 o o o6 o o o 6 o o 06 6 6 6 s & s 0 0 s s 0 0

8¢ A wire of 0.0l 8q. in. croes-section, with coef. of linear
expansion of @e.e+/°F., Young's Modulus of bessslbe per sg. in.
and dessofts long, hangs freely with one end attached to a rigid
beam. A weight of eseeslbe i8 now fastened to its lower end and
then the temperature rises f....degrees Fe The length of the wire
increases(in ft.): (1) y (2) y (3) , (4) Te o o

9. If an error of @....% is made in measuring the length of the rod

in this experiment, bv....%4 in measuring the change in length and
Ceses® in measuring the temperature change, the total error in
computing the coefficient of expansion (in %) is: (1) ’

(2) ) (3) ') (4) [ ] [ ] [ ] o o L] [ ] [ . L] (] [ ] [ ] (] (] L] o o L]

10, If the coefficient of linear expansion of a.metal i8 8eceee/
degree F, its linear coefficient of expansion (per degree C)is:
(l ’(2) ,(5) 9 4 .ooc-.oo0ooooo

(

(
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Experiment 17

THE ELECTROSCOPE AND COULOMB'S LAW

Object:
To study the laws of attraction and repulsion
between charged bodies.

Apparatus:

Electroscope, pith balls, hard rubber and
glass rods, wool and silk.

Theory:

An electroscope is a device for detecting
electric charge. The form which is to be used
here consists of a rod to which is attached near
the lower end one end of a metallic foil capable
of rotating in a vertical plane about the point
of attachment. To the upper end of the rod is
attached a metallic disc. In order to shield the
electroscope from stray electric fields, the low=
er portion is enclosed in a metal case. The rod
is insulated from the case by a sulphur cylinder
set in the top of the case serving to nold the rod iq
place. A cover is provided which can sit over the
metallic disc to shield it, A window is provided
in the case so that the metal foil can be observed.
The shielding action is an application of the ice
pail experiment of Faraday in which he showed that
a charge cannot exist on the inner surface of a
cavitous conductor.

The action of the electtoscope depends upon
the fundamental electric property that two similar-
ly charged bodies repel each other. Since the rod
and the leaf are in metallic connection, a charge
on one will be shared by the other and so a force
of repulsion will exist. The deflection of the
leaf then depends upon the charge and the mass of
the leaf.

Such an electroscope may be charged in two
ways, by conduction and by induction. To charge
by conduction an electrified body is brought in-
to contact with the electroscope. Upon contact
the charge is shared with the electroscope and
the leaf diverges.

To charge the electroscope by induction the
charged body is brought near the metal plate. In
this case the leaves diverge just as they did be-
fore. Now ground the electroscope by touching the
plate with a finger still having the charged body
close to the plate. The leaf is now collap-
sed. Remove the finger and then remove the charged
body. The leaf diverges, showing the electroscope
to be charged.

A pair of pith balls may also be used to demon-
strate the phenomenon of electrification and to show

a good example of Coulomb's Law. The pith ball
electroscope consists of a pith ball covered with

a metallic conductor and suspended from a support

by means of a silk thread. If a pair of pith balls
are charged by bringing them in contact with a chary-
ed body and then touching them together, they will
each have a charge of the same kind and magnitude.
Consequently, they will tend to repel each other.

One can measyre the charge on the pith balls in

the following way:

Bring the points of suspension of the pith balls
together and see that the lengths of the suspending
cords are the same. Let the charge on each pith ball
be 0, its mass m, and the angle oetween the strings
20, and the distance between the pith ball centers r,
the length of the strings £ .

The force urging the pith balls apart is by
Coulomb's Law:

2
F= -o-_.
r3 )
The restoring force due to the weight of the pith ball
is F=mqg tan @. Equating these and solving for (, one

obtains Q = ry/mg tan 6.

Experiment

Part |

Record pictorially all observations as well as
write them down. Follow directions in detail.

(@) Charge the electroscope by conduction
with the hard rubber rod. (A charge may be brought
on the rod by rubbing it with felt.) Ground the
eleciroscope.

(o) Charge the electroscope by conduction
using the glass rod. Bring the charged hard
rubber rod near the electroscope which has been
charged with the glass rod. Remove the rubber
rod. Touch the rubber rod to the charged electro-
scope.

(c) Charge the electroscope by conduction
using the rubber rod. Bring the charyed glass
rod near the electroscope. Remove it. Touch the
electroscope with the charged rubber rod.

(d) Charge the electroscope by induction
using the rubber rod. Bring the charged rubber
rod near the electroscope. Remove it. Touch it
to the electroscope.

() Charge the electroscope by induction
using the rubber rod. Bring the charged glass rod
near the electroscope. Remove it. Touch it to

‘the electroscope.
Repeat (d) and (e) but charge the electroscope

by induction using the glass rod.
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Part 2 ,

Charge the pith balls equally using the rubber
rod. Bring the points of suspension together and
measure their separation. Calculate the charge
assuming each pith ball to have a weight of 30
milligrams.

Assuming the charge on the rubber rod to be
negative and a charge which tends to neutralize
the effect of a negative charge, to be a positive
charge, what is the sign of the charge acquired
by a glass rod rubbed with silk?

For Part | make a table showing the original
sign of the charge on the electroscope, the opera-
tion performed, and the resulting sign on the
electroscope as well as the sign of the increase
in the charge acquired in each case.

Explain the operation of charging by induction
on the basis of the electron hypothesis and the
potential theory.
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TEST EXPERIMENT 17

le Two equal point charges separated by a....cme in air repel
each other with a force of b....dynes. The charges may be (in
e.s.u.) (l) 9 (2) '] (3) [] (4) L] L] L] L] L] ] . [ ]

2. The charges in problem (1) are surrounded by a substance of
specific inductive capacity a.... With no other charges present
the force will now be (in dynes) (1) , (2) y (3) ’

(4) L] . . o o & o o L] [] [ [ ] ] o o e o (] [ o e o L] e o o o o o

3« Two equally charged balls weighing a....dynes each repel each
other with a force of be....dynes when separated by ce...cm. in air.
The charge on each is (in e.s.u.) (1) y (2) y (3) ’

(4 e o [ ] o o o L] o o L] [ L] [ ] o o e & & & & o O o o o6 o o o

4. The angle between the string holding each ball in problem (3)
?n? the vertical is an angle given by (1) y (2) y (3)

4 L] L] L[] L] L[] L] L] [ ] [ ] L] L[] [ ] L L[] L ] L L ] L] L] L L L] L ] L] L[] . . ] [ ]
5 A point charge of a.¢seee.3.u. repels an unknown point charge
beesocm. away with a force of ce...dynes. The charge (in e.s.u.)
of the unknown is (1) y (2) y (3) y (4) © o o o

6. Two equal point charges of a....e.8.u. each are separated by a
distance of be....cm. and are surrounded by a substance other than
air. If the force of repulsion is ce....dynes, the specific induct-
ive cap801ty is (l) ’ (2) ’ (3) N (4) e o o o o

7. Two equally charged pith balls weighing a....dynes apiece are
suspended from a common point by threads b....cm. long and are
separated by a distance of c....cm. inh air. The charge on each
ball (in e-s.u-) is (l) ’ (2) ’ (3) ’ %4) o o o

8+ A unit positive charge midway between charges of a....e.8.u.
and beesessse.u. that are coesocme apart in air is acted upon by a
force (in dynes) of (1) y (2) sy (3) ,» (4) « o o

9. Two point charges of a....8.8.u. each repel each other in air
with a force of be...dynes. The distance between them(in cm.) is
(l) [ (2) ’ (3) [ (4) e o &+ 5 0 0 0 0 0 o o+ o+ o

10. If the charges of problem (9) are separated by a substance of
specific inductive capacity a....and the force is the same, then
the distance between them (in cm.) must be (1) ,y (2) ’

(3 ] 4 L] [ . [ L) . L] L] . [] . [ ] [ ] L] L[] (] L] L] L[] L] . [ L] .

(
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2 mi mg
£ )
@ +f2 'Vds + [F
Simpl'ification gives:
2
= _IIE-I_I\_Q—L' or (8)
PEEYEEE
2m,
Fep= € (9)
my (@2 + ¢ 98/
Then
H 2mg
o, £ = tanf. (10)
"e He (d= +e s)s/a
On supbstitution of the constant K defined by ea.
(5), the above becomes:
Um,
202 + {282 tan § = _H_af= K. (1)
e

In measuring the angle of deflection 0 it is
necessary that the compass be tapped slightly in
order to see that the needle is not sticking.

The distance 2 is found by placing the magnet
in an east-west direction and then using the com-
pass to locate the poles.

Experiment

Part |

Place the meter stick in the east-west di-
rection, and place the magnet lengthwise on the

53

meter stick with the north pole toward the compass.
Make four sets of observations recording the dis-
tédnce d and the corresponding angle of deflection

@ for values of @ ranging from 20° to 60°. By means
of formula (5) the values of the arbitrary constant
K are calculated, and the average value found.

The magnet is then turned around so that the
south pole is toward the compass and the above pro-
cedure is followed for the same values of d. The
values of K and the average value are obtained as be-
fore. Mark the position of the compass with a "cross"
chalk mark.

Part 2

The meter stick is then placed in the north-south
direction and the magnet is placed crosswise on the
meter stick north of the compass. With the compass on
the chalk mark as before, make four sets of observa-
tions, recording the value of d and its gorresponding
angle of deflection § for values of @ ranging from 20°
to 60°. By means of formula (11) the values of K are
calculated and the average value found.

The poles of the maygnet are then reversed and
the above procedure is repeated for four values of d
in the same range. The values of K and its average
value are obtained as pbefore.

The four mean values of K thus obtained should be
nearly equal.

Part 3

Average the mean values of K obtained by means of
equations (5) and (I1). Calculate the pole strength
of the magnet where He = .2 oersted.
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TEST EXPERIMENT 18

l. Two identical bar magnets are placed so that the four poles lie
at the corners of a-square @sessecme on a side. If the poles have

a strength of bes.ounits each, the force (in dynes) between the

two magnets is (1) y (2) y (3) , (4) O |

2. A pole of ae..sunits is placed in a magnetic field of be....0er-
steds; the force (in dynes) acting on tle pole will be (1) ’

(2) ’(3) ,(4) e o o & o o & & o 0 & ® B 5 o & o o o

3. Two poles of a magnet are a....cm. apart and each has a strength
of bee.ounit poles. The magnitude of the field intensity outside

the magnet and on its axis Ce.s.escme from the nearer pole is (in oer-
steds) (l) ’ (2) ’ (3) » (4) e o o o o o o o o (

4. In order that two like magnetic poles of equal strength (@ee..
unit poles each) repel each other with a force of be....dyges, the
separation of the poles (in cm.) must ve (1) . , (2) y

(3) , (a) e e e e e e e e e

5. If two poles (strengths; N-a....units, S-be...units) have a
force of attraction between them of ce....dynes when separated by
a distance of des..cmes in a permeable substance, then the perme=~
ability of the substance is (1) - y (2) y (3) ’

4 L] (] . . L] . L] L] L] L] L] . . L] . . . L] L] L] L] L] . L] . . . (] L ] (

6. If two like magnetic poles are placed &<se.cm. apart in a vacu-
um, the magnitude of the force acting upon either pole, if the pole
strengths are beses and cesssunits respectively, is (in dynes)

(1) 9 (2) [] (3) '] (4) L L L L] L L] L] ] . ® [ L] . (

7. If a pole ¢f aecsesunits is placed in a uniform magnetic field,

it experiences a force of bessedynes. As & consequence the magni-
tude of the strength of the magnetic field (in oersteds) must be

(l) [] (2) '] (3) 9’ (4) [ ] [ ] L] [ 3 [ 3 . e L] . L L ] [ ] ® (

8. Two like magnetic poles are placed as.s..cm. apart in a substance
of permeability besss The magnitude of the force acting between

the poles, if the pole strengths are cesseand desesunits respecte-
ively, is (in dynes) (1) y (2) y (3) y (4) o (

9. A compass needle is placed in a uniform magnetic field having an
intensity of a...s0erstedse rsach pole of the needle has a strength
0f besssunits and the distance between the poles is cessecme If the
axis of the needle makes an angle of de..sdeg. with the direction of
the field, the magnitude of the torque acting upon the compass (in
dyne-cm-) is (1) ’ (2) ’ (5) ’ 4 e o o o o o

10. The poles of a magnet are a.ssescm. apart and have a strength of
beeseounit poles each. The magnitude of the magnetic field strength
at a point outside the mignet and on its perpendicular bisector
Ceesocmes from the magnet is (in oersteds) (1) , {2) ’

(3) ') o o o e o o e o o o o o * o e o o o o e o e o o (



Name:

Instructor:

_Division: . Date.______
Observations, Drawings, Computations:

Answers and Conclusions:




Experiment 19

MECHANICAL EQUIVALENT OF HEAT BY AN
ELECTRICAL METHOD (JOULE'S LAW)

Object:

To study the heating effect of a current of
electricity and measure the mechanical equivalent
of heat.

Apparatus:
Heating unit, calorimeter, 50° thermometer,
clock, scales and weights.

Theory:

The electric current strength is defined as
the rate of flow of electricity. When a current
flows in a conductor with resistance the effect
is to heat the conductor.

Joule's Law states that the equivalent work
W done when a current heats a conductor is equal
to the heat in calories multiplied by the mechan-
ical equivalent of heat J; that this work is pro-
portional to the square of the current I, the
resistance R of the conductor and the time t that
the current flows.

W=J0 =.19Rt , (1)
where ) = heat in calories.

An electrical heating unit is used to raise
the temperature of water in a calorimeter cup.
The heat (Q cal.) gained by the water and the
calorimeter is found by measuring the mass of
the water, adding to it the water equivalent of
the apparatus, and multiplying this sum by the
measured temperature change of the water. The
work done (in the form of electrical energy) is
determined by measuring the current, the resis-
tance of the heating unit and the time that the
_current flows. The mechanical equivalent of
heat is then found from eq. (1), Joule's law of
heating. In this equation J is the electrical
equivalent of heat in joules/cal., Q is the
heat developed in calories, I is the current in
amperes, R is the resistance in ohms, and t is
the time in seconds.

55

and ammeter. Do not close the switch until the
circuit has been checked by the instructor,

Put about 200 gm. of water into the calori-
meter cup. The water should de about 4°C below
room temperature; if necessary, cool the cup and
water in an ice chest. Put the cup into the calori-
meter and place the heating unit, stirrer, and ther-
mometer in position. Do not close the switch yet.

Read the temperature of the water every half
minute for about 25 minutes in all, keeping the water
well stirred. After stirring the water about 5 min-
utes, close the switch, noting the time. Read the
ammeter every minute as long as the current flows.
When the temperature of the water is about 4°C above
room temperature, i. e. as far above room tempera-
ture as the initial temperature was,below, open the
switch and again note the time. Continue thermometer
readings and stirring about 5 minutes longer. The
water equivalent of the cup, stirrer and heater and
the resistance of the heating unit are obtained from
the apparatus.

Calculate the value of J from equation (1) with-
out making any radiation corrections.

Teme

Figure |

Part 2

Plot a curve with temperatures as ordinates and
times as abscissae. A curve similar to ABCDE
will be obtained, where B is the point at which the
current began to flow. Project AB and ED and draw
the ordinate which equally divides the shaded area.
The corrected temperatures are indicated at the points

bhere this ordinate intersects the curve.

Use the corrected temperatures and find a cor-

E. \D. Ne.
Experime
Part |

Connect the heating unit to a switch in
series with a battery (or other source of e.m.f.)

rected value of J.

Make a diagram of the circuit.

Calculate the value of J in foot-pounds per
8.T.U.

26143
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TEST EXPERIMENT (9

l. To raise the temperature of &eeeseliters of watér Desesdegs Co
with a heating element that can deliver ceeseejoules of energy per
second will require a time (in seconds) of (l) , (2 ’

(3 ') 4 [ ] . [ ) L[] [ L[] L] L] L] . [ ] L] . . L] . [ ] L] [ . .

2. The expense of illuminating a hallway, so far as the actual cost
of power consumed goes, with a lamp that draws a current of &«e¢.s
amperes from & beesevolt AeC. line for ces..hours, if the cost of
electricity is d...cents per kw. =-hr., is (1) y (2) ’

(3) [ ] (4) . [ . L . L] [ ] [ ] . . [ ) . . . L . [ 3 [ . [ ] L 4 L [ 4 [ ]

3. The power dissipated by a certain resistor is a....watts. If
the value of its resistance in ohms is be...., then the current
éi? amp.) flowing through it is (1) y (2) , (3) '
4

L] L] L] [ ] [ ] e . L] L] L[] L L ] L] . L] L] L L . (] L[] [ L] . L[] . [ ] L ]

4. An electric motor does 8e¢seefte~-lbe. of work in be....hours.
The power rating of the motor (in hp.z (1 hp. is 33,000 ft. lb./min.)
is (1) , n%z ) 4) (

') 3 ] [ ] [ ] [ ] . . . [ ] [ ] [ .

5« If a....amperes flow for b....minutes through a resistance of
Ceessohms, the heat (in cal.) developed is (1) y (2) ,

(3) ’ (4) @ 0 0 o 0 e o o6 o o 6 o6 o s s o 6 o o & o o o

6. In problem (5) the work in Joule)as done by the current is

(l [} 2 '] 3 '] 4 L] . L] L ] L] . L] [ L[] L d . [ ]

7 A heating element is to raise ae.sse.gm. of water from 200¢c to
100¥C in beessseconds. If the element is to operate on csesevolts,
its resistance (in ohms) must be (1) y (2) y (3) .

(4) e o 6 6 o o o 6 5 s s o o o s 8 s 6 s e s s e s e s s s e

8. If electrical energy cost as.... cents per kw.-hr., the cost
Saesuming 100% efficiency) of heating bessegme of water from Cesee
C t0 des«sC on an electric stove is (1) y (2) ,

(3) ’ (4) ® ® @ 6 o o ¢ 0 o o o o & 0 6 6 06 s o s s s e o

9¢ Aeseovolts are impressed across a heating coil of be....ohms re-
sistance. If the heating coil is submerged in c....grams of water
for de.s..ominutes, the change in temperature of the water is (1)

deg. Fo, (2) deg. Cey 3) deg. Fey (4) deg. Cey e o o

10. When a heating coil of a....o0hms resistance is placed in a pipe
through which water is flowing att he rate of b..secce/Bec., the
tenperature of the water is increased ce..e.deg. Co. after it has
fassed the coil. The current flowing in the coil ies (in amp.)

’ (2) » (3) ’ (4) o o ¢ & o 0 + 0 0 o 0 ¢ o 0

~~e
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Experiment 20

OHM'S LAW

Object :

To study the relation between resistance,
e.m. f. and current for conductors made of solids
and gases.

Apparatus:

Ammeter, voltmeter, resistances, rheostat,
batteries, and connecting wires.

Theory:

In solid conductors the moving free electrons
constitute the current; in liquid electrolytes,
the moving positive and negative ions constitute
the current: in gases, the charges may be carried
by electrons, protons and positive or negative
ions. In all cases of conduction, the source
of the electric carriers determines to a great
extent the character of electric conduction.
Ohm's Law,

I= =
R

is followed where the conductors are electro-
lytes, metallic solids or liquids if the current
density is not too great (amperes per sgq. cm.);
with gases, the law is very seldom followed.
Where there is a source of e.m.f. E sending
current around a circuit, Ohm's Law states that
the current I is equal to the total e.m. f. E
divided by the total resistance R, or that the
e.m. f. divided by the current is a constant
which is equal to the resistance of the circuit.
|f there is no source of e.m.f. in a cur-
rent-bearing conductor ab (see Figure 1), then
the drop in electric potential Vab along the
‘conductor divided by the current I is a constant

and is equal to the resistance o +

E
T=R=r17re ’ (l)

r_ = external resistance

internal resistance .

1
]

i ] . .
ME If the current is vari-
‘ 7l able and the circuit contains
% inductance or capacitance,

a then Ohm's Law holds only for
instantaneous values since
back e.m.f.'s are generated
and have to be considered.

Figure |

57

Experiment

Part |

Solid Conductors.. --Each student (or pair) of
a group connects the first sample solid conductor in
a switch circuit arranged as in Figure 2 and opens
the switch. The current from the battery E then flows
through each resistance (r1, rg, rg.....), through
the Instructor!»s ammeter A and back to the battery.

L. N
[}
1
]

, )
_/
Figure 2

The electric potential is now measured with a
voltmeter by each student (or pair). The current
is read from the Instructor's ammeter A. The Instruct-
or changes the current and the above process is repeat-
ed several times. The voltmeter readings are to be di-
vided by the ammeter readings tn see if Ohm's Law is
followed. Volts divided by amperes gives ohms resis-
tance.

Several samples of conductors are tested in this
way. The results are.to be tabulated. Does Ohm's Law
hold in this case?

-
o

Part 2

—

Gases.--An inclosed electric arc is formed be-
tween two carbon electrodes and the current and e.m.f.
are measured as the current is changed. A curve is
plotted with amperes as ordinates and volts as ab-
scissae. Discuss the characteristics of the curve
and the nature of the conduction in the arc.

The Instructor will give specific directiams in
this part of the experiment.

T

Anc

(=)
N

Figure 3
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TEST EXPERIMENT 20 58

le When a.ce.volts are applied across the terminals of two lamps
connected in series (the resistance of one being twice the other),

it is observed that a current of beeee&mp. flows. Hence the

smaller of the resistances (in ohms) is (1) y (2) ’ ( \

(3) 9 (4 L] L] [ ] . (] . L] [ ] [ ] L] [ ] [ ] (] L] [ ] L]

2. A battery which has an e.m.f. cof 8ss..volts and an internal
resistance of be...ohms is connected in series with an external
registance of cee.eeohmse The current that flows through the ex-

ternal resistance is (in amp.) (1) y (2) ,» (3) , (4) « ( )

de¢ If a wire of negligible resistance is put across the terminals

of a dry cell of a.s...ohms internal resistance and be.essvolts e.r.f.,

the current that will momenterily flow is (in amp.) (1) ’

(2) ) (3) ] (4) [ ] L] L ] [ ] [ ] [ 3 L 4 L] [ ] L] L[] L] L] L] L] L] L] [ ] . ( )

4. A storage battery consists of 3 cells, each 0f esmefe 8eseevolts
and internal resistance be.e...chms, all connected in seri€s to 'a resistance
ccile. If the current in the coil is cesese.milliamperes, the resist-
ance of the coil (in ohms) is (1) ,y (2) y (3) y (4) o ( )

5¢ A dry cell of one ohm internal resistance sends a current of
8+s0camps through an external resistance of beeo.ohms. The eem.f.
of the dry cell (in volts) is (1) y (2) y (3) y (4) « | )

6. The maximum current that can pass through a given ammeter

without demaging it is 5.00 amperes. If this ammeter is connected
in a circuit containing & a....volt cell, the total resistance of

%h;: circuit (in ohme) must be at least (1) . (2) . (3)
4 « o

. . L] . . L] . L] L] . L] . L] L] L] L] L] L] . (] [ ] [ ] L L] ." L3 L] ( )

7+« A battery of e. me fo aeesovolts and an internsl resistance of
beseeohms is placed in series with an extermsl resistance of Ceeces

ohme. The current flowing in the external circuit is (in amp.)

(l) 9 (2) 9 (5) ] (4) . L . L] [ ] L] L] L] L] L] . L] L ) ( )

-8e¢ It is desired to use 8n @seeevolt lamp On 2 beesesvolt DeCe
lines The amount of resistance necessary to include in series
with this lemp to cut down the current to its maximum safe value
0f Ceoseampe is (in ohms) (1) y (2) y (3) ’

9. A battery with an internal resistance of a....0hme is connected

in series with an external resistance of bess.ohms. The current.

flowing in the circuit is de....amp. The e.m.f. of the battery (in

VOltS) iﬂ (1) [ (2) 1) (3) 9 (4) L] . L] L] L] L] * ( )

10. A battery having an eem«f. of @s¢sevolte and an internal res-

istance of besssohms delivers current to an external resistance

of ceseeochms. The voltage drop acrose the extermal resistance is

(l) .(2) '(3 ,(4) e @& o o o ¢ o 5 o ¢ ¢ o ( )



Name: Instructor: Division: . Date. ______

Observations, Drawings, Computations: e

-~

Answers and Conclusions: __ . .




Experiment 21

WHEATSTONE BRIDGE AND RES|ISTANCES IN
SERIES AND PARALLEL

Object:
To study the theory of the Wheatstone Bridge
and to measure resistances by means of it.

Apparatus:
Wheatstone Bridge, standard resistance boxes,
unknown resistances.

Theory:

According to Ohm's Law, the resistance of a
solid conductor can be measured by determining the
potential difference across the resistance and the
current flowing through it. But in many cases it
is more accurate to compare the unknown resistance
with that of a known or standard resistor. One of
the comparison methods is that of the Wheatstone
bridge..

The Wheatstone bridge is shown schematically
in Figure I. Ry ,Ra, Rs, and Rg are variable
standard resistances boxes. Essentially the bridge
is two resistances (Ra + Ry and Rg + Rq ) in parall-
el. For any point B on the branch ABC there exists
a point D on the branch ADC which is at the same
potential. This is shown by the fact that a sensi-
tive galvanometer connected across BD shows no de-
flection, thus indicating no flow of current. Since
the potential at B, Vg , is equal to the potential
at D, VD , it follows that:

VA'VB=VA°VD'and

Vg - Vo =Vp- Ve .
But VA' VB=R1 Ilv
VA‘VD=R813-

Vg - Ve =RaI2=Ro I1,

VD-VC=R414

Re Is .
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 Substitution and division give:

Ry 1 =Rs Ig ,

Rali =Re Is .
Ry Rs
2.3 . |
iy (n

In the slide-wire Wheatstone bridge (Figure 2),
the resistances Rg and Rq are made of lengths of
wire of uniform cross-section. |f Rg is of length
a and Rgq of length b, then

R3=P:- and R4=P-P— .
A A

Substitution of the above expressions into eq. (i)

gives:
Ry a
™ e @

where a is the distance from A to D, the position of
the slide at which the galvanometer shows no deflec-
tion, and b is the distance DB. Therefore, if Rg is
known and the lengths a and b are measured, Ry can be
calculated from the relation:

a

Ry = Ro T 3)

A = =AM
[l _—
L

Figure 2

Experiment

part |

To test the theory of the bridge -and its accu-
racy, set up a slide wire Wheatstone Bridge as shown
in Figure 2, and put a resistance of |0 ohms in Ry ,
15 ohms in Rz, and 1000 ohms in h (See Instructor).
Find the point D on the slide wire for which no cur-
rent flows through the galvanometer. (To save the
battery do not leave the battery key on longer than
necessary to take readings. Make contact at D by
tapping momentarily and watch for the motion of the
pointer. Near A it will deflect in one direction, and
near C in the opposite direction. Why? The point of
no deflection is somewhere in between.) Compare the
ratio Ry /Rg with the ratio a/b. Repeat with 2 and
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3 ohms in Ry and Rg respectively. Repeat with a
different ratio between Ry and Ry . What is true
with regard to the ratios Ry /Rg and a/b ? What
would happen if Ry and Rg were interchanged?

Part 2

Remove Rg from the bridge and substitute
the unknown resistance X3 . Set the slider at
the middle of the bridge wire. Vary the known
resistance until a change of one ohm reverses the
current through the galvanometer. Now move the
slider until the galvanometer shows no deflec-
tion. MWhy is it best to keep the point D near
the middle of the slide wire in obtaining read-
ings? Repeat for the unknown resistance Xa. Con-
nect the two in series and find their resis-
tance. Repeat for the two in parallel. How do
these values agree with the calculated values ?
Tabulate all your results.

60

Part 38

Note the lengths and diameters of the samples
furnished and calculate the resistance per circu-
lar-mil-foot (specific resistance). The mil is
.00l inch and the circular mil is the area of a
circle one mil in diameter. The resistance of a
conductor is

R = gor R= P—L—-
d2 ' A

)

K = specific resistance (ohms cir. mil per ft.),

£ = length in feet, d= diameter in mils, and

R = resistance in ohms, orP = specific resistance
(ohms cm.), L= length in cm., and A = area of
cross-section in sq.cm.
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TEST EXPERIMENT 21

le. Three resistances of @¢s.:besece.and cee..0ms respectively are
connected in parallel. The effective resistance of the combination
(in oh.ms) is ’ (2) ’ (5) ’ (4) e e o o o o o o o (

2. Two resistances in series have a combined resistance of a....
ohms and in paraellel & combined resistance of be....0hms. The value
of the smaller resistance (in ohms) is (1) o (2) ’

(3) ,(4) Oo..ntl...a.ll.!.l..l..l(

3. A meter length Wheatstone bridge is set up with the scale
running from left to right. A standard resistance of a....ohms is
placed on the left side. A balance point of b....cm. is obtained.
The resistance of the unknown (in ohms) is (1) ,» (2) ’

(3) y (4) e o s s s s s s s s e e e 8 s e s s e s s e s e (

4, In the Wheatstone bridge of problem (3) a known resistance of
a.s.s0hms is placed on the left and another known resistance of
beseoohms on the right. The balance point (in cm.) should be

(l) [ (2) [ (3) [] (4) L[] (] [ ° L] L] L] L] L] L[] L] L ] . (

5. In the Wheatstone bridge of problem (3) a standard resistance

of a....0hms is placed on the left and an unknown resistance on the
right. A balance point of b....cmn. is obtained. The unknown re-
sistance is increased by Ces...ohms. The balance point (in cm.)

will now be (l) ’ (2) » (3) ’ (4) e o o o o o o (

6. In the Wheatstone bridge of problem (3) a known resistance of
ge.sso0hms is placed on the left and resistances of be....ohms and
Cesso0hms connected in series on the right. The balance point (in
Cm.o) will be (l) ’ (2) ’ (3) ’ (4) 9 o o o o o (

7. In problem (6) if the two resistances on the right are connect-
ed in parallei, the balance point (in cm.) will be (1) y (2) ,

(3 1] (4 L] . . . [ ] . [ (] . ° . L] L] ] . . [ ] [ ] L] L L] . .

8+ Three resistances of @e¢seeybecee, 8nd Cee.e.0hms respectively

are connected in parallel. The current flowing through the be....
ohm resistance is d....ampe. Then the current %1n amp.) flowing
through the c...,0hn resistance is (1) y (2) s (3) ’

(4) . . . . L] L] [ L] . L] L] L] L[] . L] L] . L] . . [ ] L] L] . L] [ ] L] * L]

9. Two resistances of &e«ess 8nd b....ohms respectively are con-
nected in parallel. The potential drop across the b....ohm re-
eistance is ces.eoe.volts. The potential drop across the a....ohm
resistance i8 (in volts) (1) sy (2) y (3) y (4) o+ . (

10. Two resistances of @eses and bes..o0hms respectively are con-
nected in parallel. A current of Cees.amp. flows in the main
circuit. The current flowing through the b....ohm resistance is

(in amp-) (1) ’ (2) ’ (3) ’ (4) e o o o & o o o (
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Experiment 22
THE SENSITIVE MOVING COIL GALVANOMETER
Object:
To study the sensitive galvanometer and its
use as an electrical measuring instrument.

Apparatus:
Sensitive galvanometer, resistance box 1000

to 10,000 ohms range, resistance box | to 1000
ohms range, dry cell, switch, connections.

Theory:

A very sensitive galvanometer is one in
which the moving coil is light and has a great
many turns of fine wire. Necessarily the re-

Figure |

sistance is rather large and large currents can-
not go through the moving coil without burning

it out. These galvanometers are used for two
purposes, namely, to indicate or measure electric
current and to indicate or measure electric po-
tential. The permanent magnet type as indicated
in figure | has its deflection directly propor-
tional to the current in the coil. It is only
necessary to calibrate the scale to read any unit
of current desired such as microamperes, milli-
amperes, amperes, etc. When large currents are
to be measured, shunt resistances are connected
so that some multiple of the galvanometer cur-
rent goes through the shunt. Let I_be the gal-
vanometer current and Is the shunt “current.

By Ohm's Law the drop in potential across
the galvanometer coil is I r_ and across the shunt
resistance is Iérs . Since the ends a and b are
common to both branches of the divided circuit in
Fig. 3.,

Vab = Igrg = Isrs *
Also the line current I = I9 + Is .

|f a galvanometer is calibrated to read
microamperes it is called a microammeter; if it
reads milliamperes it is called a milliameter;
if it reads amperes it is called an ammeter.
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&

Figure 2

The galvanometer coil can not, stand to have a
large e.m.f. connected across it, so It is necessary
to connect a series resistance M to the coil to re-
duce the current. The total resistance is R=r_+ M,
and the total drop in potential across the total re-
sistance isV, =I (r, +

M) (see Figure ﬂl.g e
’Lm instrument Is calibrated
W to read this drop in po-

a b — tential. |If the scale
5 is calibrated in micro-
" volts, the instrument is

called a microvoltmeter;
if it is calibrated in
millivolts the instrument
is called a millivoltmeter; and if it is calibrated in
volts it is called a voltmeter.

Iy

Figure 3

Experiment

Part |

The Shunted Galvanometer.--Connect the galvano-
meter in series with a high resistance, a switch and
a dry cell. Do not close the switch until an in-
structor 0.K.'s the job. Find the resistance which
gives a large initial scale deflection on the galvano-
meter and record this value. Do not change the resis-
tance throughout this part of the experiment. Connect
another resistance box across the galvanometer as a
shunt. Take readings of shunt resistance and deflec-
tion with a shunt which makes the galvanometer reduce
its deflection to half of its initial value. |f the
series resistance is very high compared to the galvano-
meter resistance, the current through the resistance
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will remain nearly con-
. stant throughout the
preced ing operations.
Since Igr = I ry and
I= Ig is = constant,

Figure 4
1
= s
l’g — l’s
IQ
B = ry when Ig = I .

In that case,
I +I, = 21;=1,

and

I, = /)1,
the total current for maximum deflection. Therefore,
the galvanometer resistance is found by noting the
shunt resistance corresponding to half of the de-
flection for no shunt. Record this resistance of
the galvanometer. N

With the galvanometer resistance known and the
e.m f. of the cell equal to |.5 volts, calculate
the galvanometer current at the time when the shunt
was not connected and the large series resistance
was in the circuit.

_ 1.5
g rg +M

From this find the galvanometer current for a
deflection of one scale division.

With the galvanometer current required to pro-
duce unit scale deflection and the resistance of
the galvanometer, calculate the value of a shunt
resistance required to make the galvanometer into
a milliameter (reading one milliampere per unit
scale division).

Part 2

The Potential Meter or Voltmeter.--As stated
before, the galvanometer resistance times the gal-
vanometer current is equal to the drop in poten~
tial across the galvanometer.

Va = LTy -
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If a resistance M is connected in series with
the galvanometer, the potential difference is

¢=Ig (rg+M) .

=
IR

_—*

Figure 5

Calculate what series resistance M is required
to give a difference in potential of one volt to pro-
duce a deflection of one unit on the galveanometer
scale. Connect this resistance to the galvanometer
and have the Instructor test it on two dry ce lls.
Such an instrument is called a voltmeter.

Calculate what series resistance is required to
give one-tenth volt difference in potential across
galvanometer and resistance for a unit scale deflec-
tion and make a diagram of the connection showing how
the galvanometer would be connected so as to have both
scales ready for use as a double scale voltmeter.

Part 3

To measure the resistance of a galvanometer by a
Wheatstone Bridge, see Figure 2 of Experiment 21|.
Connect this galvanometer in the circuit as the un-
known resistance Rt . Place in series with the dry
cell a high resistance R such that the current flow-
ing in this galvanometer will not rroduce a maximum
scale deflection. (The allowed current and resistance
to be used depend upon the type of galvanometer).
Consult the Instructor before closing any switchs

Find the balance point on the slide wire and from
it and the known resistance calculate the galvanometer

resistance. Should this value be more accurate than

that of Part | ?
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TEST EXPERIMENT 22

l. With a shunt of a...,.o0hms a certain galvanometer gives a
deflection of beeessdivisions for a current of ce..camperes. With

a shunt of d....ohms the same current produces a deflection of
@sssedivisions. The resistance of the galvanometer (in ohms) is

(l) [} (2) [] (3) [] (4) (] L] L] [ ] ] [ L] (] . . L] L ] [ ] (

2. A galvanometer in series with a resistance of a....0hms gives

e deflection of besosedivisions for Ceesevolts. The deflection is
d...edivisions for e....anperes. The resistance of the galvanometer
(in Ohms) is (1) » (2 ’ (3) ’ (4) * o o o o o o

3« A galvanometer of a....ohms resistance is deflected becssdivi-
sions by a current of cee.camperes. When connected across a deess
volt drop, the deflection is (1) y (2) y (3) , (4) o

4. In order to have the galvanometer of problem (3) indicate 8....
divisions per volt, it requires a series resistance (in ohms) of
(l) ,(2) ,(3) ,(4) e e o o o o o o o o o o+ s o

5. In order to have the galvanometer of problem (3) indicate 8eess
divisions per ampere, it requires a shunt resistance (in ohms) of
about (l) » (2) [ (;5) ’ (4) e o o o o o o o s o o (

6. A galvanometer of 8....0hms8 resistance is deflected bessedivie
sions (full scale) by a current of ces.sampe. Hence the value of

the series resistance that must be used with the instrument in order
that full scale deflection would correspond to d....volts is (in ohms)
(1) » (2) 9 (3) ) (4) ] . 3 . . . . . 3 3 [ [ ] 3 (

7. A galvanometer of a....0hms resistance is deflected bess.divi-
sions when cessevolts is applied across its terminals. Upon in-
troducing a resistor in series, the deflection was observed to be
d...edivisions. Hence the value of the resistor (in ohms) must

have been (1) ’ (2) ’ (3) ’ (4) e o o o o o o o (

8¢ With the apparatus used in the half-deflection method, a gal-
vanometer of a....0hms resistance reads b....divisions without the
shunt. When shunted, the deflection is ce...esdivisions. The
resistance of the shunt (in ohms) is (1) y (2) y (3) R

(4) oooo..ooo.oooo-oooo.oooooo..oc(

9. A galvanometer of ae..,..ohms resistance is deflected beeo.odivi=
sions (full scale) by a current of c....0mp. Hence the value of the
shunt that must be used with this instrument in order that full

scale deflection would correspond to ds.essamp. is (in ohms)

(l) ,(2) ,(3) '(4) e o o o o ¢ o 0o o o & & o (

10. The current flowing through a circuit consisting a galvanometer
of a....ohms resistance shunted by a resistor of beses..ohms re-
sistance is ce..s.amp. Hence the current through the galvanometer
is (in amp.)(1) y (2) y (3) v (&) e e v e e e
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Experiment 23
THE ELECTROLYTIC CELL

Object:
The study of Faraday's Laws of Electrolysis.

Apparatus:

Hydrogen and copper electrolytic cells, am-
meter, rheostat, switch, battery, alcohol, fin2:«
sandpaper, beam balance and weights.

Theory:

The voltameter is simply an electrolytic cell
designed for measuring the amount of substance de-
posited by a quantity of electricity.

Faraday's laws of electrolysis are embodied
in the equation

m=2It = ZQ, (1
where m = mass of substance deposited in
grams,
Z = electrochemical equivalent, i.e.,
grams/coulombs,

Q = quantity of electricity in coulombs,
I = current in amperes,
t = time of currént flow in seconds.

]

The electrochemical equivalent is defined as

fol lows: W
2= _____, (2
96500 z
where w = atomic weight in grams,
= valence

When the products of the electrolytic action
are gaseous, the amounts deposited are most con-
veniently determined by measuring the volumes of
the gases.

The relation petween volume and mass is
m = dV. For gases the density d and the volume
V are usually referred to standard conditions of
0°C. and a pressure of 76 cm. of mercury. Thus
it is more definite to write the preceding equa-
tion as

m= dsvs
With this change Faraday's Law becomes
_ZIt

S
ds

. (3

The volumes of the gases collected depend on '

their temperatures and pressures. The gas law is
pV = RT. Therefore

65

pV _RT _ T
Ps's R_Ts Ts
h
whence pT
Vg = —= V.. ()
pgT ~

Pressure may be expressed in terms of the height
of a column of mercury by the relation p =d gh, and
making this substitution in equation (4) gives

v, = S v ., (5)

(Remember that T is absolute temperature.)

The pressure denoted by h in equation (5) con-
sists of 3 parts, the air pressure hA' the hydrau-
lic pressure hy, and the vapor pressure h, of the
water vapor intermixed with the collected gases:

[

h=hy+hy=-h,.

hH will be given in cm. of mercury if the differ-
ence in water levels in cm. is'divided by 13.6. The
vapor pressures of water are:

T (°C) hy, (cm of mercury)
20° 1.74
21° 1.85
22° 1.96
23° 2.09
24° 2.22
25° 2.35
26° 2.50
27° 2.65
28° 2.81
29° 2.97
30° 3.15

The other necessary data are:

At. wt. Valence Density (d_)
Copper 63.57 2 8.9 gm. /cc.
Hydrogen 1.008 | .09 x 1078
Oxygen 16. 2 1.43 x 1078

By Avogadro's Law there is an equal number of
atoms in every gram-atom N, so the atomic weight
might be written

W=Nm ®
where M, = mass of one atom and numerically
N=6.06 x |0%8 ,
Combining equations (1) and (2) gives
ow
96500 z

™
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and substttuting equation (6) in this, one gets
I W
96500 z
Suppose the mass deposited is just one atom,
that is, only one ion has been neutralized by a
charge Q1 ; then m =m, and the ionic charge is by
equation (8),

(8)

96500
0 = . (9)

N
Since the quantities 96500 and N are universal
constants, the only variable on the right is z, and
thus the smallest possible ionic charge in electroly-
sis is obtained when z = |. This was found to be the
charge of an electron. So

e= %0 - 1.59 x 10”1 coulombs.

6.06 x |0 28

Combining equations (7) and (9) gives for Qi

.
1= — . (10)
Nm
From this equation it is possible to determine‘
the charge of an ion by the measurements to be car-

ried out in this experiment.

Experiment

Part |

Electrolysis of Acidulated Water.--Connect the
ammeter A, voltameter V, rheostat R, switch S and
batteries B in series as shown in the diagram. Pass a
current of about /4 to |/2 ampere until sufficient
gas has been collected to be accurately measured.

O

Figure |

Record the volumes obtained and reduce these to
standard conditions and record results.

6€

Having recorded the current every |/2 minute and
the total time it was allowed to floy, calculate the
volumes that should have been obtained according to
Faraday's Law.

Note: Keep the value of the current constant by
adjusting the rheostat.

Find the percent of error between the experimen-
tal and theoretical volumes obtained.

‘Best results for experimental volumes will be
obtained if the apparatus is given a trial run to
saturate the electrolyte with gases that will dis-
solve.

Part 2

Copper Electroplating.--Replace the water electroly-
sis apparatus by the copper voltameter. Clean and weigh
the cathode before placing it in the voltameter. Be sure
the polarity of the voltameter is correct.

Close the switch and pass a steady current for a
measured time. To get a firm deposit of copper the cur-
rent density, in respect to the cathode, should not be
much greater than .02 amp. per sq. cm. Read the amme-
ter every |/2 minute and by means of the rheostat keep
the current steady.

After depositing about 1/2 gm. of copper (the time
required to do this should be calculated beforehand),
open the switch, remove the cathode, rinse in a gentle
current of water, then in alcohol, dry on clean blot~
ting paper and weigh carefully. Exercise care not to
scrape off any of the copper yranules.

Record in a table the original weight of the cath-
ode, the weight after deposit, the mass of the copper
deposited, the mass calculated to be deposited, the
current and the time it was allowed to flow.

Find the per cent of error between the theoreti-
cal and experimental masses obtained.

Part 3

Calculate the theoretical charge in coulombs on
the hydrogen, oxygen and copper ions.

Using the experimental values of masses obtain-
ed, calculate the charge on each of the above ims.

Compare the results by recording them in adja-
cent colums of a table.
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TEST EXPERIMENT 23

le. The electroch=mical equivaleant of silver (atomic mass 108,
valence 1) is 0.001118 gm. per cculomb. Hence the electro-
chemical equivalent of another element (atomic mass &e«ieee,
valence beses) is (in gme per coulomb) (1) y (2) )

(3) ,(4 6 ¢ o o * 0 2 2 & e ¢ ¢ 2 & o o e o o & o o o

2. ilement A (atomic wt. a....valence bes..) and element B (ato-
mic Wte Ceees, valence desss) are deposited on plates in two cells
which are in series with a source of e.m.f. ' The relative weights
deposited are in the ratio (1) y (2) y (3) y (4) o &

3« The ratio of the quantity of electricity necessary to deposit
8essegme of alvninua to that required to deposit beesegme of iron
atomic wts. Al1-27, Fe-56, valences Al-3, Fe-2) is (1 ,

2) 9 (3) ] (4) L] L] [ L) . [ (] L] [ ] [ L[] L[] L] L] L L] L ] L[] (]

4. A current of aeeseampe for bee.ominutes will deposit a mass of
silver (in gm.) of (1) y (2) y (3) y (4) v o oo e

5. dxperimentally it is found that a...ecoulombs of electricity
are required to deposit b....gm. of an element (atomic Wwt. Cesss,
valence de..s)s This data gives for the charge on the electron
(in coulombs) (1) y (2) y (3) y (4) « o s o o o

6. The number of NaCl molecules (atomic wts:Na-23, Cl-35.5) in
8eseoogme of common salt (dehydrated) is (1) y (2) ’
(3) ’ (4) [ ] [ ] . L] L] . (] [ ] L] [ ] ] L ] [ ] L] L] L] . * [ ]

7« A coulomb of electricity will deposit a mass (in gm.) of an

element (stomic wt. a....valence b....) of about (1) y (2) ,

(3 y (4 T .

8. One gram-atom of an element (atomic wt. 8...., valence be.s.)
is depositzad by (1) y (2) y (3) y (4) coulombs. .

9. Two electrolytic cells are connected in series and a definite
quantity of electricity is sent through them. If the first cell

deposits a mass m) of one element (atomic wte 8s.es, valence beesos)

and the second a mass m2 of another element (atomic wt. c....,
Ya%ence d..i. , then the ratio m /my is (1) y (2) ,
3 ’ 4 L L] (] L] L ] L] ° [ ] L ] L] L] . [ ]

L] L] [ [ ] . . L] . [ ] L] L]

10. A current flows through a copper salt.solutidn for assses€eCe

and deposits be....gm. of copper (atomic wt. 63.57, valence 2). The
current (in amp.) is (1) s (2) y (3) , (4) .« . ..
23

Avagadro'es N « 6.06 x 10 atoms per gram. atom.
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Experiment 24
THE POTENTIOMETER AND THE THERMOCOUPLE

Object:
To study the principle of the potentiometer
and use it to measure the e.m. f.'s of thermocouples.

Apparatus:

Potentiometer of the stretched wire type, 10-
10000 ohm resistance box, rheostat, 3 dry cells,
standard cell, reversing switch, series of thermo-
electric couples called a thermopile, 100° thermom-
eter, two calorimeter cups, ice and hot water.

Theory:

The potentiometer is, as its name implies, a
potential meter. The potential is measured by com-
paring it with a known standard potential, namely,
that of a standard cell. The comparison is made
by a null method which requires no current to flow
in the source of e.m.f. being tested. This is ac-
complished by balancing along a stretched wire re-
sistance an opposing e.m.f. A diagram of the cir-
cuit is given (see Figure 1) to show how to make
the connections.

Rheostat

Figure |

Ohm's Law states that the difference in po-
tential along a conductor carrying a current is
equal to the current times the resistance of the
conductor. Due to the cell E, the circuit EABC
has a current I flowing in it. |f the resist-
ance between A and 8 is r, the drop in potential
from A to B is V,, = Ir by Ohm's law. If the cells
E and S are connected in opposition and the point
B is adjusted so that the potential difference V'ao
is equal and opposite to the e.m. f. of the stan-
dard cell S, no current will flow through the cell
S and the sensitive galvanometer G will not be af-
fected. If the conductor AB is of uniform resist-
ance K ohms per unit length, the distance Y from
A to B is proportional toV,, sinceV,, = IKY.

68

In order to compare the e.m.f.'s of two cells S and
Y, it is only necessary to compare the two corres-
ponding lengths Y. and Y, of the stretched wire as
measured when the current through the galvanometer
G is zero. Thus ‘

EJ/Eg =Y, /Yg ()
and
Y
L v
=k — -
Ys

The e.m. f. of the standard cell is marked on the cell
and is about 1.0183 volts at 20°C.

If some other source of e.m.f. is connected in
the place of the cell V, its e.m.f. can be measured
in a similar way.

If two kinds of metal wires such as copper and

iron are joined together, an end of one to an end of
the other, a difference in potential will exist be-
tween the wires at the contact point which will de~
pend upon the temperature of the junction. If the
other two ends are joined together at the same tem-
perature, no current will flow in the completed cir-
cuit because the e.m f.'s set up at each junction
are in opposite direction and equal in magnitude.
If one junction is heated to a higher temperature
than the other, the e.m. f. of one junction will be
greater than that of the other, and a current will
flow in the circuit.

This phenomenon is known as the thermoelectric
effect and the two junctions are.called a thermo-
couple. A number of junctions connected in series
is called a thermopile.

Experiment

Part |

Connect the stretched wire potentiometer, 10-
10000 ohm resistance box, dry cell, standard cell,
galvanometer, rheostat and switches as in Figure I.
Do not close the switches until the connections are
checked by the Instructor.

Close the switches F and D so that the dry cells
V and E are connected. Then adjust the sliding con-
tact point B so that Y, is 150 cm. Adjust the re-
sistance q so that the galvanometer reads zero when
contact B is pressed down. One centimeter of wire
now has a potential difference of approximately
1/100 volt, since the e.m. f. of the cell V is about
1.50 volts. To make the calibration more accurate,
reverse the switch D so that the standard cell S is
connected instead of V, and set 8 so that Yg equals
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100 times the e.m.f. of the standard cell. Then
adjust the resistance q so that the galvanometer
reads zero when contact is made at B. Then the
potential drop along the wire is 1/100 volt per
cm. To make the instrument more sensitive, re-
move the resistor R after the calibration has been
made. This resistor is only a device for protect-
ing the galvanometer and standard cell from ex-
cessive currents. Leave the resistance q fixed
for the rest of the experiment.

Throw the switch D over to connect the cell
V in the circuit. Adjust the contact B so that
the galvanometer indicates zero current when it
is pressed down. Read the e.m.f. of the cell V
directly from Yv'

Part 2

In this part the e.m.f. of a thermopile will
be measured by connecting the thermopile in the
circuit (Figure 1) in place of the cell V. Place
the thermopile so that the two ends dip into two

cups of water. With the water in the two cups at
the same temperature (room temperatire), find the
e.m. f. produced in the thermopile. |t should be
zero; that is, the point B should coincide with A
when the galvanometer shows no deflection.

Pour the water out of one cup (into which the

"cold" end is placed) and replace it with shaved ice.

Bring the water in the other cup to the boiling
point. After about 10 minutes find the balancing
point B along the wire and from that the e.m.f. of
the thermopile.

By dividing the e.m.f. of the thermopile
(reduced to microvolts) by the number of couples,
find the e.m. f. per couple. Then divide this re-
sult by the temperature difference between the two
sets of junctions to find the thermoelectric power
of the couple in microvolts per degree.

Tabulate all of the results.
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Experiment

Part |

Describe the induction coil used and make a
diagram of the whole circuit.

What are the factors which increase the e.m, f.
in the secondary circuit?

Why is a condenser used across the break gap
in the primary circuit?

What are the differences oetween a transformer
and an induction coil?

.Part 2

The earth inductor consists of a coil of wire’
wound around a wooden frame which rotates about a
vertical axis at an angular speed () rad./sec. (A
commutator and two brushes are a part of the in-
ductor). The horizontal component of the earth's
magnetic field is directed toward the magnetic
north. A sensitive D.C. Galvanometer is connected
to the brushes to indicate the mean value of the
current.

In some instruments the brushes are on a yoke
which can be rotated around carrying the brushes
with it; shifting the position of the brushes
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changes the amount of rectification produced by the
commutator and thereby changes the reading of the
galvanometer. A position of the brushes can be
found whereby no rectification is accomplished and
there will be no reading of the galvanometer.

Rotate the yoke until a.position is found which
gives maximum current as indicated by the galvano-
meter. The number of revolutions per second must be
measured with a revolution counter and stop watch.
The resistance of the circuit, constant of the galva-
nometer, and number of turns can be obtained from the
Instructor.

Calculate the horizontal component of the earth's
magnetic field. (Use the constant of the galvano-
meter to find E, the mean e.m.f. induced in volts).

Part 3
Study apparatus. Give detailed description of
how an earth inductor could be used as a compass.
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TEST EXPERIMENT 25

l. The coefficient of mutual induction between two coils is a...
henries. If the rate of change of current in one of them is
?.5..amp./sec., the ee.m.f. (in volte) induced in the other is

1

9 2 ’ 3 1] 4) [ ] L . [ ] [ ] . L] L] L] . L] L]

2¢ A coil of aec.coturns and beesoe8qecms in area is rotated ceeee
deg. about an axis perpendicular to a magnetic field of decoe
ocersteds in e....seconds. The average induced e.m.f. (in volts)
is (1) ’ (2) ’ (3) ’ (4) e e b4 e o o o o o o o

3« The axis of a coil of a....turns and an area of bDeeee8ge Cme.
is inclined at an angle of ceesedegs to a magnetic field of decee
oersteds. The average e.m.f. (in volts) induced when it is
rotated at e....R.P.lE. is (1) ’ (2) ’ (3) ’ (4) .

4. A long straight wire conductor a....cm. long passes through a
megnetic field of be...linee/sqg.cm. ot the rate of c.oeecme/Bec,
The e.m.f. (in volts) between its ends is (1) = , (2)  ,

3) y (4 T e e s e e e e e e e e c o o o o o e e e

5« A coil rotates in a uniform field of a....0ersteds; it con-
tains be.e...turns of wire; has an area of c....s8q.cm. and an angu-
lar velocity of d....radians/sec. Then thz average e.m.f. (in
volte) induced in a quarter of a revolution (starting with its
lane parallel to the direction of the lines of force) is (1) 0

2) y (3 , (4)

6s A coil of B&ceesturns and beeee8qecme. in area is rotated one
complete revolution about en axis perpendicular to a field of
Cesesoersteds in de....cec. The average induced e.m.f. (in volts)
is (1) ’ (2) ’ (3) ’ (4) e o o o o o o o o o

7 The coefficient of mutual induction between two coils iB &seee
henries. An eemefs 0f beseevolts is induced in one coil when the
current in the other coil changes at the rate (in amps. per sec.)
of (1) s (2) y (3) y  (4)

8. It is observed that when a conductor is connected to an ex-
ternal resistance, a...scoulombs of electricity will flow if b....
Joules of energy are expended upon it in moving it through a
distance of Ce...cme Hence the e.m.f. induced (in volts) is

(1) y (2) y (3) y (4) e o o o o 4 o s 8 0 o e

9. If the conductor of problem (8) is connected to an external
resistor of 8.s.e0hms and cuts be..lines of force in c....seconds,
then the average current (in amp.) flowing through the resistor
is (l) ,‘(2) ’ (3) ,(4) e o o o o o o o o o

10. It is observed that when the current in one of two coils is

increased from 8eseeto beoesampe in ce...seconds, that an e.m.f.
of deceevolts is induced in the other. Hence the mutual induct-
ance (in henries) is (1) y (2) y (3) , (4) . .
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Experiment 26
VELOCITY OF SOUND IN METALS

Object :

To compare the velocity of sound in several
metals with the velocity in air by means of Kundt's
tube.

‘

Apparatus:
Kundt's tube, metal rods, cloth, resin.

B A

Figure |

Theory:

Kundt's dust figure apparatus as shown in the
figure consists of the sounding rod A, clamped at
the center and carrying a disk at one end. This
disk is placed in the wave tube B so that it does
not touch the tube. The opposite end of 8 is
closed by a close fitting piston. Some fine dry
powder, such as lycopodium, cork dust, powdered
elder pith, or cornstalk pith is strewn along the
bottom of the tube. The free end of A is rubbed
longitudinally with rosined leather to set it in-
to vibration. When the length of B between disk
and piston is a adjusted to almost an integral
number of half wave lengths of the sound emitted
by the rod, the air is set into strong forced
vibrations of the same frequency. The wave length
will be twice the distance between nodes in the
tube, the nodes oeing indicated by minimum dis-
turbances of the dust in the tube. The wave
length of the same vibration in the rod is twice
the length of the rod. The equation for speed
of wave motion is the same for both cases, namely

V=fn ,

where V is the speed, f is frequency, A is wave
length. Since the air column is forced to vi-
brate at the same frequency as the rod, f is
the same for both. Hence,

Yrod . Arod
Y air Aair
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Experiment

Part |
Clean the wave tube, if necessary, by pushing a

wad of cotton or waste through it. Place enough of

the powder in the tube to form a line about 2 mm.

wide along the bottom of the tube when placed hori-

zontally on the VeBlocks. See that the disk on the

end of the rod is two or three cm. within the tube

and not in contact with it at any point. Tap the

tube lightly so that the dust will form a line a-

long the bottom, then rotate the tube until the pow-

der is about to slide down the wall of the tube. See

that the piston is close to the opposite end of the

tube from the disk, then stroke the free end of the

rod lengthwise with rosined leather. It should emit

a shrill sound. |If the tube is of proper length,

the powder will remain at rest at a few definite

points and will move down toward the bottom of the

tube petween these points. |If the points of rest

are not distinct, move the piston slightly and stroke

the rod again. Continue adjusting the piston until

the most definite nodal points are found. Measure the

length of rod and the distance between nodal points.

Use these measurements to determine the speed of sound

in the particular rod used. Since the disc is not ex-

actly at a node, do not measure from it to the piston.

Part 2

Repeat the above work, replacing the rod in suc-
cession by other rods furnished, and determine the
speed of sound in each.

Part 3

For longitudinal viorations of a solid the spéed
of wave motion is given by

Ve
v=\/—,
d

where E is Young's Modulus and d is the density. From
the velocity found in part 2 calculate Young's Modulus
for one or more of the materials used, as directed

by your Instructor.

Density (in gm. per cc.) of 3rass = 8.5; Aluminum
= 2.6: Steel = 7.5,
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TEST EXPERIMENT 26

le A metel rod @.s..cm. long clamped in the middle causes stand-
ing waves inside a glass tube. When the fundamental note of the
rod is rroduced, the nodes in the tube are be...cm. apart. Tek-
ing the velocity of sound in air as 330 m./sec., the frequency
of the sound emitted (in vib. per sec.) is (1) , (2) ’

(3) ’ (4) @ @ o o ¢ e o 6 ¢ 0 o ¢ 4 6 e s e e + & s o o o

2. If the velocity of sound in air is 330 ﬁ./sec-, the velocity of
sound in the metal rod of problem (1) is (in m./ sec.) (1) ’

(2) ,(3) ,(4 @ o o o o o o o o s o s o 6 o o o o

3. The nodes for carbon dioxide (velocity of sound 258m./sec.) in
the tube of problem (1) would have a separation (in cm.) of
(l) '] ° (2) '] (3) [] (4) L] [ ] L[] L[] [ . L[] L[] L ] [ ] L] [ ] L]

4. The next frequency produced by the rod of problem (1) would
produce nodes (air in the tube) which are separated by a distance
(in cm.) of (l) ’ (2) ’ (3) ’ (4) e o o o o o o

5« The 8ir in @ closed organ pipe @....cm. long is set into vibra-
tion. The frequency of the third harmonic (in vib. per sec.) is
(l) [] (2) '] (3) [] (4) L] L] [ ] . . L] [ ] L] L ] L] L ] [ ] [ ]

6« To cause an open organ pipe to emit notes of a fundamental fre-
quency of @sse.vVib./sec., one would make its length (in cm.) equal
to (l) ’ (2) ’ (3) ’ (4) e ¢ ¢ 6 o e o ¢ ¢ o o

7+ If the density of & certain metal is &....gm./cc., and the
velocity of sound in it is b....m./sec., Young's modulus for the
metal (in dynes per sq. cm.) is (1) y (2 y (3) , (4) .

8. In a Kundt's tube experiment it was found that the distance
between successive nodes was a..e.cme The frequency of the sound
(in vib./ sec.) was therefore (1) y (2) y  (3) , (&) .

9« When & different metal bar was used, the distance between the
first and sixth antinode was found to be a.s.so.cme In this case
the frequency (in vib./ sec.) was (1) , (2) y (3) , (4)

10. The frequency of the fundamentel note of a bar clamped at the
center is a..e.vib./B8ec. If clamped one quarter of the length
frgm one en?,)the fund?m?ntal frequency (in vib./ sec.) is (1) R
2 ,3 '4 ® o & ¢ o6 e o 8 o o o o » o o o o

75



Name: . — — |nstructor:,_«~,ﬂ...w, .

Observations, Drawings, Computations: .

~___ Division: .~ Date. .

Answers and Conclusions: .~ B o )




Experiment 27

FORMATION OF IMAGES BY LIGHT FROM
SPHER1CAL MIRRORS

To apply the simple laws of reflection of light
from plane surfaces to the study of the images form-
ed by light from curved surfaces.

Apparatus:
Concave mirror, spherometer, protractor, com-
pass and pins.

Theory:

The laws of reflection are:

|. The incident ray, the reflected ray, and the
normal to the surface at the point of incidence all
lie in one plane.

2. The angle of incidence /(angle between inci-
dent ray and normal) equals the angle of reflection
(angle between reflected ray and normal).

These laws apply equally well in cases where
the surface on which the light is incident is not
plane. In the case of a curved surface the di-
rection of the normal changes from place to place
on the surface, but at each point it is nevertheless
true that a ray incidént at that point is reflected
at that point in accordance with the above two laws.

In the case of a spherical surface, the normals
to points on the surface are simply the radii of the
sphere. The drawing of ray diagrams is therefore
simplified by that fact.

For a spherical mirror the distance from the
object to the mirror (object:distance p), the; dis-

tance from the mirror to the image (image distance g), -

and the focal length f are related by:

() 2

The last equality follows from the fact that the
focal length f is one-half of r, the radius of cur-
vature of the spherical mirror.

Experiment

Part |

First, determine the curvature of the mirror
by means of a spherometer. Place the instrument on
a flat piece of plate glass and adjust the central
screw until all four legs touch the plane surface.
Read and record the positions of the various scales.
Measure the distance from each outside leg to the
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one in the center. Place the spherometer on the
mbrror and again adjust the central screw until all
the legs are touching. Caution: To avoid errors
due to faulty scale marks, count the revolutions as
they are made in the new adjustment.

Referring to Fiqure I, it follows from Pytha-
goras' theorem that

A2 = AB2 + B(=
This may pbe written:

r2=y2+(r_s) 2

=y3+r8.2r§+82,

or y2-2r$+52=0.

S is small compared to r and hence S® is neglected
y8

(2 r=5 -

But y is the measured distance from the central leg
to any one of the outside legs,and S is measured by
the central screw. Then r, the radius of curvature
of the mirror, can be calculated from equation (2).

Figure |

(a) Place a small object along the axis of the
mirror at a distance of about 50 cm. from the mirror.
To locate the position of the image, place a pin at
the point where the image appears. Now move your eye
from side to side and if the image of the object con-
tinues to coincide with the pin as the eye js moved,
then the pin properly marks the position of the im-
age. This method of locating the image is called
the method of parallax. Now measure the image dis-
tance and compare it with the calculated value ob~
tained by substituting in equation (1).

Is tne image real or virtual, erect or in-
verted, magnified or reduced? (The magnification

is equal to f[.)
P
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(b) Repeat the experiment placing the object at
a distance of about% r from the mirror.
(c) Repezt zgain with object at about g-r from

the mirror.

Part 2

Draw a ray diagram to scale for each of the a-
bove cases. Draw a ray diagram and describe the im-
age that would be obtained for the case of an object
2 cm. high placed 5 cm. in front of a gconvex mirror
of 12 cm. radius of curvature.

Galvanometer mirrors are usually made concave
and a beam of light from a lamp is incident on the
mirror, and the image of the lamp is then focused
on a scale. |f the galvanometer mirror rotates
through an angle @, what is the angle between the
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incident and reflected beam?

Part 3

By aid of a ray diagram prove that for spherical
mirrors (use a concave mirror):

.
f=— .
2

(Use rays near the axis and parallel to it.)

Show by an accurate drawing that rays parallel
to the axis which are near the axis have a longer
focus than those which are farther from the axis.
This fact is called "spherical aperration”, and im-
plies that when a plane wave is incident on a spheri-
cal mirror, it is not reflected in the form of a
true spherical wave.
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TEST EXPERIMENT 27

le If the incident ray from an object placed in front of & vlane
mirror is observed to be at an angle of a.+s.edeg. with the mirror,
then & line joining the image and object makes an angle (in degrees)
with the mirror of (1) y (2) y (3) ,y (4 o« o o

2. Two plane mirrors are hinged at one edge which is vertical and
the angle between the reflecting surfaces is a....deg. If a hori-
zontal ray of light is incident on one at an angle of b....dege.

with the normal, the ray reflected from the other will make an

angle with its normal of (1) y (2) s (3) , (4) . (

3« A spherical mirror focuses the image of an infinitely distant
object at a point a....cm. distant from the mirror surface on its
rincipal axis. The radius of curvature of the mirror ies (in cm.)
l) [ 2 (2) [ ] (3) 1] (4) * L] L] L] . L] L] o L] . L] . (

4. The distance of an object from a spherical mirror (radius of
curvature Qe.sseCme) i8 beesecme The distance of the image formed

from the mirror is (in cm.) (1) ,y (2) y (3) y (4) o (

5. An object is a....cme in front of a concave mirror whose ra-
dius of curvature is be..o..cme The image distance from the mirror

is (in cm.) (1)- y (2) y (3) s, (4) e e o o o o (

6« An object is placed a....cm. in front of a convex mirror and

an erect virtual image besootimes the size of the object is formed.
Thus the radius of curvature of the mirror (in cm.) is (1) ’

(2) , (3) ’ (4) * L] L[] * L] L] L] L] . . L] . L] L[] L] L] L] * (

7« A convex mirror with radius of curvature of a....cm. has an ob-
ject beseecme in front of it. The distance of the image from the
mirror (in cm.) is (1) y (2) y (3) , (4 « o o (

8. If the difference between spherometer adjustments is ae....mm.

and the distance between center and outside legs is b....cm., then
parallel light will be focused at a distance of (1) y (2) ’
(3) ’ 4) cm. from the mirror e o o o o o s e o o o & (

9. A concave mirror of focal length asesecm. is8 beeseecme from a
convex mirror of focal length cee...cme., and the mirrors face each
other. If an object is placed dee..cme. behind the convex mirror,

the distance from the object to the final image (in cm.) is

(1) ) ’ (2) [} (33 9 (4 e & o o & o6 o o o s o+ s o (

10. 4n object is a....cm. in front of a concave mirror whose radius
of curvature is 2a....cm. The image distance from the mirror is (in
cmo) (l) » (2) » (3) : ’ (4) e o o 0 o s & o o o
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Experiment 28
CHANGE OF WAVE FRONT ON REFRACTION

Object:
To study refraction at plane surfaces.

Apparatus:
Cube of glass, drawing board, microscope,
clamp stand, straight pins, protractor, compass.

Theory:

By studying the changes in wave front which
occur as a wave advances, it is possible to pre-
dict the effects that are produced when a wave en-
counters an obstruction or when it is reflected or
refracted. Wave front constructions are carried
out by application of Huygen's Principle: Every
point on a wave front acts as though it were it-
self a center of disturbance, sending out little
wavelets of its own, always away from the source,
the collective effect of which for all the points
constitutes a new wave front. Starting with a
wave front in any given position, the wavelets may
be represented by arcs drawn from'various points on
the wave front as centers, the radius representing
the distance the wavelets would advance in some
specified time. The envelope of these arcs repre-
sents the new wave front.

Huygen's Principle may be used to determine
what happens to a plane wave incident upon a plane
surface OA separating two isotropic media of differ-

E

Figure |

ent wave velocities; the Velocity of the wave being
less in the second medium than in the first (see

Figure 1). Let AB be the plane front of an advanc-
ing wave making an angle of incidence, i, with the
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normal EF. Since the velocity vg in the second med-
ium is less than the velocity vy in the first, the
part of the wave front that strikes the surface
first will be retarded in velocity to vg while the
rest continues to proceed with velocity vy .

It takes a time t for the upper part of the wave
to travel from B to 0 with velocity v4, and at the
same time the lower part travels from A to C with
velocity vg (0C the refracted wave front, is perpendi-
cular to AC and so Z AC = r). r represenis the angle
of refraction between the refracted wave and the normal
EF. The distances BO and AC are:

80 =vy t, AC =vg t,

In triangle ABO, LOAB = i and hence

B0 Vi t
sin i =—or A0 = : .
A0 sin i
In triangle AOC:
AC Vo t
sinr=—or A =
A0 sin r

By equating the two expressions for A0, one obtains

(n sin i Vg _ n
sinr V3 '

where & , the index of refraction of medium 2 with
respect to medium |, is defined as the ratio of the
velocity of the wave in the first medium to its velo-
city in the second. Equation (1) is the mathematical
statement of Snell's Law. The absolute index of re-
fraction of a medium is the ratio of the velocity in
vacuum (approximately equal to that in air for light
waves) to that in the given medium.

Refraction causes an object which is immersed
in a medium of higher refractive index than air to
appear nearer the surface than it actually is (see
Figure 2). Let 0 represent an object in water a dis-
tance G0 below the surface S. Two of the light rays
extending to the eye are shown. For ray OXY, the angle
of incidence = GOX and the angle of refraction = GIX;
hence from eq. (1):

sin GOX _ |
sin GIX W’

where M is the refractive index of water. For rays
close to the normal, angles GOX and GIX are small so
that their tangents may be substituted for the sines:
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Figure 2

By reference to the figure it is seen that:

tan GOX _ 6X . 6X - 61
tan GIX GO * GI GO
Hence
(2) G0 - True depth =k

Gl  Apparent depth

On account of the assumption that the rays lie
close to the normal, one must be careful, in the
experiment, to avoid the error of examining the
extreme portions of the wave front (i.e. rays
making a wide angle with the normal).

Experiment

Part |

Draw an ink line on white paper placed on
the drawing board, and place on it a glass cube
so that the line will bisect the bottom of the
cube. Place a pointer so that it touches one of
the vertical faces of the cube just above the
line on the paper. With the eye directly above
the pointer and looking through the glass, raise
and lower the pointer until it appears to be at
the same level as the line. Move the eye back
and forth at right angles to the line to see if
‘there is any relative movement of pointer and
line. |f not, the pointer is at the apparent
depth of the line as seen through the glass. Mea-
sure the distance from the bottom of the cube to
the pointer. This is the apparent elevation of
the line above the paper.

Repeat the operation four times. Measure
the thickness of the glass block and compute
the refractive index of the glass from equation

(2.

Mount the microscope in the clamp stand and
focus it on the line on the paper while looking
through the glass cube. Measure the distance from
the lower end of the microscope to the paper. Re-
move the cube and repeat the process by changing
the elevation of the microscope above the paper. Do
not change the focus. From the two measurements
find the apparent thickness of the glass. Compute
the refractive index. Repeat these measurements
four times.

Part 2

Put the cube on the paper and draw the line LMNO
around the base (see Figure 3). Look along face MN
toward the point N and locate with a pencil the point
P where the point N appears to be when viewed through
the glass. MP is the apparent depth d. As in Part |
compute the index of refraction v . With the eye
at any point, for example point I, place two pins in
the paper between the cube, and the-eye, in line with
N as it appears in the cube. Do the same for other
points as shown in the figure. Now remove the cube
and draw in the lines NFl, NCH, and NEG, as shown:
representing the actual paths of the light.

o

Figure 3

Now with NM as a radius and N as center, strike the
arc AM which represents the spherical front of a
wave advancing from N. Since the entire wave front
will not leave the cube at the same instant, make a
Huyghen's construction to determine what change, if
any, occurs in the wave front. While the wave is
traveling in glass from A to L in time t, and with
velocity v4 ,it is traveling outward in air along
MJ with velocity vg. To find the distance travel-
ed in the same time t along MJ, multiply the length
of Al by jL= vg/vy and strike an arc with M as cen-
ter and JL° AL as a radius. Strike also the arc
BC, with NC as a radius. While the wave is travel-
ing from B to L in glass it is traveling a greater
distance in air, equal to j+° BL, along the path CH.
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With|L * BL as a radius and C as center, strike an
arc.’ Perform this same operation for the point € of
the ray NE, and construct the corresponding arc. The
smooth curve which is tangent to these arcs(and to
all other possible arcs which might be drawn in the
same manner) is the new wave front, LGHIJ, Is this
a spherical front? Give sound reasons for your ans-
wer. Does the wave front have spherical aberration?
How might the front face of the cube be altered
so that for a point source of light at a corner, N,
of the cube, the emergent wave would be perfectly
spherical, and hence free from spherical aberration?
Now, to check the accuracy of your observation
in Part 2, repeat enough of the experiment (new
drawing) to obtain the ray NCH, as shown in Figure
3a. Erect a normal to LM at C. Measure as accurate-
ly as possible the angles i and r as indicated.

o . N
,I
/
/,/ /o
| [ /
i A /
el 2 /
L N ~
r \
|
| ‘>\‘\
3 —
~
Figure 3a

Obtain from a table the sines of these angles.
Since one wishes to compute the refractive index of
glass with respect to air when the light is travel-
ing from glass to air, Snell's Law is written in

81

the form:
I ~sini
- —
‘A. sin r

With your values of sin i and sin r find a value of L.
Compare this value with that found in the first part
of Part I.

Now, to further verify this value of P& by means
of a Huyghen's construction, draw QM parallel to NC,
and RM perpendicular to NC, so that RM may be regard-
ed as the plane front of an advancing wave. With (b °
RC as a radius and M as center, strike an arc. Draw
CT tangent to this arc. Construct a perpendicular to
CT, passing through C. Does this line coincide with

CH?
o L
/ ,
I )
5 a
\r - -—T
V-7 i
- |
~ i Ld ~
//”/’i
Figure 4
part 3

Study Figure 4. Express Snell's Law in terms
of the symbols in the figure. Show that in the limit,
as i and r both approach 0, and y approaches d, the
apparent depth, that

W = 0/d.
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TEST EXPERIMENT 28

l. An object @sesecme. below the surface of a liquid appears to be
b....cn. below the surface to an observer directly above the object.
?h? index o{ §efraction of the liquid is (1) y (2) ’

3 ,4 @ o o o e & o o & o+ o o o

. L] L] L . L L] L] L J L] L ] . (

2. The frequency of yellow light in air is a....cycles per seconde.
In glass whose index of refraction is b...., the frequency (in cycles
per sec.) will be (1) , (2) s, (3) s (4) ’

3» The index of refraction of glasg with respect to air is a...e.
Hence the velocity of light é3 x 1010 cm./sec. in air) in glass
(in cme/sec.) is (1) , 2 y (3) , (4) P |

4. 1f a beam of light has a....waves per cme. in air, it will have
in water (index of refraction beess) 1) y (2) s (3) ,
(4) waves pexr cie. 6 6 & o+ e o o o e 2 e e o o o

5 The absolute indices of refraction of substances 1 and 2 are
8eses and be.o.erespectively. Hence the relative index of substance
1 with respect to substance 2 is (1) y (2) sy (3) ,

(4) e s 4 o e 4 e e s e s e e s s s s s e e e o 0 e o0 e e |

6+ The velocity of light in air is approximately 3 x 1010 cme./sece.
The index of refraction of a substance in which the velocity of
light is bese.cme./sec. is (1) y (2) y (3) y (4) . (

7. The apparent depth of & stream is a....ft. Actually the depth
%in ft.) of the water (index of refraction is 4/3) at that point is
l) [ ] (2) » (3) 1) (4) L] . L] . L] L ] L] L] [ ] [ ] L] L] L] (

8. If a light source is placed a....ft. below the surface of a pool
of water (index of refraction is 4/3), the light emerging from the
surface will be limited to a circle whose radius (in ft.) is

(l) ’ (.2) ] (3) » (4) 0 . . . . . . 3 . 3 . 3 ] (

9« A layer of water ( index of refraction 4/3) a«...cme thick ise
supported by a glass slab (index of refraction 3/2) of the same
thickness. 1If a coin is placed under the glass slab, the apparent
depth of it to an eye looking directly down is (in cm.) (1) ’

2 ,(3 ’ ® o o o o o o 2 e e o o & o o o o

10. The velocity of light in substance 1 is 8e¢sssCne/8ec. and the
velocity in substance 2 is be....cm./sec. The index of refraction
of substance 1 with respect to substance 2 is (1) , (2) ’

(3) ,(4 ® o o o © 6 6 o e o o o o 0 o o o 0 e e e e o
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The following convention of signs is used in
equations (5) and (6):

Focal length, f, is positive for converging
lenses and negative for diverging lenses.

Radius, rq or rg, is positive for convex
surfaces and negative for concave surfaces.

Object distance, p, is positive when the ob-
ject is real and negative when it is virtual.

Image distance, q, is positive when the im-
age is real and negative when it is virtual.

Experiment

Part |

Pogitive Leng -~Put t.e spherometer pegs on
the plane surface of the lens and adjust the mic-
rometer screw until the central point just touch-
es the surface of the lens, and then read the
scale. Then place the pegs on the surface of the
lens to be measured and adjust the micrometer
screw until the central point just touches the
surface of the lens and again read the micrometer
scale. The difference in the two readings gives
the distance marked S in Figure 2. The radius
of the circle determined by the three pegs is
denoted by y. Measure the distance from the cen-
tral point to each peg, and take the average val-
ue for this distance y. Calculate the value of
ry , the radius of curvature of the spherical
surface of the lens. The
other surface of the lens
is plane and has a radius
of curvature equal to in-
finity.

o
Calculate the focal
length of the lens from
equation (5) using p =
Figure 2 .53

84

Put the lens on an optical bench and get a good
clear image on the screen. Measure the object and
image distances from the proper equivalent planes.
(See the Instructor).

Calculate the focal length from the standard
lens formula: .

T+lat )
p £

.n'-

Tabulate data and results for both cases.

Part 2

Negative Lens.--Find the focal length of a neg-
ative lens from the constants of the lens in the same
way as in Part |I.

Use the positive and negative lens in combina-
tion to find the focal length of the negative lens
with the optical bench. The lenses are*tied together
with a tie-rod so that the positive lens is next to

i the object.

Fix the lenses on the bench as described and
get a clear image on the screen when the object is
about 60 cm. from the first lens. Measure this dis-
tance, also the distance from the image to equiva-
lent emergent plane of the second lens, and the dis-
tance between adjacent equivalent planes of the len-
ses as in Figure 3.

S N
.4

Figure 3

From the focal length of the positive lens found
above and the values of py , a and qg , calculate the
focal length fg of the negative lens. Tabulate data
and results for both cases of Part 2.
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TEST EXPERIMENT 29

le A convex lens of a...cm. focal length forms a real image at
Deesscms The object is at a distance (in cm.) from the lens
of (1), (2) . (3) s (4) e e e

2. A double convex lens whose curvatures are 2.... and b...odeg. per
cme is made of glass of refractive index ce.... The focal length
of the lens is (in cm.) (1) s (2) y (3) ,» (4) . (

S« A real image is ases.cme from the object. If the magnifica-
tion is bees., the focal length of the lens (in cm.) is (1) ’

(2) [ ] s L] L] L] L] L[] . L] . Ld L] . L] . L] . L] L] L] L] (
4. A virtual image is a....times as large as its object and the

two are b.ssecn. apart. The focal length of the lens (in cm.) is

(l) 9 (2) [} (3) ’ (4) e e o o & ¢ o o o & o & ¢ o

5 A virtual image is a....times as large as its object. The fo-
cal length of the lens is b....cme The distance between object
and image (in cm.) is (1) y (2) y (3) , (4) o« . (

6. The distance between the moon and the earth is approximately
385,000 kilometers. The diameter of the moon is about 3600
kilometers. The image of the moon formed by a lens of a.... meters
fogal lengt? ?ill have a diameter (in cm.) of (1) sy (2) ’
3 , 4 L ] L ] L ] L] L [ ] L] . L] . L] L] L] L] L] L] L] L] . * L] L] L] L]

7. A camera lens has a focal length of a....inches. If onz wants

to photograph a person b...eft. away from the camera, you must

place the photographic plate behind the lens at a distance (in
inches) of (1) ,» (2) y (3) y (4) ¢ o s s 06 o o o (

8. An obJect is aseeecme from the convex lens of a convex=-concave
lens combination. If the lenses are b...o.cm. apart and the focal

lengths of the concave and convex lenses are CesseCme 8nd des.soCme
resgectively, then the final image is formed at a distance (in

cm.) from the concave lens of (1 y (2) s (3) y (4)
9. A lamp and screen are a....ft. aparte To get an image on the
screen a converging lens with focal length of b....ft. must be

laced a distance %in ft ) from the lamp of (1) y (2) ’

3 [] L] . . L . L[] L] . L] L] L] L] L . . . L] L] . L] (

10. Using & spherometer to find the radius of curvature of a lens
surface, the sagitta was found to be a....mm. and the distance
between central and outside legs b.e...cm. The radius (in cm.) is

(1) , (2) ., (3) . (4) O
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Experiment 30
TELESCOPES

Object:
To study the lens construction and the magni-
fying power of several types of telescopes.

Apparatus:

Optical bench, two positive lenses, one nega-
tive lens, one plane glass with cross hairs, one
white screen.

Theory:

The two types of telescopes in common use are
the Galilean telescope,and the astronomical or lab-
oratory telescope.

The Galilean Telescope consists of a positive
lens 0 of comparatively long focal length known as

86

Consider now the ray X which is chosen from

among those tending to form the image at the point

B' because it is parallel to the principal axis of
E. It leaves E, therefore, as though it had passed
through Fa. But obviously it comes from the point B
since it tended to form the image of B at B'. Y is
a corresponding ray from A. The angle between these
two rays as they leave lens E is then the angle B and
is measured by

. tanp =

A'B!
fa '
where fg is the focal length of the eyepiece.

(Note: The rays drawn do not locate image A®B"
but one knows that A"B" will be somewhere along these
lines and hence the image A"B" as seen at E subtends
the angle B at the eye.) For most easy vision the
image A"B" will be at co toward the left.

&-
3 AT\\ x D
, | N 20 PR —\‘
| |
A N '
B i= > 2
B . l =6 :
|
| e -~ |
|- ¥ - ===t
’}/
i
7 Figure |
the objective (nearer the object) and a negative A'B'
lens E of shorter focal length known as the Mag fa - f1 .
ocylar or eyepiece. In practice the ocular is A'B' fa
frequently made up of a combination of lenses, fq

but we shall treat it as a simple lens in order
to simplify calculation.

The magnifying power of a telescope is de-
fined as the ratio of the angle subtended at the
eye by the image formed by the telescope to the
angle formed by the object.

Consider Figure |. The two rays from the
left are coming from the top and bottom of the
object AB and since the length of the telescope
is small compared with the distance to the object,
xmeasures the angle at the eye subtended by the
object. These two rays move toward the right
and tend to pass through the end point of A'B' in
the focal plane of the objective lens.

oC then is measured by

AR tan o¢ , where fy is the
f1

focal length of the objective.

The Astronomical Telescope (Figure 2) is made
up of an objective lens of long focal length and
an ocular, also positive, of considerably shorter
focal length. The objective causes a real inverted
image A'B' of the object to be formed between the
two lenses. The ocular is placed so that the light
which diverges toward the right from this real im-
age will leave it parallel. Thus the distance be-
tween the two lenses focused for a distant object
will be equal to the sum of the focal lengths. The
Astronomical Telescope forms an inverted image of
the object.

The magnifying power is again calculated by
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TEST EXPERIMENT 30

l. The moon subtends an anzle of a....minutes at the eye. 1In a
telescope wnich magnifies b....tlmes the angle that the image
would subtend at the eye would be 3 ’

(4) o o o o e o s o s e o o o s o e o e o e e (

2. The magnifying power of an astronomical telescope is a... The
focal lengtn of the ooJectlve is B....in. The length of the tele-
scope is (in inches) (1) , (2) s (3) , (4) e e e e o o

3. An astronomical telescop,e has lenses of focal lengths a....cm,
and b....cm. In order that the cross nairs may appear to be in
coincidence with the imazse seen in the telescope, they should

be glaced at a distcnce from tane objective equal (in em.)to (1) ,
(2) s (3) , (4) e e s e e s e e s e e e e e e e e e

4. An astronomical telescope is focused on an opject a....cm.

from its opjective so that the light emerzing from the eyepiece

is parallel. The focal lenzths of tne opbjective and eyepiece are
b.... and Cc....cm. Tespectively. The distance between the two
lenses is (in cm.)(1) y (2) sy (3) y (4) e e e e o e (

5. In an astronomical telescope the focal length of the ocular
is a....cm. The distance between the lenses is b....cm. The
magnifying power is (1) s (2) y (3) , (4) e o o o (

6. In a Galilean telescope the objective has a focal length
a....times the distance between tne lenses. The focal length of
the ocular is b....cm. The focal length of the objective(in cm.)
is (1) , (2) s (3) 4, (4)

7. A Galilean telescope is focused on an object a....cm. from

its objective so that the eye sees the image <5 cm. in front of

the eye lens. The focal lengtas of the objective and eyepiece

are b....cm. and c....cm., respectively. The distance oetween

the two lenses (in cm.) is (1) , (2) y (3) s, (4) o « (

8. An astronomical telescope and a Gallilean telesco,e both have
onjectives of focal length a....cm. and a magMNfying dower of b....
The Galilean telescope is shorter than the astronomical telescope
by a distance in'cw. of (1) sy (2) y (3) sy (4) ¢ &« o . .

9." The focal lengths of the objective and eyepiece of an astronom-
ical telescope are a....cm. and D....cm. respectively. +#hen a dis-
tant object is vieweu, tne two lenses are a aistance c....cm. art.
fni image a pears ?t)a distance(in cm.) from the eyepiece of (15

2 ’ 4 L] L] L] L] L] . . L] . . L] L] L] . . L] *

10.The magnlfylng power of a Galilean telescoype is a.... and its
length 'is v....cm. The focal length of the objective lens (in cm. )
18 l) 1] (2) ) (3) b} (4) 3 . . . . . . . . . . . . . (
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Experiment 31
THE PLANE DIFFRACTION GRATING

u:jo_c;:

o beoome acquainted with the diffraction grat-
ing and to use the grating to measure roughly the
wave length of light.

Apparatus:
Plane transmission grating, single slit, source
of light, scale and optical bench.

Theory:

"Huyghen's Principle™ (each point on an advanc-
ing wave front acts as a new center of disturbance
from which secondary waves orig"inate) is to be ap-
plied to the diffraction grating.

A diffraction grating is made by ruling parallel
lines on a plane piece of glass or other material so
that the distance between adjacent lines is constant.

If a slit source of monochromatic light is ob-
served through a grating we see not only the source
slit in its actual position, but also diffracted im-
ages of it. According to the principle of inter-
ference every diffracted wave front advancing from
the grating must make an angle @ with the grating
such that

nA_
s

sin 0,

89

where Ais the wave length

o) of the light and s the dis-
— tance between the lines on
| / the grating and n is an
o - integer (known as the order
>| | of the diffracted imge).
|/ + The direction of motion is
| / perpendicular to the wave
t"./’ front, and so the distur-
5 ' o bance due to a wave front at
—'&-éz"‘ an angle @ to the grating

will apparently come from
a point P' a distance d from
the source slit P, where 4 =

. D
tan 0 if D is the distance between the slit and the
gratlng. If d and D are measured, ® can be found and.
calculated: '

N,
— =3inQ,
s

A= & sin 9.
n
Experiment

Part |

With the apparatus arranged as shown in Figure |
note the position on the scale of as many lines as
possible. For the first order n = |, for the next
n = 2, etc. Measure d and D for each line, and calcu-
late s from the number of lines to the cm. on the
grating. Calculate A for each case and arrange in the
table.

n D d tan 0 ‘]

sin @ . cm.

Part 2
Repeat for two more values of D.

Part 3

Determine the average value of A from all of your.measurements.
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TEST EXPERIMENT 381

1. The frequency of a mercury violet line for which the wave
length is a....cm. is (in vib./sec.)(1) , (2) (5) ’

4 . o . e o o L] e o o o e o . e o . . [ L] . . e o L] ] L] (

£. The wave length which forms a first order image at a....deg.
to the main beam when transmitted by a grauing of b....lines to
the cm. is (in cm.) about (1) y (2) oy (3) sy (4) . |

3. In proolem (2) if the distance from the screen to the grating
is a....cm., the distance from the spectral line (whose wave
length was to be calculated) to the direct beam is (in cm.)(1) ,
(2) y (3) , (4) e o o o o o o o 6 s 6 o s o e s o o s

4, The wave length of green light is a....cm. The first order of
this spectral line would ve diffracted by a grating with b...."

lines per cm. at an angle of (1) , (2) , (3) , (4) .
5. The first order of a certain wave length is seerf.at an angle
Q...+ The second order will appear at an angle b....g£iven by

(l) ) 1] (2) (3) L] (4) . . e o L] o . . . . . . . e o L] (

6. The first order green line of mercury (wave length is a....cm.)
is seen at b....deg. to the main beam from the slit. The number
of lines per cm. on the grating is about (1) , (2) y (3) z

4 . [ . . 3 . . ° . L] [ . [ . . . . . . . . . [ [ . o o .

7. The a. ..th order image of a line of wave length b....cm. co-
incides with the c....th order image of a line of wave length(in cm.)
Of (l) 1] (2) 9 (3) 1] (4) o o . . . . L . . . (

"8. The wave length (in cm.) corresponding to a frequency of a....vib.
/860- 18 (l) ] (2) ] (3) b} (4) ] . . . . L . . o o o

9. The grating space (in cm.) of a grating which produces an a....th
order image at an angle of b....deg. is (1) y (2) s (3) (

(4) e o o s s e e o s 6 6 6 o o o e s s s 6 s e e s e e s .

10.A grating with a....lines to the cm, forms an image of a line of
wave lengtn b....cm. at an angle whose sine 1is C.... The order of
the image is (1) y (2) (3) , (4) e e o e o o o o s
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