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IN these days of n mero s te t books the author wh o dare
still f rther to increase the n mbe r owes to the p blic at least
e planation in which he shall set forth his p rp ose howeve

far sho rt acco pl ish ent he may have fallen
Accordingly in this vol e the a thor s hopes have been

p repare a te t book adapted to the needs of
year physics at Northwestern nive rsity
fear i n this connect ion is that the tr nsfer of a co rse
lect res from fle ible manuscript to r i id type metal
correspond to that sta e develop ent which in the life
history an ani al i s known as his di fic lty
i t is hoped may be avoided by v ryin fro year to year
illustrative pheno en employed in the lect re de onstr tions
i i keep the t reat ent ele entary and yet incl de

the f ndamental pr inciples o f physics and at the s e ti e
to bind them together with connective tiss e in s ch a way
to make clear to the st dent the essential unity

s bject
i i i Not merely or even ainly to i part infor ation

to before the st dent a large and co pact body of tr th
obtained by a method which shall re a in for him thro gho
l ife a pattern and norm clear correct thinking

s cceed co pletely in an undertakin a bitious
that s ested by the threefold p rpose j st stated is m or
than the thor da res to h ope
To friend ohn acke ie inneapolis I

indebted fo r those paragraphs in hapte r II I hich descr ib
rofessor sborne eynolds remarkable theo ry gravitation

imperfections the present te t wo ld have been any
more e ept for the clever revision o f the proof by my
lea ue ro fessor atnall and by my fr iend Pro fesso
A A nowlton the A r o r Instit te Speci l th nks

H Spencer the nited States Weathe r re

    v



PR F CE

to the Y and to the aval S team Turbine
ompany for the cuts ohn A leming of the
arnegie Institution was good enou h to revise those paragrap s
ealing with the sec lar variation the earth s magneti c field
To my sister aroline rew I am indebted for the e cision
many awkward nglish constructions

H C
E AN TON I IN I
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HYSICS in the present sense o f the word is n ot an ancient
s ience a creation of the last three h nd red years
pared with astronomy and medicine it is a e re pstart
hen h oweve r considers the work the yptians in

handlin tre endo s blocks stone s ch as those sed in the
constr ction the pyra ids o r the work of the reeks in
devising powe rf l catap lts the wo rk the o ans in
t rib ting wate r thro h well constr cted aq ed cts any one
their n me rous clever devices s ch as the steely rds l ocks

and s rgical instr ments which have been recove red at Po pei i
it beco es evident that the ancients were fa il iar with a wide
ran e physical science That there we re a ong the keen
obse rve rs is patent to eve ry one who has c onsidered the Her es
P ra iteles or the col ns of the arthenon Skill

the ancients in h ntin and the acc racy with which they
se rved the motions the planets are p r ove rbial

were they wantin in the desire for a unitary view
the world abo t them his search for nity is evinced in the
idea He racl it s that i neo s vapo r fire the reat
principle in the idea of Thales that q eo s vapor was the key
to the sit at ion in the idea of Ana imenes th t a ir was the
essenti l p r inciple and in the notio e ocr it s that the
or i in all things was to be so ght in the atom fail re
of these var io s views gave rise to the gene ral opinion that
fo r ele ents earth a ir fi re and w te r constituted an
i rred cible mini for the phys ical niverse Ptole ic
syste c rystall ine spheres cycles and epicycles i s another
prod ct o f their ea e rness for un ity Well then in what
spect does ode rn physical science di er fr om the cient
Why is the be innin this science s pposed to li e only so e
three h ndred years back the present
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answer to th is question like that to most othe rs which
begin with why is not easy and all that can be done here
is to point out briefly ancient differs from modern scienc
r ther than to e plain this di erence e ists uring the
fifteenth century the re seemed to come over the minds
thinking men a cha e marked especially by an incre sed
reedo from the tram els of a thor i ty S ch freedom had
lre dy even early as the fourteenth century made itsel f
evident in painting architecture and usic A new l te rat re
fo nd e p ression in ante Petrarch and occaccio whose

wo rks were now bein isseminated by the newly invented
of printing An increased boldness was shown by navigators
which c lminated in the discovery of A erica his s me
cent ry was arked by the birth of opernic s with ara
celsus and eonardo da inci for contemporari es Witho
shedding any li ht upon the cause of this changed

of mind i t may perhaps be best described as the spiri
of the enaissance P revious this t i e those great gen

which we call physical laws seem have
been rathe r fort ito s and unfr itful after this period the
search for law for the constant elements i n the behavior
nature seems to have been m ore a matter deliberate and
definite plan while the results of the search have been tre

p rolific of other important results
It upon such a background as th is and into s ch

changed world as this that the th of ebruary at
isa in Italy the fo nder of modern physics was born
while all science is the creation o f man it is eq ally tr e th t
n o science is the creation any sin le man In what sense
therefore can ali leo be spoken of as the fo nder m odern
physics ust this i t was who first discovered the funda
ental pr incip es of modern dynamics the one branch of learn
ing pon which the enti re s perstr ct re of the physical sciences
has been erected H is for lation of these principles as
we shall later imperfect his su gestion that bodies
chan e their m otion when and only when acted upon by some
e te rnal force i f ple se the s bstitution of the

force in place of cause of otion has proven
to be the m ost fertile pr inciple as well as the first f nd ental
and perfectly eneral principle of modern dynamics a principle
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which finds its later and more perfect e press ion in Newton s
Three aws otion Amon the anc ients Arch imedes

appears to be the one man approach d the
modern method in physics established a fi rm fo ndation
for the science statics the conditions of eq ilibrium
bodies at rest this i s a ve ry speci l case dynamics
and the achievements Archimedes which early attracted the
attention al ileo re arkable and val able as they impress
to day bo re l ittle fr t until the idea force as the con

dition change of motion was introd ced by the reat Ital
ian From alileo s time on otions cease to be class ified as
nat ral and violent motions are hencefo rth nat ral
and are prope r s bj ects special investigation The faith and
skil l in e periment e hibited by ali leo a new pace
whic had possibly never before been reached and one which
has certa inly seldom S ince been s rpassed
The e per imental method once established new facts and

new general i ations accum lated with marvelo s rapidity
and the subject natural philosophy enr iched by the labors
Hooke oyle and Newton in ngland escartes and
senne in F rance H ygens in Holland orricelli and othe r
p pils alileo in Italy became bulky that certain nat ral
cleavage lines began to appear
ertain pheno ena were soon recogni ed as peculiar to l iving

bodies bodies which possess the ability to ass imilate food
the power rep rod ction sensation etc and these came to be
st died nder the head nat ral h istory and medicine This
entire gro p includin as i t now does botany physi
olo y anatomy paleontology as disting ished fro geol ogy
bacte r iolo y etc by wide consent been given the na e
the tural s e s Al l matter other than that of l ivin

bodies i s sa id to be inanimate and it i s with this class
bodies especially that the p ys l s en es have do
In the early days nearly all the pheno ena of the physical

sciences were st died under the head tural P l s p a

te rm which was employed in contradistinction to tur
st r and which incl ded s ch dive rse s bjects as the

motions of the solar syste en ineerin str ct res meteo r
olo y Physics o r Nat ral Philosophy in its narr ow and
proper sense does not deal with the phenomena dead
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matter There are instance certai n bodies which are
distant from us that they can be st died only by specially de
signed instr ments such as the telescope Accor ingly the
st dy the fi ed stars the planets comets etc i s p rsued
under a special department physical science called A t
There is another e ceedi gly large and important branch
physical science which deals especially wit those changes
which occur in homogeneous bodies mainly changes com
position The systematic study these changes carried on
under the head of t
Those properties of inanimate bodies which are not primarily

connected with a change in thei r chemical composition a re then
the especial subjects st dy p rsued under the head ys
esides these there are other important more speciali ed

branches of ph sical science which deal wi th particular gro ps
bodies Th s the comp rehensive science which takes the

study of the eart s crust from a physical and chem ical stand
poin is called l y while et r l sc ience great
S ignificance and increasing pr ctical value deals e cl sively
with the the earth s atmosphere
uilt upo the physical and natural sc iences is sti ll nother

gr up of studi s disti guished from the preced ing p re
sci nces mainly by the p rp se and attitude mind the par
the stude S ch are the various branches of engineering

which are largely branches applied physics such also is the
study of modern medicine a sci ence which has become
ately dependent upon iology he istry hysics hysiology
and Anatomy
In attempting to ro ghly locate hysics among vario s

sciences we have far considered only those groups phenom
ena which are associated wit matter and have left to one side
the phenomena of mind also the historical sciences which deal
with the purposes and the controll ing wills individ als and
nations To s ide also have been left those sciences which
deal with the consensus of sane opin ion and with the e pression
the will of the enti re race sciences wh ich calls
Normative and which include ogic and athematics

place of Phys ics in the family of the sciences i s then a
very modest one for deals only with a par ic lar group of
pheno ena associated with inanimate matter and li i ted essen
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to those cha ges in which the composition the various
s bstances involved remains unalte red With in this l imited
do ain the purpose of the physicist i s to discover and to
escribe the universal constant modes i n the behavior
nature ery often these results can given a S imple and
acc rate mathe atical form lation With w at splendid suc
cess this w rk has been pushed forward will appear when we
come to st dy in ore detai l the work of the who have
followed the great ali leo such as Ne ton Faraday and
a well in n land Fresnel and Amp re in F rance a ss
Weber irchhof Helmholt and Hert in ermany olta
and in Italy rankl n Henry and owland in
merica
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a distinguished erman physicist
first clearly pointed out that the aim of the physic ist is to
desc ibe the m o tions of bodies completely and the s mples
possible manner s ince a body is a l imited por tion o f
matter whic we may consider as made up a n ber of smal l
particles i t will be si pler to consider first the motion o f a

and then pass to the consi eration in motion
However since m ot ion is merely change position will be
convenient first to learn how the position of a particle defined
The word particle i s used always to denote a body so small that
its dimensions may be neglected in compar ison with other dis
tances invo lved Th s a basebal l may be cons ide red a particle
when is thinking only of its path through the a i r in the
pitcher s hands it becomes a body of very appreciable si e a
body which he sets into rotation abo t a definite a is in order
g ve it any desired curve

OS ITION A ART ICLE IN A LANE

When geographers describe the position a to n they
ass me that the reader already knows the pos ition so e point
on the earth which may be called a po int reference Such a
point reference for the s rf ce of the earth the intersection
of the meridian through reenwich with the eq ato r This
fi ed the locat ion of a to is definitely described when two
things are known abo t it namely its and its
Th s the island of S t Helena is in south latit de and

west longitude
similar method is frequently used in physics the

pos it ion a po int Fig with reference to another po int
is described when two m tually
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lar strai ht lines are drawn thro gh the point and the
perpendic lar distances the po int from these two lines
respectively are given i t f r e e r l
e r i r t ef re Fig
e er l lle is

v rt l e
ref re is Y

tu e the t
alle s i ss while
l titu e

r n t Abscissas are posi
t ive hen dr wn to the right
fro a is of Y ne ative
hen d rawn to the left rdi
nates are positive when drawn
upward fr o a is
ne at ive whe d rawn down
ward These q antities and S w n et l t n

are known as the
ul r r in tes of the poi t they are a special kind
artesian so called after escartes who fi rst em
pl oyed an al ebra of th is kind
In the labo ratory we have freq ent occasi ons to draw c rves
and this is ene rally done by locating po ints on
paper the anne r j st escribed
Navigators and s rveyo rs gene rally employ a di erent method

locatin po int with
reference to another in the
same plane e ve the
str t e ist e fr m

rst p t se n
en e ve re ti

FIG sec n et l c t n l ine n p nts
p nt pl ne meth ls

que tl u s t p l r
r i tes idea will be clear fr om where is the

po int reference and any known direction There is no
do bt abo t the e act position a particle at as soon as we
know the distance between the points and the an e
between the l ines l r st
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l l r s t v ur t
ntr r t w s m v t

le u t r l like manner is con
negat ive when measured in a clockwise sense The

line we may call the line reference

OSITION A ARTICLE IN SPACE

If a point on the earth s surface is to be described still
more completely we may choose the sea level as a plane of
reference and give the altitude of the point S o in mathe

and physics one freq ently escribes a point by locating
it first in a certa in plane as de
scribed the preceding sections
and then statin the position
this plane with respect to some
other plane of reference It will
be observed that in gene ral

and when the nume r ical val es
these three co rd inates are once known position of the

point i s given witho t ambig ity Thus i f
a particle in space have the values

FIG

can proceed to locate it as indicated in

OS IT ION VECTORS

a third and simpler way to think the position of
a point is to consider i t as completely specified by a sin le
straight ine running from the po int of reference the point
under conside ration I f in we know n ot only the
len t but also the direction and sense of strai ht line

we know all that can possibly be known abo t the posi
t ion the particle at

u t t u p ss s r t
u t m v t v This class q an

tities includes any of the most i portant studied in physics
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vector quantity is s imply which
in three particulars na ely

vector which locates po int with
reference to another as in is
called a position vector and is a type of
vector q antities in general which we
shall meet many e amples in later pages
The sefulness of the vector in
senting the position a point lies its
clearness and si plic ity for p rposes
numerical calculation it has small value

D IGRESSION SCALAR UANTIT IES

The mere length a straight line is the same in what
ever direction the line may lie The a straight line
therefore a vector quantity It is independent of direction
u t t e w i r t ll s
hiladelphia is a city miles from York his dis

tance is a scalar quantity The information contained in this
statement tells me only that hiladelphia l ies so ewhere a

circle miles radius described with New York as a center
miles southwest of New Yo rk ives me a vector

q antity which locates the position of h iladelphia witho t
ambig ity po nd of s gar three yards of cal ico two
gallons of water a vol me anything any amount matter
are i llustrations s calars

SUMMARY

Summari i g then the position a particle is nearly
always described by the other the three following
methods

in which the position a point
is de ned by givin its distance from each three mutually
perpendicular planes These distances are called the
lar of particle and are us ally denoted by
The three mut ally perpendic lar refe rence planes are indi

in by and
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i i in which the posi tion a particle i s
described by its distance from the origin and by its lat itude
and lo gitude on a Sphere whose center is at the origin and
whose radius is the distance j ust described These three
quantities are called the polar of the particle and
usually denoted by letters and respectively
ii i a graphical method in which the position of a
rticle is located as the terminal point a single straight

l ine drawn in a definite sense and in a definite direction from
the origin

OSIT ION O Y

Having thus far considered the position a only
we take the position a which has already been
defined as a l imited portion of matter the present let
deal only with perfectly rigid solids that with bodies whose
Si e and shape are each constant If we consider a body merely
as a system of rigidly connected particles i t is evident that its
position is completely defined only when the posi tion of
particle in the system is k own since the body is rigid
this is equival ent to saying that its pos ition is co pletely de

when we know the positions of any three points in
the body provided course that these points do not lie in the
same straight l ine In other words i f a straight line and one
point outside th is l ine be located in a body the position the
entire body is completely defined It i s clear therefore that a
body may have many di erent positions in which two points in
the body are fi ed for unde r this condition it may be rotated
thro gh any an le abo t the straight l ine joining these
points As we shal l later it is often quit as necessary to
consider the ang lar as well as the linear position of a body
while a S ingle particle angular position is a term which has
no meaning

MEASUREM NT LENGTHS

The actual determination the position of any point i n
world about us leads at once the meas rement a

tance by which is meant simply co parison any assigned
dista ce with a given distance which we agree to take unity
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As later e perience will show comparison is the essential fea
all meas rement Ten yards of cloth S imply a piece

of cloth which is ten ti es long a certain piece wood
called a yard stick

ITS LE GTH CENTIMETER OOT

Al st t r t w rl ee t
t n l st etwee m r rt
l t u u p serv I rn t l et ur u
S v es e r P r s is t ll m ter
un re t p rt ist n e etw se m r s t
u it lle nti eter F or any laboratory meas

this smalle r unit will be fo more convenient than
the meter
It will be observed that this definit ion is p rely arbitrary a

mere matter c onvention The fact that the meter is
chosen as to be early eq al to ten millionth the distance
from the earth s equato r t o its north pole i s interesting it
d oes not enter into the definition the unit le gth a

matter fact the length of earth s q adrant has been
found to be ore nearly meters The student
who is not familiar with the metri c system will find it interest
ing to esti ate height in centimete rs also to g ess at
the len th and width this page in centimeters then
test the acc racy of h is estimates by act al meas rement with
a meter stick
English and American en ineers generally employ the yard

as the standard length and the f t as the nit of len th
In reat r itain the yard is by definition the distance

tween two r l ings ce rta in bron e bar preserved in the
S tandards ce at ondon In the nited States the yard is
defined of the standard meter at S vres

MEASUREMENT REAS NIT OF REA

Having settled upon the centimeter as a nit length
the simplest possible unit of area i s the area of sq are
centimeter In consideration this fact the nit area
l ost niversally e ployed in science is the s u re t m t
ery seldom indeed are are s meas red by direct com
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parison with a unit area ore frequently it will found
convenient to measure the dimens ions the surface in
question from these to by geometry the area
the s rface ngineers course e ploy the square foot as
the unit of area

MEASUREMENT VOLUMES N IT VOLUME

Standards volume such as the b shel the q art the
cubic foot are already familiar t w r
t t r t u t v lume and for the same

reasons that led to the adoption the square centimeter as the
unit of area An acq aintance with the metric system makes
the wisdom this choice at once apparent

the case volumes whose linear dimensions be
measured a or a sphere it is freq ently
more convenient to compute the volume than to measure it
directly

NGULAR OSIT ION N IT NGLE

tr t l e r
s v i fere t n ul r p s ti s fere e
r r t ns l r spl e e t l e w t

t t er This an
lar displace ent is e pressed
by surveyors and astronomers
in degrees navigators
use points of the comp ss
or un its In physics

mathematics the unit
angle ostly employed in the
description and disc ssion
phenomena i s di fferent from
eithe r these It is defined
as follows If two stra i ht
l ines lyin i n the same plane

di er in direction they will in tersect About the point of inter
section as center and in the plane of these two l ines draw a ci r
cle s lu t l t e n r
pt t s r le u l l t r u
u l

n t n le
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It is evident since circumfe rence of a circle is a length
e ual to times the radius that in right angle there wil

be quarter rad ans ompute and

the margin of this page record the number degrees in
radian

P

E pl in j s th t li it d str ight l ine vecto
q ntity while the length of s ch l ine c l r q ntity

Wh t light doe the ety ology of the word vector shed pon
present e ning

How ny r di ns the ngle btended by e icircle
The vol e of c be F ind the re of one f ce of the c be
Dr w p ir of es right ngles to e ch other W ith reference

these es loc e the point wh ich h ve bsc ss s ordin t
fol ow s

OINT A CI A OR INAT

ny c bic centi eters the vol e of he isphere of
r di s

Dr w three t lly rect ng l r es of coordin tes loc te
poin s whose co rdin tes l

Find the length of the vector join ing the two points w ose position
given the preceding pro le

hich of the follow ing poin s f rther fro the origin
or

The t lly perpendic l r ides of ri ngle
cen ti et rs respectively length F ind the re of the t i ngl

q re centi eters the length of the hypothen se in centi eter
Co p te the n ber of second of one r di n

L c te the follo ing po ition vect r

Considered nit of vol e wh t dv nt ge the c ic centi
et r over the c bic inch

Indic te hree di e sions the position of point whose pol r
See

Loc t the two following point by of pol r co rdin tes de
r ine which of the ne rer to the l ine of reference
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CHANGE OF OSITION

I

S ince position a particle can always be de ned by
a strai ht l ine of a definite length drawn in a definite d irection
i t evident that if the particle moves to a position the

l ine which describes this new pos tion will in general
i er fro the old one in its two characteristic feat res in
length and in ang l r position this l ine may change in

length only in which case the
particle moves along a straight
line I t change in ang lar
position only in which case we
have otion on the surface a

sphere
S ppose now that a particle at
F ig has moved to a point

Q such that the l ine has
changed in length and also in
angular position I f we take
the posi ti on of the partic le
as a point refe rence

it i s then clear that the
posi tion will be described by the straight l ine Q j oin ing

the new and old positions
vidently then we may describe the position Q of the

particle e ither by giving the two strai ht l ines and
by simply iving the straight line by either
process we definitely locate the new position Q

ups t l t er t t n e p s t
es r i e tl s m sit n tself nam l
t tin l t se se ir t st i t l

Ch n e p s t n nt t
v n rect n

A

eferring to let us denote the vector by the
vector by and the vector by Then i t ill be clear
that the new position Q of the particle may be lo ated in either
of two di erent strictly equivalent methods

method the particle at Q i s located as the terminal point the
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vector the other method it is the terminal point of two
vectors and placed end end with thei r arr ows in the same
sense s e l t s t Q st

r t r
r s

e t r
w s

In the
al ebra vectors this fact is
e pressed by writing

an equation which contains the
whole story of vecto r addition
In ordinary al ebra which deals
only with scalar q antities we
hould have

ect r t n

but th is i neq ation refers merely to lengths and not at to
d irections
The resultant of any number of vectors is obtained by pre
the same process na ely placing these vectors end to

in any order and then joining the in itial
point of the first vector to the terminal point of the last vector
This graph cal method gives rise to the vector po ly on as

ill str ted in where the res ltant of the vectors
and F rom what precedes it will be seen that vector addi

tion means n othing more than
what is implied in state ent
that far as mere transporta
t ion is concerned it all
same whether travels by
train directly from hicago to
ittsb r oes first from
ca o to Toledo thence to leve
land and thence ittsb r

S ince the Sign a vector determines its sense sees that
the subtraction any given vector from an other is precisely
the same as add ing this ector to the other having first
versed its sense
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When a particle receives a displacement which is represented
by any given vector the q estion often arises
as to what the amo nt the displacement is in some other

direction say
This is found by lett ing fall from

the terminal po int
lar upon the l ine I f denote
the foot of this perpendic lar we
may consider the vector as
b roken up into two components

Ill str t n the es l t n and of whi h the former
vect

l es e t rely along the latter
has no component along F rom the definition a cosine
It Is ev dent that

As has been observed the position of a rigid
body is fi ed whe any three points in the body not lying in
the same straight line are fi ed Accordingly we that the
positions bodies change in several d i ferent ways

If only two points are fi ed in the body as for instance
a wheel and a le held between two pivot points AA
t en the body is free t o rotate about the line j oin in t ese two
points m t r ut s
ure t t A bicycle wheel

lifted from the ground and sp n i s
instance

It may happen that only one
point is fi ed in the body as in the
case a walking st ick with its
lower end on the round Here the
body is ree to rotate about
dif erent lines as a es I t may
indeed rotate about any stra ight
l ine passin thro gh the lower end of the s tick

I t may be that no point in the body is fi ed that
the body is compelled to m ove in s ch a way th t

S ch a motion is call ed a u t l t It

c se p re t t n
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occurs in the piston a steam engine sled sliding to
and fro in its tracks also represents the motion

as ly a body may be rotated t ransl ted simul
Such a case is repres ented in the wheel of a bicycle

while be ing ridden
The st dent who pursues this s bject farther will find that

a rigid body may be changed from any posi tion to any
ther posit ion by simply translating it along a certain straight
l ine rotating it thro h a definite angle about a defi ite
a is onseq ently the first three cases j st considered are
special cases the fourth The fact then is that eve ry motion
any rigid body t rns to be either a pure t ranslation or a

p re rotation or a combination these in other words a
ri id body may s fer linear d isplacement an angular
placement a combination of the two
A s we have already seen l inear displacements are

s ented by vecto rs al so are angular displacements For
i gine the ro gh outline in F ig to rep resent any rigid
body having point
ed Take th is point as

ori in Imagine the body to
be t rned thro gh angle
abo t an a is Such
an ang lar displacement is
what we have j st called a
p re rotation It req ires
for its descript ion three speci

namely i the
direction of the a i s rota
tion i i the amo nt rotation the angle th rough which
the body t rned and the sense of rotation In short
this ang lar displacement requires a vector to represent
h s i f a grindstone be rotated th ou h its an lar

displacement wo ld be by a vector drawn in the

n l r sp c ent vect

direction of the a is the grindstone and a length the

sense bein s ch that i f one looks in the direction the arrow

st dent s ttent n here espec lly d rected to the f ct th t
vectors wh c rep esent n l r spl ce ent the res lt nt nde

pendent the order wh ch the vect rs dded e cept when the n l r
d spl ce en s nfin tes l



GENERAL PHYSICS

the vector the stone will appear to rotate in a clockwise
d irection Su el t t ir t t

ire t t ti e tl t t w
tween ir t v n e re t t t
r in r w s rew It en lle t

rew r l t It is important to observe that the r le
the addition vectors applies to angular displacements only
when these are ve ry small
In the later parts physics we shall meet many quanti

ties occ rring in pa irs s imilar to these two analogo s d isplace
ments l inear and angular which we have j ust been considering

DEGREES OF REEDOM

I

It i s interesting to obse rve that when a particle is fre
to change its position by moving any direction whateve r
i t can move in three and only three directions such that i ts
motion along any one these di rections has no component
along either the other two And it is evident that these
three directions are mutually perpendic lar for if they were
inclined at any angle other than a displacement
along a is would have a component cos along the other
These three directions are represented theref re by any three
rectang lar a es In vi e these facts a particle is sa id to
have three e rees free In other words a particle has
three possibi ities in the way of translational m otion I t can
rotate because by definition has no appreciable di e

S ons
II

The case is quite di erent with an e tended body
sider a co in a metal cylinder any r igid body whatever if
i t is perfectly free i t can be translated parallel to any the
three rectang lar a es ike the particle i t has three degrees
of translational freedom imagine this body s pported
a s in le pivot in the same anner as a spinning top Here
point i s fi e so that the body has no freed om

i on yet i t is clearly possible for the body to rotate abo t any
th ee m tual y perpendicular a es passing through th is
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fi ed point A ro tation a o t any one these a es will have
no co ponent rotation about eithe r of the othe r a es A

rigid body not constra ined in any way is said therefore
have three degrees freedo of rotation makin in al l
de rees freedom for any nhampered body namely thre
of translation and three of rotation
The st dent will find it both interesting and important
iscover in any partic lar case constrained motion just

any egrees freedom a body has for the advanced
st dent will find late r that the whole behavior of a body may
be described by of as few as the body has de
grees freedo

When the motion is in a s ingle pla e the ri id body
can be tr nsferred fro any one position to any other position
in that p ane of co rse by a pure
rotation alone

prove this theorem consider
any two positions of the body as
represented by and in
F ig isect AA and also
raw perpendiculars th ro gh these
po ints of bi section enote by
the po i t where these
l rs intersect hen a is about
which the body st be rotated
to b ring into position Ill str t n st

ener l pl n t n
pe rpen c lar to plane and

passes thro h the point evidently the t r ian le
may be rotated abo t this a i s ntil it i s e actly superposed
upon the congr ent tr angle

P

How ny degrees of freedo p rticle which co pe lled
ove pl ne

A r le free roll floor free to le ve the floor
ny degree s of freedo

Design rigid body one degree of freedo of tr n sl tio
one of rot tio
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How ny degrees of freedo one of the b ll on the gov rnor of
ste engine

Most otions th t e p oyed in ct l chinery con tr ined
they h ve le ss th n degrees of freedo Wh t yo r e sti tion
the peci l c se wh ich occ rs o t freq ently ch ines

In the fol lowing otion of rigid bodies disting ish cle rly which
c se of p re tr n sl tion wh ich c es of p re rot tion wh ich
c s involving both tr n sl tion rot tion
The otion of door on h inges
The otion of c rri ge wheel w ith reference to e
The otion of c rri ge whee with reference to the ro d on h ich
tr vel s

The otion of rocking ch ir one rocks
v The otion of the eyepiece one foc ses p ir of oper gl ses
The otion of the bl de wit reference to the h ndle when one opens

p cketkn ife
Wh t vector wil l de cribe the fin l position of who w lk
i les N then t rns w lks iles
Two bo t s il fro the e port the end of ho rs one

tr veled other S E W h t vector w il l then
represent their rel tive positions iles S

The coordin tes of two points Find
the vector which joi s this p ir of points

p r icle ove circle st rting fro given point wh ich we
c ll the origin F ind the vector wh ich describes the position of the

p rticle when of the circ ference been tr versed

Plot the fol lowing fo r points ho th t they the corners of
p r llelogr

Wh t the rect ng l r co ponents of the vector wh ich joins the
following points

ATE OF HANGE OF OSITION VELOCITY

It i s to be carefully observed that we
have been concerned not at al l with the history the body
tween the ti e its leavin its old position and the time o f
its reaching i ts new position We do not care long a body
may have been in changing its position nor does it matter
throu h what cause it may have changed its position We
have been concerned only with a ethod describing most
simply and most completely the change in position of the
body When howe er it is asked this change occurred
we are led the considerat ion of and
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In the world abo t us we find motion to be a state matter
which is quite as nat ral perhaps even more nat ral than
rest isplacement may be cons idered the res lt motion

very often we Shall be concerned rather with the rate
motion Accordingly we must now consider the method
describing a rate motion a velocity
When a b ys a railroad ticket from New rleans to
oston he pays for displacement and in general the price
a railroad ticket varies d irectly as the amo nt displace

ment o e s choice of a tr in depends lar ely pon its
speed or rate displacement The di erence in price between
a good watch and a poor depends principally upon the rate
at which the an ular position the hands chan e If this
rate is n iform the watch is well made if the hands do
not move at a fai rly c onstant rate watch is poorly made
While etymologically the same the words rate and ratio

n ow have di e rent meanings the former is a special case
the latter whi e ratio denotes the quotient of
q antity by another rate e ployed in physics mean
only the ratio of some q ntity to a ate nless othe r
wise specified is always e act syn onym t e t time
always appears in the any rate The rate of
interest the a o nt money pays for the use of a dollar
divided by the nu ber of years has used the dollar The
death rate is the total n mbe r of deaths amon a tho sand
people d r ing any period divided by the number years in
that period

before we can measure t ime rates we ust decide pon a
sta dard and a nit time These are described in the fo llo
ing paragraph

T ME N IT T ME

v e t m u
pp t v luti ut r w e s lar

This interval is universally e ployed as the standard of
time p t e l r lle

us ti w rl u t t m
Intervals time can be co pared with marvelous accu racy

by means of watches clocks chronographs
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DEFIN ITION OF SPEE

ore than a cent ry ago it was proved by avoisier
great rench chemist that all matter has a continuous e i st
ence from which fact i t follows that a particle moves from

point to anothe r i t m st occupy every intermediate
position alon the ro te This route is then a contin ous
geo etrical curve Accordingly the p t of a particle de
fined as the contin ous locus of al l the successive pos itions
which it occupies are able to define clearly what is
meant by sp na ely t w rt le m ve l

t irection motion it will be observed does
enter into th is definition A man who d ring fifteen minutes
walks a mile along a winding owpath travels with precisely
the sa e average Speed as another man who walks a mile in
fifteen minutes along a straight ci ty pavement

us denote by the distance which a particle has moved
along any path d ring the time Then purposes com
putation the average speed of the particle i s e pressed as
follows

Average Speed

i f the speed the particle is varying from point to point
as is usually the case in nature then denote by the distanc
traversed by the particle at the end of the time and by
distance trave rsed by the end the time i f
and be so chosen that i s very little earl ier than and a

very l ittle later than the speed at any instant will be

Accordingly one writelimit approached by the rati o

Speed at instant

where the subscr ipt indicates that approaches
defin itely near to
The necessity fo r some e pression of th is kind will appea

when one asks such a q estion as What i s the speed a

b sebal l thrown vertically into the ai r The q estion
meaning nless specifies so e partic lar instant time
for the ball every speed from the in itial speed with which
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it left the hand the thrower to ero which is its speed at the
path

Speed is therefore really a The conception a

limit is somethin which each st dent sho ld br ing with him
fro a st dy elementary geometry not having acq red
it there he sho ld now master it once for all S ince the idea is
one which is es ential even in ele entary physics

N IT OF SPEED

Having adopted the centimeter the unit of length and
the second as the nit time we have no tro ble in settl ing
pon pr p r s ient unit spee el spee
entimeter per se n n i eer w ver r ll pl ys
f t per s unit spee

P

Find the ver ge peed i les per ho r of s er which ke s
the p ss ge fro New ork Liverpool

ho r tr in fro ork to Ch ic go st ke
h t ver ge peed

shot tr vel s d st nce of k ilo eters in Find ver ge
peed eters per econd

sp ed of ft per econd eq iv lent speed of how n
centi eter per second

A fired di t n e k ilo eter the report he rd
sec l ter Fro this obse v t on co p te the peed of so nd

Light tr vels fro the to the e rth bo t The
t nce of the fro the e rth bo t il l ion F ind the
pro i e speed l ight ile per second Wh t is the v l e of h s
spe d et rs per second

w lks the r te of per ho r nother w k the
r e of per ho r Wh ich one tr vels f ster

ss ing th t circ ference of the e rth the eq tor is
find the peed of p rticle on the eq tor ro ting once

ho rs E pre th i speed les per second o et r per second

DEF IN ITION VELOCITY

It is evident from the preceding e a ples that speed
alone is not s c ient to dete r ine the rate at which a p rticle
is changin onsider for instance a particle which



GENERAL PHYSICS

moves through a small distance from to along the curved
path indicated in where is located by the vector
and by the vector In order to describe the rate

change of
i t i s necessary to
know only how
far the particle
moved in passing
from to
also i n what
tion the line join ing
and lies
It is c ear of

course that when
a particle moves i t
always moves at
any particular
stant i n some

direction in some sense completely describe the
motion at any instant it is necessary therefore to know n ot only
the speed but also the direction and the sense the motion at that
instant This can be most conveniently done by ve t
ll v l ty w i s r t e s t t
m ti n w i len t qu l spee

t Such a vector completely describes the velocity of the
particle at the partic lar instant under consideration eloci ty
is therefore a vector quantity and speed a scalar To
illustrate A boat leaves her pier and steams in a strai ht
l ine at a speed iles an hour for hours rom this
information all that we know the boat s position is that
now lies somewhere a ci rcle of iles radi s having the
wharf for center If h owever her veloci ty instead her
Speed had been iven by sayin that she steamed for ho rs
at a mile rate in a northeasterly irection her present
posi tion wo ld be accurately known l t is accordingly
defined as the t e s t the particle
in terms of algebra i f we denote velocities by
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Note carefully the di erence between this equat ion which
defines veloci ty and which defines speed the numerator
in is a vector while the n merator in a scalar
rom this follows the

D ISTINCTION ET EEN SPEED VE OCITY

Speed represents me rely the rapidity of motion while
velocity represents rapidity direction and sense Speed is
defined by a single n mber while velocity demands three
specifications namely amo nt direction and sense
ine two t rains traveling along the s e piece of do ble
track the goin n orth miles an ho r the othe r
going so th miles an hou r oth trains have the same
speed and the same direction their velocities are as di fer
ent as they can be for they are directly opposite in Sign
in sense

VELOCITY ODY

We leave now disc ssion a particle and pass to
the consideration e tended body a body whose
dimensions cannot be neglected in comparison with other
q antities involved And since we h ve fo nd that
any change in the position of a body can be defined by not less
than two vectors a translation and a rotation it fo llows that
the at which a body changes position will req i re for its
description two velocities
I f the motion the body is one translation only it i s

the same as that a car along a straight piece rai l road
the linear velocity the sa e for eve ry particle the car
and this velocity i s completely described when the speed
any one point on the car and the direction of the track are
given

s ppose the car placed a t rntable and
the t ble then made to rotate particles near the end of the
car will move rapidly th ose near the center will move slowly
In general the speed of a particle will vary as the distance
from the a i s the turntable How shal l we describe a mo
tion whi h is apparently complicated This i s very easily
done when we recall that practically the only quantity cha
is the an lar position the car and that this chan e

the same for every part of the car
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Imagine th is car to have t rned through an angle of
radians
onsider ne t any line drawn in the car the back

of a seat or the edge of a window sill each has been t rned
thro gh the same angle Indeed the new position of the
car is definitely fi ed when the motion is one of rotation only

by saying that
rate at which the angle varies with ti e is

cal led the ul r spee the car regardless of the a is about
which the rotation takes place

NGULAR SPE D

And in general i f be the ang lar position of any line
in a body at a time and its an ular position at time
then its average angular speed is defined and completely
descr ibed by the following e uat io

e n n e t n
n

spee

n t ul r s v ntl t t w t w u t
t t r er e r r i per se
The e ineer gene rally employs a unit of ang lar speed

which is only abo t tenth as large as this namely
for which he uses the symbol

If instead of the average an lar speed we wish to meas re
the actual angular Speed at any particular instant we m st then
take the average speed over an indefinitely small interval of
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time including this particular i nst nt This operation is indi
in the following notation

n n e t n
l r spee

NGU AR VE OCITY

The numerical value in together with the
direction and sense of the a is abo t which the rotation occ rs
are the three Specifications which describe any an lar velocity
It is evi ent then that specification is sufficient to define
an lar speed three specifications are req ired to define
ang lar velocity
The graphical representation of ang lar veloci ty is q ite as

simple as that of l inear velocity fo r we have only to lay
along the a is rotation as many nits length centimeters
as there are radians per second in the ang lar speed

it t is nve ti n st i t l i e
represents n ul r vel it l n t sur s

n ul r spee ire ti r t is
ti n w ile rr w i t

e s t ti
An ang lar elocity is said to be

positive when on looking alon the
posit iv di rection of the a i s the
ody appears to rotate in the sa e
sense that a ri ht handed screw
pears to rotate when looks along
the direction of its advance When
the rotati on is in the opposite sense
i t is called negative

rate at which the ang lar velocity the earth is chang
ing is fa irly well know for its a i s chan es direction at a
c onstant r te and descr ibes a co plete ci rcle in the once
in every years No variation in the ang l r the
arth has however ce rtainly been detected altho gh it is well
known that the fr iction the tides m st be slowin the
arth to so e slight tho h as yet nmeas rable e tent
This phenome on is bea tif lly ill strated by spinning any
rdinary top From and it is clear that an lar speed
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i s a quantity which strictly analogous to linear speed while
and Show that l inear and a gular veloc ities are l ike

wise strictly analogo s

ELATION ET EEN LINEAR NGULAR SPEED

onsider po int in a r gid body rotat
ing about any fi ed a is a wheel i ts a le instance

the perpendicular d istance this point
from the a i s of rotation be I f
ang lar speed the body it will

rotate once In seconds

while the body performs rota
tion the particle at has moved over a
distance

etween Its average speed is therefore
l ne n l r spee

istance
Time

se e is ul r sp e
l i e r pe p rt le t er f r l t
f ll w qu t

P

boy tt ches ll stone to the end of tring wh ich cen ti
eters long then sw ings it b t he d the r te of t rn s per
econd Wh t the l ine r speed of the stone in centi eters per second
The belt of driving p lley tr vel s speed of per second

The p lley rot t s ti es per second ss ing th t the belt does not
l ip on the f ce of the p lley co p te the d i eter of the p lley

In the c se of w tch co p te the ng l r speeds of the second h nd
the ho r h nd respect vely

Wh t is the ng l r speed of bicycle w eel king revol tions
in te r d i ns per second
The front heel of b icycle d i eter F ind the ng l r

peed of the wheel bo t le when it ridden the r te of per
ho r r di ns per econd
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r i ar be se i l s ra e case a
avi a c a lar s e sa e i s a a var a le a la
vel ci

w a w eel e i e w s ea
i s ra s a lar vel ci y ic is if r irec i var a l
s e
W a cl ck aker r ce i s r e ic

i l ive c s a a lar s ee c s a a lar vel ci

CH NGE EL I Y DD I I AND SU R C I N
EL I IE

to this p i t we have c sidered a particle which
urged ly by si gle velocity It ofte happe s however
that a particle has i pressed upo it two or more
velocities at the same ime For i sta ce if a be sitti g
a movi g street car his motio with respect to the earth
irectly al g the rails If h wever he cha ge seat to
directly opposite the other side the car his motio with
respect the earth as he walks acr ss the car is alo g
rails acr ss the rails a diago al di rectio
i dicated Fig is a straight li e which i dicates

RAI

FIG v l c s

velocity of the car i s a straight li e which represe t
the velocity of the with respect to the These vectors
are added as all ther vectors is said to be the

of the there
f re the straight li e which represe ts the ma s oti with
respec the earth
S i ce vel ci ty is a vect r qua tity i t i s evide t that we may

at o ce apply to it the ge eral rules for vect r additio
subtracti these ab ve Thus havi g give
a particle w ose speed is wh se directi i s defi ed by
its vel ci ty will be the vector Fig Let us supp se
the motio to take place the Y pla e The i f we desire
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the velocity of the particle a directi parallel to the axi s
it i s o ly ecessary to proj ect the axis of

We thus obtai as the required velocity l ike m a er
wil be the velocity parallel to the axis of or terms

of algebra
cos

like a er i f i t is desired to fi d the compo e t of the
velocity resolved other directio say alo g the li e

which makes a gle with we have

gular velocities are comp u ded
the sa e ma er as li ear velocities

ALL EL IVE

the case ab ve co sidered where a cha ges his
seat fro side of a car to the other the questi might have
bee asked What is his moti The
a swer w uld the have bee that his velocity with respect to
the car is co pletely represe ted the straight li e B Fig

This same
sul t may be ex
pressed graphic
a l l y b y s a y i g
that the c p
e t of a vel c ity

g i v e
directio is the
proj ecti the
vect r which rep
rese ts that

u p o a
s t r a i g h t l i e
d r aw th e
give directi

resolved precisely
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Whether the the ma s velocity is repre e ted by
depe ds e tirely upo whether we take the earth or the car
our refere ce poi t

so it is with all velocities ach is a v l i i th
refere ce to s me poi t which for the time b g co sider
fixed If a seated a railway car which is tr vel i g
the rate of miles hour we that

rest or motio accordi g we take for our ref r n e p t
some part of the car or some part of the a th

r l

e rese a ia ra vel c i a a w c ei
eas ra e r w ile c rre ca r s
ra h r
w e l a is ri i r ra r a ai a

h a wi w ic re ar i ra r W a
s e w l ake if re were wi

W a s e w l s sa e wheel a ake if he r e ar
r e w i wi

ca al a is we ra e r fas s
a walk eck r er a he re ai res wi res ec
w a h

w eel ri er ravel s eas ra e r w ile
w i l wi fr r w i a s ee r Fr
w a irec i wil l wi a ear s rike ri er

A a is r we river a s ee s il l wa r w l
r se riv r fl ws ra e r
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ATE CHANGE ELOCITY ACCELERATION

avi g co sidered three fu dame tal ideas posi
t io cha ge p sitio velocity we proceed to the study
Of a fourth fu dame tal qua tity amely rate Of cha ge Of
velocity
I f all the motio s we e cou ter ature had velocitie

which were u iform both directio speed the
lary Of physics would be eve smaller tha i t lthough
the behavior Of a good clock or the rotatio Of the earth its
axis are marvelously close a proximatio s c sta t a gular
peeds it is i teresti g fact that i sta ce of perfectly
sta t peed yet bee discovered ature or i ve ted by
The moti o Of a cutti g tool a haper fairly co sta t so
far as co cer ed but i ts peed is by mea
co sta t

EFIN I I N LINEAR ACCELERATION

If the velocity of a particle i s u iform it must
because either the directio of the otio or the speed of
motio is cha gi g or both For these are the o ly two

variable eleme ts vel city he either or both
these cha ges ccur whe

the vel city the particle
cha gi g the otio i s said to
be accelerated
If the vector Fig

represe ts the velocity of the
particle at a time the
vect r represe ts it at a
time we k ow from the prop

Of vectors that the t tal
cha ge velocity duri g the i terval is represe ted by the
vector other w rds straigh t li e j oi i g
is as ma y ce timeters lo g as there are uni ts Of speed the
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Of velocity Not o ly but directio Of
this straight li e is the sa e as that the added ve ocity

To the rate has bee give the ame e t n

de ote this acceleratio by the cha ge velocity by
the

l r t n i r t w t l
l si vel it This rate is always c sta t

co seque tly the average acceleratio will depe d such a
case upo l g i terval is covered by the average
order to get the actual acceleratio at particular poi t of

time we must take the average over i defi itely small
i terval time i cludi g

ler ti i s c r i l it r a he at
t e i r e t v l it rr in n t
t If therefore a particle is m vi g with u if rm

vel city its acceleratio is zer Whether particle is
movi g fast or sl wly makes di fere ce SO lo g as its
velocity is cha gi g its acceleratio is zero

UNIT ACCELERATION

From this defi i g equatio our u it acceleratio
is btai ed exactly as we obtai ed our u it velocity we
make each Of the terms the member u ity the
must be u ity We thus arrive at the followi g defi itio
it l ti el rati w i it e vel
is r u e u it ime
Si ce pure scie ce the ce ti eter per seco d is the u it

Of vel city the atural u it Of acceleratio is th e
fte writte Thus a projectile

fired fr m a gai s duri g each seco d a vel city of appr x
ce ti eters per seco d toward the ce ter of the

earth ccordi gly the accelerati of a body falli g freely
u der gravity is said to be sec e gi eers u its
this qua tity would read appr xi ately ft
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ANGULAR ACCELE ATION

gular velocity l ike li ear depe ds for its value up
two variables a ely the directio Of the axis rotatio
rate of r tatio I f spi i g body either O f these two
variables cha ges the body is said have a gular accelera
ti Thus the shaft Of a turbi e steamer may be r tated with
a c sta t a gular peed if the steamer is cha gi g her
c urse the a gular velocity Of the shaft is cha gi g the
haft is said have a gular acceleratio If at a other
ti e the boat be movi g a perfectly straight li e the
speed Of the turbi e be varyi g the motio the shaft is also
said to have a gular acceleratio

ge eral the veloci ty Of a spi i g body varies fro i sta t
to i sta t as exa ple fly wheel a statio ary e gi e
that i f we wish to btai the a gular velocity at a particular

i sta t we must choose such a way that shall
be a time a very li ttle later tha a ti e a very l ittle
earlier tha The if we de ote by the a gular velocity
at the i sta t by the a gular vel ci ty at the i sta t
the a gular acceleratio at i sta t will be the limit

by as appr aches zero
D fi q a

l r
acc l ra

S i ce the umerat r the right ha d member is a vector qua
ti y while the de i ator is a calar it f llows that the
a gular acceleratio is also a vect r qua tity is there
f re compou ded resolved as are ther vector qua tities

IMPORTANT SPECIAL CASES

avi g co sidered some detail the three fu da
e tal c ceptio s ki ematics a ely positi veloci ty
acceleratio we proceed to the study highly i ter

esti g special cases

CAS I

If Fig the velocity a particle be cha ged from
to the poi ts all lyi g the sam
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straight li e the the acceleratio results from a cha ge
s eed o ly For the vel city of the particle all the whil
alo g the straight li e
ere the accelera io is
the same directio as the
motio Of the particle
Let us imagi e that the

speed of a particle cha ges
fro to
i terval Of time that
through ut the motio

Let call the acceleratio the
particle will gai u its Of speed duri g each seco d

duri g time is therefore give by the
followi g expressio

If we happe k ow the speed Of the particle at
begi i g the i terval call it the the actual speed
the Of the i terval will be the origi al speed lus the spee
ga ed

or

This equatio is very useful for i t o ly describes the
variable peed at each i sta t Of ti e but it also e ables us
c mpute the value Of the four qua tities i v lved
s o as we k ow the ther three
case a particle loses speed the we have a egative value

he ce a egative value for the equatio

For these problems is always positive
i freque tly we hall wa t k ow so ethi g mor

about the moti Of the particle tha its mere peed We
fte wa t to k ow what the positio of the particle is after
certai i terval duri g which its motio has bee accelerate
If the acceleratio is a co sta t the the gai speed
time goes will be proporti al to the time

the speed of the particle from the begi i g to
Of the i terval is value of the speed at the middle of his
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i terval viz the speed represe ted by the li e F ig
but this speed is by defi itio the mea of

take this average value of the speed substitute it for
thus bta g

which is all this average speed We may

where i s the e gth of path or simply the dista ce covered
by the movi g particle
For the special case which we are co sideri g amely

motio a straight li e thi equatio together with
tells the

w h o l e s t r y
gives us the speed of
the particle whe we
k ow the acceleratio

the durati of its
actio the other gives
us the cha ge the
positio of the particle
If betwee these

quatio s we elimi ate we get a other useful expressio giv
us the spe ed Of a particle terms of its acceleratio

the dista ce traversed amely

solve problem the u der this special case which
have just bee co sideri g directi of velocity co sta t
peed variable has merely to bserve which Of the ab ve
five qua tities are give which required
lastly which Of these three equatio co tai s the desi red
the k ow qua tities has the equatio to solve for
the u k ow qua tity

FIG

r l

icycle ri er s ar fr r s a ill
sec s f il l is reac e i a s ee sec
i avera e accelera i wheel ri esce il
ere are ive
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avi c e accelera i his ee f
ill c e le i l

rai r i r is s e a s e a lica i
r ke W a accelera i r ce rakes r er

s rai sec ere a ai are ive

W e s a is r e a ai a c s a acc lera i i s
is r ce l wil l f re rai a ai acq ire
ri i al s e r

ver w a is a c w ll is rai e ravele ile c i
res ir r l

far will rai ravel w ile a ai acq iri ri i al s e
f r r le

f all layer r i r ra e sec
verses vel ci y i r al is a ai r i is i e

wi a s e sec Fi ea accelera i ri
i e val

is si l a e sly r e ve wi h s ee s
res ec ivel re ai res
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eas rly c e is r F i w le vel ci

Wri e ar i r k s cial f r ic
ass e e ar icle s ar s fr r s



CASE II C

C

If however Fig the velocity a particle be
cha ged fro where the vect r c sta tly
equal le gth to

f
Such oti takes plac

whe a particle ves a
circle at a u iform speed
It is approximated the
followi g i sta ces whe a

hirls ab ut his head a
small mass attached to the of a stri g a s all particle
gravel sticki g to the wheel of a bicycle moti the earth
its revolutio about the the motio the moo its

orbit about the earth each particle which goes to ake up the
fly wheel e gi e

each these cases let us co sider the ce ter of
circular path Fig as a fixed p i t refere ce

let us draw a straight li e from through the poi t wher
the particle l ies whe we first
begi to bserve its motio ECT R

all this l i e
For a clear u dersta di g

this motio it is ext esse tial
that the stude t disti guish care
fully betwee the p siti the
path the velocity the
movi g particle
The positio a particle at
i sta t c pletely give

whe we k ow the particular radius which j i s the particl
the ce ter that i sta t
the path a particle is mea t the li e which

made up the successive positio s of the particl e
The velocity the particle at i sta t is evide tly a

d rectio which ta ge t to the circle at the poi t where
particle is at that particular i sta t
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Ima i e the particle at time to be at the poi t
The directi the velocity will there be perpe dicula

the radius the same is true at other i sta t
circu ar m tio the straight li e which represe ts the

velocity which represe ts the positio the
particle are al ays at right a gles to each other
If we wis to represe t the velocity co pletely we must

choose for the co sta t le gth this ta ge t li e as ma
ce timeters as there are u its
the co sta t peed the particle

Fig let
represe t positio s a partic e
at s all i tervals time

Imagi e the particle to be mov
with u if rm speed a cir

cle draw at
right a gles to
respectively may the
se t the particle
its positio s respecti vely
We determi e at o ce the acceleratio

particle For if the a gular speed of the radius be
that the speed the particle is the the gu

lar speed of is also because it keeps always just
ahead the p i t will describe a circle radiu
with a speed total cha ge the vel city

the particle remember there is cha ge speed dur
time is c mpletely represe ted by the li e
is the velocity which must be added to the vel ci ty

to give the velocity he ce by defi iti

cceleratio the particle

measures the speed of the po he c

equal to a directi at right a gles to
e ce the acceleratio a particl e movi g with peed
a circle is completely described by say g that the directi

of the accelerati is parallel to the amou t
accelerati is equal to we may say the e rati
lw s t w r t eri ll l
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si ce we m ay also write
ccelerat o of a part cle

movi g a circle R

I f we de ote the ti e of revolutio a particle a
i terval k ow as the eri of the motio the

have he ce substituti g

cceleratio towards ce ter

We have a complete descriptio the m tio a
article which moves with u i form speed a ci rcle The
tude t should be able to put i to words the mea i g of each
these di ere t expressio s For example the last form

R
u if rm speed a ci rcle is co sta t is u erically equal
to the li ear speed of the particle s uared divided by the
radius the path

says that the acceleratio a particle m vi g with

ENERAL CASE LINEAR A CCELERATION
We have co sidered some deta il two special

ases acceleratio which the speed lo e varies
the other of which the directio alo e varies
The importa ce which attaches these cases arises
artly fr m the fact that the acceleratio of particle what
ver movi g at give i sta t path however t rtu
ous may always be resol ed i to comp e ts alo g
path ormal the path these two c mpo
bel g respectively to the special cases which we

have just studied We thus have the ge eral result
ector of the accelera io alo g
the path the acceleratio ormal
to the path

The adva ced stude t will disc ver ector alysis a
uch more elega t method of treati g this subject

Total acceleratio
particle

ADDITION U R C I N ACCELERATIONS

i a eler ti ve t r u tit ll ws e th t
elerati s a e su tra te m m n r
el i i s th r ve t rs See
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EFINI I N ANGULAR ACCELERATION

Co sider spi i g body such as the propeller shaft
a steamer a top the earth the fly wheel e gi e or

gri dsto e I t i s at o ce clear that the a gular velocity with
which of these rigid bodies rotati g may cha ge either
of two ways as already i timated amely
i The a gular speed of the body about its axis may c a ge
for i sta ce that of a fly wheel whe the e gi e is just

starti g stoppi g
ii The directio the axis r tatio may cha ge

for i sta ce that of the propeller shaft whe the stea er
tur i g arou d without slowi g up her e gi es body
which is ha gi g ei her these two respects is said
have u a l r t n This qua ti y is a vect r a
strict a alogue li ear acceleratio e oti g a gular
ities by a gular acceleratio by we hav
already btai ed the defi i g equation

UNIT ANGULAR ACCELERATION

n the r te w i a is r t t n ha s
r n a e v l a ul

el r t n nit

IMPORTANT SPECIAL CASES

orrespo di g the two pecial cases of li ear accel
rati we have here also two pecial cases

CASE I C

ere the wh le story is t ld by three si ple equati
which are ide tical f rm with
e oti g a gles by a gular peeds by a gular accelerati
by time by has
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CASE I I C

ere agai the a alog e is complete the axis about
hich the accelerati occurs is at right a gles to the axis
spi the amou t acceleratio is give by expressio
which is ide tical form with amely

cceleratio ab ut
axis or al to axis
spi

where as before is the a gular speed with which the body
is spi i g while is the a gular speed with which the axis
pi is cha gi g directio
This case is well illustrated by the ordi ary gyroscope also

by the moti the earth a body which the co sta rate
pi i s radia s a day which the axis pi

has its directio cha ged at the rate by the pull the moo
upo the equatorial belt the earth bserve that j ust as

the three qua tities are vectors each at right
a gles to the other two so here are
three mutually recta gular vectors
The stude t will i t i teresti g exercise to prove that
gular li ear acceleratio s at poi t a rotati g

rigid body are co ected the follo i g equatio

equati which is strictly a al gous to p
This subj ect is wh se detailed discussi at th s p i t

would lead us too far afield but it is hoped that every stude t
will at least get a fai r grasp of the exact a alogy betwee
tra slatio rotatio i e atics thus reduce the
c plexity the subj ect by at least half

ALGE RAIC SUMMARY INEMATICS
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Le gth time gle ti e


