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PREREQUISITES

In order to be able to
work through this module, you
will need to start with some
basic math skills and an
understanding of a few physics
topics. The skills include
graphing, the definition of
the sine and cosine of an
angle, and finding the circum-
ference of a circle. The -

topics in physics include met- -

ric (SI) units, velocity, the
difference between weight and
mass, gravitational potential
energy, kinetic energy, and
work. You may have learned
these topics in a previous
course or PoT module, or you

may learn them now with the
help of your teacher. One
good way to learn those topics
connected with work and energy
is to study the PoT module en-
titled The Pile Driver. You
may also find the module The
Electric Fan helpful.

Whatever method you use,
the following self-test will
tell you whether you have the
necessary prerequisite knowl-
edge. -If you can answer all
of the questions, you are
ready to proceed. If you have
trouble with some of them, get
help from your teacher or fel-
low students before starting

. the module.

Prerequisites Self-Test

1. The table gives the posi-
tion of a bike and rider
at various measured times.

Position (m) Time (s)
.0 0
2.8 1
6.3 2
9.0 3
11:6 4
14.8 5
18.5 6
21.2 7

a. Graph the motion, that
is, draw a graph of posi-
tion versus time.

b. Is the graph linear (a
straight line)?

Position

c. What is the velocity
of the bike?

2. Here is a different mo-
tion, given as a.graph.

4~

_ Time
a. Is the graph linear?

b. 1Is the velocity con-
stant or changing?

é. What is the velocity.
for the latter half of
the graph?

(92
. -

Here is yet another mo-
tion, shown graphically.
What is the velocity
(slope) in each of the
three reglonb, A, B, and
c? '
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4. The figure shows a right
triangle, with the sides
given in meters. What are
sin® and cosd?

10

954

5. Suppose the sides of the
previous triangle were in
inches, but with the same
numbers. (That is, a
similar triangle.) What
then are sin6 and cos8?

‘6. A wheel 1 m in diameter is
rolled without slipping
along level ground until
it performs 10 complete
revolutions. What dis-
tance does it travel?

7. What are the SI units for
mass? Force?
t

8. a. What is the weight of
a 5-kg mass on the earth's
surface?

b. In outer space?

9. A 1-kg book is raised from
' the floor to a table top
1 m above the floor.

‘a. How much work is done
on the book?

b. What is its change in
potential energy?

c. What is its potential
energy on the table top?

10. The book is then nudged

until it falls off the
table.

a. Just before it hits
the floor, what is its
potential energy?

b. At that point, what is
its kinetic energy?

c. What is its velocity?

d. Where does this kinet-
ic energy come from?

Answers to Prerequisites Test

1. a.

+
2071

Position (m)
Q
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b. Yes, approximately.
c. v = 3 m/s.

2. a. No; only in the second
- half is it linear.

b. Changing.

c. v =20 (It is constant
during that time.)



Region A: 5 m/s. 9.
Region B 0 m/s.

Region C: -10 m/s.

sing = 0.3

cos® = 0.954

sin® = 0.3

cos® = 0.954

(The size of the triangle
makes no difference.)

31.4 m

10.
mass: kilograms (kg)

force: newtonsg (N)
1 N=1Xkg m/s?

a. Wt =056%kgX9.8 m/s?
= 49 N
b, Wt =20

—

a. W =Wt Xh

9.8 NX1m
=9.8J

b. APE = 9.8 J

c. 1t is arbitrary. If
one calls the potential
energy at the level of the
floor.zero, then PE = 9.8 J
on the table. ——

a. -Again, it is arbitrary.
Let it be zero at the
floor.

2

b. XE = kmv” = 9.8 J

c. v =4.4 m/s

d. As the book falls, the
gravitational potential
energy it had on the table
top is gradually converted
to kinetic energy.







THE BICYCLE

INTRODUCTION

The bicycle has been with
us in various forms for quite
a long time and it has had a
far greater impact on human
society than one might guess.
Today it is assuming even
greater importance in the
affairs of man. In many coun-
tries, particularly in Asia
and Africa, it is by far the
most important means of trans-
portation. Even in our own
affluent society, we find
people relying more and more
on bicycles for basic trans-
portation needs. Bikes are
relatively cheap and readily
available. 1In many cities,
traffic problems are so severe
that bicycles offer the quick-
est means of travel from ]

point-to-point. They are non-

'polluting and actually health-

ful to the rider. And,
perhaps most importantly, they
are the most energy-efficient
means of conveyance known.

Not only do they not consume
fossil fuels, electricity or
nuclear power, but they use
human-produced energy so well
that a person on a bicycle 1s
a more efficient transporter
of mass than even fish or a
horse, not to mention automo-
biles or airplanes. (During
the 1976 Winter Olympics, the
statement was made that ice
skaters are more efficient
than bicyclists in transport-
ing mass. Whether or not this
is true, bicycles seem a bit
more practical for transporta-
tion purposes.)

Mouse
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Figure 1. A person on a bicycle uses less energy to transport a kilogram

of body mass one kilometer than does any animal or machine.

Scientific-American.)
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Historz

At about the same .time
Columbus sailed for the New
World, Leonardo da Vinci was
thinking about mechanical aids
to locomotion. In addition to
improbable flying machines, it
is believed that he dcsigned a
foot-powered, land-traveling
machine, However, more than
three centuries elapsed before
any such machines were built.
In about 1816, a two-wheeled
vehicle, propelied by pushing
on the ground with one's feet,
. was invented. In 1839 a
" Scottish blacksmith made a
bicycle which was driven by
means of two pedals and a
treadle mechanism, something
like that of an old-fashioned
sewing machine. In the latter
half of the nineteenth cen-
tury, the bicycle underwent
numerous changes and improve-
ments, including the develop-
ment of the "high wvheclers,"
those strange-looking vehicles
with the huge front wheels.
Such a large wheel was used so
that each revolution of the
" pedals would take one a con-
siderable distance, thus in-
creasing the cificiency of the
effort. Unfortunately, those
‘bikes were rather unstable,
especially on the rough roads
of the day, and serious spills
were common. In about 1885 in
England, J. K. Starley pio-
neered a bike (called the
"Rover") which resembled the
modern-day bicycle, including
a chain-and sprocket drive for
efficiency. Although numerous
important changes, such as
changeable gear ratios, pneu-
matic tires, lightweight
frames, brakes, and many
others, have occurred since
then, the basic design has
remained the same.

Some Irrelevant but
Interesting Facts

With bicycles, as with
almost anything one can name,
there have been those who felt
compelled to make it biggest,
fastest, smallest, widest,
lightest, or some other super-
lative, For example, the
world's longest bicycle was
made in 1974 in Devon,
England. It seats 32 people
and is 61 feet 8 inches long.*
On the other hand, in that
same year a couple of Austra-
lian high-school boys made a
ridable bicycle only 3 55/64
inches high.

In" the realm of bicycle
riding, the world records are
even more astonishing. A bi-
cycle with a very large front
sprocket was ridden for a dis-
tance of three-quarters of a
mile at an average speed of
140.5 mph in 1973. This was
done behind a wind shield
mounted on the back of a car,
since air resistance at such
speeds is extremely large.
Unpaced—that is, with no
means of reducing wind resis-
tance—the greatest speed re-
corded is 42,21 mph for 200
meters (10.6 seconds). In
terms of distance covered, in
1928 a Belgian traveled 76
miles, 604 yards in one hour,
paced by a motorcycle. 1In
1932 an Australian covered a
paced distance of 860 miles,
367 yards in 24 hours. Un-
paced, the greatest distances
traveled in one hour and 24
hours, respectively, were 30

- %A1l of the records cited here

were taken from the Guinness

Book of World Records, Norris
and Ross McWhirter, Sterling

Publishing Company, (1976).




miles, 700 yards and 507
miles. The differences be-
tween paced and unpaced
records give one an idea of
the effect of wind resistance.
There are also records

for cycling coast-to-coast
across the United States, in-
cluding a trip from Olympia,
Washington, tc Boston, Massa-
chusetts, accomplished by an
11-year-old girl in 46 days
during the summer of 1973.

On the other hand, the cham-
pion slow-riding bicyclist is
a Japanese who balanced on a
stationary bicycle for 5 hours
.25 minutes.

Impact on Technology

In addition to rather
strange efforts like those
mentioned above, the bicycle
has been very important in the
development of our present
technological society. For

example, the first really good-

paved roads were built in re-
~sponse to the needs of bicycle
‘riders. Many of the other
needs of automobiles were de-
veloped for use in ~icycles.
Among these are ba.. bearings,
chain-and-sprocket drives,
variable-speed transmissions,
brakes, tubeless tires, spoked
wheels, and even the differen-
tial gear which allows a car
to turn corners without drag-
ging one rear wheel. Many
early automobile manufacturers.
began by building bicycles.
The Wright brothers also got
their mechanical know-how by
working with bicycles. A
lightweight, but strong, tubu-
lar frame, so important for
early aircraft, was first de-
veloped for bicycles. If a
practical manpowered flying
machine is ever developed, it

will surely be first cousin
to the bicycle.

. In addition, much of the
technology of mass.production,
which is so important to us
today, was developed for the
production of large numbers
of bicycles. The manufacture,
sale and maintenance of bi-
cycles is now a very big busi-
ness indeed, with nearly 40
million bicycles per year
manufactured on a worldwide
scaie. Even a conservative
estimate of cost puts the
annual sales of new bicycles
at two or three billion dol-
lars, and the business done
in parts, repairs, and mainte-
nance is difficult even to
guess at.

ABOUT THIS MODULE

In this module you will
be learning mostly about work
and energy by working directly
with a bicycle. You will be
introduced to new ideas pri-
marily through experimental
work with the bike. Often,
questions will arise that are

"not answered immediately. The

answers will be found in fur-
ther experiment and in the
written explanations that fol-
low. Try to answer the ques-
tions asked in the module as
vou come to them; you will
find that doing so will lead
you to the answers to many of
your own questions.

~ As you work through the
module, imagine that you are
an engineer working for a bi-
cycle manufacturer. You know
that the rider of a bicycle
must do work in order to trav-
el from point to point, but
your assigned task 1s to
design a bicycle which will




use that work even more effi-
ciently. Before you can do
$0, you must understand how
the work is used by present
bicycles. That is, you will

need to know where the enecrgy

input goes as the bicycle is

being ridden. Learning that
will be the main task of this
module.



SECTION A
Force, Work, and Speed

EXPERIMENT A-1. Comparing Work Input and Work Output

For this experiment you
will need a variable-speed
bicycle with its tires in-
flated to the proper pres-
sure, a variety of metric
weights, and at least one
metric spring balance.

A. Procedure: Holding the
bike upright on the floor,
hang a weight from one of the
pedals. (See Figure 2.) Use
a spring balance calibrated in
newtons to measure the force
impelling or pushing the bike
forward. (Let's call this the
"impelling force.") If you
know your own body weight
fairly accurately, you may do
a trial by standing on one
pedal while your partner
steadies the bike.

Spring
4 =

Repeat this measurement for
several different weights, for
several pedal crank positions,
and with the bike in at least
two different gears.

Questions;*
1. For a given applied force

(weight) and in a given
gear, at what position of

*Throughout the module, the

questions are intended to
help you to think about the
experiments. You may find
that you cannot answer some
of them completely until you
have read the discussion
following the experiment.

Balance.

Figure 2. Hang a weight from one pedal and measure the impelling force

produced.



the pedal is the impelling
force maximum? Minimum?
(What is the minimum im-
pelling force?)

What is the appecarance of
a graph of the impelliing
force versus pedal crank
position? (In fact, how
will you measure pedal
position?}) If you can't
answer this by thinking
about it, try to plot an
actual graph.

At the position of maximum
impelling force for a
given weight and gear, how
does the impelling force
vary as the weight 1s
changed?

At the pedal position of
maximum impelling force,
how does the impelling
force vary with different
gears? That is, measure
the impelling force with
the bike in ditffercnt
gears, but with the same
hanging weight. (Inciden-
tally, to change gears,
you must have the.pedals
turning. If you don't
know about this, get some
help.) '

B. Procedure: With the bike
in the same gear as for cne of
the previous trials, hold it
upright on the floor and turn
the pedals through one com-
plete revolution, thus causing
the bike to move forward.
Measure the distance, D, the
bike moves forward for one
revolution of the pedals.
compute the distance, AD¥%,
that the bike moves forward
when the pedals turn 1/100th
of a turn (3.6°). The recason
for doing this 1is that we
would like to use the impel-

Now

ling force at each pedal posi-
tion, but the pedal must move
in order to do work. As a
compromise, we think of the
pedal moving a short distance
about each position.

Questions:
1. As the crank turns 3.69,
what is the distance (4d)
the pedal moves in 1ts
circular path?

Using a force, F, equal to
one of the hanging weights
used in part A, what would
be the force times the dis-
tance (F X Ad) the pedal
travels for 3.607

Using this force and
choosing a particular
gear, what is the impel-
ling force, Fj, for each
of three pedal positions:
with the crank vertical,
with it horizontal, and
with it haliway between?

Compute the work which
would be done (F; X AD) by
each of these impelling
forces in pushing the bike
forward the distance AD
that it moves with 1/100th
revoiution of the crank.
How does F; X AD for each
case compare to F X Ad?

What might be a reason
that the two calculations
of work, Fj X AD and F X
Ad, do not yiecld the same
answers? (Note: Although
it is very tempting to

*The Greek letter delta (4)

is often used to denote small
quantities or a change in a
quantity. Thus, AD is a
small distance moved.

10



blame inefficiencies in

the chain and sprockets,
these are not the villains.
The losses therc are auite
small. It helps to think,
in each case, about the
direction of the force on
the pedal as compared to
the direction of the mo-
tion of the pedal.)

C. DProcedure: Draw the path
of tHe pedal (a circle), and
find by careful measurcment
or by trigonometry that part
of the force (the comnonent)
which is in the direction of
the motion of the pedal Fig-
ure 3 will give you an ideca
of how to do this.

Questions:

1. - Calling the component of
the hanging force which 1is
in the direction of the
motion F¢, how does Ft X
Ad compdre to the work
done on the bike for a
given pedal position?

11

Finding the part of the
force of the hanging weight which
is in the same direction as the mo-
tion of the pedal at a given p051—
tion.

Figure 3.

2. What can you conclude
about the work done by a
force which is not in the
direction of the mation?
Can you write down an
equation which is appro-
priate?



EXPERIMENT A-2,

For this experiment you
will need a bicycle mounted on
a supporting frame, a strobo-
scope, and a mctor with a
driving wheel to drive the
bike's front wheel. (See Fig-
ure 4.) The bike should have
a speedometer to measure the
speed of the front wheel.

A. Procedure: Mount the bike
securely in the stand, with
the wheels off the floor and
able to turn freely. You will
probably find that the front
wheel is slightly out of bal-
ance and tends to rotate until
the valve stem is at the bot-
tom. Balance the wheel by
wrapping some wire solder
around the base of the spokes
~ opposite the valve stem; until
the wheel no longer tends to
rotate.

Place the electric motor
in front of the front wheel so
that the drive wheel on the

Calibrating the Speedomr ter

motor will cause the bike's
wheel to rotate in the same
direction it turns when the
bike is moving forward. Turn
the electric motor on and
push it into position so that
it drives the front wheel of
the bike. '"Rev up'" the bike
wheel to the highest speed
possible.

With the front wheel
going at full speed, '"strobe"
it until either the valve stem
or a mark on the wheel is sta-
tionary. If the strobe light
is blinking at such a rate
that it produces a flash of
light each time the stem is -
in the same position, the num-
ber of flashes per minute
(fpm), as read from the
strobe-1light dial, will be the
same as the number of revolu-
tions per minute (rpm) of the
wheel. You will probably find
that under these conditions
the strobe rate is so slow

Vo

Figure 4. The front wheel is "stopped' with a strobe light.



that the image is difficult to’

make out. You can get around
this by strobing at exactly
twice the rate of turning.

CAUTION: Please be care-
ful with this! When the
wheecl appears 'stopped"
by the strobe, it is aw-
fully tempting to stick
one's hand into it. This
would get blood all over
the spokes, because the
wheel is not actually
stopped.

Questions:

1. How can you tell for sure
that the number of revolu-
tions per minute is the
same as the number of
flashes per minute?

(Hint: Change the fpm
rate. At what rates is
the wheel "stopped'?)

2. What do you see when the
fpm is exactly twice the
rpm? How about three
times or four times the
rpm?

With the front wheel
going at full speed, read and
record the speedometer read-
ing. Now pull the electric
motor away from the front
wheel and let the wheel slow
down, with the strobe light
still flashing on it at the
same number of fpm as before.
At each instant the spokes
"stop" momentarily, read the
speedometer and record the
reading. This will require
one person to call ocut "now"
at each appropriate moment
and another person to read
the speedometer. It also
might take some practice.

Note: When vou try this,
you will probably get con-

13

fused by watching the
spokes. This is because
‘they are '"tangential"
spokes, as on most modern
bicycles, rather than
"radial' spokes wihich go
directly toward the center
of the hub. Tangential
spokes are arranged (Fig-
ure 4) so that, as the hub
drives the wheel, the
spokes pull rather than
bend. With radial spokes,
the- cnly way to drive the
wheel is by the sidewise
(bending) force of the
spokes.

To avoid the visual
confusion caused by the
spokes, mask otff all but
a few spoke nipples, as
indicated in Figure 5.
Black construction paper
taped to the frame works
well, Now, ail you can
see¢ is the eaually spaced
nipples and the confusion
is eliminated.

Observe /\‘\ Mosk
Here "

Figure 5. It is helpful to have a

piece of coustructiun paper masking
off the spokes so that only a few
nipples are visibie.




Questions:

1. When the wheel is going
full speed, the strobe
flashes twice for each
complete revolution. As
the wheel slows down
slightly, and the spoke
nipples are "stopped" for
the first time (but, the
valve stem is not stopped),
how far does the wheel
turn between flashes?
(Hint: It is less than
half a revolution.)

2. At this instant, how does

© the rotational speed of
the wheel compare to 1its
speed when it was being
driven? That is, what
fraction of the full speed
is it now running at?
(Hint: How many spokes
are there?)

B. Procedure: Measure the
outeT diamccer of the wheel.
Note that, when the wheel
makes one revolution, the bi-
cycle moves forward a distance
equal to the circumference of
“the wheel. You can measure
this by pushing the bike for-
ward as the wheel makes one
complete revolution, or.you
can compute it by taking =
times the diameter.

Questions:

1. What is the top speed of
the front wheel in miles
per hour? (That 1s, if
the bike were moving along
the ground with the front
wheel turning at that
rate, what would be 1its
speed?) How does this
compare to the speedometer
reading?
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2. What is the speed of the

wheel at each later time
the spokes are ''stopped”
by the strobe?

C.” Procedure: Plot a graph
of the specd calculated for
this last question versus the
corresponding speed as read
on the speedometer.

Questions:
1. Was -the speedometer accu-

rately calibrated in the
factory?

2. 1Is the speedometer linear?

Discussion of Experiment A-1

Did you find that the
maximum impelling force on the
bike—for a given gear and a
given hanging weight—resulted
when the pedal crank was hori-
zontal? For that position,
and that position only, the
force of the hanging weight
acts in the same direction in
which the pedal moves. Ob-
viously, as indicated in Fig-
ure 6, when the pedal is at
the bottom of its circle, the
hanging force doesn't do any-
thing except exert a force
which is supported by the axle
bearings. The same thing 1s
true when the pedal is at the
top.

What we know, then, 1is
that in position A of Figure
6, the weight produces a max-
jmum impelling force, and in
positions B and C it produces
no impelling force. How about
the positions in between? If
you drew your graph correctly,
you found that the impelling



A B
When the pedal is at its top or bottom position, the hanging
When it is horizontal the impelling
force is maximum for g given gear ratio and hanging weight.

Figure 6.
weight produces no impelling force.

force varies smoothly between
those two extremes as shown 1in
Figure 7A. The angle I used
to plot this graph is measured
from the horizontal position
of the crank (See Figure 7).
As the pedal moves from the
top position to the bottom,
this angle goes from 90°,
through 0° at the horizontal
position, and back to 90°.
Just to keep them straight,
I'11 call angles above the
horizontal positive and those

c

below negative. Then_the
angle varies from +90° to
-90°,

One way to sort this out
is to consider the work done
on the bike by the hanging
weight. Letting the hanging
weight move the pedal through
a small angle moves the bike
forward some distance. We
use a "small angle" (3.6°
earlier) so that the pedal
motion is localized near some

" angular position in each case.

[ 2]
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e0° o -90°

Angle (Pedal Position)

Figure 7.

The impelling force depends on the position of the pedal.

The angle is measured from the horizontal position of the pedal.
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Then, in our thought proces-
ses, we can restrict the mo-
tion to a very tiny angle at
each position. This avoids
the complication of having the
angle change appreciably
during a given motion.

At any rate, i1f the pedal
crank is slowly turned through
a particular angle at cach of
many different positions, the
forward distance the bike tra-
vels is the same each time.
That is, the distance traveled
by the bike doesn't depend on
the position of the pedal, but
only on how far the pedal
" moves along the arc. Since
the work done on the bike is
the impelling force, F;, times
the distance the bike moves,
AD, and since 4D is the same
each time the pedal moves
through the same small angle,
the graph of work done on the
bike versus the pedal position
is indicated in Figure 8. In
that figure, each rectangle
represents a pedal metion of
3.6, and the height of the
rectangle is the work done, Fj
X AD. If we then make the
rectangles narrower and ne
rower, represcnting small
and smaller angles, we en. up
with a smooth graph like that
of Figure 9. Now let's look
at the work input to the bi-
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- 80° O » -90°
Angle (Pedal Position)
Figure 8. The work done as the

pedal moves through a small angle
depends on ‘the pedal position.
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@ Work Done on Bike

o & T S0o°
Angle (Pedal Position)

Figure 9. Work done on the bike
depends on the pedal position.

cycle. You might guess that
this would be the force (F)
exerted by the hanging weight
times the distance Ad the
pedal travels along the arc.
Since the weight F is con-
stant, as is the distance &Ad,
this product does not vary as’
the pedal rotates. But the
work done con the bicycle
(F3 X AD) does vary as the
pedal rotates. Apparently,
the work done on the bike is
not equal to the force exerted
by the hanging weight (F)
times the distance the pedal
travels along the arc (d).
Yet, in this orderly world,
it. is reasonable to think that
the work input, except for
frictional losses, should be
the same as thc work output.
1f this is the case, the work
put into the pedal must de-
pend upon the pedal position.
The clue to what is
going on involves thinking
about direction. The force
exerted on the pedal not only
has a size, it has a direc-
tion—downward. The motion of
the pedal also has a direc-
tion. It is tangent to the
arc through which the pedal
moves. When the pedal crank
is horizontal (maximum work),
the force and the motion are
in the same direction. When
the crank is vertical (zero



work), the force and the
‘motion are at right angles to
one another. Let's look
again at these two quantities
for some position of the
pedal, as in Figure 10.

F

¥

The directions of thé

Figure 10.
motion and of the force differ by
an angle 9.

As indicated in Figure
11, the force can be broken
down into two parts, or com-
ponents, one in the same
direction as the motion and
one perpendicular to that

directicn.* Using a little

1F S \é%b
’ O,"\ \0’.
/ /
RN / Yop 0
~ ’
o, WA z
Q’ Q \ill
L7 .
S'S

Figure 11. Components of the force.

*If this is new to you, you
might like to stop for a min-
ute and read Appendix A on
vectors.
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, component,

trigonometry on this gives the
following results:

i}

Ft Fcos®

y
where F¢ is the tangential
component, the one in the di-
rection of the motion. As
before, when the pedal moves
from the top position to the
bottom, the angle 6 goes from
90°, through 0° at the hori-
zongal position, and then to
-907. A moment's thought
should convince you that the
angle 8 shown in Figures 10
and 11 is the same angle 0 de-
fined in Figure 7. Getting
out my handy-dandy calculator
to find sin® and cos® for .
various angles, I am able to
draw the two graphs in Fig-

Fsing

ure 12.
Jackpot! The graph for
F., is not at all familiar, but

the graph for Fy is precisely
the same graph we already have
seen a couple of times. One
might very well suspect that
the part of the force which is
in the direction of the motion
is closely related to the work
done, In fact, whenever a
force acts on an object,
causing it to move, only that
component of the force which
is 1n the directicn of the mo-
tion does any vwork.

Consider a simple exam-
ple. Suppose you push a hock-
ey puck along the ice with a
stick, as indicated in Figure
13.- The downward component of
the force only serves to push.
the puck more firmly onto the
ice; since there 1is no down-
ward motion, that component:
does no work. The horizontal
on the other hand,
accelerates the puck, doing
work in the process. The work
done is equal to the horizon-




3
F+

3 1 L 9 4
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Figure 12, Graphs of the two components of the force of the pedal ver-

sus pedal position.

Force

& Motion
e et J8

Figure 13. Pushing a hockey puck.

tal component of the force
“times the distance traveled.
Using mathematical shorthand,
this is (Fcos9) times d,

where 6 is the angle between

F and d. Or, as it is usually
Wwritten:

W = Egcose

Mechanical Advantage

As you no doubt noticed
in Experiment A-1, when you
change gears, the same hanging
weight—say at the horizontal
pedal position—preduces a dif-
ferent impelling force. The
lower the gear, the greater
the impelling force. Did you
also notice that, in the lower
gear, the distance the bike.
travels when the pedals move
through a given angle 1s less
than the corresponding dis-

tance in a higher gear? Take
another look at your data from
Experiment A-1. With the o
pedals in the horizontal posi-
tion, what is the work done

on the bike (F; X AD) for

each gear? You probably find
that the answers are nearly
the same {or each gear. The
small differences arise from
experimental eryors.

This result shows that,
for a given force acting on
the. pedal, the impelling force
depends on the gear the bike
is in, but the work done for
one turn of the crank is the
same in every gear. If the
gears are changed in a way
that doubles the impelling
force with a given force on
the pedal, then the distance
traveled for a turn of the
pedals is halved, and the pro-
duct of force and distance re-
mailns the same.

In other words, you can't
get somecthing for nothing.

Whatever work you put in at
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the pedals-minus frictional
losses in the chain, gears,
bearings, etc.—is the same
quantity of work which goes
into the forward motion. What



you can control by changing
gears is the impelling force
you can produce, This helps
in the following way: in the
highest gear on your bike, you
are able to produce some maxi-
mum impelling force, say S0 N,
with the pedals horizontal and
your whele weight on one
pedal. You may cven pull up
on the handlebars to produce
more force. This is finc when

traveling downhill or on level-

ground. ~However, if you try a
fairly steep hill, the 50-N
impelling force is no longer
enough to keep you moving.

In the days of single-speed
bicycles, this meant you had
to get off and push the bike
up hill. But, with a vari-
able-gear bike, you may shift
to a lower gear which in-
creases the impelling force.
However, you then pay the
price of having to pcdal more

times to go the same distance..

We say that you have gained
in mechanical advantage—the
ratio of the output torce
to the input force. (But
you have not gaincd in the
amount of work you must do.)

Mini-Experiment

1f vou have a multiple-
speed bike cquipped with a
speedometer, You might like
to try the follewing little
experiment. ©Cn a smooth,
jevel road, starting from &
standstill, accelerate the
bike by applying as nuch {orce
as you can to euach pedal in
turn, say ten times. Notice
what spced you attaln. NOw
try the same thing in dif-
ferent gears. You may be
surprised at how nearly the
same the finagl speed is in
ecach case. The work input 15
the same in cach case, thus soO

r
iba
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is the resultant kinetic
energy.

I{f you are particularly
interested, you might try
timinge each of these trials.
That is, in cach case, how
ijong does it take to go from
zero to top speed? The answer
might surnrisc vou,
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Discussion oi Experiment A-Z2.

In this ecxpériment, when
you used a flash rate double
the maximum rate at which the
heel turns, wheel turned
only one-half revolution be-
tween flashes. As indicated
in Figurc 14, this means that, |
any particular one of the
spoke nipples appears to
alternate back and forth
across a diameter of the wheel
with successive flashes. Of
course, the flashes are of
such short duration and come
so close together that the
spoke nipple appears to be
stopped -at cach of the two
positions.

‘Looking at this in a
slightly different way, one
can concentrate attention on a
point in space near the rim
where a spoke nipple seems 10O
be stopped. In the time be-
tween flashes, exactly half of
the spoke nipples pass the
point of intercst. For ex-
ample, using a 36-spoke wheel,
if nipple number 1 1s at 2
given point at the time of the
first f{lash, nipple number 19
will be at the same point at
the time of the second flash
and nipple number 1 will be
hack at the third flash.

When the wheel is allowed
to slow down gradually, but
the flash rate is kept the
came, there is no longer a
nipple at just the right place
during successive flashes, and

the

1 -
ne
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Figure 14. With the strobe flashing twice during each revolution, a
spoke nipple seems to jump across a diameter.

the image blurs. However, as
slowdown continues, the wheel
reaches a speed at which nip-
ple number 18 will be at ex-
actly that position during a
flash which was occupied by
nipple number 1 during the
preceeding f{lash. Once again,
the nipples will appear
"stopped,'" but now the wheel
turns only 17/18 of a half
revolution between flashes.

As the wheel slows further,
the nipples will again blur
and eventually ‘'stop," this
time when there is 16/18 of

a half revolution between
flashes. This continues un-
til the wheel actually does
stop.* Since the amount of
turning of the wheel between
flashes
speed, we may writc the fol-
lowing equation for the speed,
sp, of the wheel at each in-
stant that it is "stopped" by
the strobe:

is proportional to 1ts,

n
Sn T 1s Smax
*1f the whecel 1s not well bal-

anced, tihe irregularities 1in
the motion may become con-
fusing as the wheel speed
nears zero.
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Here spax is the speed of the
wheel as it is being driven by
the motor, n is an integer
ranging from 0 to 18, and sp
is the '"'stopped" speed corre-
sponding to each n. Although

‘we have not yet calculated

Smaxs W€ can now make a graph
ot speecdometer reading versus
n, which is proportional to
the "stopped" speed. If this
graph is a straight line, then
the specedometer is linear,
which it must be if it 1s ever
to be calibrated accurately.

A sample graph for a particu-
lar speecdomcter is shown in
Figure 15.

_ NN
o o o

4

+
-

.

o

Specdometer Reading {mph)

O
L
4

1

+

5 N

15. The speedometer repre-
by this graph is linear.

Figure
sented



I1f your speedometer 1is GOALS FOR SECTION A
linear, and thus useable, now

is the time to see if it is The following is a list-
accurately calibrated. That ing of the learning goals for
is, does the readirg you get Section A of the module. When
on the speedometer for any you have completed the section
given speed correspond to the vou snould have an understand-
actual speed of the bike? If ing oi th2 principle or tech-
not, you will have to make nique specified in each goal.
corrections to any future The question which accompanies
speedometer readings. each goal is a sample exam

If your speedometer is question. If ycu can answer
linear, any speed is as good + it correctly, you probably
as any other for checking have a gecod understanding of
accuracy, so you may as well the required information. The
use Spax. Then tne rotation answers to the questions ‘ap-
rate, in rpm, times the cir- pear at the back of the module.
cumference of the wheel, in
inches (7 times the diameter), Goal 1. To be able to find
will give you the true speed - the components of a force (or
in the strange units of inches any other vector quantity)
per minute. Then you will along two mutually perpendic-
have to change this to miles ular dircctions.
per hour. Below, I shcew how. v
1 did it for a wheel of 27- Question: If you push a hock-
inch diameter which was driven ey puck with the force shown,
at 320 rpm. what is the component of the

force parallel to the surface
of the ice and what is the
compcnent pushing the puck

Smax = (circum)X{rotation rate) down onto the ice?
= (85in/rev)X(320rev/min)
= 27,200 in/min .
’ / \\Qh
This answer is not terribly \\\\\
helpful; we need to change it 3(‘}::[\\t

‘to miles per hour:

Smax = (27,200in/min) X{1£t/12in)
= (2,267ft/min)X(1mi/5280ft) - o
(2 /min) x{tni/ "t* Goal z. 7o understand how
i Ny . work done depends on the di-
= (0.429mi/min)X(60min/1hr . .
( /min) X /IhT) L ictions of the force and the
= 25.7 mph displacement.
Question: Suppose you push a
In this case, the reading on toy train around part of a
the speedometer was about 25 circular track with a con-
mph, so the calibration was stant force which 1s always
reasonably good. How good 1s in the same direction, as in-
your speedometer? dicated in the figure.
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A

a. For a given distance

moved (say 1 cwm), at which

point(s) on the track is

22

the work done the great-
est? '

b. At which point(s) 1is
it least?

c. Sketch a graph of work
done per cm of motion ver-
sus the angle 8.

Goal 3. To understand the
principles of strobing to
"'stop' repetitive motion.

Question., A printer prints
labels on a long, continuous
strip of sclf-sticking paper
at a very high speed. As the
labels come off the machine
and are rolled onto big
spools, it is desired to spot
check them with a strobe
light. Suppose that the speed
at which the paper runs is

4 m/s, that the labels are 5§
cm apart and that every tenth
label should be illuminated at
the same position, making the
paper appear "stopned.'" What
should be the Fflash rate?



SECTION B

Encrgy and Frictional Losses

In this section you will kinetic energy, an@ what hap-
look at how the work put into pens to that kinetic energy
the bike by exerting forces on as the bike moves.

the pedals is converted into

EXPERIMENT B-1. Rotationual-Kinetic Energy of the Rear Wheel

For this experiment the work done is just the
bicycle should be mwounted on a weight times the height
stand to raise the rear wheel. through which it falls.)
You will need a set of bal-
anced weights which can be 2. What is the maximum speed
mounted on the rear whecl near of the wheel for cach
the rim, and a mcans ol mea- trial?
suring the maximum speed of
the rear wheel. This latter 3, Take the wheel off and

-might be a specedometer or a find its mass (or, get the
stroboscope. : figure from your teacher.)
Making the approximation
A. Procedure: With the bike that all of the mass is
on the stand, and with the ' located at the rim, what
pedal crank horizontal, allow is the kinetic energy of
a weight to pull the pedal the. wheel at its maxXimum
down to the bottom position, speed?
causing the rear wheel to turn
in the process. Measure the 4. 1Is the kinetic energy you
maximum speed attained by the calculate this way equal
rear wheel. to the work put into the

The weight used to push bike? If not, how do you
the pedal down may be a chunk account for the discrep-
of lead or standard masses. ancy?

However, you may find it easi- :

est to use your own bcdy 3, Proccdure: Repeat the

weight. You can do this by gxper iment using one or two

balancing your weight on the different gears.

two pedals with the cranks

horizontal, then suddenly Questions:

liftinc vour back foot, uilow-

ing al. =f your weight to act 1. How does the maximum speed

on the orward pedal. Ty not of the wheel compare when

to lea: on your hands very different gears are used?

much., ' How do you explain this
result?

Questions:
2. Can you distinguish any

1. How much work did you put difference in the rite at
into the bike oi cach which you do the work?
trial? (Remember that the That is, when you stand

23




on the pedal, does it fall
equally fast for the dif-
ferent gears?

C. Procedure: Now add the
extra welgﬁts to the wheel
near the rim. As indicated in
Figure 16, use balanced sets
and place them opposite one
another so that the wheel re-
mains reasonably well bal-
anced. Be sure you know the '
masses of the added weights
and their distances from the
axle. Repeat the experiment
using the gear you first used.

Adding weights to the
rear wheel increases the kimetic
energy at a given speed.

Figure 16.

You will probably find
that the maximum speed at-
tained by the wheel is less
than it was without the added
weights. To compensate for
this, add enough extra work
S0 that the weighted wheel
reaches the same maximum speed
the unweighted wheel did. You
can do this in one of two dif-
ferent ways: Either add more
weight to the weight pulling
the pedal down, or start the
pedal "from a higher position
with the same weight acting.
If you did the first part by
standing on the pedal, you
will find the latter method .

‘much easier to do.

Questions:

1. At the maximum speed of
the wheel, what is the
kinetic energy of the
added weights? -

2. How does- this kinetic
enérgy compare with the
extra work put into the
‘bike to get the wheel up
to the same maximum speed?

3. What difference would it
make if the weights were
attached to the wheel at
a place which is nearer
to the axle? (You may
want to try this as an
optional experiment.)



EXPERIMENT B-2.

Just to keep a bicycle
moving at a constant spced on
level ground requires a con-
tinual output of cncrgy on
your part. In this experi-
ment, you will find out where
some of that enecrgy goes. You
will need the bicycle, the
stand to 1ift it off the floor,
a tire pump, a goocd pressure
gauge, and a smeooth, level
place to ride the bike. For
this last, either & long cor-
ridor or a gymnasium floor
works best, if available. If
not, a paved, level parking
lot works wecll on & day with
no wind, If there is wind,
try to keep it at your side,
or do the trials in pairs—
one with and onc against the
wind—taking the average of
each pair.

A. Procedure: With the bike
on the stand, do work on the
rear wheel, as before, by
letting a weight push the ped-
al dovnward. (Altcrnatively,
you can get it up.to a known
speed with the motor you used
earlier on the front wheel.)
Record the maximum speed of
the rear wheel and count the
number of rcvolutions tihe
wheel makes in slowing from
that maxinum speed to a Stop.
For this purpose, it will help
to place a piece of masking
tape on the tire as a marker..

Questions:

1. What is the maximum Xi-
netic encrgy of thc wheel?
Hence, what is the energy
loss tec frictaion as the
wheel comes to vest?

2. If the bike had been
moving on a level sur-
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Energy Losses to Friction

‘face, how far would it
have traveled for the
number of revolutiens
which the wheel performed?
B. Procedure: Now do what
physicists [ike to call a
"thought-experiment.' This is
a way of simplifying the situ-
ation to a greatrer degree than
can be done in real life.
Think of coasting on a smooth,
level surfuce with the oniy
force slowing the bike Being
that of the rear wheel bear-
ings. If that force were also
missing, you would coast for-

ever. Start with a spced such
that the total kinctic energy

of you and the bike is just
equal to the original kinetic
energy the rear wheel had in
Part A of this experiment.

' In this simpiified view,
the forces in the rear wheel
bearings are solely responsi-
ble for the energy loss—ihat
is, for stopping the bike. It
is reasonable (and in fact
guite. accurate) to assume that
the bearing feorces are about
the same for the ridden bike
as for the frcely Totating
wheel. Thus, the same amount
of energy is lost for each
revolution of the wheel in
either case. : _

This means that, to bring
the bike tc a stop, the rear
wheel must make the same num-
ber of turns as it did in your
real experiment of Part A,

Another way of viewing
t%is is that the frictional
“-yces in the vear wheel bear-
.1 315, acting through the
wiecel, exert an effective
"drag'" force to slow the bike
down to a step. The drag
force times the disrance the
bike moves is the , -rk done




by the frictional forces.
Thus, it is the kinetic cnergy
which was lost.

Questions:

In your thought experi-
ment, how far does the
bike move beforec coming
to rest? What was 1ts
initial kinetic energy?

1'

2. VWhat is the "drag" due to

the rear wheel bearings?

A
Ll.

C. Procedur Rev up the
front wneel with the driving
motor, .measure 1ts speed, and
count the number cf revolu-
tions it makes in coming to
rest,

Questions:

1. VWhat is the initial ki-
netic energy of the front
wheel? How nany revolu-
tions did it make? -

2, VYhat is the "drag" pro-

duced by the front wheel
bearings?

D. Procedure: Now take the
bicycle to Thet smooth, level
surface and try the experi-
ment. Starting with the pedal
at the horizontal, suddenly
stand on it and measure the
distance traveled before the
bike comes to a stop. Just to
be completely convinced about
the effect of changing gears,
you night try this for a dif-
ferent gear, as well. Take
the average of several trials.

(Note: A skillful rider can,
by energetic n uﬂ]pli ticons of
the hancdlebars, keep the bike

upright practically forever
and even add substantialil
the distance traveled. Try
not to do this. Rather, when
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the bike is practically
stopped, let it stop there.
It will take some judgement
to decide where it stops.)

Questions:

1. How much work did you put
into the bike?

2, How far does the bike
travel before stopping?

3. What is the drag force?
fow does this comnare to
the drag of the wheel
bearings? iow do you ex-
plain this result?

4. How does the distance
traveled compare wien you
change gear ratios? How
do you explain this re-
sult? :

E. Procecaure: To examine

this resulit a little more

closely, reduce the Dressure
in each tirc by § 1b/in® or
so, and repeat. That is, if

tnc normal pressure is 70
lb/ln try this at 65 7b/1n
for each trial. Continue at
successively lower pressures,
but step before the tires get
so low that they are crushed
by the rims.

Questions:

1. In each trial, how far did
.the bike go? Hence, what
was the total average
force slowing the bike
down cach time?

of the fric-
due to the

2. Make a gravph
tional force
tires versus the tire pres
sure, p. In maeking this
graph, how can you compen-
sate for the frictional
force of the bearings?



3. If the previous graph is
definitecly not a straight
line, try one of force
versus 1/p. Is this pos-
sibly a straight line?

4, If the tires could be in-
flated to cxtremely high-
pressures, what do ycu
suppose would happen to
the frictional Force duc
to the tires? How could
you approxinate this re-
sult with real tires?
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Discussion of Bxpneriment B-1,

Mass on the Rim of a Vheel

When a single mass moves
in a straight line at a

ity v, the kinetic ener
just lgy . ihen the sar
moves in & leblg, Ll
eneygy is still %mv‘, bu: it
is a bit triclicr to sce what
the velocity 15.

For examplc, supposec a

mass noves on the rin of a
wheel which is turning at the
rate of w (uchk letter o
revolutions per szcond (Fif-
ure 17). Then, in one revo-
lution of the wheel the nass
travels at a distance of one
circunference, 29r. In o
revolutions the mass travels

a distonce 2wrw ond, since the

sheel turns © times per
second, the spced is Zarw
in, say meters per second
That 1is:

v = 2“2@

Numerical E"“mnle

Suppose a 1l-kg mass is on
the rim of a bicycle wheel
with a diameter of 68 cm
(about 27 inches), which is
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Figure 17. A mass on the rim of a
turning wheel travels at a spoad
which depends on the rste at wnich
the whecel turas end on the radius
of the wheel.

iurnlnL at a rate of 3 revolu-
tions per secend (equivalent
to about 15 11’)!1) Whot 3¢ 1o

kinetic encrgy of the mass?

And
KE

it

R

Known quantitics:
1 kg
3 rev/s

0.34 n

2rrw

27 X 0.34 m X 3 rev/s
6.4 n/s

’431_\12

X1 kg X (6.4 n/s)?

20.5 kg m2/s2
20.5 J



Using the Speedonmnecer

One helpful point is
that, when the bicycle wheel
rotates at any particular rate
on the stand, a point on its
outer surface travels at the
same speed as would the bike
if it were moving on a road
with the wheel turning at the
same rate, Thus, if one can
attach a speedometer to the
rear wheel, the speedometer
reading gives directly the
approximate specd of any
point on the tire. To get
that speed into the units of
meters. per second, one can
use the conversion factor 1

mph = 0.45 m/s.
Several Masses on the Rim
‘of a ¥heel

Suppose that you take the
mass which was on the vim of
the wheel, divide it into two

equal parts, and put those
halves at opposite ends of a
diameter, as in TFigure 18.
Now, since the two masses are
on the same wheel, turning at
the same rate, and at the same
distance from thc ceiter, they
have the same speed. The

Two equal masses on the

Figure 18,
rim of a wheel.
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‘total kinetic energy is thus

the sum of the kinctic
encrgies of the two masses:

KE = KE; + KE
=% (m) 2 orn () ¥
= 4 pv?

This is just the same energ

as before, but the mass is in
better balance and the wheel
turns more smoothly.

Suppose you now scparate
the mass into many parts, say
20, distributed at equal in-
tervals along the rim, as in
Figure 19. Now each piece has
1/20th the original kinetic
energy, and the total kinetic
energy 1is still %mxz.

Figure 19. When the mass on the rim
is divided up into many parts, the
total kinetic energy remains the
same.

A "Tire" on the Rim

Finally, suppose that you
divide the mass up into so
many parts that they form one
continuous "“tire'" on the rim,
as in Figure 20. The kinetic
energy 1s still the same.



Adding Mass to the Wheel

When you attach lead
weights to the bike wheel,
the situation changes. As
indicated in Figure 21, the
wheel itself has the same
kinetic energy as before, and
the moving weights have an
additional kinetic energy of
%m'v'z. Here m' is the total
mass of the added weights and
v' is their speed. Note that
v' is different from v because
the added weights are only a
distance r' from the center.

Figure 20. The kinetic energy of a In fact, since w is the same
continuous tire is still the same for the rim as for the added
for the same speed and total mass. weights:

v = 21r'w
That is v = 27Trw
. Thus:

- - . . 2
KEtire = *Mtire (Vtire)

Numerical Example

Approximately what is the
kinetic energy of a 2.3-kg bi-
cycle wheel rotating at a rate
equivalent to 20 mph?

Known gquantities:

= 2.3 kg

8

Q

v = 20 mph = 9 m/s

Note that v is given approxi-
mately. This is because the
mass is not really located at
the outer surface of the tire,
where the speed is 20 mph.
More about this later. For
now, assuming that the mass
is concentrated there,

KE = %mv’
= 45 X 2.3 kg X (9 m/S)2 Figure 21. The kinetic energy is
that of the wheél plus that of the
= 93 J added weights,
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Numerical Example

Suppose you add a total
mass of 1 kg to the bicvcle
wheel, attached at a distance
of 20 c¢m from the center, and
cause the wheel to rotate at
the 20 mph rate. What is the
kinetic energy of the added
weights?

Known quantities:

1<
no

20 mph = 9 m/s

34 cm

1=t
n

r' = 20 cm
m' = 1 kg
Thus:

KE = &m'v!

[}
ot
£~
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Solid Disc

When a wheel is a solid
disc, it is obvious that not
all of the mass is concen-
trated at the rim. Analysis
of this problem involves add-
ing up pieces which are thin
rings like the one shown in
Figure 22. Every part of a
given ring is the same dis-
tance from the axle. The
addition is more complicated
than that done for masses rn
the rim of the wheel and r:-
quires the methods of calci.-
lus.

S

Total Mass=M

Figure 22. To find the kinetic

energy of a rotating disc, one must
add up thé energies of all possible
thin rings of mass.

We simply state the re-
sult. As indicated in Figure
23, the kinetic energy of the
disc is 4MvZ, where v is the
speed ot a point on the rim,
and M is the total mass of the
disc. This may be interpreted
in one of two ways: the disc

‘has the same kinetic energy as

Figure 23. The rotating disc has
a kinetic energy of YMv<,



would half the mass concen-
trated at the rim or, alter-
natively, the disc has the
same kinetic energy as would
the same mass concentrated
at a distance R/v/Z from the
axle.

The rear wheel of a bi-
cycle is much more like the
wheel with the mass all con-
centrated at the rim than it
is like the solid disc, but
it is not exactly like either.
The tire and rim constitute
most of the mass and the
spokes are negligible. The
hub and gears have a fairly
substantial mass, but they
are so close to the hub that,
because of their smaller
speed, their contribution to
the kinetic energy is small.
As a good approximation, one
can assume that only the mass
at or near the rim of the
wheel contributes to the ki-
netic energy.

Work Put Into the Wheel

Where does the kinetic
energy of the rear wheel come

Ah
Y. i I
X : i :
Leeonl R
Figure 24.

from, anyway? When you apply
force to the pedal, say by
standing on it, you do work
which, through the chain and

- gear mechanism, acts on the

wheel to increase its kinetic
energy. However, since the
force acting on the pedal is
not always in the same direc-
tion as the motion of the
pedal, this work is hard to
compute. It is much easier
to use the change in poten-
tial energy of the weight as
it falls and does work on the
pedal. Except for frictional
losses, the change in poten-
tial energy is equal to the
work done.

As you know, the change
in potential energy of a mass
which moves from a higher
point to a lower one depends
only on its weight and the
vertical distance moved.
is indicated in Figure 24.

This

The potential energy lost by
the weight turning the pedal
depends only on the starting
and ending heights of the

pedal, as shown in Figure 25.
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The change in potential energy of the mass depends only on

its initial height and finai height and not on the path it takes. In
the three cases shown, the change in potential energy is the same.
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Figure 25. The weight on the pedal

falls a distance Ah and loses po-
- tential energy mghh.

Since the weight of the mass
m is mg and the change in
height is Ah, the change in
potential cnergy is mgah.

What is the work done in
this case? The only source of
work 1s that change of poten-
tial energy of the muass and,

 if the frictional losses are

negligible, the work done must
just be equal to the change in
potential energy. That is:

W = mgdh

Numerical Example

a. Suppose a 60-kg person
suddenly stands on a bi-
cycle pedal, starting at
the horizontal pedal posi-
tion and falling to the
bottom of its swing. If
the p~dal crank 1s 15 cm
from the hub to center of
pedal, what was the change
in potential energy?
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Known'quantities:

m = 60 kg
Ah = 15 cm
The change in potential
energy is:
A(PE) = mgdh
= 60 kgX9.8 m/s2X0.15 m
F.88 kg mz/s2
= 88 J

b. If the mass of the rear

wheel is 2.5 kg, mostly
concentrated at the rim,
and if all of the work is
converted into kinetic
energy, approximately what
is the maximum speed the
wheel reaches?

Known quantities:

KE = 88 J

I

n

2.5 kg

In terms of the speed (at
the rim) the kinetic ener-

gy is:
KE = v’
This can be solved for
" speed:
A
m
N 2.2
2 X 88 kg m“/s
2.5 kg
= 8.4 m/s
= 19 mph



The Effects of Different Gears

Did you notice that in
the preceeding discussion and
example, no mention is made of
the gear used? This may be a
bit surprising. However, if
there are no losses to fric-
tion, the cnly place for the
loss in potential energy to
appear is in increased kinetic
energy of the rear wheel.
Thus, whatever the¢ gear, the
rear wheel should reach the
same speed each time one
stands on the pedal in the
same manner, _

In fact, you probably
found that, to the best of
your ability to measure, this
was the case in the higher
gears. However, if you were
standing on the pedal and no
extra weights were added to
the wheel, you probably found
that the maximum speed, and
thus the kinetic cnergy of the
wheel, was considerably less
for the lowest gears.

Where did the energy
which was lost in this process
go? This is an effect well
known to bicycle racers who
find that, if the gear ratio
is too low for the conditions,
the rear wheel tends to ''get
ahead" of the pedals.

To get some insignt into
this, think of riding a bi-
cycle on a level road in the
lowest gear, so that the ped-
alling is very easy. If you
pedal as fast as possible, yvou
soon redch a specd where vou
can no longer keep up with the
wheel. Then you put work into
the bike only infrequently-—as
it slows down a little. If
you want to increase your
speed, you must then shift to
a higher gear ratio.® Some-
thing akin to this happens
when the resistance to accel-
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eration—the inertia—of the
rear wheel isn't sufficiently
great at a given gear ratio

as you stand on a pedal. Then
energy is lost.

This still doesn't do
much to explain where that
lost energy goes. When some
students tried this experi-
ment, the rear wheel reached
a speed of 20 mgph for the
highest gear and only about
10 mph for the lowest. Since
the kinetic energy depends on
the square of the speed, this
means that the kinetic energy
of the wheel was only about
one-fourth as great in the
latter case. Where did the
other three-fourths of the
energy go?

The answeér can be found
in a related experiment. Sup-
pose you jump from a table on-
to the floor. As your body
falls, it loses potential
energy and gains Kinetic ener-
gy, going faster and faster.
Then you hit the floor and
suddenly are stopped. You
have lost both the initial
potential cnergy and the ki-
netic energy gained on the way
down. However, if we believe
in "conservation of energy,"
it wasn't destroyed but nmust
merely have changed into other
forms. One of these forms 1is
cbvious; vou can hear some -of
the converted energy. A

*With all this talk of ''gear
ratio,' ycu may have some
curiosityv about the meaning
of the term more precisely
than it 1is used here. If so,
read the appendix at the back
of the module. If not,
don't; it isn't really neces-
sary for an understanding of
the module.



larger fraction is converted’
into heat, which is not quite
so easi1ly detected but which
is there, nonetheless. If you
foolishly jump from too great
a height, some energy may go
into cracking bones. Even the
stinging sensation on the
soles of your feet 1is an in-
dication of the conversion of
kinetic energy into other
tforms.

[f vou were suddenly to
stand on a bicycle pedal with
the chain removed, much the
same thing would happen. When
you hit bottom, your kinetic
energy is changed to heat,
sound and possibly other
forms. When you connect the
pedal to the bicycle wheel,
which has inertia, at least’
some of the energy is con-
verted into kinetic energy of
the rotating wheel. In the
higher gears—or when you in-
crease the inertia of the
wheel by adding weights to
it—-most of the initial poten-
tial energy goes into kinet-
ic energy of the wheel. Do
your experiments bear this
out?

Power

You probably noticed
that, even in ¢ears where most
of the energy goes into the
rear wheel, the rate at which
this happens is different in
the different gears. In a
lower gear, the pedal fails
more rapidly than it does in
a higher gear. 1In each case
the maximum spced of the wheel
is the same, but in one case
it gets to that speed sooner.
The rate at which work is done
is called power. That is,
power is workK per unit time:

34

g:

[et hi

Numerical Example

A bicyclist rides a bi-
cycle, from a standing start,
so that the average impelling

force is S0 N. In 10 s he
travels 50 m. What was the

power—the rate at which he
did werk?

Known quantities:

gi = 80 N
D = 50 m
t =10 s

The amount of work is:

i

i

T
<
foar
e/

il

(80 N) X (50 m)

H

4000 J

The power:

o]
]

W/t

1000 J/10 s

1

400 W

(One joule
wattW.)

per second is a

Incidentally,
put is within
of mest adult

this power out-
the capability
bicyclists. One
horsepower is about 750 watts,
and even that is possible for
some adults for short periods
of time.

Power and Velocity

Since the work put into
the bike 1is:



E.—. F.

Ey XD

and since the power is W/t,
then:

P=F XD/t
But D/t is just the average
velocity and

P

Eivave

Note that this does not depend
on whéther the bike 1is accel-
erating or moving at constant
speed. In the case where the
impelling force is constant
and the speed 1s constant, one
may write simply:

p =

r.v
~1—

Since the impelling force
depends on thd force applied
to the pedals and since the
raximum pedal speed depends
on the speed of the rear
wheel, the power produced de-
pends on both the force ap-
plied to the pedals and the
speed with which the pedals
turn. For a given rate of
doing work on the bike, the
bicyclist may choose to do it
with a -greater force and the
pedals. turning less rapidly—
a high gear ratio—or with a
lesser force and the pedals
turning more rapidiv-a low
gear ratio. Experiments indi-
cate that bicvclists are most
efficient in the use of bodi-
ly energy for extended periods
when the rate of pedalling is
about 50 revolutions per min-
ute. Thus, for the speed at
which you wish to truvel, you
should choose a gear ratio
which will accomplish this.
Actually, since the difference
in bodily efficiency is small
until one gets below 30 or
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one should
which 1is com-

above 70 rpm,
choose a rate
fortable.

e
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The measurements you made
in this experiment are diffi-
cult to analyze. First, when
the free wheel slowed from
some 1initial speed to a stop,
we assumed that the slowing
was caused solely by bearing
friction. However, when a
wheel turns, it drags along
the nearby air, as indicated
in Figure 26.

Lt

R ¢ et
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?

Figure 26. When a wheel turns, air
near it is dragged along. ’
In fact, the drag force ot the
air may be as great or greater
than the bearing friction
force, especially at higher
speeds. However, the twe
effects are difficult to sep-
arate, so we shall continue to
work with "bearing friction."
A second difficulty is
that rubber is not an "enoi-
neering material." That is,
there are so many variables



in the design and manufacture
of tires that it is not possi-
ble to devise accurate theo-
retical formulas for their
behavior. In fact, as you
saw, even a small change in
tire pressure produces a large
difference in the slowing
forces.

"Bearing Drag“

From the first
Experiment B-2, you
culate the combined effect
of bearing friction and air
drag on the wheel by knowing
the equivalent distance the
bike would have rolled with
the wheels turning the same -
number of revolutions. That
is, if the distance is Dy, the
work done by the bearings in
slowing the wheel is Fphq,
where Fp is the average force
which would slow the bike if
.the bearing friction and air
drag werc the only forces in-
volved, and Dj is the distance
the wheel would have rolled
for the same number ot turns
as in your experiment. How-
ever, the work done in slowing
the wheel from somc initial
speed to a stop must be equal
to the initial kinctic encrygy.
Thus: ’

part of
can cal-

KE

KEyhee1l = EpDj

and

KEyheel

Dy
be
and
is
the

A similar calculation can
done for the other wheel,
the sum of the two forces
the net "bearing drag' on
bike.

Tire Frictien

When discussing tire
friction, nice neat theoreti-
cal formulas are not avail-
able, but it is possible to
get some insight into why
there is tire friction and
where the leost energy goes.

To begin, it is impor-
tant to realize that both the
tire and the road surface de-
termine the sco-called "rolling
resistance." Tirst, consider
what might be the easiest
rolling of all wheels—a per--
fectly hard wheel rolling on
a perfectly hard surface.
Trains approximate this with .
steel wheels rolling on a
steel track. Some oi the
eariy bicycles--the ones with
huge front wheels-had iron
tires. Considering the con-
dition of the roads in those
davs, it 1is no wonder that
they were called "bone-
chakers."

To get an idea of where
the energy goes when a rubber
tire rolls, look first at the
simplified situation depicted
by Figure 27. Here, a per-
fectly rigid wheel is in a
rigid hole. As the tire
starts to climb out of the
hole, the edge of the hole ex-
erts the force shown. This
force has a backwards compo-
nent, or a ''drag'" which must
be overcome in order for the
wheel to move forward.

[f a rigid tire rolls on
soft ground (Figure 28) there
is still a drag, but now the
lost energy goes into squash-
ing the ground down into a

_ Tut.
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Consider again a rigid
road and a rigid tire, but one
with a flat place on the bot-



Figure 27. Work must be done on the
wheel to cause it toc c¢limb out of
the hole.

Motion

_Drag

Figure 29. A tire with a flat place
ou the bottom aisc causes ‘drag."

;/////‘\\\
/

i

-

Figure 28. Energy is required to
make a rut in seft ground.

tom, as in Figure 2YA. This
is somewhat more llke a real
tire. Once again, if{ the tire
turns without slipping, urag
is involved and energy i:
to raise the ccnter of th
wheel to the position of
ure 29B. Just for {fun, t!
of riding on wheels like
one shown in Ficgure 30.
ride would be pretty bumpy.
Every time the center of tae

e L™ el ¢/
Jecy i
>t et
o o

Figure-30. A "wheel” which is a
regular polygon.

wheel was raised, as a vertex
of the polygon came to the
hottom, the bike would lose
enerygy. Theoretically, that
lost eneroy would be regained
each time tie center of the
wheel came down to 1ts lowest
position, but in the real
world this would not happen.
A&s the ilat part of the wheel
smacked the pavement each
time, energy would be con-
verted to heat and sound.
Alsc, this bike would rattle
your teeth, so polygonal
wheels are not recommended.




Although making the polyvgon
with a greater number of sides
would improve the smoothness
of the ride and decrease the
energy loss, there wculd
always be some energy loss,
and thus drag, until the wheel
is made perfectly round and
perfectly hard.
However, real e
road surfaces, even the
ones used by trains, are al-
ways deformed to some degree
by the weight on them. The
amount of deformation, and
thus the amount of ¢nergy
loss, depends on the circum-
stances. A pneumatic (air-
filled) tire looks something
like Figure 31 as it rolls
along. There 1is a flat place
on the bottom and a bulge at
the front and rear of the flat
- place, with the froant one
being more pronounced. The
tire keeps the same shape as
it rolls, but the bulge at the
front get» pushed aro unj the
circumterence. To push it re-
quires a force and, since it
moves through a distance as a
result, work 1s required. The
rear bulge actually puts work
into the tire as the part ot
the tire just behind it con-

Figure 31. A pneumatic tire.
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tinually regains its circular
shape. However, as is evident
from experiment, more work
goes into the tire than is re-
trieved. One says that the
tire is not '"perfectly elas-
tic.'" Where does the lost
energy go? The answer, once
again, 1s that it goes mostly
into heat. You can casily
test this by touching an auto-
mobile tire after it has been
running at high speed for a
while—it 1is obviously warmer
than the surrounding air.

Finding the Rolling Resistance

Usinn the data for Exper-
iment B-2, you can get a .good
approximation to the drag pro-
duced by the tires—the roll—
ing resistance. If, for a
given trial, the bike plus
rider rolls a distance Dy be-
fore stopping, the work done
against all the frictional
forces is Fyb2, where Py is
the .total Torce holding the
bike back. This must (approx-
imately) be equal to the work
done on the bike when you
stand on a pedal.. That is:

W= ErDy
Then, since you know the re-
tarding tforce of the bearings
on the wheels, Fp, the rolling
resistance must be:®

R =Fp - Fp

*This assumes that the air
sistance 1is negligible at
these speeds. In Section C,
vou will find out if this is
a rcasonable assumption.

re-



Calculating Rolling Resistance

Although theoretical
formulas cannot reasonably be
derived for tire rolling re-
sistance, empirical formulas—
formulas wH*PH are just
""cooked up" to fit the exper-
iments—have been devised.
Empirical formulas find {re-
quent use in science and en-
gincering, for they often can
fill a large gap between an
inadequate theory and the re-
alities of experiment One
such formula, for 27-inch
bicycle wheels, is the fol-
lowing: **

R =5 X 10 3wt

- Wt
+ (0.15 + 3.5 X 10°° 2)_~_-

B,

where Wt is the weight of the
bike plus rider, p is the tire
pressure in pounds per square
inch and v is the speed in
miles per hour. If Wt is mea-
sured in newtons, R will also
be in newtons (or both may be
expressed in pounds).

Notice that. in the pa-
rentheses, there is a term
which depends on the square
the velocity. This says tha
the faster the bike travels
the greater the rolling resis-
‘tance, and it is a ccnsider-
able complication. However,
if one compares the two terms
in the parentheses, at S5 mph
the Vclucit\—dﬂperdcnu term
is only about hzlf of one per-
cent of the other term and,
even at 20 mph, it 1s Icss
than 10 percent. Therefore,

of
.
1T

**Bicycling Science, F. W,
Whitt and D. 6. Wilson,
Press (197%).

it i1s safe to ignore it for
your experiment, since the
speeds were low.

When we neglect the term
including velocity, the formu-
lJa simplifies to:

R = (A+ B/p)Wt

A=5X10"3 and B =
0.15., (Actualiv, B = 0.15
lb/in2 and these units will
cancel the ]b/ln in which p
is exprcsbcd )

A .graph of R versus p

wher

will lock like Figure 32. Did
your graph resemble this?
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Figure 32. A graph of rolling re~
sistance versus tire pressure.

Figurs 33 shows an accu-
rate graph, derived from the
formuia, of the rollinyg resis-
tance versus the inverse of
pressure. Here the vertical.
axis is R/Wr, the force per
unit ﬂbl“hb. Thus, 1f the
bike 1Lua 1rider were 800 N,
*he scale would have to be
multipliea by 800 to get the
rolling resistance 1n newtons.
Note that it makes no differ-
ence how the weight is dis-
tributed on the front and reav
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Figure 33. Rolling resistance ver-
sus the inverse of pressure.

5
%)

tires; multiplying by 800 has

the same effect as doing each

tire separately and adding the
two forces.

If you will now graph
your data on the samc scale
as Figure 33, yon can comnare
the two directly by laying
. your graph on the figumie,.

They will be in agreenent if
" they have the same siope. If
it should happen *hot ycur
data do not match the formula
very well, den't be dis-
tressed. After all, the fowrm-
ula was just cooked up to fit
the data for tires that may
have been quite differcat from
yours. In fact, other empiri-
cal formulas exist which dif-
fer quite a bit from the one
given.

However, all of the form-
ulas agree that tne rolling
resistance varies as the in-
verse of the pressure, 50 your
graph should approximate a
straight line. If it doesn't,
you might look for possible
EITOoTS.

We wili now jeuave the
topic of frictional iosses and
examine some cf the other wavs
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in which energy is used to
keep the bike moving.

GOALS FOR SECTION B

Goal 1. To be able to find
the Kinetic encrgy of mass
undergoing circular motion.

Question. A 2 kg mass is
attached to a bicycle wheel

at a distance of 15 ¢m from
the axle; and the wheel is
turned at the rate of 15 revo-
lutions per second. What is
the kinetic energy of the
mass?

Goal Z. To be abhle to find
the speed imparted to an ob-
ject by doing work on it.

Question: With a bicycle on

a stand so that the rear wheel
is free to turn, you stand on
2 pedal suddenly. The pedal
goes from a height of 35 cm
above the floor to a height of
15 ¢m above the floor in the
process. If your mass is 65§

kg and the mass of the bicycle

wheel is 1.5 kg, concentrated
mainly at the rim, what is the
final speed of the rim?

Assume no loss of energy.
(Note c¢hat it is not necessary
to specify the diameter of the
wheel!l) '

Goal 3. Teo be able to calcu-
late the power generated by a
force.

Question: In order to keep a
car moving at 25 m/s, an im-
pcelling force of 1,000 N is
required. What is the power
requirement?

Goal 4. To be able to compute
frictional forces from work
input and distance traveled.



Question: Some students got
the following data for Exper-
iment B-2:

Work Imput = 100 J (each

trial)
"Distance" traveled by
free wheel = 256 nm

Distance rolled with tires
at 70 psi = 49 m |

Assuming that this was dJone at
such low speeds that the wind
resistance was negligible,

~Goal 5.

approximately what was the
frictional force of the tires?

To be able to compare
the measured force of rolling
resistance to the prediction
of the cmpirical formula.

Questicon: Tor the trial of
the previcus question, the
mass of the bike and rider

was about 80 kg. Approximate-
ly what foirce of rolling re-
sistance does the formula pre-
dict? :



SECTION C

Other Losses

In this part of the mod-
ule, we shall look at the work
done against some of the
forces other than rolling
friction which are present
when riding a bicycle. One of
these, the force of air resis-
tance, we cannot climinate; it

EXPPR!NTNT C-1.

In this experiment you
.will find the force 2xerted on
you and the bike by using a
device which measures the
force on a piece of plastic.
You will need the "wind-feorce
measurer,'" a Polaroid camera,
a bike with a well-calibrated
speedometer, and a fearless
rider. It is best to do the
experiment 1indoors, but it can
be done outside on a still
day . Srits

"A. Procedure: Adjust the
‘wind force measurer on the
front of the bike so that,
when the bike is upright and
stationary, the pointer 1is on
zero. ({See Figure 34.) Ride
the bike at various speeds,
simultaneously noting both
speed and the location o
pointer on the wind-fore
surer. The scule on th

vice is calibrated Ln degrees,
and the pointer reading gives
directly the angle wvhich the
plastic sheet makes with the
vertical. You should be able
to estimate the angle to the
nearest degree. When You maxe
measurements, try to ride in a
straight line and at a con-
stant speed long enough -so
that any jittering of the
pointer scttles down and the
reading is at a steady value,
This will take some pracoice.

is always there, to be con-
tended with by the rider. The
other force is the one used to
drive the generator to make
the 1lights work. Perhaps you
will discover whether a gener-
ator-operated light is worth
the extra effort.

Figure 24. The wind-force measurer
on the bike.

Now calibrate the wind-
force measurer in the manner
shown in Figure 35:

Attach a. s
hole in th
plastuic sheeb. Hang a
welght from the string,
“after passing it over a
pulln\ 1nd measure the

O

b
rovce (ma) required for
ench uef ic;tlon of the
pointer.

With the bike on 1its
stand, take a front-view Pola-
»old picture of the rider on
the biKe and the wind-{orce
measurer.  be sure the picturs
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~—Read 8 . 2.

What happens to the "ef-
fective area'" of the
plastic sheet of the wind-
force measurer when it 1is
deflected? (The "effec-
tive area'" 1is the area you
would get in a picture
taken from the front when
the plastic is deflected.)
How can you account for
this in comparing the area
of the plastic sheet to
the.area of the bike and
rider?

/
(
\

Plastic N A
Sheet = ]
N (
Figure 35. Calibrating the wind-
force measurer.
\
is directly head on and that
the rider is in the usual
riding position.
Questions:
1. How does the front-view
area of the bike and the :
rider compare to the area Figure 36. Comnraring the frontal
of the plastic sheet of area of the bi,. and rider to that
the measurer? One easy of the plastic et of the wind-
way to get the ratio of force measurer,

the two areas 1is to trace

them, using carbon paper, 3.

onto graph paper as 1in
Figure 36. Then just
count the squares on the
graph paper.
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For each speed at which

you made a measurement,

what was the total force
of ‘air resistance on the
bike and rider?



B. Procedure: When you have
the answer to the previous
question, try making a graph
of air resistance (force) ver-
sus speed. If you have trou-
ble doing this, you can get
some help from the discussion
of this experiment.

Questions:

1. Is your graph of air re-
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.squared.)

sistance versus speed
linear?

If the answer to the pre-
vious question 1s no, can

~you find a relationship

which is linear? (Hint:
try graphing air resis-
tance versus speed

What do you
conclude?



'EXPERIMENT C-2.

For this experiment you
will need a generator and
lights attached to the bicycle
and a switch that will discon-
nect the lights from the gen-
erator.

A. Procedure: First, as a
"bench mark,"™ you should re-
peat one trial of Experiment
B-2, Part D, standing on a
pedal suddenly and letting the
bike coast until it comes to a
stop. Then, by knowing the
work input and the distance

" traveled, you can compute the
average retarding force.

Now adjust the generator
so that the wheel turns 1it,
but with the 1lights discon-
nected, and do another run
or two. This will tell you -
how much of the work goes into
the frictional forces asso-
ciated with turning the gener-
ator.

Questions:

1. How far does the bike go
with the generator
turning? Thus, what is
the total force slowing
the bike? :

2. What force is required to
turn the generator?

B. Procedure: Now connect
the Tights to the generator
and do about two more trials.

Questions:

1. What force is now needed
to turn the generator?

‘2. How does this force com-
pare with the force re-
quired to turn the gener-
ator with the lights dis-
connected?

‘Generator Power (OPTIONAL)

3. If all the work done in
producing electrical power
is considered to be 'use-
ful," what is the effi-
ciency of the generator?
(Efficiency is usecful out-
put energy, divided by
work input, times 100%.)

[T R e R

Discussion of Experiment C-1.

If you did your measure-
ments carefully, you probably
found that there is a linear
relationship between the air
resistance and the square of
the speed. Actually, theory
and careful measurements show
that the force of air resis-
tance, to a good approxima-
tion, obeys an equation 1like
the following:

E = Av + Bv?
where A and B are constants.

The first term of this
expression gives the effect
of viscosity for smooth (lami-
nar) flow of the air, and the
second term results from the
irregular (turbulent) flow
which occurs when the air flow
breaks up ‘into eddies and
whirls. The two kinds of flow
are indicated in Figures 37
and 38.

Viscosity is a measure of
the "thickness!'" or resistance
to flow of a fluid. For ex-
ample, maple syrup is more
viscous than water, which is
more viscous than air. Vis-
cosity not only impedes the
flow of a fluid, it also im-
pedes the movement of another
body through the fluid.

Airplane wings and
bodies, automobiles, and
trains are "streamlined" to
reduce the air resistance.
However, if examined closely,




Figure 37. Laminar flow of air.

Figure 38.

Turbulent flow of air.

almost all flow of air is tur-
bulent. Laminar flow, as in-
dicated in Figure 37, occurs
only for tiny particles moving
at very low speeds. One can
see this by looking at the
smoke rising from a stationary
cigarette. At first the flow
is laminar and the smoke rises
in a smooth stream. Higher

- up, however, it breaks up into
. turbulence.

For a bicycle rider tur-
bulent flow is the much
greater effect, and the force
is proportional to the square
of the speed. You see this
effect, for example, when a
car passes and litter is
lifted off the street and
whirled around behind the ve-
hicle.

Considering the first
term to be negligiblie at the
speeds involved, and referring
to the theory for more detail,
the force can be written as:

2
E = KA oy
Here, K is a constant, which
the handbooks give as about

0.7 for a disc moving in air,

Ac is the effective area pre-
sented to the air, p (Greek
letter rho) is the density of
the air, and v, of course, is
the speed. -

The Wind Measurer

Before proceeding further,
we need to know how to find
the effective area of the
wind-measuring device for any
given angle at which it may
hang. Figure 39 shows that
the actual area presented to
the wind is reduced as the
wind holds the plastic sheet
at some angle 6 to the verti- .

The effective area of

Figure 39,
the plastic sheet.



cal. That is, the area the
wind "sees" is the area that
would be measured on a photo-
graph taken from directly in
front of the device with the
plastic sheet at the same
argle to the vertical. In
Figure 40, the same thing is
shown in cross-section.

Since the width of the
effective area is the same as
the width of the actual area,
the ratio of the two is just
the same as the ratio of the
lengths shown in Figure 40.
That 1is:

Wind

Figure 40. A cross~sectional view
of the plastic sheet of the wind
measurer.
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where A is the actual area and
Ae 1s the effective area of
the sheet. :

Or:

Numerical Examples

1.

@ |

o]

p

In doing a measurement of
wind force, a couple of my .
students found that, at a
speed of 10 mph (4.5 m/s),
the plastic sheet was de-
flected to an angle of
about 209, This corre-
sponded to a deflecting
force of about 0.24 N, as
measured by hanging a
weight over the pulley.
The dimensions of the
plastic sheet were 10 cm
by 20 cm. What was the
effective area, and rough-
ly what force would the
theory predict?

Known quantities:

10 cm X 20 cm = 0.02 m?
20°

0.24 N

1.1 kg/mS(From a handbook)

Then, the effective area

is:

ée A cosb

(0.02 m%)cos20°

0.02 X 0.94 m2
2

0.019 m

Using the rough approxima-
tion that K = 0.7, as it




is for a disc, the calcu- At 89
lated value of force on an —— = 16
~area A is: A 5.5
A A
F = KA pxz Thus, the total force on
2 the person and bike will
= 0.7 X 0.019 m~ X be:
1.1 kg/m3 X (4.5 m/s)? Aq
0.30 N By =%
= 0,30 1} Ae
which corresponds fairly A-F
well to the measured value- =
of 0.24 N. (This 1is known A cos®
as a "ballpark" calcula- -
tion.) = (A/A) (E/cos®)
2. Using the measured value = 16 X 0.24 N/0.94
for force given above at
10 mph, what would be the. « 4.1 N
net force on the bike and o
rider? Table I shows the results of
e some student data, and Figure
Known quantities: 41 is a graph of those re-
_ sults.
F=20.24 N As you can see, those
_ 2 ‘students got a pretty good
A=10.020m straight-line Ee]ationship be-
6 = 200 tween ET and v“.
From Figure 36, the ratio Questions:
of the total area of the
person and bike (Ag) to 1. From your experiments, how
the area of the plastic does the force of wind re-
sheet of the wind measurer sistance at riding speeds
is:
Table I - Wind Force Measurements
7
Speed Speed yoo Angle Force on Total Force
(mph) (m/s) (m“/s<)| (Degrees)}Plastic (N} (N)
5 2.2 4.8 5 0.05 0.8
6 2.7 7.3 7.5 0.08 1.3
7 3.1 9.6 11 0.12 2.0
8 3.6 13.0 13.5 0.15 2.5
9 4.0 16.0 17 0.20 3.3
10 4.5 20.3 20 0.24 4.1
11.5 5.1 26.0 27 0.30 5.4
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Figure 41. Torce on the bike and

rider versus speed squared from the
data of Table I.

compare with the friction-
al forces of bearings and

tires?

2. At roughly what speed are
the two kinds of forces
the same?

3. What force would an un-
paced racing bicyclist
face if he welc able to
go at 100 mpn

Lt e

Discussion of Experiment C-2.

This experiment is quite
straightforward and needs
little discussion. The cal-
culations of forces are done
exactly as in earlier experi-
ments.

It might he appropriate,
however, to say a bit about
the "efficiency'" you calculate
in the experiment. in gen-

eral, the efficiency of a de-
vice is:
Eout
Eff = X.100%
Ein

1.
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learned here

‘where Ein is the energy input

and E,,t is the useful work
or energy output. For exam-
ple, Eout would be the usable
heat produced by a furnace or
the work done by a crane in
lifting a large weight.

‘In this experiment, the
"efficiency" you measured was
surprisingly high, probably
about §0%, but this is a bit
misleading. The useful output
is in the form of light and,
in an incandescent lamp, most
of the input energy goes into
heat. -Thus, although about
80% of the work you do on the
generator goes into electrical
energy, most of that is wasted
in the form of lost heat.
Measurements which separate
the light en'rgy from the heat
2nergy are possible, but they
are difficult to do.

Questions:

How does the work needed
to run the generator com-
pare with- the work which
goes into frictional and
wind resistance forces?

2. Is a generator-operated
light worth the extra
effort for the occasion-
al bike rider? For the
racer?

Energy Transformations

Lo In this module you have
‘iearned that the work one puts
inte a bicycle is converted
into kinetic cnergy, poten-
tial energy, heat, sound, and
sometimes electrical energy.
The principles you have

have far wider
applicability than just to the
In general,

bicycle. one may
do work on an objzct or set of
objects and change its energy
in some wayv. Conversely, an



object with kinetic or poten-
tial energy may be made to do
work on other objects, chang-
ing their energy states. In
such processes energy 1is
changed (transformed) from
one form to othexrs, but the
total energy remains the
same. ’

A good example of energy
transformation is the sequence
of changes that occur when
electricity is produced in a
coal-fired power plant and
eventually used in your home.
Chemical energy stored in the
coal is changed into heat
which produces high pressure
steam. The steam does work
on turbines which drive gen-
erators to produce electric
power. Work is done on elec-
trons, through transmission
wires and transformers, and
finally electric power 1s
available in your home. There
it is transformed into light,
heat, kinetic energy, sound,
etc.

As you noted with
bicycle, when work and
are converted from one form to
another, some of it is always
"Jost." When you pedal a
bike, some oif the work goes
into useful kinetic energy and
potential energy, but much of
it is lost in overcoming tire
rolling resistance and air re-
sistance. In fact, wien
riding on a level road at a
steady speed, all of the work
input 15 "lost™ in this sense.
It isn't destroyed, but it
doesn't contyibute toward in-

the
energy

creasing the speed or raising
the bike up a hill. Likewilse
with the generation and use
of electric power: at every
stage of conversion some of
the energy is lost. These

losses are oulte substantial.
For example, if )uur home is
‘heated electrically, you get
only about 30% of the heat

that you would get if you
burned the coal the power
plant had to burn for that
purpose. The rest is wasted,
mostly in the form of heat
escaping to the atmosphere,
in the power plant, in the
transmission lines, in the

transformers, and so on. But,

~once the electrically produced

heat is delivered to the
house, almost all of it goes
into useful heating, whereas
half of the coal-produced heat
escapes without heating the
house. Thus people who can
afford it may well choose the
convenience of electric heat
over the economy of coal heat.
(Besides, only power plants
can buy coal these days.)

‘As a student I know is
fond of saving, '"sucnh 1is life.
There is no device which 1is
100% efficient in converting
work or energv into another
usable form of energv; there
are always losses, In a
technilogical society, engi-
neers—and society itself-—
must often make judgements
about how much loss is tol-
erahle as the price for a
certain convenience. I[f the
i0ss beccmes intnlerable,
tren more etftficient devices
must be designed or the con-
venience abandoned,

ct

- o eond
£_()Stbb;l_}__)

l

At this point vou should
have a good understanding of
wily one must continuously put
work into a bike just to keep
it going at constant speed anc
where tihat work goes. Even it
you don't ever get into the
business of designing more
afficient bicycles, perhaps
this knowledge will help you
as a bicyclist. I hope that
a.quiring it has been fun.

Good riding.
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GOALS FOR SECTION C

Goal 1. To be able to compare
the forces of wind-resistance
with the frictional forces on
a bicycle.

Question. From your graph of
wind resistance versus speed
squared, at about what range
of speeds is the wind resis-
tance small compared to the
frictional resistance for
fully inflated tires? At
about what speed are they the
same? At what range of speeds
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is the wind resistance force
much the greater of the two?

Goal 2. To be able to compute
the efficiency of a machine.

Question. A crane at a junk
yard raises a 1000-kg car a
distance of 10 m. Careful
measurements show that, in
the process, the engine does
5 X 10% J of work on the
crane. .Approximately what is
the efficiency of the crane
under these conditions?



APPENDIX A

Components of Vectors

In dealing with vector
quantities, such as a force,
it is often useful to examine
the effect of the vector in
some direction other than the
one in which it acts. The
problem in the module of a
force acting on a hockey puck
is a good example. Look at a
force like that in the drawing
below. - -

ION

"In this case, we wish to ex-
amine the components of the
force which are paraliel and
perpendicular to the direction
in which the puck slides. 1
chose the size and direction
of the force in the figure
above sc that it is exactly
equivalent to the net result
of the two forces shown below:

8N

6 N _'
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In other words, the motion of
the puck due to the 10 N force
will be precisely the same as
the motion produced by the
combination of the 8 N and 6 N
forces. Thus we know, for ex-
ample, that if the puck 1is
pushed 10 m along the ice by
the 10 N force, 60 J (6 N X

10 m) of work is done on it.
Looking at the component
forces, the 8 N force does no
work because the puck does not
move vertically, and all of
the work is done by the 6 N
component.

Since it 1is customary to
draw vectors with lengths
which are proportional to
their sizes, we can form a
triangle with the original
vector and its two components:

AN

"8 N ION

6N

We say that we have added the
3 N and 6 N forces—vectori-
allv—to produce the 10 N
force.

Let me point out that
there is nothing magical about
the directions [ chose. Any
two directions would work
(three directions for three-
dimensional problems). How-
ever, tc simplify matters, one
usually chooses directions
which are perpendicular to one
another and which have some
simple rclation to the problem
being studied.



APPENDIX B

Gear

Generally, the term gear
ratio refecrs to the number of
teeth on the driving gear di-
vided by the number on the
driven gear. For example, if
the driving gear has 52 teeth
and the driven one 26, the
gear ratio 1s 2. In this
case, each revolution of the
driving gear will cause the
driven gear to make two revo-
lutions.

In the case of bicycles,
there is a special definition
of '"gear ratio" that is re-
lated to how far the bike will
travel for one revolution of
the pedal. Since this depends
on the wheel size, the defi-
niticn of gear ratio (G.R.).
includes it: o

Ny
N,

G.R. =

Here, Nj is the number of
teeth on the front sprocket,
N, the number on the rear
sprocket, and d is the di-
ameter of the wheel in inches.
Thus, for a 27" bike with a
52-tcoth front sprocket and a
26-tooth rear sprocket, the
gear ratio is 54.

For bicycle riding, a
gear ratio of 100 is about
tops and is hard to push.
Racing bicyclists will often
use a gear ratioc of about 80
or 90, while "touris=ts" will
usually be satistied with 60
or 70. A ratio of about 40
is needed for steep terrain
and heavy loads. Apparently,
most casual bicyclists tend
to gear too higi ar.d thus ped-
al too slowly for top effi-
ciency. Researcn indicates
that the bicyclist is most

Ratio

efficient for sustained effort

" when pedalling at a rate of

about 50 revolutions per min-

. ute.

If you wish, you can cal-
culate your speed on a bike by
knowirng the gear ratio and the
frequency with which the ped-
als turn. The distance a
bike travels in one turn of
the pedals is w times the gear
ratio. If the frequency of
pedal revolution is f turns
per minute, the speed is just:

v = m£(G.R.)

However, this is in units of.
inches per minute, not the
most convenient in the world.
To convert to miles per hour,
multiply by the factor 9.5 X
10-4. Then, the speed is:

v =9.5X 10 %r£(G.R.)
For example. as I rode my 10-
speed to work this morning, I
was in a gear with 52 teeth
on the front sprocket and 16
on the rear. giving a G.R,
= 88. I found 70 revolutions
per minute to be a comfortable
pedalling rate, so my speed
was:

W

v = 9.5 X 10°%r X 70 X 88

18 mph

One of the studcnts who helped
on this module is .a racing bi-
cyclist. Orn the level, he 1is
able to sustain a pedalling
rate of 90 revolutions per
minute with a gear ratio of

90 for long periods of time.
This gives him a speed of
about 23 mph.




Answers to Questions Accompanying Goals

Section A.

1.

Work per cm

3.

Parallel to ice:

E:

Perpendicular to ice:

43.3 N.

25 N.

F =
a Point
b Point
C.

B
480 fpm.

Section B.
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1.
2-.

200 J.
13 m/s.

2.5 x 10%. (About 33
horsepower.)

. 2.1 N,

5.6 N. (Not in very good
agreement with your mea-
surements, is it?)

Section C.

1.

From the data of Table I,
the wind resistance is
about half the frictional
force at 5 mph. They are
about equal (2.5 N) at a
speed between 6 mph and

7 mph. And wind resis-
tance is much greater
above about 10 mph. Of
course, using your data
you may get a somewhat
different answer.

About 20%.



From the Instructor's Manual

The "Wind Force Measurer"

Here are a couple of
drawings of the device, as [
built it. You will probably
think of improvements, and I
would be grateful to know
about them.

The gadget is made of
plastic, and the working part
is a sheet of thin (about
3/32") plastic which hangs
from a pivot. The top of the
sheet is attached to a plastic
bar, about 3/8" X 1/2'" X 10 cm,
.and holes in the ends of the
bar rest on two screws coming
in from the sides. This forms
the pivot.

None of the dimensions
are critical!

The device is attached to
the bike by means of a stan-
dard laboratory clamp which
fits the hole in the support
piece. Keep the clamp as
short as possible to avoid a
long lever arm which shakes
the device excessively when
the handle bars jitter a bit.
Another helpful hint is to lay
out the scale on a piece of
paper by using r6, where r is
the radius of the scale and ©
1s in radians. For a scale

radius of & cm, it comes out
to about 0.7 cm for 5°. To
minimize parallax--the rider
seces the scale from above--
the zero should be about where
the pointer is shown in the
drawings.
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