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Raising your hand will let you physically
experience some of the ideas that physicists hold
about energy, work, and power, the subjects I'll
be talking about in this article.

Virtually everything you do—whether physical
or mental, by hand or by
machine, active or seden-
tary—involves energy. To a
physicist, life is really a com-
plex series of energy trans-
actions, in which energy is
transformed from one form
to another or transferred
from one object to another.

Take, for example, an
"~ apple tree. The tree absorbs
light energy from sunlight,
converting the light energy
into chemical potential
energy stored in chemical
bonds. The tree uses this
energy to build leaves and
branches and fruit. When an apple falls from the
tree to the ground, its energy of position (stored as
gravitational potential energy) is converted to
kinetic energy, the energy of motion, as it falls.
When the apple hits the ground, kinetic energy is
transformed into heat energy. When you eat the
apple, your body converts its chemical energy into
the movement of your muscles. If your muscles are
tired, and you decide to drive your car instead of
walking, the engine of your car takes gasoline
(which contains chemical energy stored long ago by
plants) and converts it into heat. Then it takes that
heat and converts it into motion, or kinetic energy.

So far I've used the word energy a bundle of
times. What is energy? Unfortunately, it isn’t
really that easy to define. So we’ll have to talk a
bit more before we can get a handle on it.
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HEY. HOW'S YOUR ARN?

Getting tired yet? Your arm, of course, weighs
something, When you hold it over your head,
you have to exert a force to support it, and you
get tired. You might even describe this activity as
“a lot of work.” A physicist, however, would dis-
agree. It isn’t that physicists are callous (some
are and some aren’t). But when physicists talk
about work, they are talking about something
very specific that they call mechanical work. A
physicist defines work (W) as the force (F) multi-
plied by the distance (d) over which it is exerted.
This is expressed as W = F x d. Work is measured
in units called joules (pronounced “jools”).

When you hold your arm over your head,
you aren’t moving anything. But mechanical
work involves both force and distance, and there

" isn’t any distance. Ergo, you're doing no
mechanical work. Zero. Nada.

Of course you're certainly doing what might
be called “biological work.” If you stand for a
pericd of time with your arm upraised, you will
eventually have to eat another peanut-butter
sandwich to replenish the energy you are con-
suming through the metabolic process. But
physicists don't talk about biological work; they
talk about mechanical work. And they talk about
energy, which they define as “the ability to do
work."!

So there you have it—ryour definition of
energy! It may seem a little devious or circular,
and not very satisfying. Defining this stuff we
call energy is difficult, because energy isn’t

-something you can get your hands on. It’s an
idea, a concept, an abstraction. To quote a
college textbook: “Energy is not a ‘thing’ or a

1. Whenever you do wotk, you automatically transform energy from one
form to another or transfer energy from one object to another. Work is
the link between force and energy. Likewise, if you allow energy to
change from one form to another or transfer from one object to another,
work is done. Work becomes 4 way Lo calculate the amount of energy
transformed or transferred.

2. Here’s the calculation for the power involved in lifting the two soda
bottles. One liter of water has a mass of 1 kilogram, which here on earth
weighs about 10 newtons. (The newton is the metric unit for force, and is
equivalent to about a quarter of a pound.) That means a 2-liter bottle of
water weighs 20 newtons. The unit of work is the newton-meler, or joule.
One joule of work is done when a force of 1 newlon is exerted for a
distance of 1 meter. When you lift a 20-newton soda bottle I meter, you
do 20 joules of work. The unit of power is the joule per second, or watt.
When you do 20 joules of work in 1 second, your power is 20 watts. If you
have a bottle in each hand, your power is 40 watts.
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‘substance,’ but a concept that has been devel-
oped to describe in specific terms how fast some-
thing is moving, where it is, how hot it is, and so
on. ... Energy is really an abstraction, a mental
bookkeeping device that we have invented.”
(Robert Romer, Energy: An Introduction fo
Physics. Freeman, 1976, pp. 3, 89.)

I realize that this may muddy rather than
clarify the definition of energy for you at
this point. But don’t throw up your
hands in despair.
Oops! . .. I forgot! . ..
you've already got one
of them up there!
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That’s the good news. %
Butdon’t relax! There'sbad =
news, too. Since holding your arm up
doesn’t qualify as work to a physicist,
you're mot off the hook yet. In fact,
you're about to do some real mechan-
ical work. That is, you will exert a force
on an object that will move the object a
certain distance. And in the process, you'll
learn the difference between work, energy,
and power.

Got a couple of two-liter soda bottles around?
If they’re empty, just fill them with water—it
won’t make any difference whether they hold
water or soda for what you’re going to do with
them. Screw on the caps and put the bottles on
the floor. Now pick them up, one in each hand,
and lift them up one meter (about three feet) in
one second (the time it takes you to say “one-
thousand-one™). Do it again. And again.

The bottles always have the same weight, and
you always lift them the same distance. That
means that each time you lift them you always
do the same amount of “work.” (Remember our
definition of work: force multiplied by distance,
orW=Fxd)

It doesn’t matter whether you lift them
rapidly or slowly; it’s the same amount of
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work. But if you lift them rapidly, you are
doing the work in a shorter period of time.
That’s what physicists call power. Energy is
the ability to do work, but power is the rate
at which you do it. In physics-ese, power (P)
is equal to work (W) divided by time (t), or
P = W/t. Therefore, when you lift the bottles
faster, your work is the same, but your power
is greater.
Here's another way to understand the
/1 difference between energy and
\ power. Suppose you had
\/LMM . $30. You could choose to
¢/ spend it all in one day, or
you could spend §1 each
day for thirty days. Either
. way, you end up
spending the same
amount of money.
But in the first
case your rate of
spending was high
($30/day), while in
the second case your
rate of spending was low
($1/day). The total amount
of money ($30) is analogous to
energy or work, and the rate of spending
($30/day or $1/day) is analogous to
pOwer.
Energy and work are both measured

g& in joules. Power is measured in joules per

second, a unit that we call a watt. When

you repeatedly lifted the bottles one meter
in one second, you experienced what it felt like to
expend energy at the same rate as a 40-watt light
bulb? Since the power of an average laborer’s
daily work has been calculated at 75 watts, you
should be able to raise and lower the bottles
virtually all day long.

) WATHY

What does all this have to do with the kind of
energy that your local utility company delivers to
your home? Well, envision a huge building with
row upon row of benches filled with people just like
yourself. In fact, imagine 25,000 such individuals.
But instead of lifting soda bottles, they’re turning
cranks by exerting about the same amount of
effort. (Since they're still exerting a force through
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a distance,
they're still
doing work.) If these
cranks were connected o
electrical generators, then you would be looking at
a1 megawatt (1 million watts) powerhouse.

Ever been inside a powerhouse? How do you
know that this isn't the way your electricity is
generated? That’s how the Romans made their
ships move: by people power. The power expended
by each galley slave could be rated in watts, as
could the power of a modern-day member of a
crew in a racing shell, or any person rowing a
boat. Or walking, Or riding a bicycle. Even as you
read this, you radiate heat at about 100 watts.

But wait 2 minute. When you get your
monthly utility bill, you don’t get charged for
joules or watts. Your bill tells you how many
kilowatt-hours of electricity you used, and how
many therms of gas. What gives?

One kilowatt-hour means you are using
energy at the rate of 1 kilowatt (1000 watts, or
1000 joules per second) for a period of 1 hour.
An hour is 3,600 seconds. If you use 1000 joules
each second for an hour, that’s 3,600,000 joules.

——

So 1 kilowatt-hour is equiva-
lent to 3,600,000 joules. Do you
see why your utility company
prefers kilowatt-hours? Charging
by the joule would be kind of like
buying gasoline for your car by the ™
drop rather than by the gallon. Of course,

" they could just as easily call a kilowatt-hour
3.6 megajoules (3.6 mJ) or 3,600 kilojoules
(3,600 k). '

And now for your gas bill, which is in therms!
Wait! Dor’t leave! A therm is a unit used by utili-
 ties to stand for approximately 100 million
joules. So if you used 10 therms of gas, you've
used 1 billion joules!

(TS THHETO PLUG TN

Since we're talking about your utility bill,
did you ever wonder where the electricity in your
house comes from? The
easy answer is “from the
plug,”

of course. But where does the plug get it? For a
closing shot at clarifying the concept of energy

- itself, we'll consider your electricity as an

example of energy and its transformations.
Your public utility generates electricity by
burning a fossil fuel (coal, oil, or natural gas),

" operating a nuclear reactor, or using water,

wind, or solar energy. For simplicity, we'll limit
our discussion to fossil fuels. But similar stories,
with different details, could be told for the other
energy sources.

In the fossil fuel plant, oil, coal, or natural
gas is burned and the potential energy stored in
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the chemical bonds of the fuel is transformed
into heat energy, which boils water and produces
stearn. The steam turns the turbine of an elec-
trical generator, and the heat energy is trans-
formed into the kinetic energy of the spinning
turbine. The generator spins coils of wire in a
magnetic field, transforming its kinetic energy
into electrical energy. The electricity is sent
thiough wires to your house. Once there, it can
be transformed into heat in your toaster or
kinetic energy in your fan or used to run a
myriad of other electrical devices.

The crucial, overriding principle in this
series of energy transformations (and in al
energy transactions) is :
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“ that energy may change form, but it can’t be
created or destroyed. In the textbook defini-
tion I cited earlier, energy was associated
with bookkeeping. What's amazing about
this bookkeeping is that it always balances. If
you add up all the energy that’s around after
an energy transformation, you always end up
with the same amount of energy you started
with, though the form may have changed.

This principle is one of the cornerstones
of physics. It provides a way to link some
very diverse phenomena. How is a baseball
speeding toward home plate like a candle

flame? How can you com-
pare either of those to a
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gallon
of gas
or, for that
matter,
the sand-
wich you had for lunch?
The kinetic energy of the
baseball, the thermal
energy of the flame, the
chemical potential
energy contained in

<‘3enerator

the

gasoline
and the sand-
wich can all be mea-
sured in joules and can all be

transformed into work. If any
of these forms of energy is trans-
formed into another form, you’ll
have the same amount of
energy after the transforma-
tion as you did before. The concept of
energy—and the realization that energy
cannot be created or destroyed—has
allowed physicists to recognize the rela-
tionships among things that seem, at
first glance, to be unrelated, a step to-
ward understanding the essential unity

of nature. .; § )

-------
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S he hood ofa car. 1s a 1outme palt of daily:

life: -Qur.car engines ate. seermngly ctammed R

e w1th Torses. Horscpower is a familiar term;
.. “but where:does it come from, what does it -

i ‘mean, and what: doesithave to- do w1th the .
i --dlppmg duck toy shown here? ‘

" “Before the mventmn of the steam engm

. -ammals ‘were the pum'uy source of power

: '_-Horses or oxen pulled carriages and wagons,

or tumed in.endless c1rcles h'unessed to.

dev1ces that lifted water or gr ound grain:

Dogs or remdeer pulled sleds People 1owed '

: Aftel the mvermon of the steam enome

itiwas natural to.compare the newfangled =
-mechamcal monsters to their animal prede-
“cessors. How many horses would it take todo ~ © "

- the job of a particular steam engine? Eco- "~

i ‘nomic justification to invest in one of these

;. new.contraptions cotild be 1ead11y under— '

o Astood in'terms of how many horses it could -~

: 1eplzlce The average power that could be -

exerted by the average horse became the

; ‘~standa1d of power. Thus we have the te1m W
_"/Jowe[)ower o

" With this equine background, let’s out e
W to the avian heart of the matter. Idhke_; L

“to introduce an alternative unit of power— :

uckpower' Adlppmg duck toy like the one .




pictured here, can lift a weight. In the high
school physics class that I teach, students calcu-

late the power that the dipping duck exerts—a
single “duckpower.” They can then figure out
the horsepower of the duck—or even the duck-
power of 2 horse. :

Take a look at the picture. This is our experl- .

. mental setup. Note that we aren’t allowing our
- dipping duck to horse around and duck any

: - heavy lifting. When everything goes according to
- plan, the dipping duck turns the toothed wheel a

little bit on every dip, lifting the paper clip a

small distance. The ratchet keeps the wheel from
turning backwards when-the duck rises. As this

-+ process-is repeated over and over, the’ ‘paper clip
~ iseventually lifted a swmflc'mt dlst‘mce

be the physicist’s crlterlon for accomplishing. -
mechamcal work, And: smce the duck does.the
kf.over aper fod: of tune 1ts power (the 'tte t:

dlstance of 44 cm ('dmost 2 1nches) in 50
~“minutes. Wlth these three items

: by-the duck in lifting the paper clip. Toavoid -
 arousal of latent math anxiety (accompamed by

" massive instantaneous 10ss of readership), I'll Sk.lp :

" the arithmetic and the unit conversions and just

“sdy that this tr zmslates.mto roughly a mllh(_)nth of ™
‘a'watt, or.a billionth of 2 horsepower. One dick--

" power is therefore equal to a billionth of 2.
" hotsepower. So it would take a billionth of a horse
" todo the work that the duck did in the same
 period of time. Put ariother way; it would take a. -
. billion dipping ducks to replace one horse!
~If you are atedcher or other warped indi- -
vidual who would actually like to “do.the
~numbers” (and units), see the calculationsin

the Box o’ Math at the right. For more informa-

tion on watts, ]oules, work, and power, read
“Watt’s aJoule?” on pages 4t07. -

- Lifting the paper clip involves exerting a.force
 (the weight of the paper clip) through a.distance - :
(the distance the clip is lifted). This happensto “condense 1
" duck'sbo

o .head So hqu1d 1s fomed ﬁom the body up it

\ force, dlst'ane e
and nme—we can.calculate the | power e\(pended _‘
"+ bird returns to the uprlght posmon and the ,

- dunking maneuver, ‘with no apparent Sourg
“ofe energy or fuel; has ttadltlonally resulted:
“"in the d1pp1ng duck bemg er10neously
* described'as a “perpetual motion” machine:
- But think for a minute~~will the duck actu-
ally run forever? When will it stop? Right! It -~

WHAT MAKIES THIE DUCK DIP?
When the duck is manufactured, most
of the air is removed from inside the duck’s
body. The gas that remains is largely the
vapor of the red liquid, which vaporizes ve1y
easily.
“To start the duck dipping, you need to get

the fuzzy coating on the duck’s head wet. The . -
duck starts dipping when the water evapomtes

from the fuzzy coating. _.;, :

Evaporanon is-a cooling process. (W hen .

- you step.out of the shower, for example; you L

- feel chilly because water is evaporating from

o your body) The evaporatmc water cools

o yapor inside the duck’s-head, This condenses

“ - the vapor back to hqu1d 'md IEdUCGS the pres

#.. sure i the-duck’s head. :

- After the vap01 in the duck’s head
ssure of the vapor in: the
y is higher than the pressure in i

the body; allodzmv the plessmes o equahze an(
the liquid to fall back down | into the body: Th

hole Process repeats
* This seemmvly endless 1epet1t10n of the

stops when it runs out of water—tHat is,

when its head dries out. Evaporation of
water from the duck’s head is crucial to its

operation. When this stops, the duck
stops. And this, dear reader, is where this
article stops. Yes, you have it! The duck -

stops here! ' .; §§

to know how much a paper clip
weighs. So we heaped paper clips
on a postal scale until it read one ounce.
Then we divided one ounce by the number of
paper clips and learned that one paper clip
weighs 0.07 ounce. In the metric system, the
unit of weight is the newton, and 1 newton is
equivalent to about 3.5 ounces. We divided
0.07 ounces per paper clip by 3.5 ounces per
newton and got about 0.02 newtons per
paper clip.

In 30 minutes, the duck lifted the paper
clip 4.4 centimeters. To use these numbers in
our calculations, we have to change the
minutes to seconds and the centimeters to
meters. These values then become 1800
seconds and 0.044 meters.

Work (W) is equal to force measured in
newtons (N) times distance measured in
meters (m). The unit of work is the joule (J).
Work done by the duck is 0.02 N times
0.044 m equals 0.0009 J.

Power is equal to the rate at which work
is done, or work (joules) divided by time
(seconds). The unit of power is the watt (W).
For our dipping duck, 0.009 J divided by
1800 s equals 0.0000005 W, or five ten-
millionths of a watt. We can round this off
very roughly to about a millionth of a watt.

One horsepower is equivalent to 746

I o caleulate duckpower, we needed

:| watts. Dividing the power of our dipping
| duck in watts by 746 gives its power in horse-

power: 0.0000005 W divided by 746 equals
0.0000000007 hp, or seven ten-billionths of a
horsepower. In very round numbers, this is
about a billionth of & horsepower.
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