4.1 Motivation

Visitors to Niagara Falls marvel at the sight of water
lazily approaching the falls and then plummeting
downward under the influence of the gravitational
force. Above the fails another impressive event at-
tracts few sightseers. There, water is quietly shuttled
into a large pipe under the city of Niagaraand thence
to water turbines downstream from the falls. The
water turbines spin electric generators, and
electricity is.channeled through wires to CONSUIMers.
When you watch a-river, you sense the motion of
water and its kinetic energy. You see nothing in
motion and no evidence of energy when you view
wires leading from electric generators. Make no mis-

ectric Energy

take, energy is there. ‘Were it not, motors would not
function and light bulbs would not light when
plugged into electrical outlets. Inthe electrical wires,
submicroscopic electrons move in response to electric
forces exerted on them. Electric energy acquired by
electrons is converted to a wide variety of other types
of energy including heat, light, sound, and motion.
The versatility and relative ease of the production
and transmission of clectric energy makes it a pre-
cious commodity. '

Input energy to electric power plants accounted
for 36% of the gross energy consumption in 1989.
About two-thirds of this input energy was lost in the’

The magnitude of the appetite of electric power plants for energy is
portrayed by the giant shovel “Big Muskie" stripping the overburden
from layers of coal. {Photograph courtesy of American Electric
Power Service Corporation.)
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conversion to electric energy and in the transmission -
to consumers. This means about three units of energy
are converted to deliver one unit of electric energy to
a consumer. An important energy conservation mes-
sage surfaces here: Every unit of electric energy
saved by a consumer means that three units of energy
need not be converted. '
Table 4.1 itemizes electric energy production ac-
cording to type of energy converted. The decline in
the use of petroleum is notable. Electric utilities
turned increasingly to clean-burning oil in the early
-1970s. As oil became more expensive in the latter part
of the 1970s, restrictions were placed on burning oil
in newly developed systems. Electric utilities turned
to coal and uranium (Table 4.1) as a substitute for
oil. .
Electric energy generated by hydroelectric power
plants remained essentially constant in the period
1973 to 1989. Because the total amount of electric
energy increased, the percentage produced by
hydroelectric plants declined from 14.6% to 9.5%.
Hydroelectric energy has geveral attractive features,
but expansion is hampered by a lack of suitable sites
and by environmental restrictions. '
Electricity sales grew by about 33% between 1973
and 1989. Distribution of electricity changed very

TABLE 4.1

little in this period. The residential, commercial, and
industrial sectors purchased 34%, 27%, and 35%,
respectively, of the electric energy sold in 1987.
Sometime or other all of us have to purchase light
bulbs; as well as many other electrically operated
devices, and many of us have to pay for their opera-
tion. On a light bulb you can read notations such as
120 volts and 100 watts, On the utility bill you see
kilowatt-hours or maybe an abbreviation kWh. In
newspapers youmay read of electric energy shortages
during heavy usage periods on hot summer days. You
might also read of an accidental electrocution. The
purpose of this chapter is to provide you with an
. insight into volts, watts, Kilowatt-hours, and the
‘generation of electricity so you may become a more
informed citizen. .

4.9 Electric Force and Electfic
Charge

If you were to see a child’s balloon resting on a floor,
you could analyze its motionless condition by saying:

The earth pulls downward on.the balloon with a
" gravitational force. Responding to a downward force
by the balloon, the floor pushes upward with an equal

Electric Energy Produciion According to Type of Energy Converted E

but oppositely directed f;
ed force. The net force i ;
tl.nellg'efore the balloon is in eqdﬁbﬁm?;cs; sn?ier}?t’;
fl‘llc ualj)l the balloon, rub it on your hair, touch itg to
aail wall and see the balloon cling peacefully to the
wuir efiFlg 4.1_). Now a different explanation is re-
gtherv}isimit y, tl:llfl n:tltl'orce on the balloon is zero:
- would fall. The earth still pull ;
io;fwirlcll with a grz_witational force. Someil:)ll:ins
u p forz:w];rug vﬁ‘?a}? :qual but oppositely
balloon on you.r hair, the ba.ll sorwould st e
, uld not adh

the wall. The u nust be associated ity

the repbing pward force must be associated with
This force on the balloon needs i i
: investigati

ba}lllfons are our tools. Take two inflated bflla;::; :ﬁg

{“J?nl threads suspend them an inch or s¢ apart

o esdsS you rubbed the balloons on something, th'e;

haireaan ;hou.ld be vertical. Rub both halloons on ,your

remove your hands. You see the spac
; e b
tween the balloons increase, indicating mutuzl forcees-

FIGURE 4.1

(a) This student’s hair is a
: Stud tiracted to aballoon th i
S ramn ; : at was previousk ji i
pidly in the air, but after it has been rubbed on a ;:serson'sy Irngit:b;ci’saﬁz:gi‘ta;ertf;aﬁ.
| e . e
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}J;t;:eﬁdthe balloons. Move your head near the bal-
s an b):;u sg that your hairis not repelled by the
Setloons & ua acted to t_hem. These observations
are a cor equence of electric forces and the property
Eei ecgz charge a_cqmred by the balioons and hair
Iy tc charge 18 a property of matter in the same
e at mass is a property of matter. Because of
gr: v?t:ﬁ:erty of mass, two objects exert mutual
graviat ona; forces. We see the result of gravitation-
o o de:; en we drop a pencil and it is pulled
gor feltml‘) ::ard Fhe earth. Mutual electric forces
i Uﬁ]jk ¢ objects _pos.sessing the property of
— a.tt i ‘:ae tl;ie eég:;w;atmna] force, which is al-
A s ¢ forces can i
;}:u(l)ilze};guezember, lfi'hg balloons at?re;ac?tt;rdi;t;;eaif
‘ oon repelled the other ball ’
glye(i:;t}::c tf::;cz l1)91 eact:ractive wesay the ch‘arggg l;;:quf;irtz;
jects are unii :
when the two objects rept:fewzh&sfiﬁrggssshﬂunhke lfk:

. charges from each other by calling one positive and

(b) The balloon filled wi i
ectric forces to the wall-.t P helium gas would normally

COAL PETROLEUM  GAS NUCLEAR HYDRO OTHER TOTAL

1973 45.6% 16.9% 18.3% 45% 14.6% 0.1% 1861
1976 26.3% 15.7% 14.5% 94% - 139% - 0.2% 2038
1979 47.8% 13.5% 14.7% 11.4% 124% 0.2% 2247
1982 53.2% 65% 13.6% 12.6% 13.8% 0.2% . 228
1985 56.8% 4% 11.8% 15.5% 14% = 04% 2470
1988 56.9% - 5.5% 9.4% 19.5% . B3% 04% . 2701
5.7% 9.5% 19.0% 9.5% 0.4% 2781

1989 55.8%
Production is expressedas a percentage of the total electric energy ‘ ‘ ’
produced, which is given in billions of kilowatt-hours. The data are

from the Energy Information Administration, United States Depart-
ment of Energy.
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the other negative. The charge on a balloon rubbed
on your hair is negative. Any charge repelled by the
balloon is negative; any charge attracted is positive.

Mass and charge are properties of matter. Be-
cause mass is a measure of the quantity of matter, it
is easy to relate to it. Chargeis a much more subtle
property because we cannot see charge; we see only
the effects produced by charge, namely electric for-
ces. Some analogies may help in trying to obtain a
feeling for charge.

The mass of an object is normally measured with
something like a pan balance (Fig. 2.2). In principle
mass could be determined using the law of gravita-
tion (Eq. 2.5) and measuring the gravitational force
between two objects separated a known distance.
There is no “pan balance” to measure charge, but
charge can be measured by determining the electric
force between two charged objects separated a known
distance. Augustin de Coulomb in 1784 discovered

that the force between two charges labeled g and @

and separated a distance r obeys a law identical in
form to the law of gravitation.

F=k22 ‘ @1
r .

In the metric systeﬁ of units charges g and Q are
measured in coulombs, symbol C, r is measured in
‘meters, and the constant 2 has the value

k = 8.99 x 10° newton meter”
, : . coulomb®

In the same manner that mass could be measured
using the law of gravitation, charge could be
‘measured using Coulomb’s law. It is not essential to
our discussions to dwell on how charge is measured.
It is important to remember that charge is a property
of matter and that the unit of charge is the coulomb.
Electric charge, electric force, and energy associated
with the electric force play roles ranging from the
structure of atoms to the liberation of energy in
_either a nuclear electric power plant or a coal-fired
electric power plant. '

4.3 'Atomic Structure

An atom is the basic structural component of matter.
Accordingly, the property of charge exhibited by a

. balloon, for example, has its roots in atoms. To see
this we need an atomic model. Our model, like any

model, has limits but it is appropriate for our discus-
sions. For now we want only to understand
electricity. As we delve into chemical and nuclear
reactions we will refine the model:

Visualize an ice skater moving smoothly in a nice,

eat circle. Attached to the skater’s waist is a rope,
_ the other end of which is held by a person at the

center of the circle. If the skater attempts to skate in
a larger circle, she is pulled inward and confined fo
move in a circle that has a radius equal to the length
of the rope. The language of physics describes this
condition as bound. The skater is bound to the cir-
cular path by a binding force provided by the rope
pulling on her waist. Bound systems, similar in prin-
ciple, are common and very important.

An orbiting satellite and the earth constitute a
bound system held together by the gravitational force
between the two (Fig. 4.2). At any instant, the satel-

* lite tends to shoot off in a straight line, but gravity

continually pulls the satellite toward the earth and
the satellite executes circular motion sbout the earth.

- An elementary model of an atom incorporates fea-

tures of the earth-satellite system. Electrons are.
satellites and a nucleus acts like the earth (Fig.4.2b).
‘An electron-has a mass of 9.11 x 10-31 kilograms and
a negative charge of ~1.60 X 1019 coulombs. A
nucleus is positively charged and is much more mas-
sive than an eleciron. The mass of the nucleus is
confined to a volume approximating a sphere of
radius of about 1 x 1015 meters. The closest electron
is about 1 x 16-10 meters. In perspective, if the radius
of the nucleus were about the thickness of a dime, the
nearest electron would be about the length of a foot-
ball field away. Having both mass and electric charge,
electrons and a nucleus experience both attractive
gravitational and electric forces that tend to bind the
electrons to the nucleus. However, the overwhelming
binding is due to the electric force.
In a normal atom the total negative charge of the

FIGURE 4.2 usseesssssmss s
(&) An orbiting satellite and the earth. Th
d the . The earth and th i

Egﬁgﬁygﬁle;;:;%a gtrﬁwtatlolll'\al force, The force 01:a gsra;\:siltlgigﬁ
tinu: A onthe satellite and keeps the satellit

ing tn a circular orbit. (b) A nucleus and an et nulous and

ectron. The nucl

electron are bo;.md together by an electric force. The elet::trieo:':-| ?oargg

continually pulls inward on the
ly p electr
progressing in a circular orbit. on and keeps the slectron

Earth
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electrons balances fhe iti

1 positive charge of the nucl
and the atom is said to be elecl:n'cfltlay neu?‘.rr:ll. '-I?It:z
number of electrons in a neutral atom is called the

- atomic number. The atomic number distinguishes

1c-‘ll.ii’fe_rent atomic species. For example, a carbon atom
as 6 electrons and an oxygen atom has 8 electrons.

. Most electrical wires in homes are made of copper.

Each atmp of copper has 29 electrons. As the atomic
number increases, the mass of the atom also in-
creases, T}_us results from the additional electrons
and by an increase in the mass of the nucleus. It is

possible to have atoms with the sam
_ ; e number of
. electrons, but with nuclei of different masses. The,:e

4.3 AtomicStructure O

are called isotopes. Later we will see the origin of the
mass differences. Because isotopes have the same
number o'f electrons, they share the same chemical
characteristics. Table 4.2 lists the first 18 atoms in
the grder of increasing atomic number. The ap-
proximate relative mass corresponds to .the mopt
abuf‘:tec};a;mt isotope of a given atom. °
t's now use this atomic mod i

experiment with the balloons. Thz1 rtxoblll)lit:g::tg;z
initiated a transfer of electrons from the hair to the
ba.lloo_ns. The balloons acquire electrons and become
negatively charged; the hair loses electrons and is left

TABLE 4.2
The li’n-st 18 Atoms in Order of Increasing
Atomic Number and Mass -
“
—_—— A Ti———
ATOM
SRS s, o
. MASS
Hydrogen . H 1 1
Helium He -2 4
Lithium Li 3 7
Beryllium Be 4 9
Boron 8 5 M
Carbon c € 12
Nitrogen N 7 - 14
Oxygen o] 8 16
Fluorine F 9 19
Neon Ne 10 20
Sodium Na 11 23
Magnesium Mg 12 24
Aluminum Al 13 27
Silicon Si 14 28
Phosphorus P 15 3
Sulfur S 16 32
Chlorine cl 17 35
Argon Ar 18 40

The mass is that of the most abundant isotope and is based on a

scale of exactly 12 for the most abundant form of carbon.,
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with a deficiency of negative charge and, therefore,
an excess of positive charge. The balloons repel each
other because they both have a net negative charge.

4.4 Electricity _

A current is defined as “a steady and smooth onward
movement, as of water.” A steady movement of cars
on a highway would be a car current. The rate at
which cars pass a point on the highway is a measure
of the car current. To determine the car current you
would count the cars, measure the time for the cars
to pass, and divide the number by the time to obtain
the rate in units like cars per minute. If each car had
two passengers, then multiplying the car rate by two
yields a passenger current measured In passengers

per minute.
An electric current is a flow of electric charges. In

. wires and appliances the flow is-due to electrons

because they are much freer than the positivecharges

in the nucleus. Electrons moving through a wire are

analogous to cars moving on a highway. Youcan't see

the electrons but in principle you can stand at the
edge of the wire and count the electrons passing by
in a measured time interval, and express the rate in
unite of electrons per second. Multiplying the
electron rate by the charge per electron yields the
rate at which charge flows in units of coulombs per
second. As an equation,

coulom}l:;: of chharge flowing

) _ through a wire

electric current =t " o o rired for the flow’
;-9 | 4.2)

P

Recording charge (@) in coulombs and the time inter-
val (f) in seconds yields coulombs per second as the
units of electric current (I). A coulomb per second is
called an ampere, symbol A. 1f100 coulombs of charge
flow by a position in a wirein 10 seconds, we say the
current is 10 amperes. The electric current in a lit
flashlight bulb is about one ampere. If the bulb were
on for 10 minutes the total charge passing through
the bulb in 10 minutes is

x 10 minutes x 60
= 600 coulombs.

A force must be exerted on the electrons to cause

seconds

coulomb
minute

second

1

" them to flow through 2 wire, just as a force must be-

applied on water fo keep it moving through a pipe.
The electric force has its origin in the force between
electric charges. Electrons pulled toward a positive
charge create an electric current. Electric forces do
work on the electrons, just as work is done on an
automobile pushed some distance by a person. Itis.
the role of a battery or an electric generator in an
electric power plant to supply electrical “pressure”
for moving electrons. This electrical “pressure” is
called a potential difference.” A potential difference is
analogous to a water pressure difference for moving
water through a pipe. Potential difference is defined
in terms of the amount of work done by electric forces
on a charge as it moves between two positions. As an

equatiomn,

electrical work on the
.o diffs amount of charge moved
potent. erence = mount of charge ’
w
V=—. 4.3
Q 4.3

Work (W) is measured in joules and charge @ is
measured in coulombs, making potential difference
(V) joules per coulomb. A joule per coulomb is called
a volt, symbol V. If 100 joules of work are done by
electric forces on 1 coulomb of charge when it moves
between two positions, the potential difference be-
tween the two positions is 100 volts. Batteries for
most automobiles provide a 12-volt potential dif-
ference between 2 terminals. If 2 coulombs of charge
flow between the terminals, electric forces do 24

 joules of work on the two coulombs of charge.

The idea of potential difference is very abstract. -

You never see the charges, let alone what is exerting
the electric forces. However, you can employ the
same idea for the gravitational force. When you lift a

* We use the term potential difference initially to stress the invol-
vement of two positions. Voltage, aless formal word deseribing the
same idea, replaces potential difference as we proceed.

:oxt 1f'lrom the flc.:or to a table top, gravity does work
all:d' e box. Divide the work by the mass of the box
2 you have a gravitational potential differen
et]*;reen the floor and table top. *
_ besure you understand the notion of a diff;
. ) ere
wers fo tell s rindt s pri s aay help. I o
_ a ing is 500 feet hi
:clr::;:l.gi f’folrats:y assume you mean the dﬁfereig:alile
etween the top and bottom is 50
Clearly,. th?ugh, .if the building were on tog ic-nef'eiz;a:
m?aur.xtam, its height would be more than 500 feet
;'e tive to the base of the mountain. Potential dif-
d(;ft&l:‘c;elslséeh];e ixexghts, are also relative. The potential
: etween the terminals in a h
electrical outlet is 115 volts. This oy
the contacts is 115 volts r ti oot o
4 elative to the oth
This othercontactinaho thomn
. usehold cutlet is at th
potential as any other part of Tading
the room, i i
yfursglf. You can touch this contact and ,nlcl)ltdgt:]::ng
Feectncal shock because there is no potential dif-
isl;:;loe between you and that contact. This contact
s zil'iagr?undheca_ use it is fastened to a metal
e driven. into the ground (earth). Generally you
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z?iii see this grot_md wire running down an electrie
houstg '?E?o?gldmg wires bringing electricity to a
. er contact in an outlet i
e, | , is referred to as
iy ot.” Electrical shocks occur when you touch both
e ground and the “hot” contact.
o Any ;iectncal appliance has two electrical connec-
ot?.t‘alo Pperate the appliance, an appropriate
f ntia difference must be connected to these two
ﬂ(;:}niﬁctlons. If you were to connect two wires to a
e %t b;lﬂag at.ld then touch the other ends of the
rires adi ishlight battery, the bulb would light
e coxl:: tlf)n signals a complete electrical ci:ccu.it.
pathignl;foitifi euc; ff;'he ts]:n.;;le that a complete (or closedj
_ or the flow of electrons. If
to take a pair of scissors and ire, the oiroutt
- : cut one wire, the circui
1dseb§'ok:1§ and the light no longer glows. A sweitccllll.‘flgl:
cir‘::jis :t a_llows_; you to open and close electrical
s .or s;v;zcel(:; 1:0 analc::go;zs 1;10 a faucet that can be
control the flo '
example of a water circuit is E:Im‘a\n‘:r IgfggtTBAz

- pump pulls water from the bottom of a container

forcesit through a valve
. : , past a water wheel, an
into the container. In a household electrical c;lr::;ctl;{

- Electrical
pump

FIGURE 4.3 smmemm—

Schematic comparison of a fivid circu;

and an electrical circuit. The \.ﬂ:t'grg{:?'xg

forces water to circulate through the

. water circuit. The electrical pump, a bat-

tery or generator, forces electrons to cir-

culate through the electrical circuit The

. sum total of electric charges never éhan-

gesin the process, just as in the absence

of leaks the sum total of water never
changes in the water circuit.
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an electric generator provided by an electric 'lltl].ltﬂ
pulls electrons from the ground, forces them j:hrm:i |
a switch, through a light bulb, and back 1.nto The
ground. The wire plays the role of a water pipe. le
demonstration depicted in Ifig. 44 mustratesltlzs 1:2:1,
of the ground connection in a household electri

circuit.

4.5 Electrical Resistance

igrate through a network gf atoms as
Eﬁgﬁﬁe Elrg;ugh & wire. This.netwo;k unpe.des the
flow, and we say the wire has elecmcal_ r:eswt;ntcl:lee.
This resistance depends on the com;_)osmont W) oy
wire. For example, an aluminum wire hz}vmgﬁ‘ e
same length and diameter as a copper wire :aﬁrs.
more resistance than the copper wire. The resistance

FIGURE 4.4 M |

’ ingle wire that is con-
{a) The lamp cord shown here has but a si gt e ) he hght

. ah
cally to the screw base of a lig t bult ;
gﬁf;ﬁoaescwhen\;he plug is connected t?tt:ebhgci st::)Tcl:%aeld OI :2
ical outlet and the tip of the base of the bu

25332?:'@1' pipe. Electrical shock o:cu rsrtwhher; 2 r;:;rtshc:: gtzt;l:;sc:gg
: . ; or

“hot" terminal while standing on the ear SOmETing otk you
rth. Because of the p05§lblllw of electr

;cr’\c:zﬁi i?)t attempt the demonstration shown in this photograph.

i ion: he wire. The
depends on the d.unensmns. of t!
‘lac];floger flfe wire, the more the re§1stance; the larger
thé diameter, the smaller the reglstance, is of
A current is produced in a wire whe.n theendso
the wire are connected to a potential difference. We

" should expect the current to increase if the potential

ical “ ") es. If the
ifference (the electrical “pressure”) increas
gistance increases, the current should decrease. We

model this reasoning in an equation by writing

potential difference
resistance

current =

1o (4.4)

Rl<t

i uni ivided by amperes:
Resistance has units of volts divid
This unit is called an ohm. If 1.5 amperes are

produced in a bulb connected to a 12-volt battery, the
resistance of the hulb is

R"I_I.Samperes_SOhms' ,
The resistance need not be constant. Doubling the
potential difference across the bulb may produce a
current of 4 amperes, which produces a resistance of
6 ohms. If the resistance does not depend on the
potential difference, we say the device obeys Ohm’s
law. Wires used for electrical conductors and heating
elements in toasters and irons obey Ohm’s law. Tran-
sistors doing impressive things in corputers do not
obey Ohm’s law. : . :

In a household where the potential difference is
fixed at 115 volts, the current in an appliance depends
on its resistance.  As the resistance decreases, the
current increases. The energy used to overcome this
electrical resistance appears as heat. For example,
the heat liberated in a toaster is produced by
electrons overcoming the electrical resistance

 provided by the wire elements of the toaster.

4.6 Electric Power and
Electric Energy

 Like water accelerated over a dam by a gravitational

force, electrons accelerated by an electric force ac-
quire kinetic energy as a result of work done on them,
This is an electrical example of the work-energy -
principle (Section 2.8). Electrons convert this energy
in a variety of ways. In a lamp the energy is converted
to heat and light. In an electric motor, the energy is
converted to mechanical rotational energy. The rate
at which moving charges convert energy is called

- electric power.

energy converted in joules
time required in seconds
J%’, - 4.5)

power =

Electric power is expressed in joules per second, or
watts (see Section 2.11). Electric clothes dryers use
electric power in the range of a few thousands of

4.6 Electric Power and Electric Energy =~ 61

watts; electric power plants produce power in the
range of hundreds of millions of watts. Thousands of
watts and millions of watts are usually expressed as
kilowatts and megawatts, symbolized kW and MW .
A useful relation for electric power follows from
combining the equation for definition of power; P = Wi,
and the definition of potential difference, V = wie.
Substituting for W in P = Wi, we have P = Vet
Recognizing that @/t is current I, we find P = VI. Power
equals voltage times current is a general relationship
for any electrical device. For a resistance we can use V
=IRtoarriveat P= 2R and P = V2/R.

At this point you should understand that if a wire
is connected to a potential difference provided by a
battery or a household electrical outlet, a current is
established in the wire. There are four quantities of
interest—voltage, current, and resistance related -
through V = IR, and power related to voltage and
current by P = VI. Two of these four quantities need
to be known to determine the other two. Table 4.3
summarizes the use of these equations.

To illustrate the use of Table 4.3, suppose a
kitchen toaster requiring 1000 watts is connected to
a 115-volt outlet for 2 minutes. Line 4 in the table
guides us for this situation. The current produced is

I_I_’_IOOOwatts_87am ros
TV 115volts  °f amperes.

TABLE 4.3

Utility of the Equations V = IR and P =V]I
. WHEN THE QUANTITIES IN THEN USE THESE EQUATIONS
THIS COLUMN ARE KNOWN, .
ctrrent, /
resistance, A V=/RandP =/2R
::s'?:tgai'c‘; R =Y andP= y2
! R R
voltage, V . v
current, / =7 andP=V/
voltage, V P -
power, P I= 7 and V=JR
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The resistance of the toaster is

_V__15volts _ 459 s
R =7 =%.7 amperes

The energy converted in kilowatt-hours is
hour

E=1k:ilowatt><2minutes><lm
= (0.083 kilowatt-hour
=0.083 kWh.

Companies that provide the voltage for forci:;g
electrons through our appliatx;ces 11fmag t;oﬁten reci;e:rha .
ies. It is tempting to expe ;
to as power companies. s oee pad
id for power. They are not. They are |
?‘2: 3:ela:‘:;griva.lPerh:exp:a this is not obvious but a htﬂe
ht should convince you. ] _ !
thoggwer is the rate of converting energy. A 100-watt
light bulb requires energy at a rate of 100 JouleIt_aI per
second regardless of how long it is turned oln. :;; .
" ever, the cost of operation depends on how long he
bulb,is lit. Using Eq. 4.5 it follows that energy, power,
and time are related by

energy = power X timE,
W=Pt

it of power multiplied by a unit of time
ySi(:ﬂz:i uu$: o(i)'elll):rgy. Watts (or kilowatts) a;:d hogi
are units of power and time. Th_e wiatt- our (
kilowatt-hour) is a unit of energy. It is alittle pe«:nll.':lrc_ﬁ=1 hax
because the units of time (hours) do not can
time units of seconds in power.

W =P (watts) x ¢ (hours)

- picm;—;l"fix ¢ (hours).
sec .

Note carefully that the units of hours do not cancel
its of seconds. .

the';‘lanhjle 4.4 lists the power reqmreme:_l_ts for gevetlila]

household appliances. Note that those involving the

ire the most
tion or removal of heat require
' i:v?;.i These devices tend to have low resistance.

The energy consumed by a 1100-watt (1.1.

kilowatt) toaster for 1 hour would be

E = 1.1 kilowatts x 1 hour=1.1 kWh.

i i : id an average of
1987 residential consumers pai
7 SIoI::nts per kWh for electric energy. At the ave}x;ai
p;'ice the cost of operating the toaster for one ho

would be

Cost=1.1kWhx 7.8

A e———————————————
gﬁv?:l‘-ER:qlﬁrements (in. watts) of Some

—— = 8.6 cents.

Common Household Appliances

m

APPLIANCE POWER {watts}
Cooking range (full operation} 12,000
Heat pump 12,000
Clothes dryer :'g
Oven o
" Water heater _
Air conditioner (window) 7 ::gg
Microwave oven .
Broiler :::g
Hot plate
Frying pan ::.1222
Toaster
Hand iron 1,080 .
Electric space heater 1,000
Hair dryer - - 1,000
Clothes washer 500
Televison (color) 330
Food mixer 130
Hi-fi stereo - 100
Radio :z
Razor
Toothbrush ;
Clock |
r————

4.7 Electrical Shock

A train approaching a crossing of the track with a
highway actuates a switch that causes a gate to block
cars from crossing the track. An electrical signal hag
triggered a mechanica] operation. Analogous opera-
tions oceur in the human body. A visual signal stimu-
lates electric currents that travel to the brain, where
electrical signals are transmitted to an arm, which
causes the arm to flex. Respiration, muscular ge-
tivity, and beating of the heart are all controlled
electrically. Both an electrically operated train warn-
ing system and the human electrical system can be

damaged by excessive electric currents. For the

human system the most susceptible parts are the

brain, the heart, and the chest muscles and nerves
that control respiration.

A current is produced in the body whenever a
voltage appears between two parts of the hody. The
size of the current depends on the voltage and resis-
tance between the two points. When the skin is dry
the resistance is appreciable, around 100,000 ohms.
But if the skin is moist the resistance may drop to
around 1000 ochms, One thousand ohms connected to
the common household voltage of 115 volts produces
a current of about 0.1 ampere. One-tenth of an
ampere is small compared to the current in a desk
lamp. But one-tenth of an ampere in a human heart
would likely produce uncontrolled stimulation of the

muscles, resulting in no b} being pumped.
This effect, called ventricular fibrillation, persisis
even after the electric current is removed.
Ventricular fibrillation seldom stops of its own ac-
cord. It takes only a couple of minutes for ventricular
fibrillation to weaken the heart muscles to the point

- where the normal operation of the heart cannot be
* restored and death results. Interestingly, one method

of defibrillating the heart is to- pass a large current of

- about 10 amperes through the heart for a few
. thousandths of a second.

Irregular breathing and respiratory paralysis may

- result from electric currents in the body in the range
- 0f0.02t0 0.1 amperes. Respiratory paralysis is usual-
ly treated by artificial respiration. Electric currents

- of a few thousandths of an ampere in the hand will
 tause the finger and hand muscles to contract. If the
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source of the voltage is in the paim or fingertips, the

band clamps onto the

let go. If for some reason
to see if it is “hot,” this
of the hand. Then, wh

fingers pull away from

it. Lest you take offens
realize that about 2000

Source and the victim cannot
a person must touch a wire
should be done with the bacjc
en the muscles confract, the
the source rather than toward
e at this morhid discussion,
Peopie are electrocuted each

year in the United States,

4.8 Magnetic

Force and

Magnetism

We have discussed electric

an electrical “pressure
rent. Nothing has bee,

company generates the p
mitted to homes and facto
‘important aspect of prod
grasp some fundamentals

netism,

current and the idea that
” is required to establish cur-
n said about how the power
ressure, or hoew it is trans-
ries. To understand this
ucing electricity we must
of magnetic force and mag-

Magnets' are as useful as they are fascinating,
They hold notes on the kitchen refrigerator.
Homeowners use magnets to hold quilted window

insulation in place. For centuries navigators have

relied on magnetic compasses to find their way.
Materials containing iron are attracted to magnets.

region between the ends that will not attract a paper
clip. The magnetic properties of a magnet are con-

located near the north and south geographic poles. If
apole of a magnet is placed near the poles of another
magnet it will be attracted to one pole and repelied

by the other pole (Fig,

4.5). We describe the fun-

damental difference between the two poles by calling
one N and the other S, An N poleisthe pole of a freely

suspended magnet, such as a compass, that points

On acompass needleisan

. toward the geographic north pole. The tip labeled N

N magnetic pole. Any other




