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ARTICULATED MULTIMEDIA PHYSICS

Lesson Number 10

CIRCULAR MOTION



Let your imagination carry you back through more than 2,000 years
of man's history, back to Plato in the Greece of the fourth uentury B.C.
This great philosopher was a teacher whome we can imagine speaking tc his
pupils in a classroom not too different from yours. We must paraphrase his
lecture because there is no documentation for his exact words: ''The stars,"
he begins, 'eternal, divine, and unchanging lights in the heavens, move
around the Earth once each day, as we can see, in that eminently perfect
pathk, the circle. The planets, however, seem to follow erratic paths; they
wander through the gky as the year progresses. Yet they, too, are heavenly
and divine; they, too, must follow the perfect path of heaven, the circle.
And so I set forth to you a problem: determine what uniform and ordered
circular motions mus% be assumed for each of the planets to account for
its apparent irregular wanderings.' :

We give you Plato in our introduction to this lesson because he and
his successors in later timés and other places exemplify man's early pre-
occupation with circular motion in his endeavor to explain celestial events ‘
without violating either of his two basic faiths: his beliet in the divinity
and perfection of the circle and his conviction that the chaotic, tumbling
motion of the heavenlv spheres could be reduced to simple, ordered, logical
systems.

Please go on to page 2.



The seeds of many of "our modexn scienflfic methods 1ay in the fertile
uhought s of the ancient Graeks. Despite superstiLLon the. ~tudy of wircular
morion iu rhese andient times as jpplied to'z sky wblch seemed: sc near has .
fuloway lud o ﬁuw una cuL1nd*ng of rhe present-aay universe: . - - .

- 1f_ j;f ke 5The sLars de not move about ;he Earth in. cirulebn' _
: 2. . the planets do not move abour the Earth or ‘the sun in
ceireles. | L e

1he arb;t of Lh° moon. is nuu a clrclec
o ‘ In shoxt, Ehere is nothing divlne or eternal about the cirﬂle as Plate. -
ghpughta The cirvele is a special kind of geometric\flgure with speclal :
oY Gpe_«leS"Duf hﬂ same may be 2aid of the e111pse the square, or the
Lylangles. Navaran5¢e¢s, ulnneraLy and . satexllte orbits are smooth, ﬁ“a' ed b
SUEVES which ofcen GluSé;y appvoylmate Cifulcqn THJS lesson Wlll LoV
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. Aq‘ié'h@ppansi~gg£g law mot;on is more feadliy awaiyzed than ﬂllipt al,.
"oy hypevbolic, or parabolic motion. Manv familiar objects move iu perfafg
circles:  the wheels of your car, the edge of the vecord. on your: phons
. plgyback uhe tub in yo uT Was hing machine, the blades on you; e;ectrlc fan.

- Ve .ask, tth whar makes circul ar motlon different from wotiaﬂ dlmng
‘ a'suraagnf line? Does welocity have the same meaning foi both morions?
'Huw does asceleration differ in circuldr movion?  What fcfces are preseant
© Ain rotating systems? Tnese and other re;ared queStions will be an wered
in .thig lesson. : '
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Somewhere in your reading or in grade school you have met the notion

of centrifugal force. You whirl a stone around in a circle at the end cf a
string in apparent defiance of gravity. What keeps the string taut? Why
doesn't the stone fall when it reaches the top of its vertical circular path?
"Why, it's obvious," you say. ‘''When a body is whirled around, there is an
outward force acting on it. 1In this case, the force is large enough to
counteract the downward pull of gravity. That's why we call this force

- centrifugal force; the word means 'flying away from the center.' That's
exactly what the stone would do if you cut the string. It would fly outward
immediately due to centrifugal force."

Censider another manifestation of centrifugal force. When the car
in which you are a passenger suddenly rounds a sharp turn, you often find
yourself sliding along the seat toward the cutside of the curve. You were
stationary with regspect to the car before you began to siide; hence youx
body is accelerated. Being well-versed in Newton's laws of moticn, you
know that a force must have acted on your body to czause the outward accel-
eration; you can even write a mathematical equation (F = m&) to prove the
existence of this outward-geing force. You conclude that the same force
that acted on the string--centrifugal force--is also responsible for your
sliding along the seat of the aut¢mobile, ‘ B

Please go on to page 4.




F The cuncept cf ;entrifug&i for;e is quite simple -&nd. clear- cuL,';sn'ﬁ B
'it? ' It explains so many things in'a forthrighe, uncompllcated manner.

.. However, explanations of effects in rotating systems based upon centrifugal

 force have one defect: - THEY ARE INCORRECT! 'THERE IS 'NO SUCH FORCE AS

. CENTRIFUGAL FORCE ACTING ON THE STONE ON THE STRING OR ON YOUR BODY IN THE.
CAR! . For more years than we- ‘care “to" mention textbooks ‘and teacherJ have :
:been ethEf implylng or actaally clspensing false 1nf0ﬁmation on the subjeuLo,

. ) Sa, whdn a be11ei 1ike this, cherlshea ovez the years 15wshattefe&y
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: Centtitugai iorce as an explanatiun fot the behavior of bodles in
circulay motion is just such a fairy tale. ' If abandoning the simplicity of

. the centrifugal force concept disturbs you, don't fret. The true explanatlon i

. of the taut string of the whirling stome, of the slide along the automcbile
- seat, -and of the tearing tension .you feel in your arms when'you are the last

man.on an ice-skating "whip” is so much more 1oglca1 and otraighh—rotwatd

. that’ once you have grasped it, you will ncver again regrer the loss ef
"tentriiucal” force, :

_G@od'luék'iﬁ”the work .ahead.- We know ypu_%ill-find it interestinéa'

Please turn to pagé’134 in'thelblue‘appendixe'
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There are places in deep space which are so remote from the nearest
star or planet that the effects of gravitation in these areas are negligible,
We can imagine a block of meteoric matter moving through such a space, having
been cast of an exploding star thousands of years ago. No forces of any kind
act upon it. It is a completely free agent unaffected by gravitation,
electrical forces, or magnetic forces.

In the absence of force, the meteor is in dynamic equilibriumo Its
motion 1is accurately déscribed by Newton's First Law.

Just what kind of motion would the meteor have?
(1)

A Uniformly éc;elerated motion.

B Uniform speed; wvariable in direction.

C Uniform velocity.




YOUR ANSWER —--= B

Refer to Figure 15 on page 46. You can't say that DC is the radius
of rhe circle of rotati. shown in the figure. This line segment is too iong;
Peint D is outside the rircle., If you used DC as a radius to draw a circle
zyound C, you wouid f£1. . "is circle much larger than the one in the figuie.

Piease retuin to page 46 and choose a better answer.

Sh




YOUR ANSWER —---~ C

One of the conversions 1s incorrect. Perhaps it will‘help if we remind
you that there : » 100 cm in one meter and 1,000 g in one kilogram.

When you find this single error, the list will then be correct. Locate
. the error; then return to page 56 and choose the right 1ist of values.

)




10UR ANSWER -=~- C

You are coxrrect. At the instant of removal of the centripetal fo:rce,
the par’icle at once is restored to a state cf dynamic equilibrium. Since
at this instant the motion is tangent to the circle, the particle continues
1¢ move along the lime of ¥5.

Hereafter in this lesson, we will use the symbol ¥ to refer to the
"instantanecus velocity' of the rotating particle. Since the divection of
morion will be constantly changing, we will refer to '"speed" cf the partricie,
che instentaneocus velocity of which is T,

Now let's imagine rhat the centripetal force is appiied to the particis
with constant magnitude, continuously changing its direction so that its
recyor OnsLantiy points toward the center. The path of the parcvicie wila
1nen be & perfect .

What's the miesing word? Write it; then check your thinking by tuining
o page 9.

ERIC

Aruitoxt provided by Eic:



CORRECT ANSWER: If the magnitude of the centripetal force is comstant and
always directed toward the center, the path of the particle will then be a
perfect circle.

In Figure 9, the symbol F_ is used for centripetal toxrce at every
point in the path of the particle and v is used for each instanta:.eou:
velocity because the speed of the particle is constant despite the changing
direction. The radius of this circlé is symbolized by r and we'll call the
mass of the particle m.

Figure 9

Next we turn our attention to the magnitude of the centripetal for:e,
F . Can the required centripetal force F be determined for any yiven set
og conditions where the mass m, the instantaneous velocity v, and the radius
of the circle r are determinable? By "required" we mean: can we find the
magnitude of the centripetal force F. needed to keep a particle of mass m
moving at a speed v in a circle of radius r? The answer is yes. An equza-
tion can be derived which relates F_ to m, v, and r. The derivation is '
difficult, however, and beyond the fevel of our course. Rather than buzden
you with the formal derivation, we're going to obtain the equation with the
assistance of our knowledse of units and unit checks.

NOTEBOOK ENTRY :
Lesson 10 ’ ;

2. Centripetal Force ‘
(a) A particle moving in a circle with constant speed is acted upon

by a force of constant magnitude acting toward the center of the circle, ;

This is centripetal force. (Copy Figure 9 into your notebook.) !

Please turn to page 155 in the blue appendix.
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To obtain the gelatiecuaship between F. on the one hand and m, v, znd
r on the other, we'll investigate the effect of each of the latter on the
torce needed to maintain circular motion; but we'll handle them separately.
Tc do this, we'll try to make use of your personal cbservations and experi-
ences.

We shall begin by studying the relationship between F. and v. Imagine
that you are holding a on ‘d length of string between your fingers, having
first wound a few turns ¢ around your forefinger to prevent inadvartent
slip. Attached to the str.ug is a "particle,” (perhaps a tennis balll}., 7Ycu
whirl the particle in a horizontal circle at a relatively slow speed above
your head and note the amount of centripetal force (F.) you have to exert o
keep it in this circle. Now assume that you increase the speed of whirling
to twire or three times its former value and again note the magnitude cof
the required centripetal force., Select one of the statements beicw whith
tits your observations of what occurs. -

(8)

A As the speed increases, the required centripetal force remains the
same.

B As the speed increases, the required centripetal force decreases.

C As the speed increases, the required centripetal force increases.
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YOUR ANSWER =~~~ B

Your algebra is faulty. Remember, dividing a fraction like mv2i1
by a whole number such as m is the equivalent of multiplying the fraction by
the reciprocal of the denominator.

1
a =D 1
[ r m

So you can see that the answer you chose is not correct,

Please return to page 27 and select the alternative answer.




YOUR ANSWER ~-- D

There is actually nothing wrong with this answer from a strictly
mathematical point of view. The error, if one may call it that, lies in the
basic presentation of the result. :

It is conventional to isolate the constant k from the variables by
showing ir as a separate quantity, the first term on the right side. Imnstead
of writing F. = mk%, it is preferable to indicate the same relationship this
way:

mnv
Fo = by

In the last analysis, both relationships are mathemacically identizal,
but the latter contains better physics.

Please return to page 59 and choose the best answer.
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YOUR ANSWER ~-- A
Refer to Figure 18 on page 75.

Path CD is a perfectly straight line. The only conditions that wili
permit any object moving in space to follow such a path are those in which
the net force acting on the object 1s zero. The fact that a large amount
of driving force is applied horizontally to the satellite does not negate
the gravitational attraction of the Earth. Regardless of the speed of prcjec-
tion of the ®satellite at point C, then, the net force acting on it is not
zero because it is still being attracted by the Earth. Hence, it cannot
move along a straight line because it is not in dynamic equilibrium.

There is a much better answer to the question than the one you chose.
Return to page 75 please.
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YOUR ANSWER ~-- C

Almost, but not quite!

You worked the movement of terms correctly, but you should have ended
with the following equation:

v2 - Fﬁr

W- t happened to the square sign on the v? You appear to have dropped
it. Why?

To find v, you must take the square root of both sides of the equation
shown sbove.

Please return to page 81 and then choose the right answer.
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YOUR ANSWER —-~~ C
All right, let's go over the essential points.

We started with a series of rough experiments. We whirled a particie
on & string and, one at a time, changed each of the three variables: spaed,
mass, and radius of rotation. In each part of the experiment, we tried to
determine what happened to the required centripetal force, F., as eazh ot
the variables was altered.

We found that the centripetal force had to be increased:

(1) when the speed (v) was increased. Sc we assumed that F.
was directly proporticnal to v; that is, F_.= kv,

(2) when the mass (m) was increased. Again we guessed that theis
might be a direct proportion between F. and m; that is, F_ = km,

(3) when the radius of rotation (r) was decreased. This suggestad
that F, might be inversely proportional to r, and we proceeded to make this
assumption; that is, F, = k/r.

These three proportions were then properly combined inte the torm:

- 1OV
Fc _k -

We decided to do a unit check on the relation as it stood. But befcie we
could do this, we had to make another assumption. We assumed which ¢i the
following? ‘ ‘
(13)
A We should like the force to come out in newtomns.

B k equals 1 and has no units.
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YOUR ANSWER --- B

You are correct. Centripetal force, regardless of its source, acts
along the radius of the circle of rotation toward the center. This radius
is always perpendicular to the tangent through the particle at every point
of the circle in which the particle is moving..

Try this problem. An electron has a mass of 9.1 x 10731 kg. Under
the action of a magnetic force, an electron moves in a circle of 2.0 em
radius at a speed of 3.0 x 10° m/sec. At what speed will. a proton (mass =
1.6 x 10-27 kg) move in a circle of the sawe radius if it is acted upon by
the same force? )

Let us first write the equation for the centripetal force acting on the
electron. Thus:

(Copy this.)

The subscript "e" relates all of these quantities specifically to the
electron. .

Using the subscript "p" for quantities relating to the proton, write
the centripetal force equation for this particle.

Please turn to page 17 to check the equation.
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2
CORRECT EQUATION: F o= Ep%p_
P P
Now the problem .states that the same force is acting on both particles.
This tells you at once that Fg = F which p permits you to equate the right
side of one equation ro the right side of the other so that:
mpvp? _ meve’
2 Te
One of the conditions of the problem is that the proton is to move in
a circle of the same radius as the electron. Therefore, you also know that
ry = re. If these are set equal to each other, the equation reduces further
to which of the following?

(22)
A MpVpYp = MeVele’
B m#vp2 = meve2
C MpVpre = MeVelp

D None of the equations given above is correct.
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YOUR ANSWER =--- D

Refer to Figure 3 on page 115. Your answer is improperly limited.
To determine where no unbaianced force acts on a particle moving with uniform
speed, you must locate those ranges where the particle moves in a perfectly
straight line. True, A to C is a straight line, but so is the range from F
to G. Over both of these ranges, the particle is in dynamic equziibrium since
neither the speed nor direction of the motion is changing. Hence, there is
no unbalanced force acting on the particle over either of these ranges.

Please return to page 115. Then select an glternative answey.



. ),

YOUR ANSWER --- C

This answer is not right.

)
Think back to the way we obtained the equation for centripetal force.
In deriving the expression for centripetal force, m always represents a singie
_mass, not the combined mass of two different bodies, regardless of their

relationship to each other. Remember also that the Earth provides gravita-
tional attraction.

Please return to page 86. You can find the righr answer.

)
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YOUR ANSWER «--- B

This is correct. We will want v all alone on the left side of the
expression. So we have: ' :

2
mev” . GOl
r T

To solve for v, we like to attack the simplification this way: m,
and ¥ on the left can be eliminated by multiplying this side of the equation
by rimg. But if you multiply one side of any equation by a certain factor,
you must do the same thing to the other side. Thus,

T m
—_— X —-S_. G—S-Z.E. X —
mg ¥ ms

We want you to simplify this right down to the point where you abtain
v {not v ) all alone on the left side. Go to it! When you have finished
(it's really not difficult at all), compare your answer with those beiow and
select the statement that you feel is correct.

(33)

2
A v= Gmﬂ;%i

B v = Glelg N
¥ .

C The equation does not simplify to either of the two expressivns
shown above.
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YOUR ANSWER --- B
Refer to Figﬁre 18 on page 75.

Path CD is a perfectly straight line. An object moving through space
can move along a straight line only if it is in dynamic equilibriumy, that is,
if the net force acting on it 1s zero. At an altitude of 1,000 miles, the
Earth's gravitational pull may be somewhat weakened, but it is still there
and constitutes a very definite unbalanced force that “would not permit the
satellite to move in a straight line. In short, the Earth's gravitational
force even at an altitude of 1,000 miles makes it impossible for the sateilite
to move in perfect dynamic equilibrium.

Please return to page 75. The correct answer should now be evident.
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YOUR ANSWER --- A

Although this statement is true, it is not included in the context of
the notebook entry in question. Check your notes again,

' Please return to page 133. You'll have to try another answer.
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YOUR ANSWER --- B

This answer doesn't follow from our reasoning. If a particle is going
to change its direction of motion at all, a force must be applied to 1t in
the direction of the change. When the string is cut, the only existing
inward radial force vanishes; hence the particle certainly could not begin
to move inward at exactly the time when the only force that could cause it
to do so ceases to exist!

You must remember that the particle is moving at a tangent to the
circle at every instant in time and that the centripetal force is applied fou
the purpose of changing the motion from linear to circular motion. So if
the centripetal force causes the motion to change from linear to circuliar,
the removal c¢f the force must permit the particle to return to linear motion
along the same line it was following at the instant when the string was cut.
But was the particle flying inward toward the center along the radius at the
instant of cutting? Which way was it going?

You should have no difficulty in choosing the cocrrect answer now.
Please return to the question by turning to page 150.
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"YOUR ANSWER -— A

You are correct. As the radius decreases, the circle of motion becomes
smaller and more curved. The increased curvature is a greater deviation from
a straight-line path and hence requires more centripetal force to produce it.
Refer to Figure 10.

A C
ry ry - ——7
PO
0 €
~ ‘\\-\\
\\/ ~ —
B D
Figure 10

Arc AB is part of a circle with small radius ry; arc CD is part ot &
circle with larger radius rj. Both arcs are about the same length indicating
the same distance traveled in unit time. CD is more nearly a straight line
than AB; hence it requires less centripetal force to produce it.

Thus as r decreases, Fc increases. Here again, we see a suggestion
of a proportion but this time, an inverse one. Following the same procedure
as before, we assume that F, is inversely proportional to r and write:

F_=X
c r

So far, we have two assumed proportions:

k
F. = kv and Fc = -

That is, centripetal force is directly proportirnal to particle speed
and inversely proportional to the radius of rotation. What is the othex factor
whose relationship to F, we wish to determine?

Write it; then turnktb-béééAQS;dpiéase.
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CORRECT ANSWER: The other factor whose relationship to F. we wish to deiermine
is mass (m).

First, we'll repeat our observations about the other terms.

(1) When the speed of a rotating particle increases, all other
factors remaining the same, the centripetal force required
to maintain circular motion increases.

(2) vwhen the radius of rotation of the parricle increases, all

other factors remaining the same, the centripetai force
required to maintain circular motion decreases.

Please turn to page 156 in the blue appendix.
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Now how about mass? If in the imaginary experiment you had used a
heavy cbject instead of a light one, say, a stone rather than a tennis ball,
would you have had to exert more or less centripetal force as compared zo
that of the previous case for the same radius and the same speed?

{10)

A More force.

B Less force.
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YOUR ANSWER --- A
You are correct.

We know, too, that the motion of a particle in a circular path may

be described in terms of the following expression: '
2
mv

F, = —

c

The force in this case (centripetal force) produces an acceleration
directed toward the center; hence this force may be substituted for the
~ general value of F in a = F/m, where a is the centripetal acceleration and m
is the mass of the particle. In other words, we write:

a= E- (general form of Second:Law)

2
But since F = FC = E%_ (centripetal force equation),
. 2 .
we may substitute ¥ for F in the general form and write:
r mv
r
a =

c m
where a, stands for centripetal acceleration.

Simplify this last expression. What do you get?

(28)
2
A a =L
cC . r
2y2
B mev
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YOUR ANSWER -~~~ A
Not so.

1f all four assumptions had been correct,
in newtons or kg-m/sec? instead of ~oming out in

Let's review the assumptions once again:

(1) We found that F. increased when
a direction proportion and wrote F_, = km.

(2) We found that F, gncreased when
assumed a direct proportion and wrote F, = kv.

{3) We tound that F, increased when
an inverse proportion and wrote F, = k/t.

(4) We assumed k equal to unity; we
pure number without units.

Now, since F_ did not come out in newtons
more of these assumptions must be incorrect.

then Fc would have come out
kg/sec as 1t did-

m increased, so we assumed
R

v in.reased, sov we again

r decreased, so we assumed

also assumed k to be a

or kg—m/secz, then one or

Please return to page 66. You know the answer now.
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~YOUR ANSWER ——- C

Not-so!;fThis equation shows acceleration to be pProportional.to the
_ product .of force and mass. Do you remember the veérbal form of the Second
"Law? The acceleration of a mass is directly proportional to the applied

force, but it is inversely proportional to the mass-of the body.

Write the correct form of the Second Law equation; then turn to
page 98 again and choose the correct answer,
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YOUR ANSWER ~—- C

Sure, that's correct. As the speed increases, the need tc pull the
string toward the center of rotation with more force is quite evident. Thus
as the speed increases, the centripetal force increases. This suggests the
possibility of a direct proportion between F. and v. Remember, this is an
intelligent guess but a guess nevertheless. Actually F, might be proportional
o v2 or to ?; or to v2, or there may be no true proportionality at all.

So by assuming that F. is directly proportional toc v, we are going 'out on
& limb,” but there is no harm in this as long as we are aware of what we
are doing. Obviously, such an assumpticn will have to be tested later on.

Now going along on this assumption, we'll write the assumed dizect
proportion in our familiar mathematical form:
F_. = kv

)

Next, picture repeating the experiment with a string only half as long,
this time keeping the speed constant at all times. What happens this time?

(9> . i
A As the radius decreases, the required centripetal force increases,

B As the radius decreases, the required centripetal force detreases.
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YOUR ANSWER -—- B

You are quite'cqrrect° These are the right MKS ‘values for this problem.

~ Now you have the'equation and the values for substitution. Suppose

you solve the problem and let us have the answer to two significant figures.

What is the maximum speed of the ball? ‘
(20) . . ) . t Lt v - b )
A 4,2 cm/sec

B _18.m/s‘eq

C Neither of the'ébove answers is correct} -
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- YOUR ANSWER —--- A

You're letting some cld, fixed ideas get the better of your reasoning.
You were probably- thinking of one possible way of starting the particle in
itg cireular path (as when particles are affixed £o strings)~-by having the
string slack before rotation begins; then you pictured the particle mov1ng
away from the center of rotation before the strlng became taut.

Bear in mind that the force F (any one of the infinite number of
centripetal forces for mny one of the infinite number of possible positions
the particle may have at a given instant) cannot bz applied until the stving
is taut. Thus, any movement the particie undergces while there.is scill
slackness in the string must occur befecre the cencripetal force is applied.

Once the string is taut, the particle cannot possibly move fafther
from the center, and hence it could not aceelerate a5 Gescribeo in this an

Please'return to page 79 and choose a better answer.
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YOUR ANSWER --- A

Acceleration means a time rate of change of velocity. Acceleration
occurs only when an unbalanced force acts on a mass. From the Second Law:

a =

=]

it is evident that regardless of the nature of the mass, if the unbalanced
force is zero, then there is Eg_acceleratiopo If F = 0, then:
)

a= g-sc that a = 0
m

since zero divided by any number is zero.

The meteor is not acted on by an unbalanced force of any kind; this
is the condition we have set up. Thus, F = 0 and a = 0, so the meteor
cannot be moving with accelerated motion, uniform or otherwise.

Please return to page 5 and choose a better answer.



(¥L
B

YOUR ANSWER --- B

Certainly, the equation you derived shows no such reiationship. The
mass of the satellite {(mg) does not even appear in it.

Perhaps you thought that the greater weight would require greater
speed to provide the inertia to keep the satellite from faliing to the Earth
What you probably forgot was that the weight of the satellite provides an
increase in inertia. ‘ ’

Since mg does not appear in the equation for sateilite speed, what
can you conclude about the dependence of sateliite speed on sateilive mass:

Please return to page 52 and make another answer selection.
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YOUR ANSWER --— A

No.

You're forgetting that the radius of the orbit is the distance between
the satellite and the center of the Earth. Since the radius of the Earth
is taken as roughly 4,000 miles, then the altitude must be added to this
figure to obtain the orbital radius.

Please return to page 53 and choose the alternative answer.
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“YOUR ANSWER ~=--: : - R

o -
5 A

You zre rhinking of acceleraticn as a change of speed onlv Rerizot
for a moment. The instantaneocus velocities (v,, o and vjj all kave the : v
eame magnitnde, but the directions are different. Now, although you may think
of accelerstion as the change of magnitude of & welosity in wany vazsss, thare
are just &8 many sitwations where an applied foroe produces actaleration by
changing the direction of thes velonity xamher than ivs wagnitude. In the
following definition: S ‘

e : = AY
o , e

r‘f'r‘

The delivs preceding the v does net specify whather the magnitude o3

the dirvection {ox both) is changing. Aceeleration ccpurs if sighay one varies
w1th_tim op if both do Siﬂu&taﬂQGEQX)o : '

SG, the unba anced force F in figure 12 on page /9, when 1
its possible positions, must cause the particle to accelérate. The gquestion
is, in what direction does rhe acceleration. take place?

. Please veturn zo page 79. Try suother answery.

s

ERIC

Aruitoxt provided by Eic:
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YOUR ANSWER =--- D

One of the conversions is not right. It might help if we reminded you
that there are 100 c¢m in one meter and 1,000 g in one kilogram.

When you locate the error, the list of values will be correct. Find
it; then return to page 56 and select the right list.
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YOUR ANSWER --- B

This 1s incorrect. It looks as if you were confused by a decimal
point. Or you might have doubled the speed rather than squaring it.

The equation is:

Now substitute the numbers only:

;o 80x 20)*
c 20

If you doubled. the 20 in the numerator instead of squaring it, you
would obtain: '
F B0 x 40
e 20

FC m 160 units of force

Of course, this is wrong. Repeat the calculation; then return to page
104 and select a better answer.
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YOUR ANSWER =--- A

Refer to Figure 3 on page 115. The path of the particle from A to C
is a straight line, and since you are told that you are to assume uniform
speed throughout the path, then there is no unbalanced force acring on the
particle from A to C. You answer is correct thus far.

From D to E, the particle's path is a smooth curve. As we have seen,
a particle will traverse a curved path only if an unbalanced force acts on it
while it is following the curve. Hence, there must be an unbalanced force
acting on the particle throughaut the time that it is moving from D to E.
Thus this part of your answer is incorrect.

Please return to page 115 and choose a better answer.
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YOUR ANSWER --- A

You are correct. Since m for Mars is 1/10 m for Earth, then v for
the Martian satellite would be smaller than v for the Earth satellite, and
the Martian satellite would travel more slowly.

How much more slowly would it travel? That 1is, at about what
fraction of the Earth satellite's speed would the Martian satellite move?

(39)
1

A To0
1

B 7o
1

C 3




YOUR ANSWER —-- B

‘You are correct, .In Trials 1 - 3.on1y the mass varies; in Trials
4 - 6 only the speed varies; in Trials 7 - 9 only the radius varies. Now
let's. find out what we can learn from these data.

Suppose we consider Trials 1 ~ 3 first. For these three trials, v o=

1.0 m/sec and T = 1. O'm throughout while the mass goes from 1.0 kg to 2.0 kg --

to 3.0 kg. If we take 1.0 kg as the initi&l mass, the centriperal force
required is 1.0 nt initially. Now the mass is doubled to0.2.0 kg, and we find
that the force has z2lso doubled to 2.0 nt. Last, the mass is trigled from

1. 0 kg to 3.0 kg, resulting in a trigling of the force from 1.0 nt to JQO nt.

Based upon such funetional manipulations, the answer to this qdestlon
"should be immediately forthecoming:- i1s F. directly proportional to m? Does
F. vary directly as the mass of the rotating body? What do you say? Yes
or no? ’

Write your answer; then turn to page 42.
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CORRECT ANSWER: Ye:z. The centripetal force F. is directly proportional
to the mass m of the body in circular motion.

A1l right, then, this was the assumption we made, and it has been
verified by experiment. We now know definitely that F, = km.

Turning our attention next to Trials 4 through 6, we observe that the
speed has been made to vary while the mass and radius were held constant.
Let's summarize part of the chart information below:

{m and r constant) Speed Centripetal Force
(Trial 1) 1.0 m/sec 1.0 nt
{Tyial 4} 2.0 m/sec 4.0 nt
(Trial 5) 3.0 m/sec 9.0 nv
{(Trial 6) 4.0 m/sec £16.0 nt

It is obvious that doubling the speed does not double the centripetal
force, tripling the speed does not triple the force; nor does quadrupling
the speed quadruple the force. Therefore, F, is not directly proportional
to v. A proportionality does exist, however, which can be recognized from
the above data. Which one of the following expresses this correctly?

(15)
2
A F, = kv
= 3
B Fc kv

C Fcekﬁ
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YOUR ANSWER --- C

Refer to Figure 3 on page 115. You are quite correct. Over both of
these ranges, the speed and direction of the particle are unchanging; thus the
particle is in dynamic equilibrium and is not acted upon by any unbalanced torxce.

A B c

PARTICLE MOVES
WITH UNIFORM
SPEED FROM A TO J

HAND HOLDING—7'

STRING
1
J
Figure 4

Now refer to Figure 4. A particle is shown in various parts of a path
from A to J, moving with uniform speed at all times. A boy holds a string
in his hand at point O so that when he wishes, he can take up the slack ot the
cord and exert a force on the particle (a ball, perhaps). Note that the stiing
is shown in its slack conditior when the particle is at points A, B, C, I, and
J. At the remaining points in the path (D, E, F, G, and H), the boy has pulled
the string taut and is exerting an unbalanced force on the particle. Assuming
that this is the result of an experiment using sequential high speed flash
photography, how do you know that the string is not exerting an unbalanced
force on the particle at A, B, C, I, and J?

Think about this; then turn to page 44.




Two separate aspects of the diagram (Figure 4 on. page 4 ) indicate that
.the string does not apply an unbalanced force to the particle at A, B, C, I,
and J. : -

_ First, the string is slack. A slack string cannot exert & force on
anything until it is pulled taut. Second, at the points named, the particle
is moving with constant velocity; hence it cannot be experiencing an unbalanced
force in any direction. : . .

Just before the particle reaches D, its path starts to curve. -1t then
continues to curve until it arrives at H. Throughout this interval, the boy
exerts a force oa the string (note that it is taut) as indicated by the arrows.
He keeps the string at a constant length all during the time that the particle

- mowves from D to H, pulling inward toward the finger arocund which the Sinng
: 1s woundc {Assume also that the finger does not move during this time. )

L Using the above experimental facts, tell us_thxs: The curve from D
to H is part of what special geometric figure? '

(4)

A Curve DH is an arc of a circlen
B Curve DH is part of an ellipse, o
“C Curve DH is part of a parabola.

D I don't knqw.hoﬁ to determine this.
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YOUR ANSWER --- A

You are correct. The centripetal acceleration of a particle moving
in a circle with constant speed is given by the quotient of the square of

the speed divided by the radius of the circle.

NOTEBOOK ENTRY
Lesson 10

(Item 3)
(b) The centripetal acceleration of a particle moving in & circulay
path is directly proportional to the square of the speed of the body and

inversely proporticnal to the radius of rotation.

Throughout this lesson, we have carefully avoided the use of the word
"body" in phrasing the laws. Our consistency in using 'particle” rather
than 'body'" arises from the difficulty one has in discussing the behavior

of bodies of various shapes in circular motion.

Please turn to page 46.
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Figure 15

In Figure 15(1) we have a very small sphere. 1f 1t were minutely
small, we could properly call it a partit¢le, so let us imagine that it
is tiny encugh to describe as a particle. In that case, the radius of
rotation (r) is clearly and unquestionably defined as line segment AC. But
in Figure 15(2), we have a body, not a particle. Which line segment is the
radius here?

(29)
A BC is the radius of this circle.
B DC is the radius of this circle.

C Neither BC nor DC is the radius of this circle,
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YOUR ANSWER ~-— A

No. A reaction is evidence of Newton's Third Law of Motion at work.
In applying the Third Law, you must remember that there are always two
bodies involved and.that when a force is applied to Body A by Body B, then a
force equal in magnitude but opposite Iin direction is applied by Body B to
Body A. i

What the answer above really says is that the force applied to the ball
(Body A) produces a reaction force also applied to the same body. If this
were the case, then centripetal and centrifugal forces would cancel each
other and leave the ball in dynamic equilibrium. But if it is in dynamic
equilibrium, it must move in a straight line. Hence, by thinking of the tws
forces as applied to the same body, you would make it impossible for the
ball to move in a circle! T

Please return to page 64. Choose the alternative answer.
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YOUR ANSWER —-—- C

You made no use of the fact that r, = rl39 the condition given in the
statement of the problam. Remember, you were told that the proton was to
move in a circle of the same radius as the electron. This fact simplifies
the equation considerably.

But a more fundamental error concerns a missing exponent. How did
that disappear? :

Please return to page 17 and select the right answer,
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YOUR ANSWER --- B

You are correct. This is an inevitable conclusion. Acceleration
must occur in the direction of the unbalanced force. Regardless of the
particular F we choose-~and there are -an infinite number of possible positions
of P and consequently an infinite number of possible directions for F--
it is always directed toward the center; therefore the particle must be
constantly accelerating toward the center. -

Does this give you a feeling that the particle must fall intoc the center
ultimately? Incidentally, this is a very common feeling among pecple who
hear of centrally directed acceleration for the first time. If you wondex
about this, we believe we can straighten out your thinking by approaching
it from a slightly different viewpoint. Let's try it.

In the situation shown in Figure 12 on page /9%, wouid you say that the
centripetal force F (Fl’ Fp, F3, and so on around the circle) is being applied
continuously or discontinuously in spurts?

Check your answer by turning to page 50,



CORRECT ANSWER: Csntripetal ferce must be appiied continuously if the
particle is to move in a smooth circle as this cne does.

Figure !3

Instead of applying the centripetal force smocthly, what would happen
if we applied it discontinuously in a series of jerk: toward the center with
slack periods in between? 1In Figure 13, let's imagine that we start with
the particle at A, assuming that it is already in motion. The string is
slack as shown, so the particle must move in a straight line, say AB. Let
AB be the distance covered by the particle while the string is slack; then,
suddenly at B the string is tightened and force F applied fo it. Say the
force acts instantanecusly. Thus, instantsneously the particle will be
dragged down from B to C, and at the instant it reaches C, the string is
allowed to go slack again. A%t this instant, it will again take off at a
tangent to the curve on path CD. :

While the string was siack from A to B, the distance between the par-
ticle and the center of the circle O was increasing as is evident from the
diagram. The particle moved further away from the center by the amount BC.
Then upon tightening the string, the particle was brought back te the circle
(B to C) by force F, whereupon the string went slack again, and the particle
moved from C to D. Along which path was the particle undergcing acceleration
toward the center? '

(26)
A AB
B BC

C CD
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YOUR ANSWER --~ A

It may be that you are insensitive to force changes or that you can t
recall exactly what happens in this sftuation.

Think of whirling a ball at a slow speed and then at a much faster
speed. Try to picture the inward force you have to exert to prevent the
ball from flying off at a tangent. You'll find that there is a definite
difference between the required forces for the slow and fast rotational speeds.

Please return to page 10. Choose a better answer.
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YOUR ANSWER --- C

You're right! The correct procedure follows: SR

X ésv G§~me. X
w1 * g

This leaves you with:

Then taking the square root of both sides; you get:

—
v = ;GRe
. Vv Y
Examining the terms under the radical, we see that G is known. (Do
you remember its value?) It's 0.667 x 10-10 m3/kg—sec2¢ Also, mg is known

(5.98 x 1024 kg), and r, the radius of the circle of rotation {(the orbit of
the satellite), can be determined.

But prior to warking out satellite velocity problems, we ¢an now
answer the second question proposed earlier: Dces a heavier satellite have to
move faster or more.slowly than a light cone to stay in the same stable 0rb;t7

Study the final velocity equation above. Then select one of the answers
below. :

(34)

A A heavy satellite must move more slowly than a light one to follow
the same orbit.

B A heavy satellite must move faster than a light one to follow the
same- orbit.

C Heavy and light satellites move at the same speed ﬁhen in the same
orbit.

D The equation does not answer the question.
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YOUR ANSWER === C

You are correct. Considering G and mg as constants, to determine the
effect of radius on speed, we can rewrite the equation thus:

1

k_
V“Vfr—
We see at once that the speed is inversely proportioﬁal to the square root
of the radius,

" The importance of this relationship is nicely shown by the following
problem. An artificial satellite must be accelerated in orbit to nearly
18,000 miles per heur at an altitude of 250 miles above the Earth's surface.
At what altitude would it have a stable orbit if it were accelerated to only
9,000 miles per hour?

The answer is that the satellite would have to lifted to an altitude
of 13,000 miles above the Earth to find a stable orbit at 9,000 mi/hr.

Does this sound like a tremendous jump? It does, but there is good reason
for it, Let's see how it works out.

What is the radius of the orbit at an altitude of 250 miles?
(36)
A 250 miles.

B 4,250 miles.



54
YOUR ANSWER --- C
This is not true.

If F. = k /v, then the chart for these trials would look like this
(taking k = 1):

i

v k yv = F_ i

: (Trial 1) 1.0 m/sec ky: = (.0 nti

~ {Trial 4) 2.0 m/sec k.yZiﬂ t.4t ngl
(Trial 5) 2.0 m/sec kV3 = 1.73 m

(Trial 6) 4.0 m/sec k V& = 2.0 nt |

i

(Taking k = 1 is not actually necessary, but it does simplify the
arithmetic.)

Our chart does not show these experimental results for the trials
listed. This means that the expression F. = k Vv does not meet the require-
ments of the data and, therefore, carnot be the correct equation.

Please return to page 42 and make another selection,




55

YOUR ANSWER --— B

No! 7You're being careless. If you should forget an equation that
states a principle, you can help yourself by thinking of the verbal form
of the principle and then making the equation fit the verbal form.

The acceleraticn of a mass is directly propotional to the force applied

and inversely proportional to the mass of the body. Is that what the equation
.you selected says? Of course not.

Please return to page 98 and select the right answer.
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YOUR ANSWER --- A

- You are correct. Since you obtained the right literal solution,'you
apparently don't need further help on this.

In the event that you did not copy the problem specifications, we'll
restate the problem: a 980-g ball is whirled in a horizontal circle the radius
of which is 36 c¢cm. What is the maximum speed it can have if it is not to
break the string? This particular string will break if 49 nt of force are
exerted on it.

Only one of the following lists is completely correct iox solv;ng this
problem. Which is the right one?

(19)

m = 0.98 kg
r = 0.036 m

F. = 49 nt
v =1

m = 0,98 kg

B < 0.36 m
F. = 49 nt
v =1

m= 9,8 kg
r =0,36m
F_ = 49 nt
vc= ?

m= 980 g

r=20.36m

F. = 49 nt
c

v =21



¥0OUR ANSWER —--- B

If the direction of a moving body changes, this constitutes acceleration.
Do you remember the reasoning that lies behind this statement? Perhaps a
very brief review is called for.

Velocity is a vector quantity. The magnitude of the velocity vector
is the speed, but the direction of motion must be stated to fully describe
a given velocity. 1If either the speed or the direction of a motion is
altered, the velocity has been changed. This is the same as saying that any
body which moves in a path having a variable direcrion must be accelerating
while the direction is changing. So, when you say that the path is variable,
you are saying that the meteor moves with acceleratsd motion.

But acceleration occcurs only when an unbalanced force acts on a mass.
From the Second Law:

a =

3|~

if is clear that, regardless of the nature of the mass, the acceleration is
zero if the unbalanced force is zero. That is, if F = 0, then:

a= g-or a=20
m

We specified that the meteor is moving in a place where no force of
any kind acts on it; hence the unbalanced force is zero. So, its acceleration
is also zero, and its path cannot Le a varying one.

Please veturn to Page 5 and select a more suitable answer.
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YOUR ANSWER --- A

You made no use of the fact that r = rg, the condition given in the
statement of the problem. Remember, you gere told that the proton was to
move in a circle of the same radius as the electron.

Furthermore, r, and rg are denominators in the original eyuation;
you have moved both of them up into the numerator in an improper mathema-
tical operation.

Please return to page 17; then look at the original equation once

again. If Ip = Tes what can you do with these factors immediately?



59
YOUR ANSWER --- A

You are correct, of course. As the mass increases, the required
centripetal force increases. Again assuming a direct proportionality, we
write:

Fc a km

We now have the following three proportioné:

Fc = kv

As F_ 1s the dependent variable in all three proportions, we may put
them together to form a single statement with Fé on the left of the equals
sign. Can you do it? One of the following is the correct combination; the
others are wrong. Select the one you think is right.

(1)

A F_ = KRE
v

(@]
i
']
M R
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YOUR ANSWER --— A

Refer to Figure 13 on page 50.

The string was slack all throughout the flight of the particie from
A to B, Thus there could be noc force acting on it in any direztion due to
the siring. With no unbalanced force acting on it, the particle must have
moved with uniform velocity from A to B. We must conclude, then, that it did
not accelerate at all along this path.

Piease return to page 50 and think this over once more befure making
ancther answer choilce.
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YOUR ANSWER --- B

This is not true. Refer to Figure 4 on page 43. You may not know
much about the properties of ellipses but you can recognize this: an ellipse
cannot be drawn by using a fixed length of striuy tied to a single fixed
center. In other words, we can say that an ellipse has a varying radius when.
this radius is drawn to various parts of the curve from the same fixed center.

Figure 5

See Figure 5. The three radii, r;, ry, and r3 are of different

lengths, so the ellipse could not have been drawn with a fixed length of string
- tied to point O,

Now think! What kind of geometric figure can be drawn by a fixed
radius rotating so that one end of it remains on a single fixed point?

Please return to page 44 and choose the right answer.
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YOUR ANSWER --- B~

No. The mass of the Earth is implicit in the F. part of the eqdétlon,'
-That is, Fc is provided by the gravitational pull of the Earth on the satelli:e,
and the mass of the Earth is included in the expression for this gravitational
pull.

Please return to page 86 and select a better answer.
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YOUR ANSWER --- C

You are correct. The speed v is dlrectly proportional to the square
root of the planet's mass. Thus v = k ym, and, since the mass of Mars is
about 1/10 that of Earth, then v = k Y1/10 or roughly:

-4
V=3

NOTEBOOK ENTRY
Lesson 10

4, Satellite motion . {
(z) The speed of an Earth satellite is given by:

r -

2

where v = speed in m/sec, G = constant of universal gravitatlon inm /kg—sec ,

m, = mass of the Earth in kilograms, and r = radius of orbit in meters.

(b) To find the speed of an orbiting satellite around any planet
other than Earth, substitute the mass of this planet for mg.
(c) For a given speed, the radius of a satellite orbit may be found
from: : ' !

c - Cog

v

Before continuing, please turn to page 158 in the blue appendix.



_As we draw near the close of this lessdn, %ou are perhaps wondering
if we are going o mention *entrifuggl'fofée”at'alla You will have cbserved
of course, that we 'did not need- it ‘at all to explain any of the effects in
cirm&lar_m-tlono " The notion of rentglfuga* force is quite supertfiuous in
physics; yert we encounter it every now and then in our rzading. Let's put
the phrase in its proper place here and now. "

1

To eliminate the side effects due to nravity; friction, air resistance,
and so on, let us conceive of a ball revolving. around a fricrionless bearing

in & vacoum on the end of a string. in deep space where g“~W1L¢r1un nay be.
1gnoved (Figure 20y S St o FE,

LTt

o : _ i “'Figﬁre 26 . a T
In ‘this idealized situation, there is ﬂnly one~tor ce—an ting‘an Lhe ball -
‘if 1t moves with uniform speed, This force is centripetal force, direc?ed
towvard the center of rotation at every instant. I is the centripets
force which causes centripetal arceleraclon and prevents Lhe balil tv@n movxng
off in a straight line, : Y R

_ Now, in th= original conuept of cenfrlfugal force, it was thoughﬁ
that’ in some myste;iou: way 'a force acted outward from the center on'the:
ball, cauSLng the stfing to remain taut. We have shown tha: ne such £orce
cexists. The only force aﬁting on the ball is the inward onn—~cenr 1petai force.
‘In recent years, there has been an inniinatlon among physlc1sts £0
regard centtiiugal force as a rveaction to centripeta’l: force and thus change
_the’ concept itself. We know that an inward force is. applied ‘ts the b 11
. this automatically means that another force having ‘the same magnitu de but
oppOSLte direction must be applled to which of these? - 7 . . 7

.<40). | " ’ " _.g f__', . ) L= = nigt_m “L}
A Bail. . . - : L

. 7_\ o oo ‘ : . R | . | L “l. . - W

B String.,

I

s e Y
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YOUR ANSWER --- C

Statement C is quite accurate but, unfortunately, it has nothing to do
with the information in notebook entry 2(h).

Please returrn to page 133. Try again!




66
" YOUR ANSWER =-- C

_ You are correct. The three proportions should be combined into the
single proportion shows In thas answer. But remember, please, thar the
combined form represaniu a sevies of three assumptions which have yet to
be verified.. ' ' - ' '

As a first step, let us do a unit check on this expression, making
still another assumption: we shall assume that k equals I and that ic is
diizensionless., Then, we'll oxpress the mass (m) in kilograws, the velocity
" {v} in meters per second, and the radius (r) in meters. If ail our.assumptions
are correct, then'Fc should come out in newtons. ' : '

" Were all our assumptions correct?

(12)
A Yes.
B No;

C I don't know.
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YOUR ANSWER --- B
There are at least two errors in this solution.

If you work out the units of this expression, you get something like

this:
w3 m_ = kg, m; = kg, r = m
Given: G = — * Ve s i °
kg-sec :
Substituting: v = ( m? 2)(kg°kg)
g: . kg-sec m
2
= M k§
M sec
But velocity is not measured in the square of meters per second times
kilograms. '

So, work out the problem carefully.

ase return to page 20 and choose another answer.
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YOUR ANSWER ~-- A

You're getting your squares and syuare roots mixed up again. The
speed v is directly proportional to the square root, not to the square, of
the planet's mass.

Please return to page 40 and try again.
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YOUR ANSWER -~~~ B

If quantity a varies inversely as the square of h, then you would see
this form:

However, in the satellite speed equation, the form is entireliy
different. We might rewrite it as follows:

v =y Vme

\/{

Since G is the constant of universal gravitation, and the masz ot the Earth
m, is constant as far as we are concerned, then the product Gm, may be
replaced by a constant to study the proportion.

k

vV = —

Vl;.

Surely this form is not the same as a = kibz, is it? Hence, the spesa
cannot be inversely proportional to the square of the radius.

Please return to page 122 and choose another answer.
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YOUR ANSWER —-—- A

If the magnetic force is to serve as the centripetal force, then it
cannot act along the tangent. A force acting along the tangent could increcse
or decrease the instantaneous speed of a particle, but it could not. change
its direction. Remember that the direction of a particle moving in a circle
is constantly changing.

Please return to page 124. The other answer is correct.




O

ERIC

Aruitoxt provided by Eic:
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YOUR ANSWER --~ B

This answer indicates that you may not have undersiccd the guestion
or that you can't recall exactly what happens in such a situation. Yourx
f.uger, through the medium of the string, must exert a centripetal torce
inward along the radius of the circle as the ball is whiried around. - As we

have explained, the inward or centripetal force must act toward the center
of the civcle at all times, requiring you to shift your pulling directicn
continuously. Normally, the human muscular coordination is more than ade-

quate to make this continuous shift more or less automatic; you don't have
to think about it.

Now ss the ball is whirled at a greater speed, the need tc: Lentripetal
force still exists, of course. The question is, wili rthe force reguired to
keep the bali in & circular path be greater, smaller, or the same fou high
speed as compared with the force at low speed?

Please return to page 10. Select a better answer.
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R

YOUR ANSWER ~-- C

- You are correct, BC is toc .short and DC is tod'long for either to be
the radius. But this is a real situation; -certainly, a ball can be whirled
on a string with a definite and fixed radius of rotationu

There is a point in. (or near) any body regardless of its shape st
which we may consider all of its mass tc be concentrated. The mass is not
actualiy concentrated there, of course, but by establishing such an. imaginary
point, problems in rotation become soluble. For example, if we consider all
the mass of a uniform sphere or of a ~erfect uniform cube to be concentrated
at the g_fmettic center, this point may then be taken as the particle whizh
cerminates the radius. The point where all of the mass of any body may be
considered to be concentrated is called the center of gravity of the
bady. Our course of study does not permit an extended discussion of the cencer
- of gtavity of oddiy shaped bodies such as cones, pyramids, cylinders, and so
forth, but we feel that you should be exposed to the idea very briefly

One important’ ﬁharacterlstic of the center of gravity is this: if
you plaue your finger immediately below the center of gravity of an abject
{along a vertical line), the body will balance on youf finger. To see Figure
16 which illustzates this, turn to page 73.
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SPHERE CUBE CYLINDER CONE
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Figure }6

Figure it shows 4 geometric objects: & sphere, a :ube, & <ylinder,
and a cone. In each case, the object 1s balanced on the pIine €T an arrow
piaced immediately below its center of gravicy (0G).

In mahy solid shapes, the center of gravity coincides with the geo-
metric center., This is true, for example, in a uniferm sphere, cube, or
cylinder; bur it is not true in a cone or pyramid. g

/N

/ \‘

Figure 17

The geometric center of a cone or pyramid may be descyibed as hali-way
between its apex and its base along the major axis. As you prcbably guessed,
the center of gravity for each of these shapes, however, is not hali-way along
the major axis but rather close to the base than to the apea. No matter in
what position you place a cone above a pointed support, it will be balanced
if its center of gravity is immediately above the point of support aiong a2
vertical line. )

Please go on to page /4.
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Aruitoxt provided by Eic:
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In cizeulay motion, we are most often zoncerned with spherical bodies.
Fovr ouy torthcoming work on satellites, 1v will put;lce to consider satellites
as spheres so that we 2an refer to them as bodies ra:her than particles,
The radivs of votation is measured from the center of the circle of rotation
tc the center of gravity of the sphere.

The Earth possesses one natural satellite, the moon. The Space Age
began with the dramatic ascent of a rviny object, Sputnik 1, the first man-
made satellice, which wsas successfuliy place into orbit by the U.5.5.k.
Today lirerally hundreds of man~-made moons revo:ve arcuend ba Eaxizh in the
cuter fringes or our atmosphere.

Naturaily, we are interested in rhe physics cf a satei.ite's orbit.
How fasy must 1f move ©G stay in orbiv? Must a heaviei satellite move pastey
or mere siowly vhan a lighter cone to remain in the same steble o¢rbii? How
ce: the zadius ¢i the orbit (distance between the center of grawity or the
ateilive and the cenmter of gravicy ot the Earth) arfexr the speed equlied
‘¢ keep the sarellite there? If we projected a» saCe*thn fyom Mars, wovid 1ts
speed be the same as for a similar orbit aroury 'the Eazth: :

mn Q.

We know enough to answer all these questions now! Let's take them cne
at a time. Before we do, however, we'll want to get a general qualitative
picture of the satellite orbits,

Piease go on to page 75. 1
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Figure 18 shows a satellite being launched fiom point A. Its inivial
path is vertical or nearly so to point B. Automatically, or by radio centrol
from the ground, the sateliite vehicle is turned into path BC. Ac C the
satellite separates from the last rocket stage and becomes a "free agentc
Driving power, active from A through.C, is now gone. The satellite's
future behavior will be determined only by natural forces.

&E
\\\\ q\D
N l
N
\
\
/- \
ég( SATELLITE
EARTH , } ;
\ ' /
\ /
\ /
\g-/
- Figure 18 B

Two possible paths of the "free' satellite are shown in rhe diagram,
CD and CE. Under what conditions would the satellite take path CD, a
pexfectly straight line?
(30)

A If a large amount of driving power had been suppiied toc it by its
rocket at the moment before separation.

B If point B were at an altitude of at least 1,000 miles.

C 1If gravitational force from the Earth did not act on it.
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YOUR ANSWER =-- C

You are coxrect. The motional state that describes dynamic equl—'
librium is uniform velocity, a state in which neizher the speed nox the
direction of the metion changes. -

. F o
P s e e o .._..._.v/ : P 3. —— !//

' .‘ oy pt
\?\ P )\ P

\.
)
\ | .

EOR (B)

Figure 1

In Figure !A, a particle P, initially moving with uniform veloccicy from
iefr to right is aéted upon by a downward force causing it to change its
direction of motion as at P'. In Figure 1B, the same particle with the same
initial velocity is acted upon again by a downward fo: force, bur you will notice-
at once that the appearance of this deflection is different than the previocus
one. We might describe the deflection in 14 as sharg while that in IB
might be described as gradual.

There are several possible explanations for the diiference in
deflection in the two caseg. At this moment, hewever, we are concerned with

just one of them. In the following 1ist, only one of the pessibiiities
could account for the difference in defiection. Which one is it?

{2}

A F is a pushing force, while F' is a pulling force.
B F' is acting for a longer time than F.

C F' is a force of larger magnitude than F.

D The particles in the two cases may have different masses and hence
different inertias.
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YOUR ANSWER --~ C

Refer to Figﬁre 13 on page 50.

Perhaps you did not notice that we said the string became slack again
at the very instant the particle was restored to its position on the circle
at point C. Thus, from C to D the string is slack and cannot exert a force
on the particle. With no unbalanzed force acting on it, the particle must
have moved with uniform velocity from C to D. We must conclude, then, that
it did not accelerate at all along this path.

Think it over. Then raturn tc page 50 and choose a better answer.
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YOUR ANSWER --~ A

One of the conversions in this list is incorrect. It might helip if
we reminded you that there are 100 cm in one meter and 1,000 g in ore kilogriam

When you locate the error, tne list of values will be correct. Find it;
then rerurn to page 56 and select the right list,
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YOUR ANSWER --- B

You sre correct. The acce.eraricn prcocauced by an unbalanced force
acting on a mass takes place in the direction cf the force. ALWAYS! This
is a physical law because there are no known exceptions to 1it.

Figure 12

In Figure 12, a particle is moving in & circular path with uniform
speed and is shown in three instantaneous positions, Py, Poy, and Pj. The
force required to maintain the circular motion for each instantaneous position
is designated as F;, F,, and F3. The force at each position is, of course,
the centripetal force and, as shown, is directed toward the center of rotation.
In accordance with the discussion we have just completed, if the force acts
toward the center of rotation, then what must the particle do?

(25)

A It must accelerate away from the center of rotation at the instant
of application of this force.

B It must accelerate toward the center of rotation at the instant this
force is applied. '

C It cannot be accelerating at all since its speed is constant.
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YOUR ANSWER --- A
There are two errors in the combined form,

First, F. was assumed to be directly proportional to v on the basis ot
rough experimental evidence. Your combined form shows an inverse propottlan
between these two variables.

Second, FC was assumed to be inversely preportional to r, alsc on the
basis of a rough experiment. Your combined form indicates & direct pIGPORUICH

berween these wvariables.

Be sure to keep the inverse and direct proportion Straight.

Please return tc page 59. Study the remaining possibilities and make
your next selection right.
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YOUR ANSWER =-~- C

You <. correct. The full solutiom follows:

a ' F o= mvz_“_SD kg}# (20 m/seci® -
e x _ 20 m '

80 x 400  kg-m | -
B ~E—?’ﬂ 1,600 newtons
Fc”m 20 sect '

Try another probleﬁc This time, & 98(-gram ball is whiried in a
horizontal cirele the vadius of which is 36 cm. What is the maximum speed
it can have it it is not to break the string? This particular string will
break if 49 nt of force are exerted om it. ' : '

~ Note carefylly that the units given are CGS rather-than'MKS, éxcept
for the breaking force. Befors starting your solution, be sure to convert
‘the units that need changing in order to get a1l the quantities in a single
system of measurement. : ’

Selve the problem and determine the maximum speed of the ball for
the conditions described.  The {first step should be to sclve the literal
equation so that the unkmown iz zlone on the left of the equals sign. Which
of the follcwing is the covrect literal solution? - >

(18

A v = E_@r
i
F«:zf4 .
B v o= =i
C v = F.:‘E
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" YOUR ANSWER —~—-— B

This is not true. - It may be that thase actions -and changes are s
commonplace te you that it's difficult to stop and figure out what zeally

happens. However, it is unreasonable to expect that the force will decrease

with decreasing radius - Refer to” Figure 10.

/.///d\\\ o n ’ : .
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r?,// . l“l__ — -
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' Figﬁre'lo

‘We have drawn two arcs, AB and CD, from the same center but with
different radii. For.comparison purposes the actual lengths of the arcs
_are very nearly tiie same. ' Note how flat CD is compared with AB. Or in
other words, ndte how great the curvatire of AB is as compare? With CD.
‘ Thus, arc CD approaches a straight line more closely than AB. This,
in turn, means that CD is less of a departure from dynamic equilibriuvm
than AB; hence less centripetal force would be required to produce circular
motion when the. fadius is r; than when it is rj.

Please return to page 30. Choose the other answer.
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YOUR ANSWER --- D

Statement D is quite true but is not a summary of notebook entry 2(h).
Check your notes again.

Please return to paga2 133 and select another possibility.
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YOUR ANSWER --~ B
No, that's nor correct.

. 3 . .
If FC = kv, then the chart for these trials would lock like this itekins

v kv3 = f.

L AP,

(Trial 1) 1.0 m/sec k{l)?.= i nt
(Triai &) 2.0 m/sec k(Zﬁi = 8 nt
(Trial 5) 3.0 m/sec ki333 = 27 nt
{Triail 6) 4.0 mfsec k(4317 = 64 nt

]

A {Taking k = 1 is not actually necessary, but it does make our arithmerl:
/Bomewhat simpier.)

Well, our chart does not show these experimental results 12r the
trials listed. This means that the expression F, = kw3 does not meet the
requirements of the data; hence it cannot be the correct relation.

Please veturn ro page 42 and select a bettey answer.
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YOUR ANSWER —--- C

You are correct. - The unbalanced force due to gravity acting on the
satellite causes the satellite to follow a cuired path (CE).

Like the planets and the moon, artificial satellites move 1n elliprica.
orbits. For our purposes, however, the assumption of a circular orbit to
make our calculations easier will do no harm. So let us say that CE is the
arc of a circle. '

We are ready now to tackle the first question: How fast must the
satellite move tc stay in orbit?

The gravitational force between the satellite and the Earth 1s the
centripetal force that causes the satellite to follow a circular orbit.
From the Law of Universal Gravitation, we have:

MM
Fg = CR2®

'this is the gravitational force that affects the motion of the satellite-
The mass of the satellite is represented by mg, the mass of the Earth by mg,
and G represents tn> constant of universal gravitation. {See notebook ent:y
1{d) for Lesson 9. You should refresh your memory in regard to the relative
magnitude and units used for G.) The distance between the centers of gravi:y
of the satellite and Earth is symbuiized by r. What is the approximate
. value of v when the satellite is still on the Earth's surface?

Write your answer; then turn to page 86.
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CORRECT ANSWER: A: the FEarth's surface, the value of 1 is approximatels
4,000 miles. '

We may take the separation between centers of'gfavity as the vadius
of the Earth, namely 4,000 miles. The satellite is so tiny compa:zd ¢¢ the
Earth that its radius is inconsequential, even in precise calculaticns.

For the general situation of a satellite the centripetal fo:ce needed
to keep it in orbit is gravitational force:

But we know that centripetal force is also given by the expressicu:

F a mv2

c e

In this expression'for centripetal force, which mass dowvs m symbciize
for the motion of a satellite around the Earth?

(31)
A The mass of'the satellite.
B The mass of the Earth.

C The combined mass of both Earth and satellite.
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YOUR ANSWER --- B

Refer to Figure 3 on page 115. Between A and B, the particlie moves
in a straight line. Assuming that the speed is uniform as directed in the
figure, then neither the speed nor the direction of rthe particle 1s changing.
It is in dynamic equilibrium in this region and there are no unbalanced forces
acting on it. The first part of your answer is, therefore, correct.

From E to F, however, the path is a smooth curve. As we have seen,
a particle will traverse a curved path only if an unbalanced force acts on it
to cause the direction of its velocity wector to change. There must be an
unbalanced force &cting on the particle trom E to F.. This part ci Your answe:
is therefore incorrect. ’

Please return to page 1li5. Choose a better answver.,
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YOUR ANSWER --- A

This doesn't even lpok right. And with units substituted, it comes
out like this:
m3

a 3 3
kg-sec

= kgz, m, = kg, r° =m .

Given: G 2, Mg~

3 2
Substituting: v =(rg_—rge?2) (Bﬁ;ﬂ%&)

v = kg?
sec2

But velocity is not measured in the square of kilograms per sergna.

So, work out the problem carefully. Please return to page 20 and icc
over the other answers.
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YOUR ANSWER ~-~ A
This does not foliow from a study of the equation you just derived.

A little earlier we showed that a proton must mcve more slowly
in a given orbit than an electron in the same orbit with the same centripetal
force applied because the proton is more massive. This probably helped you
reach your conclusion.

The difficulty with this kind of reasoni ., is that you are prone to
forget something. The magnetic force acting on the proton znd election was
the same for both. But in connection withsatellites, the heavier {cor mo:e
massive) satellite will have more force acting on it sincze the foice is due
to gravitation. So the two situations are not the same.

Look at the equation critically. Does the mass of the satellite
appear in it anywhere? What does this tell you about the dependence of the
speed of the satellite on its mass?

Please return to page 52. Choose a better answer.




YOUR ANSWER ~-- B
e errors in the.combined form you have selecred

There are thie

the

First, F, was assumed to be directly proportlonal ra v on the basls
Your comhined form shows an inverse
also on t

of . zough expex;mental evidence.
ptupettzun between these two variablez.
: \econd F ‘was assumed to be directly proportionu Lo m,
basig of nough expe iment. Your form shows an inverse proporticn betwesn
F. and m. ' o :
Thivd, ¥, was assumed to be inversely proportional tc r. Your choice

indicates & di*ect proportion between these variables,
Samehow, there was an inversion of the position of all three warzables.

Be sure to keep the inverse and direct proportions straight.

the conditicns

Plezse return to page 59 and select an answer that m.ets

of the problem.
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YOUR ANSWER --- A

Refer to Figuie i5 on page 46. If you placed a piece of chalk at
Point B and then drew a circle around C using & piece of string ot length 1,
would this circle coincide with the one already there? No, it would not.
Yet, by this definition, r would be the radius of the new, smaller circie
you just drew. So the radius of the original, larger circle extends mo:e
than from B to C. ' ‘

\
Please rerirn t.o page 46 and select another answei keeping the above
discussion in mind.
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, YOUR ANSWER --- B
You're joshing ﬁs{

_ Make the stone massive enough, and it will pull you right off yeur
feet as you try to whirl it through the air at the end of a string! 4 ,
large mass has a largs inertia and therefore tends tc keep going in & straight
line with a tremendouy ."determination,” To overcow= this inertia of motion

for a large mass, what must be true of thw magnitude of the centripetsl forie?

Please return *y page 26. Choose the alternative answer.
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YOUR ANSWER --- B

- You are correct. The orbital radius is the sum of the Earth's radius
and the altitude, or 4,000 mi + 250 mi = 4,250 mi.

Now look at the proporticnaiity form of the speed equation:

k
v = =

/r

Our object is to determine the radius of a stablé orbit for a new
speed of 9,000 mi/hr. This is half the original speed: The next step may
not be necessary for everyone, Zut it is straightforward and recommended.

Since the radius r is the unknown, we'll solve the proportion tor t.

<|=

k
v =J§ becomes J?',

Squaring both sides, we get:

[a ]
"
<‘.IJF'

At half the original speed, we may write:

k

r' = o) where r' is the new radius.

or r' = 2 or r' = é%
v v

Since r = k/v2 and r' = 4k/v2, then how many times as large is the new
radius compared to the original radius?

Write your answer; then turn to page 94.
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CORRECT ANSWER: The new radius must be 4 times as large as the giiginas
radius. ’

In shorr, 1f the speed is to be halved, the orbital radius will have o
be quadrupled. The original radius was 4,250 miles, so the new radius wi:..
have to be 4 x 4,250 = 17,000 miles.

To find the altitude of the satellite, we subtract the radius of 'vhe
Earth from the orbital radius and obtain 17,000 mi - 4,000 mi = 13,000 mi.
Thus the new altitude is 52 times as great as the oziginaL alt‘tuﬂe A
rather surprising answer, isn't it?

Summarizing our conclusions thus far:

{1} The speed of a satellite in orbit is given by the equaticn
o = ge
v r

(2) The mass of a satellite does not enter into the calcularicns
of its speed.

(3) The speed of a satellite is inversely proportional tc the
square root of the orbital radius.

Our last question’ If we Erojected a satellite from Mazs, wouid iis
speed be the same as for a similar orbit around the Earth? By 'simila:

orbit' we mean an orbit of the same radius, not the same altitude.

How would ysu answer this question?

'\(37) -
i

A Yes.

B No.

C 1 den't kpow.
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YOUR ANSWER --- D

Your answer is not correct; one of the equatiens given 1s a correct
simplification of the original statement.

The original equation reads:
movp? . meve?
rp re
You are supposed to make use of the fact that the proton and election

move in circles that have the same radius. That is, r_ = r_ . Well, if
rp =Yg then why not drop the subscripts and rewrite Phe equation this way:

A simplification is now possible with an r irn the denominator of each
fraction. Try multiplying both sides of the equation by r. %hat do you get?

o

Please return to page 17. You should have the answer now.
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YOUR ANSWER --- B

You are correct. Refer to Figure 13 on page 5U. The force F is
applied over path BC, causing the particle to accelerate toward the cente:.
We pointed out that the particle moved away from the center by the amcunt
BC while it was moving from A to B; then it was accelerated rtoward the <enic:
along BC, exactly compensating for its retreat from the center over the
previous path. This retreat and return would be repeated over and cve: as
the string is first slackened and then tightened again. You migh¢ view this
action as one in which the particle is repeatedly moving away from the venrer
by the same amount that it is being accelerated toward the center, theiziore

S0 it is possible for a particle to accelerate toward the center ¢t roration
without ever falling into it: ‘

Please tuxn to page 97.
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Now, suppose we made the interval between jerks smaller and smaller
as in Figure 14. This would not alter the action as described above; it
would simply cause the little central accelerations to occur more frequently
so that the '"sawtooth" motion would begin to look smoother and smoother.
Finally, when the jerks were so closely spaced as to appear smooth, the path
of the particle would bicome a .

Figure 14

After completing the sentence above, please turn to page 98.

a
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CORRECT-ANSWER. Whnn the jerks were sc closely spaced as to appeax smcoth,
tﬁe path of the pdrticle would become a circle.
! o . .

The foregelng ana;ysis was intended to help you see that & particie
moving in a circular path must accelerate toward the tenter continucusly..
If you wish, you can think of a circle as being composed of an infinite
number of sawteeth, the leading edge of each tooth representing the "falling
inward" of the parxticle toc compensate for its outward motion during the
other. pdtt of the tooth path

NOTEBOOK ENTRY
Lesson 10

3, Cen:rlpetai acceleration .
' {a) When & particle moves in a circle, it acceierates continususly

toward the center of rotation. This acceleration is a result of a change of
" direction of its velocity rather than a change of magnitude. The particle

does not graduzlly approach the center of rotation because it is falling

outward ccntinuously due to inertia just as fast as it ia falllng inwaxd dua,

to the Lentral acceleration.

\

i

Now, what is the magnitude df centripetal-acéeieration?-

. Like. any other mass in motion, a particle moving in a circle must,
obey Newton 8 Second Law of Motion. '

As a refresher, complete'this sta;emedt: the general torm. of New=
ton's Second Law may be writtem as -

(273 )
A-azs..“g‘_.
-
|
B Ia.a %’ o
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YOUR ANSWER --- A

All the known quantities have been expressed in the MKS system. You
even went to some trouble to convert some of the data. This would mean that
your answer could not be presented in the CGS system.

Without committing ourselves as to the accuracy of the numerical
part of the answer above, we must insist on the result being given in MKS
unit4. This is not meant as a trick, but we hope that you are learning tc pay
closer attention to the units as well as the numerical values of your answers.

Please return toc page 31 and choose another answst.




YOUR ANSWER —--~ B

This won't do. . Ypw're doing some strange tricks with squares and
squave roots.

Let's do it one step at a time. The equaticn is:

We want v, rhe unknown, on the left side all alone. Hence, we tan
multiply both sides by r!m to elimirate m and r from the right side.

r mv 2 r
F e
[ X m r m

We want v, not Vz, as the unknown. To do this we must take the
square root of both sides. You evidently squared the right side rather than
taking irs square root. This was your erxor.

Pilease return to page 8l. Repeat rthe manipulation; then thoose the
correct answer, ‘ :




i01
YOUR ANSWER ~—- A
Refer back to Figure 1 on page 76.

Of course, either of the two forces might be a pulling or a pushing
force. No mention of this was made in the statement of the circumstances.
However, whether the force pulls or pushes, its effect is quite the same.
You may remember from your study of composition and resolution of forces in
Lesson 7 that any force could be treated either way, and that there is no
difference in result if we consider the force to be pulling or pushing.

Therefore, the answer you selected is not correct. You can't account
for the difference in deflection on this basis, '

Please return to page 76 and make another choice.
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YOUR ANSWER --- B

You should be able to see the error of this answer by reviewing . the
situation from the point of view of inertia of motion. . A proton is much
more massive than an.electron, Thi# mass gives it more inertia. There-
fore, a proton has a greater tendency ‘to continue tc move in’'a straight
line than an electron. Now, to change its direction of motion--to make it
move in a circle rather than along a straight’ line~-you would have to exert
a centripetal force on it. But if its tendency to keep moving in a straight
.,Tine is stronger than that of an electron, how would this. centripetal force
flompare with the force needed to. duplicate the "action for the electron? '

Do you remember how force and mass are related in the expressicn

’

Please return to page 140 and choose a bétter answer.

'
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YOUR ‘ANSWER -— C

n

You mﬁst have gotten the column headings mixed.f;

, Léok at Trials % fhrough'G. Observe thétJthénspeedfis not the same in
' these trials; it is 2.0 m/sec in the.fourthv;rial, 3.0 m/sec in the next, and
4.0 m/sec in the next. e o :

— Observé, too, that-iﬁ;Trlals'é'through 6 the radius is held_&onétant,
while your answer says that it was varied. It was varied in Trisls 7 through

Please return to page 118, ‘Select an anmwer that fits the facts_°
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YOUR ANSWER ~—- B ST - A\ , g

You are correct. By assuming k co be dimensionless in the firsr
pl e and then by substituring and discovering that F, turng ouvt Lo be in
newtons ag it should, we hawe justifiad the initial sssumption.

1

A notebook entry iz called for here.
. . v - .

NOTEBOOK ENTRY . | I
Lesson 10

(K@em.ll

(b} If a particle of mass m kg moves in z circie whose radius is v meters
with s speed of v mfsee, then the pentripetal force azeting om iv is:

H 8

!
i
i

F = WZ | | - o
o ¥ . newtons : . :

(¢} Verbally, this equation may be given as: the centiclipetal force
acting on & par ricle moving with uniform speed in & cirele varics directly
' as the mass and the square of the speed and invefsel] as the radius of the
cirels of retation. ‘ » '

_Let's try a gelatively essy problem involving theze concepts.

& curve of radius 20 m at a speed of 20 m/’seca Whar centripetal fo
acts .on him? - » - '

An 80-kg man rides in a car which makes a sudden turn. He moves along

‘Write the eQuation make the necessary substicutions Lnﬂiud*ng.unlasg
and then solve for the centripetal force. What is the zoreect answer?

(17)
A Bd nt -
C;'l;ﬁoo.ht

ERIC

Aruitoxt provided by Eic:
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YOUR ANSWER ~--- C

" The unknown is the speed of the catellite. In solving an equation, we
always try to get the unknown alone on the left side of the expression,
isolated from the other quantities.

In that case, you don't want to solve for the mass of the sa%ellite.

'Please return to page 111 and try again.
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YOUR ANSWER === C

No, this is not 'sc. Refer back to Figure 1 on page 76, Without going .
into too much detail on the subject, isn't it fairly apparent that if F'
had a greater magnitude than F, the deflection in B would tend to be sharper
that the deflection in A? If a rubber ball is rolling along the ground past
you, and you want to send it off on a new path by kicking it sideways, you
would find that the harder you k1ck it at right angles to iLS path, the
. sharper would it curve off. .

uc here 15 another factor upon which the sharpness of defiection
depends: the magnitude of the force applied perpendicularly to the initial
-path, But forces of larger magnicude will cause sharper deflections, not
the other way around . :

- .- Please return to page 76. Consider the reméining answers logically
before making your next choice. '
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YOUR ANSWER --- B

If you note ~hat m, the mass of the planet, appears in the numerator
of the equation:

- m
v = G—
r

this should tell you at once that there is a direct kind of relationship
between mass and speed. That is, as the mass increases, the speed increases;
as the mass decreases, the speed decreases.

Thus, if the mass of Mars is only about 1/10 that of the Earth, then

m for Mars would be 1/10 mg. Would this make v for the Martian satrellite
larger or smaller than for the terrestrial satellite?

Please return to page 135; select the other answer.
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YOUR ANSWER --- A

» Your answer implies that the orbital speed 1s independent oi rhe mass
of the planet around which the satellite moves. In the equation:

v o= Gge
r

we know that G is a universal constant, equally appiicablie to problems
involving either Earth or Mars or any other planet; we also are working on
the basis of the same orbit around Earth and Mars, sc v iz the same f{or each
case; but how does m_ come into the picture? Thz subscript '"e'" was used

to indicate that we were speaking of the mass of the Earth. For a Martiam

satellite, we would have to replace mg with m,, the mass ot Mare.
From this, it should be clear that the crbital speed of the sateilite

iz certainly dependent upon the mass of the plamnet sround which it woves.
The mass of Mars is about 1/10 that of the Earcth.

Piease return to page 94 and pick an alternative answex,
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YOUR ANSWER ~~-- A

This statement is not true! The particle is moving at uniiorm speed.
All this means 1s that it traverses equal distances along the arc in equal
time. But velocity is a vector quantity that can be fully described only by
specifying both its magnitude and its direction. Two velocities may be said

to be the same only if their magnitudes are equal and if they have the same
direction.

A particle moving in a circle at any given instant in time has a
velocity directed along the tangent to the circle at that point. We call t¢his
the instantaneous velocity. This concept will be more fully expiained a bit
later. Refer to Figure 8 on page 146. The tangent is, of course, perpen-
dicular to the radius at that point, so the vector V% is drawn at right angles
to its radius (OP) and the vector Vg is similarly drawn perpendicular to its
radius (OP'). Now, do the instantaneous velccities VT and ¥} have the same
direction? Can they be said to be the ''same?"

Please return to page 146. Select the correct answer.
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YOUR ANSWER --- D

This 1is incomplete reasoning. The equation detinitely gives the
required information.,
we
= G-_—’

r

Here's a clue by analogy. In the study of talling bodies nea: the
Earth's surface, we found thst the final speed of a stone as it strikes the
ground is given by the relation:

v = gt

if it started from rest. In this equation, g is the acceleration due o
gravity, while t is the time of fall. Now we noie that the mass ¢t the sione
deces not appear in the equation. This means thar the final speed vi the tailing
body does not depend on its mass at all because, if a dependency existed

between speed and mass, then mass would show up in the equation.

Now look at the equation above. Does the mass of the sateliite appea:
in the equation? Do you remember that my canceled out duting the simpli-
fication process? Now use your judgment.

Please return to page 52 and chcose a better answer.
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YOUR ANSWER -~- A

You are correct. The mass of the Earth is mot at all involved. in ihis
expression.

Thus far we have:

Centripetal force supplied by gravity:

m
F, G—fEF—

and the general equation for centripetal force is:

Note that we are using mg rather than m in the second equation.

Since both expressions give the centripetal force on the sateliite,
then Fg = F., and we can equate the right sides of the equations. Thus,
2
v

9§- = Gggga (Copy this on scrap paper.)

We are trving to answer the question: How fast must the sateilite
move to stay in orbit? To get the equation in the form most suitabie rc:
answering this directly, what should you solve it for?

- (32)
A x
.B v
C m

D I don't know.
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YOUR ANSWER --- A

We have just shown that F, = kmv2/r comes out in newtons when k is
assumed to be unity and dimensionless and when the proper MKS units are
substituted for the other quantities.

1f, as you say, k is also measured in newtons, then we would have:

2

mv

Fc = k X r
(newtons) (newtons)

or Fc = (newtons) x (newtons)

Fc - (newtons)2

So you see that taking k as measured in newtons forces us_to come to
an impossible conciusion. Force cannot be measured in (newtons)“. Hence,
k cannot be measured in newtons.

Please return to page 149 and make a better selection.
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YOUR ANSWER ~-- A

You have made a very common erfor. You¥ reasoning probably went
something like this: since the centripetal force pulls inward toward the
zenter of the civcle, then when it is removed by euttihg the stx¥ing, the
particle will move in the opposite direction or outward aWay tiom the cente:
along the radius. -

This is not so. You must remember that the particle is moving at &
vtangent to the circle at every instant in time and that rhe centripetsl fci:e
is applied for the purposs of changing the motion from linear to circular
metion. So, it the centripetal fcrce causes the motion to change from linear
to c¢ircular, the removal of the force must permit the particle to revuin
to linear motion along the same lire it was foilowing a: the instant when the
string'was tut, But was the paitirle flying outward from t the centes alang
the radius at the instant of cutting? Which way was it flying?

You should have no difficulty in choosing the correct answer now,
Please rerurn to page 150.
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YOUR ANSWER --- B

. You are correct. You can see that the curved part of the partizie's
path in B is longer than the curved path in A. Now let's see what this means.

S

TIME OF FORCE ACTION TIME OF FORCE ACTIiCN

l | ’ {
[ | :
P —3 p — f;m*
\\ |
|
N i
P’ P' &

4

(&) (B)

Figure 2

A moving particle will continue to change direction only as long as
" an unbalanced force acts on it. The moment the force is removed, the particle
is restored to dynamic equilibrium and returns to its uniform velocity mstion.
Since a curve in a path signifies steadily changing direction, then the
unbalanced force must be acting on the particle throughout the time that it
is moving in the curved path. Figure 2 shows the relative durations
of the forces for the two cases.

Please go on to page 115.
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To check your grasp of this idea, suppose you now refer to Figure 3.

®
PARTICLE-*A
ASSUME
B¢ UNIFORM
- SPEED FROM
A TO G G
c
D F
E
Figure 3

Over which ranges of the particle's path is there no unbalanced fovce
acting on it? (If you wish to see the information on the previcus page
once more before answering the question, turn to page !14.) -

(€))

A Ato Cand D to E.
B Ato B and E to F.
C Ato C and F to G.

D Only over A to C.
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YOUR ANSWER ===~ C

When you say this, you imply that the centripetal force needed to
produce a certain circular path at a certain speed is completely independent
of the mass of the moving particle. Surely you can't mean that! The
dependence is evident both from your own experience in whirling light and )
heavy objects on strings and from the mathematical analysis we have just
completed. The following expression definitely states that the fo:rce
required is directly proportional to the mass of the moving particie.

F = EEE
e

The force needed to keep a proton in the same circle at the same

speed as an electron is very different from the tovce applied wo the electicm.

j

Please return to page 140 and select a better answer.
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YOUR ANSWER -~~~ B

You are correct in your selection of this answer.

The fact that we de not get force units on the right side si the
. expression above shows that one (cr more) of the followinz must be ctrue:

F_ may not be directly proportional to m,
or F may not be directly proportional to v,
or F may nct be inversely proportional to t,
or k may not be unity or it may have units of its own oxr bath.

Short of a rigorous derivation of the equation for-the magnitude of
centriperal force in terms of the mass and speed of the ¥otating particle
and the radius of the tircle it describes, there is only one cthey way to
find out which of the above statements is or are actual fact. We must
perform & quantitative experiment in which we determine the actual eftect
of m, v, and r on the centripetal force,.

Figure 11 is a chart showing the results of one possible experiment
along these lines. Copy this chart into your notebook.

DETERMINING THE RELATIONSHIP OF Fc T0 m, v, AND r.

MASS (m) | SPEED (v) | RADIUS (r) | |MEASURED FORCE IN ;

KG M/SEC M " NEWTONS (F.} ;

TRIAT 1 1.0 1.0 1.0 1.0 :
TRIAL 2 2.0 1.0 1.0 2.0 i
TRIAL 3 3.0 1.0 1.0 5.0 1
TRIAT, 4 1.0 2.0 1.0 4.0 B
TRIAL 5 1.0 3.0 1.0 9.0 :
TRIAL 6 1.0 4.0 1.0 16.0 :
TRIAL 7 1.0 1.0 2.0 0.50 !
TRIAL 8 1.0 1.0 3,0 0.33 :
TRIAL 9 1.0 1.0 4,0 0.25 |

Figure 11

Please go on to page 118.



Study the numerical results of the "experiment" carefuily. You wili
see almost at once that the experiment was performed by allowing only one
variable at a time to change value while observations were made of the
effect of this variation on the centripetal force, F.. All units used ase
preferred MKS units. The numbers are given to twc signitficant figures,
except in one case where we violated the rules just a bit to retain clarity.

As a random example, look at the figures on page 117 for Trial Y. The
mass of the particle was 1.0 kg; its linear speed in the circle was 1.0 m/sec;
the radius of the circle of rotation was 2.0 m. Then when the centripetail
force needed to maintain this circular motion was measured, it turned ous
to be 0.50 nt.

As a further check on your interpretation ¢f the chart of Figure L&,
suppose ‘you pick out the only true statement below.

(14)

A In Trials 1 through 3 mass and radius were held constant, while
the speed was made to vary.

B In Trials 4 through 6 mass and radius were held constant, whiis
the speed was made to vary.

C In Trials 4 through 9 mass and speed were held coustant, while
the radius was varied.

D In Trials 7 through 9 speed and radius were held zonstant, whiie
the mass was varied.
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YOUR ANSWER -=- C

Possibly you are not lufficiently familiar with the characteristics
of a parabola to answer this question. Without going into unnecessary detial c¢m
this subject, we can show you quite easily why curve DH cannot be part ot a
parabola.

Refer again to Figure 4 on page 43. Your attention was directed i«
the fact that the string's length was constant during the interval when the pa:-
ticle was describing curve DH., If you tried to draw a parabolia {see Figure &
with a pencil on one end of a string while the remcte end ot the stiing was
connected to a fixed point, you would find it impossible to do so. A pzraebola
is the kind of curve that opens ocutward as it is drawn to greater and greaier
lengths; its two sides never rejoin each other. A small portion of & parabcls
vesembles & smail portion of an equivalent eilipse. The difference 1s that the
eilipse 1s a clesed figure while the parabola is not.

\-
N~
\ Y
N A
V. "J
o) 0

Figure 6

In Figure 6, you can see that there is no point inside a parabcia that
can be described as a center. If you select a point such as O, 1t i& 1mpassibie
to draw a parabola using fixed lengths of string as radii fxom this point.

We will explain the focus later.

Please return to page 44 and try again.
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YOUR ANSWER --- C

You are correct. Good work! You observed that the mass (mg} of
the satellite does not appear in the equation, henze the orbital speed (v}
is completely irdependent of the satellite's mass. This means that a 1atge,
heavy satellite must orbit the Earth at the same speed as.a small, ;ignt '
one if both are to have the same ozblto '

Is this result surprising? In some ways it is because one might have
the feeling that a massive satellire should move more slowly in a particular
_orbit than a large one. This intuitive thinking cbvisusly has a filaw in it
we tend to forget that increasing the mass of a satellite does twoe chings
‘which cancel each octher: (1)} it increases . the requifed centripetal force
bur (2) it also increases the gravitationsal pull of the Earth on the satellire,
thereby providing the extra centripetal force.

. 411 fighti. Are you ready to work on a practical: pfoblem involving
satellite speed in a predetermined orbit? We hope so.

We want to orbit a satellite at 400 km above the Earth. What speed
in meters per second will it need to stay in this orbit? Let's work to
three significant figures. The data you will need to take down are:

G = 0.667 x 10‘10 m3/kg—sec2
m, = 5.98 x 102 kg

Altitude of satellite = 400 km

Radius of Earth = 6.37 x 10° meters

New turn to ?ageNXZ@o
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We must firg: establish the value of r, the orbital radius. Since
400 km = 4.0 x 10 m, we will add this figure to the radius ot the Ea:th
to obtain the radius of the satellite's orbit.

To add figures in scilentific notation, we must be sure the esxponents
are the same, so we'll convert 4.00 x 102 to 0.400 x 106 and then adad:

6.37 x 106 o
+ 0,40 x 106 m

r=6.77 x 105 m

ST \
~ \ \

\':
6.37 x 106m
N \

7

i

A

7

7~

Figure 19

We now have whar we need to substitute in the speed equation:

Y= Taa \/ﬁ00667 x 10710 x 5,98 x 1024

6.77 x 10°

How about a little exercise in arithmetic? Work it out and get rhe
value of v in meters per second. Write your answer.

Please turn to page 122 for an answer check.
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~CORRECT "ANSWER: To three significént figures, the satellite’s velogivy s
v » 7,670 meters per second.

This turns out to be about 17,200 miies per hour. You may recall
that our orbiting astronauts traveled at just about this speed as ioug as
they. remained in orbir, uwearly 250 miles above the Eaxth's surface.

Leoking back at what we've accomplished thus far, we have answered
the first two of our selif-imposad questions. Firsc, the speed required of
a satellite to keep it ir orbit is given by the following equation:

Second, we have found that the mass of the satellite does not s isct the
speed c¢alculatjions.
? aAas :

Our next question was: dHow does the radius of the orbit affect the
speed required to keep the satellite there? We can get the answer to thie
directly from an inspection of the equation. : '

The required speédvvaries inversely as what?
o5 : . .

A Radiws of the orbit.

B As the sﬁuare of‘the_radiusn

- & Ae the square root of the radius.
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YOUR ANSWER ~-= C
You're right! Both answers are wrong.

Since you were able to recognize the errors in the answers given, we
expect that you probably have the right one.

CORRECT ANSWER: The maximum speed of the ball is 4.2 meters per seczond.

F.r 49 nt x 0,36 m
- £ —C= =
The solution: v Jf’m 0.98 kg

v = /I8 m/sec = 4.2 m/sec
If F,, t, and m are all in MKS units, it almost goes without saying
that the veiocity must come out in meters per second. But if you're

interested in proving it, look at this:

Since a newton is a kilogram—meter per secondz, then:

But kg in the denominator cancels kg in the numerator, and m x m =
m“, o we come cut with:

—2

sec

Since this fraction is under the radical the final unit for v 13 m/se¢.

Please go on to page 124,
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Our final il.custrative problem in the applicaticns of centripetsl Yorce
will deal with the motions of subatomi:z particles under special conditions.
In certain types of particle acceierators or "atom smashers,” as well as
in other practical devices, charged particles such as electrons, protons,
alpha particles, and so on are whirled around in circular paths by electric
and magnetic forces. 1In particular, magnetic force is often used tc exert
the required centripetal effect, that is, to keep the particles moving in &
circle rather than flying off at a tangent. Magnetic forces are like any
other forces; they can change the speed or direction of motion of a moving
mass. If you wish, you can picture a magnetic force as behaving iike the
string that constrained the ball or the stone to a circular path.

In what direction must the magnetic force act?
(21
A Along a tangent to the circle in which the particle moves.

B At right angles to the tangent of the circle in which the particle
moves.
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YOUR ANSWER --- D
You must have gotten the column headings mixed.

In Trials 7 through 9 the mass and speed are kept constant, while the
radius is varied. The latter is taken first at 2.0 m, then at 3.0 m, and
finally at 4.0 m. So you have chosen an incorrect answer.

Please return to page 1i8. Then please make another selection-
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YOUR ANSWER --~ D

You didn't read the specifications of the problem with sufficient
care. In Figure 1B on page 76, the game particle is acted upon by the downward
force. If the particles are the same in both cases, how tould the mass change
from one case to the next?

You can avoid this type of error by exercising care in reading and
interpreting each question.

Please return to page 76 and make a new selection.
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. YOUR ANSWER ~-- A

The unknown is the speed of the satellite. Don't you always try to
get the unknown on the left side of the equation, alone and isolated from the
other terms? Of course you do.

Then, please don't solve for the radius of the orbit.

Return to page 11l and choose a better answer.




128

YOUR ANSWER --- € .

This is not correct. The fact that k is unity is not shown by the
substitution of units in the proportionality above. The only way tc determinse
the numerical value of 2 constant like k is toc do an experiment in which ali
the values are measured. For example, in the chart 8ﬁvam, it is evidenw
that k equals | since nowhere in.the list of figures would any other walue
yield the correct result for F, for the given values of m, v, and r.

Refer to'Figure il on page 117.

A

[

) . Chocse one of the trials at random, say, Trial 6. Oniy if & = | ¢a
you obtain a force of 16.0 nt for a mass of 1 kg, a speed of & m/sec, and.
radiuvs of 1.0 m: o

4

&

: 2 e 2.
= OV 1 kg x 16 m _
Fc = k‘—r—'= 1 x Tm = 16.0 nt

- Please vreturn to page 149 and choose another answer.
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This page has been inserted to maintain continuity of text. It is
not inteunded to convey lesson information.
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YOUR ANSWER —---~ B |

You zre correcy. Despite the uniform speed ot ¢he particiz, ivs
direction is constantly changing; hence the velocity ¥ s dirffeleny ir:ouso

the velozity w3,

Refer o Figuve 8 on page i46.
Just what kind of velocities are we dealing with here? We spear ol
et >

V¥, ag the insianteneous velocity of the particle at point Py likew}Se, .
is the instantanecus velocity of the parcicie at point ¥ A tlLE AtElan”

has no time duration; and if no time is al.owed for the parlicie "9 fmoive,
it zan't cover any distance at all. Thus, it is diffa-wil €0 Visuailiy hi
natuie of the velocity of & pavticle that doesn't wove' Lv would ser s §io
well at this vime to thimk of an instant 43 beeimg i ext:iemely shoil

duraticn (but nmot zerc time) of say one-miilionth, o sne~blisionth, o #:40
cne-tyiilionth of 5 second. Regardiess ot the brewity vt che 1&@&4%&;, RAx?
paiticile will move & minute distance. The moment we can "see' ii im woiliiv,
even though the distance it travels may be ridiculousiy amall, cuy piliuie
of instantanecus velocity becomes real and actual.

Picturing the instantaneous velocity this way, we then drew The vau:iul
to represent it aslong the tc the cirzle at the point in guest iy

Write the missing word. Then turn to page 131.

\) - !

ERIC | !

Aruitoxt provided by Eic:
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Aruitoxt provided by Eic:

P

CORRECT ANSWER: We draw the vector representing the instantanecus velc:iily
along the tangent to the cirsle at the point in question.

Refer again to Figure 8 on page 146. Over a brief imstant in time,
vhe divention of motion of a particle in a circular path is considered to be
along the tangent to the circle ar that point. So in Figure 8 on page .46,
ﬁf is the rangent 1o the circie where vadius OP intersects it; similarly, %z
is rhe rangent av the point of intersection of radius OP'. '

NOTEBOCK ENTRY
Lesson i0

1. iInstantaneous Velocity

{a) Instantaneous velocity is defined as the veiocity of a particle
during an intinitesimal time interval, or a time intervai so shoxrt as o be
considered negligibie.

(b} The direction cf the instantaneous velocity of a particle moving
in a circular path is rhat of the tangent to the cir:sle at the point in
question, in the direction of motion.

{¢) Since the tangent is perpendicular to the radius at the point i
question, then the dirextion of the imstantanecus velocity is perpendicuial
to that radius. (Note: Copy Figure 8 on page (46.)

Returning ro the physics of the boy and the particle he deflects, the
force sxerted on the particle by his hand must be directed inward &slsng the
particular radius the string heppens to form at that instant. In Figuwe 8,
oP agg OP' are two such radii; hence Fj symbolizes the force at one instént
and F, symbolizes the force a short time later. What is the angular
relationship berween each force and the corresponding velocity vector?

R
%

6

Y

A O degrees.

B 90-degrees0
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YOUR ANSWER ~-- D

\.

You may never have studied the properties of ellipses, parabolas, &znd
other curves of this family, but you certainly have worked with circles.,

‘We'll work on the assumption that you know ncthing about any curved
figure except the circle.

How do yoﬁ define a circle? There are several definitions that can be
quoted, but we'll consider only this one: a circle is a geometric figure having
a center such that this center is equidistant from all points that 1ie on the
tircle. '

All right? Now look at curve DH in Figure 4 on page 43. The particles
may be considered to be poirts that "lie on the curve.'" Are ali of the pariicie
positions equidistant from point 0? If they are, tihen DH is the arc i 4
tircle; 1if they are not, then DH may be part of an ellipse, parabola; hypeubola,
cycloid, cardioid, or what have you.

Please return to page 44. The right answer is almost seif-ewldeni.
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Aruitoxt provided by Eic:

YOUR ANSWER ~-- A

You are correct., The prcton has more inertia and hence a sironger
inclinarion to maintain straight-line mction. A greater mrce 1s needed to
make it duplicate the electizn’s metion.

Now let's return o the original electron-proten problem. [t
should be somewhz: tlearer t¢ yon why & proton acted wpon by the same fozce
as an electron and moving in the same circile must move more slowly. If it
moves with less speed, then it is possible for the same force to preduce the
same radius of rctation. ‘

Before zontinuing, please turn to page 157 in the biue appendix.

NOTEBOOK CHECK

Refer tc notebook entry 2(h) under Newton's Laws of Motion iLesson 8).
Which of the foliowing 15 the best summary of this notebook item!

(24)

A The aczelerztion produced by an unbalanced force is smalier 1f tie
mass of the budy being accelerated i1s larger.,
i
B The accelerationm produced by an unbalanced force acting on 3 mass
takes piace in the direcrion of the force.

C If the mass 1is measured in kilograms and the force in newtons, then
the resuliing acceleration wili be in meters péer second per secund.

D Acgceleration deses not occur merely because forces act on a Kass.
A second condition is that the forces musrt be unbalanced.
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YOUR ANSWER =~- B
You are correct.

Using all four assumptions, we then went ahead to substitute units fo:
the quantities on the right side of the expression above, omitting k ifrom
consideration since we had assumed it to be unity and dimensionless. Afre:
simplifying, we found fhat the units of mv/r came out kg/sec. A newtcn,
however, is a kg—m/sec‘, so we see that the relation will not give us new:icns.

We are then forced to the conclusion that one or more of the following
statements are true: '

Perhaps F_ is not directly proportional to m.
Perhaps F, is not directly proportional to v.
Perhaps F. is not inversely proportional to r.
Perhaps k does not equal unity.
Perhaps k has units of its own.

Each one of these invalidates on. of the assumptions we made.

Now return to the original question and choose the corvect answe:
Turn to page 66.
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YOUR ANSWER —-— B

You are correct. The value of mg in the speed equation would be
different. Since v'is a function of the mass of the planet around which the
satellite orbits, then v would be different for a Martian satellite in an
orbit of the same radius as that of a similar Earth satellite.

>

Here are the comparative masses of the two planets:

Earth:.

6.0 x 10%% kg
Mars: . 6.4 x

1023 g |
Veryv roughly, the Earth has about 10 times the mass of Mars. " Using
the equation:

v o=

~a

{where m = the mass of the particular planet‘abeut which we want to orbit

a satellite), let's answer this question: Would a Martian satellite travel
more slowly or more rapidly than an Earth sateliite having the same orbital
radius?

(38)
A More sldwl_y°

B More rapidl'y°
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YOUR ANSWER -—— A

You overlooked the radical. Perhaps if you rewrite the equation this

Vm

e

way:

v = VG

Vr
(a perfectly legitimate form), you can see that the speed is not inversely

proportional to the radius of the orbit. The radius appears under the radical
on the right side of the expression.

Please return to page 122 and choose a better answer-
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YOUR ANSWER --- B

Judging from this aaswer, we would say that you did all of the
arithmetic properly but omitted the last step called for by the equation.
After multiplying and dividing all the factors under the radical, what must
you do’ Remember, you are trying to find v, not v2,

Please return to page 31. You should be able to get the right
answer now. . :
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YOUR ANSWER ~-- B

You forgot the radical. The speed v is directly proportional to the
square root of the planet's mass.

Please return to page 40 and select a more reasonable answer.
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YOUR ANSWER --- B

You are correct. Since the radii are equal, they may be eliminated
by multiplying both sides of the original equation by r.

You have been asked to find the speed that the proton would need to
have to rotate in a circle of the same radius as the =lectron when the same
magnetic force acts on it. The unknown in the above equation is, therefore,
v,. First solving for Vo and then taking the square root of both sides,
we have:

v =Ve .@e
P mp

All the quantities at the right are known:

ve = 3.0 x 10% m/sec
mg = 9.1 x 10731 k
m, = 1.6 x 10-27 kg

So the solution is now a purely mechanical matter. Solve for v
in meters per second to two significant figures and write your answer gefore
turning to page 140.
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CORRECT ANSWER: v, = 7.2 x 10% m/sec.

The substitutions and numerical solufion follow:

. [Me & [9.1 x 10731
A, = vg [ = 3,0x10Y [Z== =
P eymp _ - 1.6 x 10-27

= 3.0 x 10% /5.7 x 1072

3.0 x 108 x 2.4 x 1072 = 7.2 x 10* m/sec

o
t

<
i}

The result shows that the speed of the proton will be about if40th.
‘that of the electron.

We want you to be very clear in your own mind regarding the inev-
itability of this result. The proton is a massive particle compared to the
electron--about 1,840 times as massive.

If you wanted a protonito move in a circle of the same radius as that
of the electron's path and at the same speed, the centripetal force applied
by the magnetic field would have to be:

(23)
A Larger than that applied to the electron.

B Smaller than that applied to the electron.

€ The same as that applied to the electron.
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YOUR ANSWER --- A

Well, let's see. First let's write the equation:

Now let's substitute:

F = 80 kg x (20 m/sec)2
c 20 m

So F_ is obtained by squaring the speed, multiplying by the mass, and
then dividing by the radius. In order to get an answer of 80 nt as you did,
you must have forgotten to square the speed. Because you see if you don't
square 20 m/sec, you can cancel this number against the 20 m in the denomina-
tor, leaving 80 as the numerical result.

Please return to page 104, Go through the calculation again and
determine the correct answer.



YOUR ANSWER ~-- A

This is not an assumption:

We're committed to the MKS system by mutual agreement. Force 1s
measured in newtsus in the MKS system. Therefore, we shoujd ser up every
relationship in which force is involved so that the force does come cut in
newtons. :

For the sake of consistency and mutual undegstanding between ail
workers in physics, we must never allow ourselves to be forced into a
situation where our vasic quantities cannct be measured in the units thar
everyone has agreed to use. This is a seif-imposed "must.” Thus, we
must measure mass ir kilograms, speed in meters per second, radii in
meters, force in newtons, and so forth.

Whenever we develop a new physical equation, we do what is necessary
to (1) phrase the equation to fit the experimental evidence. That is, the
equation must work in all real-life situations in which it appears. Then,
(2) we must adjust the constant of proportionality so that &li the variables
may be expressed in the chosen units of measure.

You should remember that we did exacrly this in obtaining the finel
form of the gravitational force equation:

Fg = Gm:mz

b4

Wa were forced to make G = 6.7 ;\('10“11 ma/kg-sec2 in order to be able
to express m in kilograms, r in meters, and F_ in newtons.

Please return to page 15. Make the other selection.



YOUR ANSWER --- A

No, you're allowing your terms to get mixed. Refer to Figure 8 on
page 146. Consider Fz, The direction of the f} vector is inward along the
radius OP. This force must be directed along the radius, as we emphasized
previocusly, because reaction to it keeps the string taut. Thus the line of
action of F) 1s along OP.

_ - | :
The corresponding velocity vector at the instant when F; is applied is
But we have shown that V] lies along the tangent at the point where this
vector touches the circle. :

—>
Vi

Then at the instant when FT exists as a real force, it cannot be
applied to the velocity vector at O degrees, can it? What is the angular
relationship of a radius to a tangent at a given point on any circle?l

Please return to page 131, \The alternative answer is clearly the
correct one.



st
Fal
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YOUR &MSWER ~-- D

We ayre sttempting %o solve ¢he squation in such form as to cbtain the
speed of vhe sstellite in ovbit. The speed of the eatellice is designated
by v in this expression: ' '

2
MT MM
Tsto . ghsne
¥ G X

_.Since we want to¢ find v, then the usual procedure should be followed:
manipulate the terms algebraically, doing whatever is required «o shift them
lzgivimately, canceiing where pessible, until you wind up with v all alone
on the lefr gide of the equation. There are various ways 0 dc this; we'll
show you the methed we prefer in a moment. :

In any event, if you want v azlone on the ler¢ szide, ths equarion shouid
bz solved for this term.,

To cqntinue; plezse turn to page 20.

ERIC

ERA v 7ext provided by R
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"YOUR ANSWER --- A

Look again!

In Trials 1 through 3 the mass was varied, not held constant, while
the other two quantities were not changed. Note that the particle is given
a mass of 1.0 kg in Trial 1, 2.0 kg in Trial 2, and 3.0 kg in Trial 3.

Note also that the speed was not made to vary at all, being held at 1.0
m/sec throughout these three trials.

Please return to page 118. Then pick an alternative answer.
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YOUR ANSWER ~~—- A

You zre correct, Figure 7 below is a magnified reproduction of curve
DH of ¥Figure & on page 43. The string is held at constant length; hence it
serves as a radius of the arc described by rotating the radius zround fized
point 0. The force applied by the-boy's hand on the particle as it moves along
are DH 1s directed inward toward the center at all times so that the particie
is forced to change its direc tion in‘a smooth, continuouc manney .,

P ’RADII INTERSECT -
T TANGENTS AT 900 ROTATION

“™_ ., DIRECTION

{ }7?
4 - N

U : '
! 0 s

.# .
Force of boy's hand toward
peint O,

Figure 7 ' Figure 8

We have added tangents to the circular arc to show how the radii
intersect the circle. As you must know from plane geometry, a radius is alwaya -
perpendicular to a tangent at the common point of intersection. Now let us
use this fact to crystallize a very important concept relating the direction
of the boy's force to the direction of the particle motion at any given instant.

_ In Figure 8 above, particle P is shown in two different posirions as it
moves in the arc produced by the force of the boy's hand on the string. It

is moving with uniform speed. Does this mean that its velocity at the instant

‘shown by vj is the same as its velocity at .the instant shown by v,?

{5
A Yes.

"B No.
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YOUR ANSWER --- A

You are absolutely correct. Testing this is easy:

v kv = F_ (taking k = i)
(Trial 1) 1.0 m/sec K(13% = 1.0 nt
{Trial 4} 2.0 m/sec k{(2:¢ = 4.0 nt
{Trial 5} 3.0 m/sec k{3} = 9.0 nt
(Trial 6} 4,0 m/sec k{434 = 16.0 nt

The values in the second column are identical with those given in the
chart; hence F. = kvZ is correct. ‘That is, the centriperal force varies
as the square of the speed of the particle in circuiar motion.

Our original assumption that the centripetal force is directly proper-
tional to the speed thus proves to have been incorrect.

As the last step, we .must check the third assumption we made, namely,
that F, = k/r, or that the centripetal force is inversely proportional to
the radius of rotation. Assuming k = 1, perform steps similar to those
above. You will find in Trials' 1, 7, 8, and 9 that: as r is doubled
from 1.0 m to 2.0 m, the value of F. 1s reduced to one-half; as r is tripled
from 1.0 m to 3.0 m, the value of F. is reduced to one-third; and as r is
quadrupled, the centripetal force is reduced to one-fourth its originai
magnitude,

Do the data for these trials indicate an inverse proportion between
F. and r? Write your answer; then turn to page 148.
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CORRECT ANSWER: Yes, ahe:data for Trials i, 7, 8 and 9 iﬁﬂluaié &hat Fe
is: LnWBEEELy proporrxongl to the radlus of aoraticn,

Thu.:, =S

Do you remembcr that we made a. Fourtb assumption, nawei;; that k= 19 -
. . The experirental resuylts in Trial & alone demonstrate thay this a=$ump‘iom
- _W&a.1d“tiried because if k were any number except unity, we could not get @
force of 1 nt whenva mass of 1. kg is whirled at 1l m/sec’dina civeie of L m
radiuso. Whethe; ‘or ‘not k'is" dimensionless Wil] be proved VETV sharklyc

Beiore we., dm this, we 'want 1?“o write thé new, rorre‘& zarm of the
jccmblned propoxtiono ‘Three of the four original ausmmpti@nw are the- w¢me

ag- they were, Dut one of them has ~hanged° i{ - Co e
‘1¢;i:_;: | "Cim.km- ;;_yé_We have showh thﬂs Lo be ju@t;rieaa'
o | ch_m;kvg¥¥; aThe initial assumpnion (F = kv) has b@en ShOWﬂ
_; - .j;to be wrong,‘b o .»vd . ~ :
"Fc*?7kff;f,;:ifwe have shown this to be Justi+1eda.
"3f:7l: f“‘ ‘ i,  k‘?u1; ~'£ :",;We have shaww this &o be justirieao f

Now we want you tu combine thesa propor?ionailties just ‘as yau nia
: before, taking into account the change An. the second one. .

.ﬁritgx&dﬁr;énsﬁéfa Then tuxn to Page 3%90_,j'

E KTC -

R |




CORRECT ANSWER: The rhree separate proportions may be combined in the form:

2
F. = km¥ where k = 1.

c
We do not yet know, however, whether k is dimensionless. We shall
proceed tc find out. ‘

To do this, we'll substitute MKS units on the right side of the equation
and simplify. .

u m!? L (kg) x (m/sec)?

(o] r m
2
m

kg x EEEZ

=
P FC m

kg-m X
F = -E—Q = newtons
c sec —_—

You will have observed that we did not introduce k or units for it in
the above substitution. Despite this, we find that the relation ¥, = mvZ/r
does turn out to have newtons as the unit of measure.

What does this tell you about the constant of proportionality, k?
(16}
A k is measured in newtons.

B k is dimenszionless.

C k has a numerical value of unity.
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YOUR ANSWER —— B

You ‘are correct. .At any instant the force causing the c1rcular motion
lies along the radius while the corresponding velocity vector - is tangent to
the circleu A radius. is always perpendicular to a tangent at a given point
on the circleg‘ : : : i '

. S0 we must conclude that any particle in motion will tollow a curved
_path only if an.inward radial force is- applied to it, this force being instan-
.taneously perpendicular to the direction of the particle s motion at that
’instanto : -

: This inward radial force is called centripetal (sen trip et al) force. -
- It is the force applied by'thecenter of rotation on the rotating bodyc (We
. will discuss ' eentrifugal force later in this lessone) ‘

Referring once again to Figure 8 on page 146 imagine that someone - -
. cuts "the string when the particle is’at position P" At the instant.of eutting,_
© the centripetal force F2 ceases to exist,’since ‘it .is only: through the medium =
- of a continuous string-that the center can apply the required. force to the-
particleo_ Then, at the instant of cuLting and thereafter how w111 ‘the.. partitlt
vmove if nothing disturbs 1e? ' : S

W

' A Outward, along the radius, away from the c*:ent:ei':° -

,\\ -

b_BQ Inward 1along the radius, toward the centero

»p¢i At a tangent to the circle, along the line of

W T Coaoe o _-N:,.,-




YOUR ANSWER ---~ C

Well, let's look at the speed equation again:
v = \/Gﬂe
r

We want to know if v will be the same for a Martian satellite traveling
in an orbit of the same radius (r) as an Earth satellite. Looking at the
terms on the right, we know that:

(1Y G is a universal constant and hence is the same on Mars as
on Earth ox anywhere else in the universe.

(2) ¢ is the same for the Martian and Earth satellites. This 1is
given in the conditions of the problém. :

{(3) me is the mass of the Earth. This is the mass we use 1n
calculating the orbit of an Earth satellite. To calculate the orbit of a
Martian satellite, we would use the mass of Mars; hence the value of m will
e different for the two calculations. The mass of Mars is about 1/10 that
of the Earth. '

If one of the terms on the right side of the equation is different
for two problem solutions, can the dependent variable on the left be the same
in both cases?

N
Please return to page 94 and choose the right answer.
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YOUR ANSWER ——- B -

You are correct, You remembered that in .any situation inv01v1ng
. action and - reaction (Newton s._Third Law), there are two. bodies upon which
“the“forces act, Call the string ‘Body A; call the ball Body B; then Body: A
A exerts a centripetal force on Body B, so Body B reacns by exer?ing a
»j'centrifugal force on Body A. : S : S

The hand that holds one- end of the string while the ball is being

.v-whirled around on the other end is actually the site of the centzipetal force .

An. the first place° But this force is transmitted- through the’ stying to the -
ball; it is more convenient to think of the stxing as exerting the 1nward ’

.-vforce on the ball while the ball exerts the outward foree on the- string°

So e - have redefined centrifugal force,. No longer is it a yhony, B
»flctional force erroneously conceived. as being applied to the balk. Now it
s a. real outward -acting force applied to the string, owing its existence
- Lo’ centripetal force and developing as-a reaction to the 1nward rorce,
ik

L
4k

fy

.,BeforeFcontinuing,,please:ﬁurn'to_page 159[in~ghe:blﬁewapoendiﬁf
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You have now complieted the study portion of Lesson 10 and your Szudy
Guide Computer fard and A V Computer Card should be properly punched in
accordance with ycur performance in this Lesson.

You should now proceed to complete your homework reading and problem
assignment, The problem solutions must be cleariy written out on 8%'" x 1pi"
rvled, white paper, and then submitted with your name, date, and identification
number. Your instructor will grade your problem work in terms of an objective
preselecred scale on a Problem Evaluation Computer Card and add this result
to yeur computer profile.

You are eligible for the Post Test for this Lesson only after your
homework problem sclutions have been submitted. You may then request the
Post Test which is to be answered on a Post Test Computer Card.

Upon completion of the Post Test, you may prepaze for the next Lesson
by requesting the approprizte
' ' i. study guide
. Pprozram controi matrix
set of computer cards for the lesson
. audlo tape

£ W N

If films or other visual aids are needed for this lesson, you will
be so informed when you reach the point where they are required. Requisiticn
these aids as you reach themn. :

Good Luck!
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" WORKSHEET
Plezse listen to Tape Segment 1 of Lesson 10 beic e starting
to answer the questicns belowo. Use Computer Card Tor answerss
QUESTIONS
‘o As you know, the earth revolves about the sun o 1%8
yearliy perambulationso IT you wanted to descrl
Tﬁ?req acting in this system, which one of the

1ag wowld yeu choose as your point: of- cbservatl
order to establ ish an outque Trame of - re1nlenbc?

4 Tae.Farth, o " B, A nsarby. comst
B - Tne Sun, o E The Moon
c A Addwoy star, )
. v : . i [ ‘
Zo ’Apoiio 8 astronauts tock of £ ror tos
: secraft cireled the Earth in a tempore
. analyze the forces acting en the Spases

.raf wnile oroiting,:

A . the Sun would have been a satisfactory Po

e ot of
_ bFerfauLun because it 18 motionless in spade.
"B Tne Moon would have been a-satisfactory point
A of obssrvation becauqe an obqervatozy sould o

_ set up there : . .
c Tﬂe Sury wou‘d be. %auiqf cLozy because. it“s X

e

"fixed” relauivebuo both the Ea*“: and tpe

S Ty e s o 'na’f"\"'

J ) Ve .
the anet Mars wuu_q be qauﬁnlabtﬁjv begaase
LU 4s "fized" relative to the Baith, n
E Nome. o these answsrs is correct.

30-- Ons can beiid up a set ofjconqusen’ phystical Laws based
o “ven“ﬂjf gal¥ fTorce proVided that cne is T

Qq.
o]

4 “inside the framework of the. rﬁta*ﬂng SYStem,
B outside the framework of the - rot ac.n% Sy STel,
G consclous that centr ifugal force asts Lﬂ tire

rotating ‘particle or body.

D .1g Tto.assign a*gabraic signs u veo L PSe -
B+ None .of cneqe iq corrects, ' 3
P“eaqe reuarn now %o pag# 5 01 S
: R

the STUDY GUIDE

'ERiC7v; f:‘fi o  ~‘,  ’i< \:;{ ¥-l: f' - v-'-f

Aruitoxt provided by Eic

o3



 AMP LESSON i¢. - - - 155 . . Tape Segment
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- WORKSHEET

Lesson 10 before start

Please listen tc Ta pe Segment 2 of L ing
te answer the gquestions be*cw - .Use the Computer Csrd for ans-~

. - Wers,

Ly

5e

6o

ERIC

Aruitoxt provided by Eic:

As

Wh

3
¥
s
4,
-
i
L

o

' QUESTIONS

P

A v umh iine pasglng Uh;ough a horlaonta plaﬁé_makes
an Ci .

ang.,.e of . . . )

& “80:,with the plane. - n o

B 907 with the planec _ . S ;

¢ \Zerg degrees with the pliane. ;P

) 90Y with the verticali. . :

E .. None of  these answers is correct. |

de from the centripetal foree of the - qtrlngg anath
ce that acts on the- whlrilng particie 18 gfa vitati
<

2 statement is cwue? o S o
o : |5 .

‘moving in a horizontal plane.. L
Gravitation acts on the Qarticie it iy
in any plane, ' F

‘.

A Gravitation acts on the particlefonly
B

fis. . movi

 Grav?taLLon dets on the part¢c¢e only
moving in a vertical piane»'

!_.:

er
Choe

AF 1t is

ng

T 14 is.

D .Regardiess of the plane “in which it mcvqu fhe_"

“effect of gravitation”on'the entripecd¢ force

’?¢eqaiyed to keep  the particle ;n an “ur"“ffis

_raJ.WayS the sane, : ¥
k. None Gf these answers 19 oorrecu{

TN

i_y[

‘A h@r1zuncd“ circie is best for the cireumstances jde~

‘sciibed ‘in the STUDY GUTDE because R

S
b

Am~ Lt is IEWEd 1e#'co observe as you whiri Lhe
g1 particle Laround yotur head ‘

f3B 4n tth kind of circle thenefﬁil* be leqq ddng

of the particle striklng some nea%by ObJeatc'

' C. in any other plane, the particle may move.in

- an eillptlcal rather than a clrcular pathe

, .D  ‘oniy- in this. kind of ¢irele can the Lenurwpcba

force be equal for ali ?nstantaneoug pOQLELQ?S

ey

-

y

o of the particie. : ‘ A
'E . None of uhe e anqwerq is coriewtgf- S

Pleaéé;return niow to page 10 of
A THE STUDY GUIDEQ

(o

o ...,-1 .

Favs



NP LESSON il = 5 Tars Ssament.d

WORKSHEET

Please Iisten %o Tape Segment 37 of Lesson 10 before starting
te answer the gus slicns b'1=wo Use Computer Card Tor ansSwerso

Data Item A . The dx aw‘ng below 1s
“n the STUDY GUIDE for tﬂx - Le

‘A\ . T} PR — \
fo_-" '\ . e \
-~ ol ) — — o .
O g = i
~TTT — .
- — |
~ . T— : .
N —_—— -
\\ . i T —— .
- . I ——— . . L
- T~ f
— -
. . — i

R —

The planets of the Sclar System. In randem craer,
Piuite, Sathrng_Malng Mezaury. Venus, Nep—
ra and Uranus. -

c
T
.
o
M 2
kL

=3

| QUESTIONS

7o  For a part & mov¢ng with un

bl form speed !
which one of 7The foLLOWLng state

'1 %
aL.ments-is T

A Centripefal force on the part cie is proportl
- o the ta ngentlal veiositye ail ot '
B . Centi ]

y force acting on the ro 3
A : irectly prepeprtionsl To the mass .of
et ne paw’icleo

niripetal force *wdcpen'enﬁ ol the mass

une rotating. pa _— .
entripetal force 1 rndepandenn of the padius. A
‘the ol 'vLe'desc; bsd by the particies. - o

tﬁ petal force is inversely p'zﬂor“ﬁgnal.to"'
vadius of the sirele described by the part-

b

Q
c>m<3a"
Sy B Fy m

=
e <k
(5]

C
=
i (s :s

g

P
0
z

f

8, If orbital radius were the only faator governing the

' \.'magn“tudé of cenﬁripetai force, theid which one of the
' pianets would be acted on by the La'geoo force and

whl-n_tqe »maw_eqt? . ' '

.Eargestz, Piuto= smailest: Mercuiy
-Largests Uranuss; smailes®:. Juplter.
Largests Earthy  smaliest: Venus

imuoww

Al 6
Largests  Mercary; smaileste . Plubes N
None of the above Lq correcto
' . - : Y .
« @ . .= . _Pisase rsturn to page 26 of tne\
ERi(j oo T -« - STUDY GUIDE S ( e . N
- e N L J:'u o T h S, e g o
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AMP LESSON 10 - T

. ) ) P
Piease ligsten to T"r@ Segment 4 before starting to snswer the
stions be_wwO Un“ the Computer €ard for answers. .
: o . _»mvz‘.
" Data Item A: Ceﬂtripetal force = F = :
ata Item Bs Mass of avpdrtnulé'= L times mass of proton and
Centripetal force acting on a-particle movxnw
in same magnetic f’eld as proton = 2 ‘Times .
force on proetcne '

QUESTIONS L ,
P I7 the orbital d*uq of a proton in a glven magne;iu field
: ie &% o1 ital radius would an a-particie assime 1f R
5o the same fileld at an identical speed?

WU QW
S~

HOR

I

-~

‘Please return now to page 133
Ln the 'STUDY GUTDE
= Y
w ."/,i'
.1 ) ] . ) -
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- AMP LESSON 10 18 % Tap
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WORKSHEET ‘

Pleaee iisten to Tapp Segment 5 cf Lesson 10 ‘pefors snfﬂcm
ing to answer the questions beiow. Use Computer Card {for

s
: L
N

Data Item As. Study the chart belows . |
‘ A " B

= o

Mereury ‘ggh‘x;lﬂa, He79 x 1

8

o

el
o 07
=

~

IEACTIE
S S

Venus - - 6.1 x 1.0 330 x i

)
Vi1
LS

) Jupiter 7.3 x 107 T.310x 10

L
A+ ]

,g
=
N,

107 0,68 x 0

v
e

R e € z N e
5@8.1.‘ ,.\. ._0 x?,o.L'J

) Uranus: . - 2.5

fe o Rat e
C8 CXrliva.:. Ve

One of the columns above 1ists the EPProxima
tties of tThe planets shown. ' -

- QUESTIONS

e

10 Wh‘”h col umn iists the dppraximace orb*tal vev “itieé
Fhe planets shown? . , "

BB .
¢ ¢
-D | D
| oy |
.o Jupiter is ml““ar the most/mds sive pLaﬁéu in the Sc ar

‘Systeme Which: of. tne COLumnq above ’iSbS tne masse: o
che pianets shown? i S

o)

~

f

Segment 5

N

X

B N o

B ﬁ VL 'f. o J 1 .\ '
T

DD T he o
; E'}*Néne‘pf the columnéﬁiistSftme“lgges of Lhe plane-

ets.

Please. reburn now to pdgp 6&
of the STUDY GUIDE



< AMP LESSON 13' : v'_:flizvvlsg . _r‘.wl'Ta?e Segmerit 6
_WOHKSHEET s S S
P4ea~- sten o Tape Segment 6»01 Les on.lo before starting
" to anuwe the qUeqtfons beLowg Use Computer Card for answers. .
s e T a A _ § ~ o ,A' L5

«. . The didgram atv*he left.
shows & smail wood block
resting on the surface of
a slowly rotating phonc
“turntabie. Shown abuv* L
The turntabvie is a refer-”
ence point Tabeied "A"* '
below it is ancther ref-

4 erence point 1&D6*8d "B,

. - The uurntﬂbLe 1 WTCLdtiﬂg
C¢OCRWL as seed from
abovvnj '

©CENTER:

Phowd TURNTABLE

CeB L Qgggmxom~

120 At the instant snown in the diagram, on what does ¥he
- - genirifugal force ayb and tOWard which oﬁ the two ref-
- . erence prints? ‘ _ ~ o -
e, ) ' - » C : ) i
A On the turmtable, toward point A, oo
B On thé.turntable,_toward reint B, ] -
.C -On the wood block, toward -point A. ' .
D  On the wood block, toward peint B.
E - None ¢f these is correct,
13, Suppose the curntable were rcuating counterb“ockw?qe
A ! .- - ., 8
snstead of ciockwises ‘Which one of the foliowing
. would be afrected by this changc of direction?
A Tne Wi’}Od blLocks o
B - The surface of the Lurntablea v -
'th;The,csnteretf’ foreey - . v W
D ° The centrifugsl force. B
E  Nene of theses.
. . o : . f_‘fa'/ A R
,P sase ‘20 aireotly to page 160 o o o
of the STUDY GU DE after answera.=' ‘  1'“'"‘5
ing the questions aboveo_g o
odiw L
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wiiien v taﬂge 1tial velocity, = Tadﬁzéz“
'svf@d:T clme Lo“ one evoLution )

'Uu*ng ‘the Pigus ‘
‘fOfb@ ac*lng o, the Farth as a result of 1to.rotptt0n_

(Hinﬁfj For an obgect movxng in a circ¢

_ HOMEWORK_PROBLENS

‘Whst is the certrlbatal‘ relexauiﬁv of a car which moves
Carvound. a’ cireulay section of & road having a radius of
15¢ £t at a.constant qucd of'?; Tt/sec? - '
A ball on ,a'sbf;ﬁg i 'wnJl*wd in a horizontal cirecle of
‘radius 2 L Wha* must pe the speed.of the ball if its
uenuwlpe*dﬁfac ter aLgon ig-to be equal to g? . {Take g .-=
jw qubv/ ec} i L : .

/r

'Whatfgen 1pef41 force 18 needed to keep‘a 2wkg maSs mev-
" ing at a constant. speed, of 4 m/ sec 1n a circi
" radiudg 0? 4 m? S

ie having a . .

N

“A fomfe £ 10 nt applied to one end of 2 cord xeebq an

s . - u
&."’ Sl

v

o

object tied do the other eénd- moving at & speed of 2 m/sec
Tzonhal . "ir@‘e. of - 8 m Taallb wha** is the mass
foXyi e # : -

’ c..,

N

At a p ing 6}, ‘“TOb”m from uhe cunuer-éi re Earth; g
i's, spproximately 9.0 m,gocheb Wnat velocity must be .-

~ given to an Barth satéllite to send it'¢nbo orbit at thi g
‘_ d1 tabue. (Am Ume‘a cireular rbi () I : o

11- .

A scud&nf ugq a;m ss of 100 gramq tied to one end of’
"a cord in a Hor zontalk c»rc;e oinradiuq 50 cm so that

its tangentisl velolitby is 100 em/sec.  Calculate the

?ccntrlpeta;:Poroe acuimg on tne mess” 1n newtonq

i’ Whgp)iSoﬁﬁe‘ murlpetal force actlng on nadh lelg
by

lane Lhat,lb,uurnlng at 200 m/qec in.e norln:.’
aonta rcirele.;fgradius @GO m<;“jﬁ-_, :
Cor o A o !

es given: belOw estlmate thn cen ripeba'
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