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PREFACE

This collection of problems IS based on the International System
of Units preferred today in all the fields of' science, engineering
and economy,

Other units can be converted to 51 units with the aid of the
relevant tables given in this book.

Each section is preceded by a brief introduction describing the
fundamental laws and formulas which are used to solve the pro
blems. The solutions to the problems and the reference data are
appended at the end of the book.

Printed in the Union of Soviet Socialist Republics
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INTRODUCTION

1. International System of Units (51)

Various physical quantities are interrelated by equations which ex
press the relation between them. For example, the acceleration a im
parted to a body with the mass m. is related to the force F acting upon
this body by the equation

F=kma (1)

where k is a factor depending on the units in which F, m and a are mee
sured. If the units of mass and acceleration are known, the unit of force
can be so selected that the factor k in equation (1) is equal to unity.
and thus

F=ma

With this aim, the unit of force should be the force which imparts
a unit of acceleration to a unit of mass.

By treating any newly introduced quantity in the same mariner,
its unit of measurement can be found from the formula which determin
es this quantity; thus a system of derived units can be obtained.

Various systems differ from each other by the units taken as the basic
ones.

This book is based on the International System of Units (SI) adopted
by the Eleventh General Conference on Weights and Measures in 1960.
The USSR State Standard GOST 9867-61 defines the SI system as the
one preferable in all the fields of science. engineering and the national
economy, and also in schools and colleges of the USSR.

The International System of Units (51) is divided into several inde-
pendent systems for various fields of measurement, as follows:

I. System of mechanical units (GOST 7664-61).
2. System of thermal units (OOST 8550-61).
3. System of electrical and magnetic units (OOST 8033-56).
4. System of acoustic units (OOST 8849-58).
5. System of light units (CJOST 7932-56).
6. System of radioactivity and ionizing radiation units (OOST

8848-63).
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The basic SI mechanical units are the metre (rn), kilogramme-mass
(kg) and second (5). Added to these for various fields of measurement are
the-following basic units: the degree Kelvin for thermal measurements,
the ampere for electrical measurements and the candela for luminous
intensity.

The 51 system also includes two supplementary units-for a plane
angle and a solid angle.

The basic and supplementary 51 units are given in Table 1.

TABLE I

Quantity Unit Symbol

cd

m
kg
s

A
oK

rad
Sf

Basic Units
metre
kilogramme
second
ampere
degree Kelvin

candela

Supplementary Units

I
radian
steradian

Plane angle
Solid angle

length
Mass
Time
Electric current
Thermodynamic tempera-

ture
luminous intensity

Table 2 gives the prefixes used to form multiples and fractions of
51 units.

TABLE 2

Prefix Numerical
value Symbol II Prefix Numerical

\ alue Symbol

Atto lO-lfJ a Deci 10- 1 d
Femto 10- 1& r Deca 10· da
Pica 10- 13 p Hecto 102 h
Nano 10- 9 n Kilo 103 k
Micro 10- 6

~ Mega 106 M
Milli 10-3 rn Giga 109 G
Centi 10-2 c Tera io» T

-

These prefixes in Table 2 may be attached only to simple quantities
(metre, gramme, etc.) and never to such as "kilograrnrne", which al
ready contains the prefix "kilo". For the same reason, the unit of mass
m= 10' kg= 101 2 g, for example, should be called "teragrarnrne" (Tg).
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The term "megaton" sometimes applied to this mass is wrong. The
unit of length 1= 10-6 m is generally called a "micron", but the more
proper name would be "rnicrornetre" (urn).

The derived SI units are formed from the basic ones as described
above. The relationship between the derived and basic units can be
found from dimension formulas.

If the basic quantities are designated by l for length, m for mass,
t for time, I for electric current, e for temperature and J for luminous
intensity, the dimension formula of a certain quantity x may be written
in SI units as follows:

[xl= lam~tllaePJI'"

To find the dimension of x, we must determine the exponents 'X,

p, y, 6, p and fl. These exponents may be positive or negative, integers
or fractions.

Example 1. Find the dimension of work. Proceeding from the relation
W=Fl, we obtain (W]=l2mt- 2 •

Example 2. Find the dimension of specific heat. Since c= m~9 and
[Q)= [Wl, we get [C]=l2t- 2S- 1•

If the dimension of a physical quantity is known in the SI system,
it is easy to find the dimension of its unit in this system. Thus, the
unit of work obviously has the dimension m2kgs- 2 and the unit of
specific heat-m 2s- 2deg- 1 , etc.

Tables of derived SI units are given in the respective sections of the
book: mechanical units in Chapter 1, thermal units in Chapter 2,
electrical and magnetic units in Chapter 3, etc. The same chapters
also contain tables which establish the relationship between the 51
and other units, including non-system ones.

2. Methods of Solving Problems

When solving a problem, first of all establish the physical laws
which it is based on. Then use the formulas expressing these laws to
solve the problem in symbols, and finally substitute the numerical
data in one system of units. Besides the International System of
Units, other systems and non-system units are widely used in practice
and literature. For this reason the numerical data are not always given
in SI units. The relationships between the SI units, units of other sys
tems and non-system units are given in tables at the beginning of each
chapter. To solve a problem in SI units, all the initial data or data ta
ken from reference tables should be converted into SI units. The ans
wer, naturally, will also be in these units.

Sometimes it is not necessary to express all the data in one system.
For example, if a quantity is a factor of both the numerator and the
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denominator, this quantity may obviously be expressed in any units
provided they are the same (see Example 2 on p. 17).

When a numerical answer is obtained, pay attention to the accuracy
of the final result, which should never exceed the accuracy of the initi
al data. Most of the problems may be solved with slide-rule accuracy.
In some cases tables of four-place logarithms should be used.

As soon as the numerical data are substituted for the symbols,
write the dimension of the answer.

If a graph or a diagram is required for solution, select the proper
scale and origin of the coordinates, and mark the scale on the graph.
The graphs in the answers to some problems are given without a scale,
i. e., they show only the qualitative nature of the relationship being
sought.
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Chapter 1

PHYSICAL FUNDAMENTALS OF MECHANICS

MECHANICAL UNITS

The International System of Units incorporates the MKS system in
tended for measuring mechanical quantities (GOST 7664-61). The basic
units in the MKS system are the metre (m), kilograrnrne (kg) and se
cond (s).

As indicated above, the derived units of this system are formed
from the basic units using the relationship between the relevant phy
sical quantities. For example, the unit of velocity can be determined
from the relat ion

Al
v=M

Since the unit of length is the metre and that of time the second, the
unit of velocity in the MKS system will be 1 m/s. Obviously I the unit
of acceleration is 1 mls»,

Let us establish the unit of force. According to Newton's second law
F=ma

The unit of mass is 1 kg and the unit of acceleration 1 miss. Therefore,
the unit of force in the MRS system should be the force which imparts
an acceleration of 1 m/s! to a body with a mass of 1 kg. This unit of
force is known as the newton (N):

1 N=l kg-I mIs'
Let us now discuss the relation between the weight and mass of a

body. The weight G of a body is the force with which this body is at
tracted by the Earth, Le., the force which imparts an acceleration of
g=9.81 mls» to the body. Thus,

G=mg

As any other force in the MKS system, the weight of a body must be
measured in newtons. Sometimes it is measured in kilogrammes
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But it should always be borne in mind that the unit of weight
(kilogramme) is not a unit of the MRS system. To prevent confusion,
different syrnbols will be used for these two utterly different physical
quantities: a kilogramme of mass will be denoted kg, and one of weight
(force)-kgf. Let us find the relation between a kilogramme of weight
and a newton. A weight of 1 kgf is defined as the weight of a body whose
mass is equal to I kg, Le.,

I kgf=l kg·9.BI rn/s"
On the other hand

N=l kg-I mIs'
Therefore

1 kgf=9.81 N

The definition of a kilogramme of weight shows that the numerical
value of the weight of a body expressed in kgf is equal to the mass of
this body in kg. For example, if the mass of a body is 2 kg, its weight
is 2 kgf. The weight of a body in kilogramrnes must be converted into
newtons.

Example. The mass of a body is 4 kg. Find the weight of the body in
kgf and in newtons.

Answer: 0=4 kgf (not in the MKS system) and 0=4 X 9.81 N
(in the MKS system).

The unit of work is determined from the relation
W=Fl

The unit of work is obviously the work performed by a force of 1 N
over a distance of 1 metre. This unit of work is known as the joule (J):

IJ=lN·lm

Power is determined by the formula

p=~
t

Therefore the unit of power in the MK.S system is the power of a me
chanism which performs work of 1 J per second. This unit is known as
the watt (W).

The same method can be used to determine the derived unit of any
physical quantity in the MKS system.

Table 3 gives the basic and the most important derived units for mea
suring mechanical quantities in the MKSsystem according to GDST
7664-61.

Table 4 contains the relationships between certain mechanical SI
units, and units of other systems and non-system units permitted by
GOST 7664-61. -,
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Quantity and symbol Formu la Unit I
Symbol of IDlmensio,n

unit of quanti-
I. tv

Length l
Mass m
Time t

Basic units

I
metre
kilograrnrne
second

m
kg
s

I
m
t

Work Wand energy W = Fl
E

Derived units

square metre
cubic metre

Area A
Volume V

Frequency 'V

Angular velocity CJ)

Angular acceleration a

Linear velocity v

Linear acceleration a

Density p

Force F, weight Q

Specific weight V

Pressure p

Momentum p

Moment of inertia /

A = [2

V = 13

1
v=-

T
l\cp

0)= l\t

l\ro
(X,=-

l\t

l\l
u=-

l\t

l\v
a=-

~t

m
P=v
F=ma

a
V=v

F
P=jf

P = m I1v=
=F ~t

I = ml2

hertz

radian per second

radian per second per
second

metre per second

metre per second per
second

kilogramme per cubic
metre

newton
newton per cubic

metre

newton per square
metre

ki logramme-metre
per second

kilogramme-square
metre

joule

Hz

rad/s

rad/s'}.

m/s

N
N/m3

N/m'l.

kg·m/s

J

l-l

c-t

It- 1

tt- 3

I- 3m

tmt :»

i- 2mt - 1

tmt r)

Power P

Dynamic viscosity '1

Kinematic viscosity 'V

p = IlW
~t

F III
Y) = AXV'"

V= 2L
p

watt

newton-seeon d
square metre

square metre
second

w
per N :s/m2
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Quantity

Length

Mass

Plane angle

Area

Volume
Force

Pressure

Work, ener
gy. amount
of heat

Power

Dynamic
viscosity

Kinematic
viscosity

PROBLEMS

TABLE 4

Unit and Its conversion factor to 51 units

1 centimetre (em)= 10-2 m
1 mlcrometre (micron); 1 micron <....>= 10-0 m
1 angstrom (A) = 10-10 m
I gramme (g) = 10-8 kg
1 ton (t) = lOS kg
1 centner (q) = 10' kg
1 atomic unit of mass (a.u.m.) = 1.66X 10- 27 kg

n
I degree (0)= 180 rad

n
minute (') = 108X 10- 2 rad

second (·)=~8XIO-S rad

1 revolution (rev)=2n rad
1 are (a) = 100 ml

1 heetare (ha) = lOt m2

1 litre (1)= 1.000028X 10- 3 m3

I dyne (dyn) = 10-6 N
1 kilogramme-foree (kgf) = 9.81 N
I ton-force (toni) = 9.BI X lOS N
1 dyn/cml=O.1 N/m'
1 kgf/ml = 9.81N/ml

1 millimetre of mercury column (mm Hg) = 133.0 N/ml

1 millimetre of water column (mm H,O) = 9.81 N/ml

I technical atmosphere (at) = 1 kgf/cml = 0.981 X 10' N/m t

1 physical atmosphere (atm) = I.OI3x 10' N/m l (this non-system
unit is not listed in GOST 7664-61)

I erg = 10-7 J
1 kgf-m = 9.81 J
1 watt-hour (W-h) = 3.6 X loa J
1 electron-volt (eV) = 1.6X 10-18 J
I calorie (cal) = 4.19 J
1 kilocalorie (I kcal) = 4.19X lOS J
1 physical IItre-atmosphere (1·atm) = 1.0I X 102 J
1 technical litre-atmosphere (1.at) = 98.1 J
1 erg/s = 10-1 W
1 kilogramme-force metre per second (kgf-rn/s) == 9.81 W
1 horsepower (hp) = 75 kgf-m/s=736 W
1 poise (P)=O.1 N.s/m' =0.1 kg/m·s

1 stokes (St) = 10-· mils
-,
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EXAMPLES OF SOLUTIONS

Example 1. A stone weighing 1.05 kgf and sliding on icewith a velo
city of 2.44 m/s is stopped by friction in 10 seconds. Find the force of
friction, assuming it to be constant.

Solution. From Newton's second law we have

F~t = mvl - mVI

where F is the force of friction under the action of which the velocity
of a body with the mass m changes from VI to V2 during the time ~t.

In our case V2 = 0, and
F=_mVt

~t

The minus sign shows that the force of friction F is directed opposite
to the velocity Vi.

In the MKS system m = 1.05 kg, VI = 2.44 mls and ~t = 10 s.
Hence

F = - 1.05~2.44 N = -0.256 N

Since the initial data are accurate to the 3rd decimal place, the answer
should be given to the same accuracy with the aid of a slide rule.

By using Table 4, we can express the answer obtained in other units
IFI = 0.256 N = 2.56x 104 dyn = 0.0261 kgf

Example 2. A man and a cart move towards each other. The man
weighs 64 kgf and the cart 32 kgf. The velocity of the man is 5.4 km/h
and of the·cart 1.8 km/h. When the man approaches the cart he jumps
onto it. Find the velocity of the cart carrying the man.

Solution. According to the law of conservation of momentum

p~+ p-,,= m1vl+ m2V2= (m1+m2) v (1)

where m, = mass of the man
V 1= man's velocity before the jump

m'},= mass of the cart
V2= velocity of the cart before the man jumps onto it
v = common velocity of the cart and man after the jump.

From formula (1)

(2)

Since formula (2) is homogeneous, the masses m, and m, may be writt
en in any units provided they are the same. Formula (2) also shows
that since the units of the masses will be cancelled out, the unit of the
velocity v will be the same as that of the velocities VI and VI. For this
reason it is not necessary to convert all the data to MI(S units.

2-3574
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The initial velocities of the cart and man were opposite in direction,
and therefore their signs were different. Taking the velocity of the man
to be positive, we have VI = 5.4 km/h and v2 = -1.8 km/h. Besides,
ml= 64 kg and m 2= 32 kg. By inserting these data into formula (2),
we obtain

- 64XS.4-32X 1.8 k /h = 3 0 k /hv- 64+32 fil • m

The velocity v > o. Thus, after the man jumps onto it, the cart will
begin to move in the direction in which the man was walking.

Example 3. Water is pumped out of a well 20 metres deep by means
of a pump with a motor rated at 5 hp. Find the efficiency of the motor
if 3.8 X 105 litres of water are pumped out during 7 hours of operation.

Solution. The power of the motor P is related to the work W which
the motor performs during the time t by the expression

w
P=Tri (1)

where 11 is the efficiency of the pump. The work required to raise a mass
m of water to a height h is

W = rngh

The mass m of the water occupies the volume

V=~
p

whence

(2)

m = Vp (3)

where p is the density of water. Substitution of Vp for m in for mula (2)
and the resulting expression for W in formula (1) gives

p = Vpgh
tl)

whence
Vpgh

T)=pt (4)

Let us use Table 4 to convert the data of the example to the MKS
system. It is expedient to calculate the arithmetic values in the final
formula. In our case, V=3.8 x 105 1=3.8 X 10&x 10- 3 rn", p=

10- 3

=1 g/cm8= 10- 6 kg/rn-, P=5 hp=5 x 736 W, t=7 X 3,600 s,

g = 9.81 mIst and h = 20 m. Substituting these data in formula (4),
we finally get

3.8x lQ6X IO-3x 10- 3 x 9 . 81 x20
'1= lO-6x5x736x7x3,600 Q..8=80 per cent
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1. Kinematics

In the general case, the velocity of rectilinear motion is
ds

V= dt

and the acceleration
dv d2s

a = dt = dji"

In uniform rectilinear motion

V= ; = const

and

19

a=O
In uniformly var.iable rectilinear motion

at"
s::::;vot+ 2

v=vo+ at
a=const

In these equations the acceleration a is positive in uniformly accele
rated motion and negative in uniformly retarded motion.

In curvilinear motion the total acceleration is equal to
a= V~a1+a~

where at is the tangential acceleration and .an the normal (centripetal)
acceleration:

dv v2

a =- and a =-t dt n r

where v=velocity of motion
r=radius of curvature of the trajectory at the given point.

In the general case of rotational motion the angular velocity is

(I) = dcp
dt

and the angular acceleration
d<J> d2<p

a=dt~ dti

In uniform rotational motion the angular velocity is
q> 2n

(I) = "T = T = 2nv

where T=period of rotation
v=frequency of rotation, i.e., the number of revolutions in

a unit of time.
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The angular velocity (a) is related to the linear velocity v by the ex

pression
v = ro,

In rotational motion, the tangential and normal accelerations can be
expressed as

Table 5 compares the equations for translational and rotational mo
tion.

TABLE 5

Translational motion

s=vt
u=const
a==O

atl
s=vot+2
v = tlo +at
a = const

s = f (I)
ds

v= dl
do diS

a = df= dll

Uniform

Uniformly variable

Non-uniform

Rotational motion

q> = wt
w = const
a=O

atl

CP=CJ)ot+ T
(0= 6)0 +at
a = const

1.1. A car travels at a velocity of 80 km/h during the first half of
its funning time and at 40 km/h during the other half. Find the average
velocity of the car. .

1.2. A car covers half a distance at a velocity of 80 km/h and the
other at 40 km/h. What is the average velocity of the car?

1.3. A ship goes from A to B at vl=IO km/h and from B to A at
~2= 16 km/h. Find: (I) the average velocity of the ship, and (2) the
velocity of the river current.

1.4. Determine the velocity with respect to the river bank of: (1)
a boat going downstream, (2) a boat going~pstream, and (3) a boat
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traveling at an angle of a=90° to the current. The velocity of the cur
rent V1= 1 mIs, the velocity of the boat with respect to the water v.=
=2 m/s.

1.5. An airplane is flying with the velocity of VI = BOO km/h rela
tive to the air. A wind with a velocity of V1 = 15° mls is blowing from
west to east. What is the velocity of the airplane with respect to the
Earth, and what should the angle with the meridian be to fly the air
plane: (1) southward, (2) northward, (3) westward and (4) eastward?

1.6. An airplane flies from A to B at a distance of 300 km eastward.
Find the duration of the flight if: (1) there is no wind, (2) the wind
blows from south to north, and (3) the wind blows from west to east.
The velocity of the wind VI =20 mls and that of the airplane with
respect to the air [1,=600 km/h.

1.7. A boat moves perpendicular to the bank with a velocity of
7.2 km/h. The current carries it 150 m downstream. Find: (1) the velo
city of the current, (2) the time required to cross the river. The river
is 0.5 km wide.

1.8. A body thrown vertically upward returns to the Earth in 3 se
conds. (1) What was the initial velocity of the body.? (2) What height
did the body reach? Disregard the resistance of the air.

1.9. A stone is thrown upward to a height of 10 metres. (1) After
what time will it fall onto the Earth? (2) What height .can be reachedbl the stone if its initial velocity is doubled? Disregard the resistance
o the air.

1.10. A stone is dropped from,8 balloon at an altitude of 300 metres.
How much time is required for the stone to reach the Earth if: (I) the
balloon is ascending with a velocity of 5 mIs, (2) the balloon is des
cending with a velocity of 5 mIs, (3) the balloon is stationary? Dis
regard the resistance of the air.

1.11. Draw a diagram showing the relationship between the height
n, velocity v and time t for a body thrown vertically upward with an
i-nitial velocity of 9.8 m/s. Plot the diagram for the time interval
from 0 to 2 seconds, i.e., for ~t~2 s after every 0.2 s. Disregard
the resistance of the air.

1.12. A body falls vertically from the height h= 19.6 metres with
the initial velocity equal to zero. What distance will be traveled by the
body: (I) during the first 0.1 second of motion, (2) during the last
0.1 second of motion? Disregard the resistance of theair.

t.13. A body falls vertically from the height h=19.6 metres with
its initial velocity equal to zero. What time will it take the body to
travel: (1) the first metre, (2) the last metre? Disregard the resistance
of the air.

1.14. During the last second of its free fall a body covers half of
the total distance traveled. Find: (1) the height h from which the body
falls, (2) the duration of fall ing.
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1.15. A body A is thrown vertically upward with the initial velocity
VI; a body B falls from the height h with the initial velocity V 2 =0.
Find how the distance x between the bodies A and B depends on the
time t if the bodies began to move simultaneously.

1.16. The distance between two underground stations is 1.5 kilo
metres. The first half of the distance is covered by a train with a uni
formly accelerated speed, and the second half with a uniformly retar
ded speed. The maximum speed of the train Is 50 km/h. Find: (1) the
acceleration, taking it to be numerically equal to the retardation,
(2) the time the train travels between the stations.

1.17. A train is funning at a speed of 36 km/h. If the supply of cur
rent to the traction motors is stopped, the train, moving with a uni
formly retarded speed. will stop in 20 seconds. Find: (1) the negative
acceleration of the train, (2) the distance from the station at which
the current should be switched off.

1.18. Braking uniformly reduces the speed of a train from 40 km/h
to 28 km/h during one minute. Find: (1) the negative acceleration of
the train, (2) the distance traveled by the train during the time the
brakes are applied.

1.19. A car runs at a uniformly retarded speed with a negative acce
leration of -0.5 m/s>, The initial velocity of the car is 54 km/h.
In how much time and how far from the initial point will the car
stop?

1.20. A body A begins to move with the initial velocity v; and con..
tinues to move with the constant acceleration at. A body B begins to
move at the same time as the body A with the initial velocity v~ and
continues to move with the constant negative acceleration az• What
time is required for the two bodies to acquire the same velocity after
motion has begun?

1.21. A body A begins to move with the initial velocity v~=2 m/s
and continues to move at a constant acceleration a. In L\t= 10seconds
after the body A begins to move, a body B departs from the same point
with the initial velocity v;= 12 m/s and moves with the same accele
ration a. What is the maximum acceleration a at which the body B
can overtake the body A?

1.22. The relationship between the distance s traveled by a body and
the time t is given by the equation s=A t-Bt'+Ct3

, where A =
=2 mis, B=3 rn/s! and C=4 m/s'. Find: (I) how the velocity v
and acceleration a depend on the time t, (2) the distance traveled by
the body. the velocity and acceleration of the body in 2 seconds after
motion has begun. Plot a diagram showing the distance, velocity and
acceleration for O~t~3 s after every 0.5 s.

1.23. The relationship between the distance s traveled by a body and
the time t is expressed by the equation s=A-Bt+Ct2 , where
A=6 m, B=3 mls and C=2 rn/ss. Detesmine the average velo..
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city and the average acceleration of the body within the time interval
from 1to 4 seconds. Plot the diagram of the distance, velocity and ac
celeration for O~t~5 seconds after every second.

1.24. The relationship between the distance s traveled by a body and
the time t is described by the equation s=A+Bt+Ct', where A=
=3 m, 8=2 mls and C= 1 miss. Determine the average velocity
and the average acceleration of the body during the first, second and
third seconds of motion.

1.25. The relationship between the distance s traveled by a body
and the time t is described by the equation s=AfBt+Ctl+Dt3,
whereC=O.14 m/s! and D=O.OI misS. (1) In what time after motion
begins will the acceleration of the body be equal to 1 m/s'? (2) What
is the average acceleration the body acquires during this time?

1.26. A stone is thrown horizontally with the velocity Vo= 15 mls
from a tower with a height of H=25 metres. Find: (1) the time during
which the stone is in motion, (2) the distance Sx from the tower base to
where the stone will drop onto the ground, (3) the velocity v with which
it will touch the ground, (4) the angle q> formed by the trajectory of the
stone with the horizontal at the point where it reaches the ground.
Disregard the resistance of the air.

1.27. A stone thrown horizontally fell onto the ground after 0.5 se
cond at a distance of 5 metres from where it was thrown. (1) From
what height h was the stone thrown? (2) What was the initial velocity
Vo of the stone? (3) What velocity v did the stone touch the ground
with? (4) What angle q> was formed by the trajectory of the stone with
the horizontal at the point where it reached the ground? Disregard the
resistance of the air.

1.28. A ball thrown horizontally strikes a wall 5 metres away. The
height of the point struck by the ball is 1 metre lower than the height
which it was thrown from. (1) What velocity Vo was the ball thrown
with? (2) At what angle q> did the ball reach the wall? Disregard the
resistance of the air.

1.29. A stone is thrown horizontally. In 0.5 second after the stone
began to move, the numerical value of its velocity was 1.5 times its
initial velocity. Find the initial velocity of the stone. Disregard the
resistance of the air.

1.30. A stone is thrown horizontally with the velocity Vx=15 m/s.
Determine the normal and tangential accelerations of the stone in 1se
cond after it begins to move. Disregard the resistance of the air.

1.31. A stone is thrown horizontally with the velocity 10 m/s.
Find the radius Qf curvature of its trajectory in 3 seconds after the mo
tion began. Disregard the resistance of the air.

1.32. A ball is thrown with the velocity Vo= 10 m/s at an angle of
a=40° to the horizon. Find: (1) the height Sy which the ball will rise
to, (2) the distance Sx from the point of throwing to where the ball
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will drop onto the ground, (3) the time during which the ball will be
in motion. Disregard the resistance of the air.

1.33. An athlete puts a shot 16 m 20 em iu Leningrad. What distance
will be covered by an identical throw in Tashkent,assuming that the
initial velocity and angle to the horizon are the same? The acceleration
of gravity is 981.9 cm/s! in Leningrad and 980.1 em/s l in Tashkent.

1.34. A body is thrown with the velocity Vo at an angle to the hori
zon, The duration of motion t==2.2 seconds. Find the maximum
height reached by the body. Disregard the resistance of the air.

1.35. A stone thrown with the velocity Vo= 12 m/s at an angle of
(%=45° to the horizon dropped to the ground at the distance s from
the point where it was thrown. From what height h should the stone be
thrown in a horizontal direction with the same initial velocity Vo for
it to fall at the same spot?

1.38. A body is thrown with the velocity Vo= 14.7 m/s at an angle
of (%=30 0 to the horizon. Find the normal and tangential accelerati
ons of the body in t= 1.25 s after it began to move. Disregard the re
sistance of the air.

1.37. A body is thrown with the velocity 00= 10 m/s at an angle
ofa=45 0 to the horizon. Find the radius of curvature of its trajectory
in t= 1 s after the body began to move. Disregard the resistance of
the air.

1.38. A body is thrown with the velocity Vo at an angle of ex to the
horizon. Determine Vo ande if the maximum height which the body rea
ches is h=3 m and the radius of curvature at the upper point of its
trajectory R=3 m. Disregard the resistance of the air.

t.39. A stone is thrown from a tower with a height of H=25 m at
Vo= 15 mls and an angle cx=3O° to the horizon. Find: (1) the time
during which the stone will be in motion, (2) the distance from the to
wer base to where the stone will drop onto the ground. (3) the velocity
with which the stone will fall to the ground, (4) the angle q> formed by
the trajectory of the stone with the horizon at the point of fall. Disre
gard the resistance of the air.

1.40. A boy throws a ball with the velocity Vo= 10 m/s at an angle
of cx=45° to the horizon. The ball strikes a wall at a distance of s=
=3 m from the boy. (1) When will the ball strike the wall (when the
ball ascends or descends)? (2) Find the height y at which the ball
will strike the wall (counting from the height which the ball was thrown
from). (3) Determine the velocity of the ball at the moment of impact.
Disregard the resistance of the air.

1.41. Find the angular velocities of: (1) daily rotation of the
Earth) (2) a watch hour hand, (3) a watch minute hand, (4) an artifi
cial satellite of the Earth rotating along a circular orbit with the period
~f .revolution T=88 min, (5) the linear velocity of this satellite
If Its orbit is at a distance of 200 km from"the Earth's surface.
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1.42. Determine the linear velocity of revolution of points on the
Earth's surface at a latitude of 60°.

1.43. What should the velocity of an airplane flying from east to
west be on the equator for the passengers to see the Sun motionless
in the sky?

1.44. An axle with two disks mounted at a distance of 1=0.5 m from
each other rotates with an angular velocity whlch corresponds to the
frequency ,,~ 1,600 rpm. A bullet flying along the axle pierces both
disks. The hole in the second disk is displaced with respect to that
in the first one by the angle q>= 12°. Find the velocity of the bullet.

1.45. Find the radius of a rotating wheel if the linear velocity VI

of a point on the rim is 2.5 times greater than the linear velocity V2

of a point 5 centimetres closer to the wheel axle.
t .46. A uniformly accelerated wheel reaches the angular velocity

00=20 rad/s in N=10 revolutions after rotation begins. Determine
the angular acceleration of the wheel.

1.47. In t= 1 minute after it begins to rotate a flywheel acquires
a velocity corresponding to v=720 rpm. Find the angular accelera
tion of the wheel and the number of its revolutions per minute. The
motion is uniformly accelerated.

1.48. When braked, a uniformly retarded wheel reduces its velocity
from 300 rpm to 180 rpm during one minute. Find the angular accele
ration of the wheel and the number of revolutions it completes in this
time.

1.49. A fan rotates with a .velocity corresponding to 8 frequency of
900 revImin. When its motor is switched off, the fan uniformly slows
down and performs 75 revolutions before it comes to a stop. How much
time elapsed from the moment the fan was switched offto the moment it
stopped?

1.50. A shaft rotates at a constant velocity corresponding to the
frequency 180 revImin. At a certain moment the shaft is braked and
begins to slow down uniformly with an angular acceleration numeri
cally equal to 3 rad/s>. (1) In how much time will the shaft stop?
(2) What number of revolutions will it perform before stopping?

1.51. A point moves along a circle having a radius of r=2O cm with
a constant tangential acceleration of Gt=5 cm/s-, How much time is
needed after motion begins for the normal acceleration an of the point
to be: (1)equal to the tangential acceleration, (2) double the tangential
acceleration?

1.52. A point moves along a circle having a radius of r= 10 cm
with a constant tangential acceleration CIt. Find the tangential accele..
ration at of the point if its velocity is v=79.2 cm/s at the end of the
fifth revolution after motion has begun.

1.53. A point moves along a circle having a radius of r= 10 em with
a constant tangential acceleration at. Find the normal acceleration a"



26 PROBLEMS (1.54-1.61

of the point in t=20 seconds after motion begins if the linear velo
city of the point is V= 10 cm/s at the end of the fifth revolution after
motion has begun.

1.54. It may be assumed to a first approximation that an electron
moves in an atom of hydrogen along a circular orbit with the constant
velocity v. Find the angular velocity of electron rotation around the
nucleus and its normal acceleration. The radius of the orbit r=O.5x
X 10- 10 m and the velocity of the electron along this 'orbit v=2.2 X
x 108 m/s,

1.55. A wheel having a radius r= 10 em rotates with a constant
angular acceleration a=3.14 rad/s>. Find for points on the wheel rim
at the end of the first second after motion has begun: (I) the angular
velocity, (2) the linear velocity, (3) the tangential acceleration, (4)
the normal acceleration, (5) the total acceleration, and (6) the angle
formed by the direction of the total acceleration with the wheel radius.

1.56. A point moves along a circle with a radius of r=2 cm.
The relationship between the distance and the time is given by the
equation x=Ct8 , where C=O.l em/st. Find the normal and tangen
tial accelerations of the point at the moment when its linear velocity
v=O.3 rn/s.

1.57. A point moves along a circle with the relationship between the
distance and the time conforming to the equation s=A+Bt+Ct2 ,

where B= -2 m/s and C= 1 mist. Find the linear velocity of the
point, and its tangential, normal and total accelerations in t=3 se
conds after motion begins if the normal acceleration of the point
when /'=2 seconds is a~=O.5 m/ss,

1.58. Find the angular acceleration of a wheel if the vector of the
total acceleration of a point on the rim forms an angle of 600 with the
direction of the linear velocity of this point in 2 seconds after uniformly
accelerated motion begins.

1.59. A wheel rotates with a constant angular acceleration ~=

=2 rad/s". In t=0.5 second after motion begins, the total acceleration .
of the wheel becomes a=13.6 em/51 • Determine the radius of the wheel.

1.60. A wheel with a radius of r=O.l m so rotates that the relati
onship between the angle of rotation of the wheel radius and the time
is described by the equation <p=A+Bt+Ct8 , where 8=2 rad/s
and C= 1 rad/s", Find the following values for points lying on the
wheel rim in 2 seconds after motion begins: (I) the angular velocity,
(2) the linear velocity, (3) the angular acceleration, (4) the tangential
acceleration, (5) the normal acceleration.

1.61. A wheel with a radius of r=5 em so rotates that the relation
ship between the angle of rotation of the wheel radius and the time is
described by the equation q>=A+Bt+Ct2+Dt3 , where D=
= 1 rad/se, Find the change in the tangenti~ acceleration allt during
each second of motion for points on the rim.
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1.62. A wheel with a radius of r= 10 em so rotates that the relati
onship between the linear velocity of points on the wheel rim and the
duration of motion is described by the equation v=At+Bt2 , where
A=3 em/5 2 and 8=1 cm/s", Find the angle formed by the vector
of the total acceleration with the wheel radius at the moments of time
/=0, 1, 2, 3, 4 and 5 seconds after motion begins.

1.63. A wheel so rotates that the relationship between the angle of
rotation of the wheel radius and the time is described by the equation
cp=A +Bt+Ct 2+ Dt3

, where B= I rad/s, C= 1 rad/s? and D=
= 1 rad/s", Find the radius of the wheel if the normal acceleration of
points on the wheel rim is an = 3.46x 102 m/s- after two seconds of
motion.

1.64. How many times does the normal acceleration of a point on
the rim of a rotating wheel exceed its tangential acceleration at the
moment when the vector of the total acceleration of this point forms
an angle of 300 with the vector of the linear velocity?

2. Dynamics

The basic law of dynamics (Newton's second law) is expressed by the
formula

Fdt=d(mv)

If the mass is constant, then

F dv
=mdt=ma

where a is the acceleration acquired by a body of mass m under the ac
tion of a force F.

The work of a force F over the distance s can be expressed by the
following formula

where Fs is the projection of the force on the direction of the distance,
and ds is the distance. Integration should include the entire distance s.

In a particular case of a constant force acting at a constant angle to
the motion, we have

W=Fs cose

where (X is the angle between the force F and the distance s.
Power is determined by the formula

p=dW
dt
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When the power is constant
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w
P=7

where W is the work performed during the time t,
The power can also be found by the formula

P=Fv cos CI

i.e., by the product of the velocity of motion and the projection of
the force on its direction.

The kinetic energy of a body with the mass m moving with the vela..
city v is equal to

mvl
E"=T

The formulas for potential energy vary depending on the nature
of the acting forces.

In an isolated system the momentum of all the bodies contained in
it remains the same, i.e.,

PI +PI + ···+ Pn = canst

In the inelastic central impact of two bodies with the masses m,
and m«; the total velocity of motion of these bodies after the impact can
be found from the formula

u= Pl+PI
ml+m,.

where the subscript CAl" denotes the first body before the impact, and
the subscript "2"-the second body before the impact.

In elastic central impact, the bodies will move at different veloci
ties. The velocity of the first body after the impact

(mt- m,) VI +2","1 = m.+m.
and that of the second body after the impact

_ (m.-m1) V,+2Pl
"1- mt+m,

In curvilinear motion, the force acting on a material particle can be
resolved into two components-tangential and normal.

The normal component

is the centripetal force. Here v is the linear V'elocity of motion of a body
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of mass m and , is the radius of curvature of the trajectory at the given
point.

The force which causes an elastic deformation of x is proportional
to the magnitude of the deformation, i.e.,

F = kx

where k is a coefficient numerically equal to the force causing a unit
deformation (deformation coefficient).

The potential energy of elastic forces
kx2

Ep=T

Two material particles (i.e., bodies whose dimensions are small re
lative to the distance between them) are attracted to each other by the
force .

F mlm2
=YRr

where y=gravitational constant, equal to 6.67 X 10- 1 1 rn3 /kg .5 2

m, and m2=masses of the interacting material particles
R=distance between these particles.

This law is also true for homogeneous balls, r being the distance be
tween their centres.

The potential energy of the forces of gravitation

E mtmip=-Y-,-

The minus sign shows that when' = 00, the potential energy of two
interacting bodies is zero and diminishes when these bodies approach
each other.

Kepler's third law has the form

T~ rf
T: = ':

where T 1 and r,=periods of planet rotation
'1 and T.:cmajor sernlaxes of the planet orbits.

If 8 planet moves along a circular orbit, the role of the major semi
axis is played by the orbit radius.

2.1. What is the weight of ballast to be dropped from a uniformly
descending balloon to enable the latter to rise with the same velocity?
The balloon with the ballast weighs 1,600 kgf and its lifting capacity is
1,200 kgf. The force of the air resistance is to be taken the same during
ascent and descent.

2.2. A load of 0=1 kgf is suspended on a thread. Find-the tension
of the thread with the load if: (1) it is lifted with an acceleration
of a=5 m/s', (2) it is lowered with the same acceleration a=5 m/s'
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2.3. A steel wire of a certain diameter withstands a weight up to
4,400 N. What is the maximum acceleration which a load of 3,900 N
suspended from this wire may be lifted with so that the wire does not
break?

2.4. The weight of a lift with passengers is BOO kgf. Find the accele
ration and the direction of motion of the lift if the tension of the wire
rope holding it is: (I) 1,200 kgf and (2) 600 kgf.

2.5. A weight is suspended on a thread. If the weight is raised with
the acceleration at =2 m/s' the tension T of the thread will be half
that at which the thread breaks. What acceleration at should the weight
be raised with to break the thread?

2.6. An automobile weighing lOt N is braked and stops after 5 se
conds, covering 25 metres with uniformly retarded motion. Find:
(1) the initial speed of the automobile, (2) the braking force.

2.7. A train with a mass of 500 tons is uniformly retarded by apply
ing its brakes. Its velocity drops from 40 km/h to 28 km/h in one min
ute. Find the braking 'force.

2.8. A car weighing 1.96 X 10' N moves with an initial speed of
54 km/h. Determine the average force acting on the car if it stops in:
(1) 1 minute 40 seconds, (2) 10 seconds and (3) 1 second.

2.9. What force should be applied to a car standing on rails for it
to begin to move with uniform acceleration and travel the distance s =
= 11 m during t=30 seconds? The weight of the car 0=16 tonf.
During motion the car is acted upon by a force of friction equal to
0.05 of its weight.

2.10. When the traction motors were switched off, a train weigh
ing 4.9x 10' N stopped in one minute under the action of a friction
force of 9.8x lOt N. What was the speed of the train?

2.11. A railway car having a mass of 20 tons moves with a constant
negative acceleration of0.3 tuls». The initial speed of the car is 54km/h.
(1) What is the braking force acting on the car? (2) In how much time
will the car stop? (3) What distance will be covered by the car until it
stops?

2. 12. A body with a mass of 0.5 kg is in rectilinear motion. The re
lation between the distance s traveled by the body and the time t is
shown by the equation s=A-Bt+Cts-Dt8 , where C=5 mls»
and D= I m/s8 • Determine the forcewhich acts on the body at the end
of the first second of motion.

2.13. Under the action of a constant force F=l kgf a body so
moves in a straight line that the relation between the distance s
traveled by the body and the time t is described by the equation s=
=A-Bt+Ct'. Find the mass of the body if the constant C=
= 1 rn/s! ...

~ .14. A body with a mass m=O.5 kg so moves that the relation
ship between the distance s traveled by the body and the time t is
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given by the equation s=A sin rot, where A=5 cm and ID = n rad/s.
Find the force F acting on the body in t= lIe second after motion
begins.

2.15. A molecule with the mass m=4.65 x 10-18 kg fiying at
right angles to the wall of a vessel at a velocity of v=600 mls strikes
the wall and rebounds from it elasticalJy without losing its velocity.
Find the impulse of the force received by the wall during the impact.

2.16. A molecule with the mass m=4.65 X 10- 2e kg flying at
a velocity of 0=600 mls strikes the wall of a vessel at an angle of
60° to the normal and rebounds from it elastically at the same angle
without losing its velocity. Find the impulse of the force received by
the wall during the impact.

2.17. A ball weighing 0.1 kgf dropping vertically from a certain
height strikes an inclined surface and rebounds from it elastically with
out losing its velocity. The surface is inclined at 30° to the horizon.
The impulse of force received by the surface during the impact is 1.73
N -s, What time will elapse between the moment the ball strikes
the surface and the moment when it is at the highest point of its tra
jectory?

2.18. A jet of water with a section of A = 6 em- strikes a wall at an
angle of a=60° to the normal and rebounds elastically from the wall
without losing its velocity. Find the force acting on the wall if the velo
city of the water in the jet is V= 12 m/s.

2.19. A tramcar starts with a constant acceleration of a=O.5 miss.
Twelve seconds after it begins to move its motor is switched off, and
the motion of the car uniformly retards up to the next stop. Along the
entire route of the car the coefficient of friction 1=0.01. Find:
(1) the maximum speed of the car, (2) the total duration of motion,
(3) the negative acceleration of the car moving with a uniform retarda
tion, (4) the total distance covered by the car.

2.20. A motor vehicle weighs 9.8x 103 N. During motion it is
acted upon by a friction force equal to 0.1 of its weight. What should
the tractive effort (force) developed by the engine be for the vehicle
to move: (1) uniformly, (2) with an acceleration equal to 2 rn/s-?

2.21. What angle ex to the horizon will be formed by the surface of
petrol in the tank of a motor vehicle moving horizontally with a con
stant acceleration of a=2.44 mIst?

2.22. A ball is suspended on a thread from the ceiling of a tramcar.
The brakes are applied and the speed of the car changes uniformly
from V1= 18 km/h to v2=6 km/h during the time Iit=3 seconds.
By what angle ex will the thread with the ball deviate from the ver
tical?

2.23. A railway carriage is braked and its speed changes uniformly
from vl=47.5 kmlh to v2=30 km/h during the time ,1t=3.3 seconds.
At what highest value of the coefficient of friction between a suit-case
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and a rack will the suit-case begin to slide over the rack during retar
dation?

2.24. A rope so lies on a table that part of it hangs over. The rope
begins to slide when the length of the hanging part is 25 per cent of the
entire length. What is the coefficient of friction between the rope and
the table?

2.25. An automobile weighs 1 tonf and is acted upon during motion
by a friction force equal to 10 per cent of its weight. Find the tractive
effort ·developed by the engine if the automobile moves at a constant
speed: (1) up a grade of 1 in 25, (2) down the same grade.

2.26. Find the tractive effort developed by the engine of an automo
bile moving uphill with an acceleration of 1 rn/s>. The grade is 1 in 25.
The automobile weighs9.8 X 108 N and the coefficient of friction is 0.1.

2.27. A body lies on an inclined plane forming an angle of four de
grees with the horizon. (I) At what maximum value of the coefficientof
friction will the body begin to slide over the plane? (2) What accele
ration will the body slide with over the plane if the coefficient of fric
tion is O.03? (3) How much time is required for the body to travel a
distance of 100 metres? (4) What will the velocity of the body be at
the end of these 100 metres?

2.28. A body slides over an inclined plane forming an angle of a=-=
=45 0 with the horizon. After a distance of s=36.4 em the body ac
quires a velocity of v=2 m/s. What is the coefficient of friction be
tween the body and the plane?

2.29. A body slides over an inclined plane forming an angle of 45°
with the horizon. The relationship between the distance s traveled by
the body and the time t is described by the equation s=Ct2 , where

C= 1.73 mist. Find the coefficient of friction
between the body and the plane.

2.30. Two weights 0 1 =2 kgf and 0.= 1 kgf
are linked by a thread passing over a weightless
pulley. Find: (1) the acceleration with which
the weights move. (2) the tension of the thread.
Disregard the friction in the pulley.

2.31. A weightless pulley is attached to the
Fig. 1 edge of a table (Fig. 1). Equal weights A and B

(0 1 = O'A= 1 kgf) are linked by a thread pass
ing over the pulley. The coefficient of friction between weight Band
the table is f=O.I. Find: (1) the acceleration which the weights
move with, (2) the tension of the thread. Disregard the friction in the
pulley.

2.32; A weightless pulley is attached to the top of an inclined plane
(Fig. 2) forming an angle ofex = 300 with the horizon. Equal weights A
a~d B (G1=02=1 kgf) are linked by a thread passing over a pulley.
FInd: (1) the acceleration which the weights move with, (2) the ten-
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sian of the thread. Disregard the friction in the pul1ey and the friction
between weight B and the inclined plane.

2.33. Solve the previous problem if the coefficient of friction between
weight B and the inclined plane f= 0.1. Disregard the friction in the
pulley.

Fig. 2 fig. 3

2.34. A weightless pulley is attached to the apex of two inclined
planes forming the angles a=30° and P=45° with the horizon, res..
pectively (Fig. 3). Equal weights A and B (0 1=02=1 kgf) are linked
by a thread passing over the pulley. Find: (I) the acceleration which
the weights move with, (2) the tension of the thread. Disregard the
friction between weights A and B and the inclined planes and the fri
ction in the pulley.

2.35. Solve the previous problem if the coefficients of friction bet
ween weights A and B and the inclined planes are 11= fl=O.I. Dis
regard the friction in the pulley. Show that the solutions of problems
2.30 through 2.34 can be obtained as particular cases from the formulas
used to solve the present problem.

2.36. The work W=8 kgf-m was performed to lift a load with the
weight 0=2 kgf vertically to a height of h= 1 m by the constant
force F. What acceleration was the load raised with?

2.37. An airplane ascends and reaches a velocity of v=360 km/h
at an altitude of h= 5 krtl. How many times is the work performed dur
ing the ascent against the force of gravity greater than that performed
to increase the velocity of the airplane?

2.38. What amount of work should be performed to make a moving
body with a mass of 2 kg: (1) increase its velocity from 2 mls to 5 m/s,
(2) stop from an initial velocity of 8 m/s?

2.39. A ball flying at V 1= 15 m/s is thrown back by a racket in the
opposite direction with the velocity v2 = 20 m/s. Find the change in
the momentum of the ball if its kinetic energy changes by
se = 8.75 J.

2.40. A stone pushed over an ice surface with the velocity V=
=2 mls slides over a distance of s = 20.4 metres before it stops. Find
the coefficient of friction between the stone and the ice, assuming it to
be constant.

2.41. A railway car weighing 20 tonf uniformly decelerating under
a force of friction of 6,000 N comes to a stop. The initial speed of the

3-3574
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car is 54 km/h. Find: (1) the work of the friction forces, (2) the distance
covered by the car before it stops.

2.42. A driver begins to brake his car 25 metres from an obstacle on
the road. The force of friction in the brake shoes is constant and equal
to 3,840 N. The car weighs 1 tonf. What is the maximum speed from
which the car can be stopped before the obstacle? Disregard the fric
tion of the wheels against the road.

2.43. A tramcar moves with the acceleration a=49.0 em/st.
Find the coefficientof friction if 50 per cent of the motor power is spent
to overcome the friction forces and 50 per cent to increase the speed.

2.44. Find the work which must be performed to increase- the velo..
city of a body from 2 m/s to 6 mls over a distance of 10 metres. A con
stant force of friction equal to 0.2 kgf acts over the entire distance.
The mass of the body is 1 kg.

2.45. A motor vehicle weighs 9.81 x 103 N. During motion it is
acted upon by a constant force of friction equal to 10 per cent of its
weight. What amount of petrol is spent by the engine to increase the
speed of the vehicle from 10 km/h to 40 km/h over a distance of 0.5 km?
The engine efficiency is 20 per cent, and the heating value of the petrol
is 4.6 x 10' J Ikg.

2.46. What amount of petrol is consumed by a motor vehicle engine
per 100 kilometres if the average speed is 30 km/h with a mean engine
power of 15 hp? The engine efficiency is 22 per cent. Take the other
data necessary from the previous problem.

2.47. Find the efficiency of a motor vehicle engine if at a speed of
40 km/h the engine consumes 13.5 litres of petrol per 100 kilometres
and develops a powerof 16.3hp. The density of the petrol is 0.8 g/cm".
Take the other data necessary from Problem 2.45.

2.48. Plot a diagram showing how the kinetic, potential and total
energy of a stone with a mass of 1 kg thrown vertically upward with an
initial velocity of 9.8 mls changes with time for 0 ~ t ~ 2 seconds at
intervals of 0.2 second. Use the solution of Problem 1.11.

2.49. Plot a diagram showing how the kinetic, potential and total
energy of a stone changes with distance using the conditions of the pre
vious problem.

2.50. A stone weighing 2 kgf fell from a certain height during 1.43
seconds. Find the kinetic and potential energy of the stone at half the
height. Disregard the resistance of the air.

2.51. A stone is thrown horizontally with the velocity Vo= 15 mls
from-a tower with a height of h=25 metres..Find the kinetic and po
tential energy of the stone in one second after motion begins. The mass
of the stone m=O.2 kg. Disregard the resistance of the a-ir.

2.52. A stone is thrown at an angle of a=60° to the horizon with a
velocity of Vo= 15 m/s. Find the kinetic, potential and total energy of
the stone: (1) in one secondafter motion beglas, (2) at the highest point
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of the trajectory. The mass of the stone m = 0.2 kg. Disregard the re
sistance of the air.

2.53. The work spent to put a shot at an angle of a=30° to the
horizon is W = 216 J. In how much time and how far from the point
of throwing will the shot fall to the ground? The shot weighs 0=2 kgf.
Disregard the resistance of the air.

2.54. A material particle with a mass of 10 grammes moves along a
circle having a radius of 6.4 em with a constant tangential accelera-.
tion. Find this acceleration if the kinetic energy of the particle becomes
equal to 8 x 10-· J towards the end of the second revolution after
motion begins.

2.55. A body with a mass of 1 kilogramme slides down an inclined
plane 1 metre high and 10 metres long. Find: (1) the kinetic energy of
the body at the base of the plane. (2) the velocity of the body at the
base of the plane, (3) the distance traveled by the body over the hori
zontal part of the route until it stops. Assume the coefficient of friction
to be constant over the entire route and equal to 0.05.

2.56. A body first slides along an inclined plane forming an angle of
(1=8 0 with the horizon and then over a horizontal plane. Find the co
efficient of friction if the body covers the same distance on the horizon
tal plane as on the inclined one.

2.57. A body with a mass of 3 kilogrammes slides over an inclined
plane 0.5 metre high and 1 metre long. The body reaches the bottom
of the inclined plane with a velocity of 2.45 m/s. Find: (I) the coeffici
ent of friction between the body and the plane, (2) the amount of heat
evolved in friction. The initial velocity of the body is zero.

2.58. A motor vehicle with a mass of 2 tons runs up a grade of 1 in 25.
The coefficientof friction is 8 per cent. Find: (1) the work performed by
the vehicle engine over a distance of 3 kilometres. (2) the power deve
loped by the engine 'if this distance was covered in 4 minutes.

2.59. Find the power developed by the engine of a vehicle with a
mass of 1 ton if it moves at a constant speed of 36 km/h: (1) over a level
road, (2) up a grade of 1 in 20. (3) down the same grade. The coefficient
of friction is 0.07.

2.60. A vehicle weighing 1 tonf runs downhill with its engine stop
ped at a constant speed of 54 km/h. The grade is 1 in 25. What power
must be developed by the engine for the vehicle to run up the same grade
at the same speed?

2.61. A flat car with a weight of 0 1= 10 tonf stands on rails and car
ries a cannon weighing 0.=5 tonf from which a shell is fired along the
rails. The weight of the shell aa= 100 kgf and its init ial velocity with
respect to the cannon Vo= 500 m/s. Determine the velocity v~ of the
flat car at the first moment after the shot if: (1) the flat car was stand
ing, (2) the car was moving with a speed of VI = 18 km/h and the shell
was fired in the direction of motion, (3) the car was moving with a speed

3*
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of VI= 18 km/h and the shell was fired in the direction opposite to its
motion.

2.62. A bullet with a mass .of 5 x 10- 8 kg flies at a velo
city of 600 m/s from a rifle with a mass of 5 kg. Find the velocity of the
rifle kick.

2.63. A man weighing 60 kgf running at a speed of 8 km/h catches
up with a cart weighing 80 kgf and moving at 2.9 krn/h, and jumps onto
it. (1) What will the velocity of the cart be after the man jumps onto
it? (2) What will the velocity of the cart be if the man was running to
wards it?

2.64. A shell weighing 980 N flies horizontally with a velocity of
500mls along a railway, strikes a freight car carrying sand and 'weigh
ing 10 tonf and gets stuck in it. What speed will be imparted to the
car if: (1) it was standing, (2) it was moving at a speed of 36 km/h in
the same direction as the shell, (3) it was moving with a speed of
36 km/h in the direction opposite to the flight of the shell.

2.65. A grenade flying at 10 mls bursts into two fragments, The lar
ger one having 60 per cent of the entire weight of the grenade continues
to move as before but with an increased velocity equal to 25 m/s..
Find the velocity of the smaller fragment.

2.66. A body with a weight of 1 kgf moves horizontally with a velo
city of 1 tnls; overtakes another body weighing 0.5 kgf and collides
with it -inelastically. What velocity is imparted to the bodies if: (1)
the second body was at rest, (2) the second body was moving at a velo
city of 0.5 m/s in the same direction as the first one, (3) the second body
was moving at a velocity of 0.5 m/s in a direction opposite to the motion
of the first, one?

2.67. A skater weighing 70 kgf standing on ice throws a stone
weighing 3 kgf with a velocity of 8 m/s in a horizontal direction. Find
the distance over which the skater will move back if the coefficient of
friction between the skates and the ice is 0.02.

2.68. A man standing on a cart at rest throws a stone with a mass of
2 kg in a horizontal direction. The cart with the man rolls backwards.
Its velocity was 0.1 m/s immediately after the stone was thrown.
The cart with the man weighs 100 kgf. Find the kinetic energy of
the stone in 0.5 second after it was thrown. Disregard the resistance
of the air.

2.69. A body with a weight of uI=2 kgf moves towards another
body weighing 0,=1.5 kgf and collides with it inelastically. Before
the impact, the velocities of the bodies were VI = 1 mls and VI= 2 tal»,
respectively. How long will these bodies move after the collision if
the coefficient of friction f=Ot05?

2.70. An automatic gun fires 600 bullets a minute. The mass ofeach
bullet is 4 grammes and its initial velocity, is 500 m/s. Find the mean
recoil. '
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2.71. A flat car weighing Gl=10 tonf stands on rails and has a can
non fastened on it weighing 0,=5 tonf from which a shell is fired along
the rails. The shell weighs 0 8 = 100 kgf, and its initial velocity with
respect to the cannon is Vo= 500 m/s. Over what distance will the car
move after the shot if: (1) it is at rest, (2) it is moving with a velocity
of VI = 18 km/h and the shot is fired in the direction of its motion
(3) it is moving with a velocity of VI = 18 krn/h and the shot is fired i~
the opposite direction? The coefficient of friction between the car and
the ra its is 0:002. .

2.72. A shell weighing 100 kgf is fired from a cannon with a mass of
5 X loa kg. The kinetic energy of the shell at the end of the barrel is
7.5 X 10· J What kinetic energy is imparted to the cannon by the recoil?

2.73. A body weighing 2 kgf moves with a velocity of 3 mls and over
takes another body weighing 3 kgf moving at 1 m/s. Find the veloci
ties of the bodies after collision if: (1) the impact is inelastic, (2) the
impact is elastic. The bodies move in a straight line and the impact is
central.

2.74. What should the ratio between the masses of the bodies in the
previous problem be for the first body to stop after an elastic impact?

2.75. A body weighing 3 kgf moves with a velocity of 4 m/sec and
strikes an immobile body of the same weight. Assuming the impact to
be central and inelastic. find the amount of heat evolved during the
collision.

2.76. A body with a mass of 5 kg strikes an immobile body with a
mass of 2.5 kg which after the impact begins to move with a kinetic
energy of 5 J. Assuming the impact to be central and elastic, find the
kinetic energy of the first body before and after the collision.

2.77. A body weighing 49 N strikes an immobile body weighing
2.5 kgf. The kinetic energy of the system of these two bodies becomes
5J directly after the impact. Assuming the impact to be central and
inelastic, find the kinetic energy of the first body before the collision.

2.78. Two bodies move towards each other and collide inelastically.
The velocity of the first body before the impact VI =2 mls and of the.
second v,=4 m/s. The total velocity of the bodies after collision coin
cides in direction with the velocity Vl and is equal to V= 1 m/s. How
many times did the kinetic energy of the first body exceed that of the
second one?

2.79. Two balls are suspended on parallel threads of the same length
so that they contact each other. The mass of the first ball is 0.2 kg and
that of the second 100 g. The first ball is deflected so that its centre of
gravity rises to a height of 4.5 em and is then released. What height
will the balls rise to after the collision if: (1) the impact is elastic,
(2) the impact is inelastic?

2.80. A bullet flying horizontally strikes a ball suspended from a
very light rigid rod and gets stuck it') it. The mass of the ball is
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1,000 times greater than that of the bullet. The distance from the point
of suspensionto the centre of the ball is 1metre. Find the velocity of the
bullet if the rod with the ball deviates by an angleof 10°after the impact.

2.81. A bullet flying horizontally strikes a ball suspenued from a
light rigid rod and gets stuck in the ball. The mass of the bullet m, =
=5 g and that of the ball ms=0.5 kg. The velocity of the bullet
01=500 m/s. At what maximum length of the rod (distance from the
point of suspension to the centre of the ball) will the ball rise to the top
of the circle as a result of the impact?

2.82. A mallet weighing 0.5 kgf strikes an immobile wall. At the
moment of impact the velocity of the mallet is I m/s. Assuming the
coefficient of restitution to equal 0.5 in impact, find the amount of heat
evolved during the impact. The coefficient of restitution is the ratio
between the velocity of the body after the impact and that before the
impact.

2.83. Find the impulse of the forceacting on the wall during the im ...
pact using the conditions of the previous problem.

2.84. A wooden ball is dropped vertically from a height of 2 m with
an initial velocity of zero. When the ball strikes the Boor, the coef..
ficient of restitution is 0.5. Find: (1) the height which the ball rises to
after striking the floor. (2) the amount of heat evolved during the im
pact. The mass of the ball is 100 grammes.

2.85. A plastic ball falls from a height of 1 metre and rebounds seve
ral times from the floor. What is the coefficient of restitution during
the impact with the floor if 1.3 seconds pass from the first impact to
the second one? .

2.86. A steel ball falls from a height of 1.5 metres onto a steel plate
and rebounds from it with the velocity 0.=0.75 VI, where VI is the
velocity which it approaches the plate with. (1) What height does the
ball rise to? (2) How much time passes from the moment the ball be
gins to move to its second impact with the plate?

2.87. A metal ball falls from a height of hi = 1 m onto a steel plate
and jumps up to a height of h,=81 ern, Find the coefficientof restitu
tion of the ball material.

2.88. A steel ball with a mass of m=20 g falls from a height of
hi = 1 m onto a steel plate and rebounds to a height of hi =81 em.
Find: (I) the impulse of the force received by the plate during the im
pact, (2) the amount of heat evolved during the impact.

2.89. A moving body with a mass of mi strikes an immobile body
with a mass of mi. Assuming the impact to be inelastic and central,
find.the part of the initial kinetic energy transformed into heat during
the Impact. First solve the problem in its general form, and then consi..
der the cases when: (I) ml=m" (2) ml=9 mi.

.2.90. A moving body with a mass of m, strikes an immobile body
WIth a mass of mi. Assuming the impact h, be elastic and central.
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find the part of th.e initia~ kinetic e~ergy transmitted by the first body
to the second during the Impact. FIrst solve the problem in its general
form, and then. consider t.he cases when: (1) ~l=ml' (2) m1= 9 mi.

2.91. A moving body with a mass of m, strikes an immobile body
with a mass of mi. (1) What should the ratio of the masses ml/m, be
to decrease the velocity of the first body 1.5 times with a central
elastic impact? (2) What kinetic energy E, will the second body begin
to move with in this case if the initial kinetic energy E1 of the first
body is I kJ?

2.92. A neutron (mass mo) strikes an immobile nucleus of a carbon
atom (m= 12 mo). Assuming the impact to be central and elastic
find the reduction in the kinetic. energy of the neutron after the im:
pact.

2.93. A neutron (mass mo) strikes an immobile nucleus of: (1) a
carbon atom (m= 12mo), (2) an uranium atom (m=235 mo). Assum
ing the impact to be central and elastic, find the part of the velocity
lost by the neutron during the impact.

~ .94. How much of its weight does a body lose on the equator due
to the Earth's rotation about its axis?

2.95. In what time should the Earth make a full revolution for any
body on the equator to be weightless?

2.96. A tramcar with a mass of 5 tons runs over a curve having a ra
dius of 128 metres. Find the force which the wheels press laterally
against the rails with if the speed is 9 km/h.

2.97. A bucket with water attached to a rope 60 em long uniformly
rotates in a vertical plane. Find: (1) the minimum velocity of rotation
of the bucket when the water will not spill out at the highest point,
(2) the tension of the rope at this velocity at the highest and low-
est points of the circumference. The mass of the bucket with the water
is 2 kg.

2.98. A stone tied to a string with a length of 1 =50 em uniformly
rotates in a vertical plane. At what number of revolutions per second
will the string break if it is known to do so under a load equal to the
ten-fold weight of the stone?

2.99. A stone tied to a string uniformly rotates in a vertical plane.
Find the mass of the stone if the difference between the maximum and
minimum tension of the rope is I kgf.

2.100. A weight tied to a thread 30 em long describes a circle with 8

radius of 15ern in a horizontal plane. What number of revolutions per
minute does the rotational velocity of the weight correspond to?

2.101. A weight with a mass of 50grammes tied to a thread 25centi
metres long describes a circle in a horizontal plane. The weight rotates
at 2 rev/s. Find the tension of the thread.

2.102. A disk rotates at 30 rev/min around a vertical axis. A body
lies on the disk at 8 distance of 20 cm from the axis of rotation. What
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should the coefficient of friction between the body and the disk be so
that the body will not slide otT the disk?

2.103. An airplane flying at 2 -.;Alocity of 900 km/h loops a loop.
What should the loop radius be so that the maximum force pressing the
pilot against the seat is: (1) five times his weight, (2) ten times his
weight?

2.104. A motorcyclist rides over a level road with a speed of 72 km/.h
and makes a turn with a radius of 100 m. To what angle should he tilt
his body to remain seated?

2.105. A ball is suspended on a thread from the ceiling of a tramcar.
The car negotiates a curve with a radius of 36.4 m at a speed of 9 km/h.
Through what angle will the thread with the ball deviate?

2.106. The rods of a centrifugal governor (Fig. 4) are 12.5 em long.
What number of revolutions per second does the centrifugal governor

make if the weights deviated from the vertical
during rotation through the angle: (1) 50°,
(2) 30°?

2.107. A highway has a curve with a bank
of 10°, the radius of the curve being 100 m.
What speed is the curve intended for?

2.108. A weight of 1 kgf suspended on a thread
deviates through an angle of 30°. Find the ten
sion of the thread at the moment the weight
passes through the position of equilibrium.

2.109. A boy swings around a "giant stride"
Fig. 4 making 16 rev/min. The length of the ropes is

5 m. (1) What angle will the ropes of the "gi
ant stride" form with the vertical? (2) What is the tensicn of the ropes
if the boy weighs 45 kgf? (3) What is the linear velocity of the swinging
boy?

2.1 to. A load with a mass of m= 1 kg hanging on a weightless rod
with a length of 1=0.5 m osciIlates in a vertical plane. (1) At what
angle a of deviation of the rod from the vertical will the kinetic energy
of the load in its bottom position be equal to E,,=2.45 J? (2) How
many times is the tension of the rod greater in the middle position than
in the extreme one with this angle of deviation.

2.111. A weight 0 is suspended on a weightless rod. The weight
is moved through an angle of 90° and released. Find the tension of the
rod when it passes through the position of equilibrium.

2.112. A steel wire resists a load up to 300 kgf. A load with a mass
of 150 kg is suspended from the wire. What is the maximum angle
through which the wire with the load can be deviated so that it does
not fail when the load passes through the position of 'equilibrium?

2.113. A stone weighing 0.5 kgf tied to a rope with a length of
1=50 em rotates uniformly in a vertical Piane. The tension of the
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rope at the bottom point of the circumference T=44 N. What height
will the stone rise to if the rope breaks the moment the velocity is di
rected vertically upward?

2.114. Water flows along a horizontal pipe with a eurve having a
radius of r=2O.0 m. Find the lateral pressure of the water caused by
the centrifugal force. The pipe diameter d=20 em, and M =300 tons
of water pass through a cross section of the pipe per hour.

2.115. Water flows along a horizontal channel 0.5 m wide and hav
ing a curve with a radius of 10 m. The velocity of the water is 5 m/s.
Find the lateral pressure of the water caused by the centrifugal force.

2.116. Find the work which must be done to compress a spring by
20ern if the force is proportional to the deformation and a forceof 29.4 N
compresses the spring by one centimetre.

2.1 17. Find the maximum deflectionof a leaf spring caused by a load
placed on its middle if the static deflection of the spring due to the
same load is xo=2 em. What will the maximum initial deflection be if
the same load is dropped onto the middle of the spring from a height
of h= 1 m with an initial velocity equal to zero?

2.1 18. An acrobat jumps onto a net from a height of H1=8 m. At
what minimum height h, should the net be stretched above the floor
so that the acrobat will not hit it when he jumps? If the acrobat jumps
down from a height of H.= 1 rn, the net deflects by h.=O.5 rn.

2. 119. A weight is placed on the pan of a balance. Howmany gradua
tions will be indicated by the balance pointer upon its first deviation
if it shows 5 graduations after the oscillations stop?

2.120. A load weighing 1 kgf falls onto the pan of a balance from a
height of 10em. What will the balance show at the moment of impact?
After the pan comes to a stop it will be lower by 0.5 em under the
weight of the load.

2.121. What speed did a railway car with a mass of 20 tons move
with if each bufferwas compressed by 10em when the car struck a wall?
It is known that the spring of each buffer is compressed by 1 em under
the act ion of a force of 1 tonf.

2.122. A boy stretches the rubber cord of his catapult so that it
becomes 10em longer. What velocity will a stone with a mass of 20 g
be projected with? Stretching of the cord by I em requires a force of
I kgf. Disregard the resistance of the air.

2.123. A spring carrying a load is attached to the bottom end of
another spring suspended vertically. The deformation coefficient of
the upper spring is k) and of the lowerspring k•. Find the ratio between
the potential energies of these springs, neglecting their weight with
respect to that of the load.

2.124. A rod whose weight may be neglected is suspended from two
parallel springs of the same length. The deformation coefficients of
the springs are k1=2 kgf/cm and k,=3 kgf/cm, respectively. The
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length of the rod is equal to the distance between the springs L=
= 10 em. What point on the rod should a load be attached to for the
rod to remain horizontal?

2.125. A rubber ball with a mass of m=O.l kg flies horizontally
with a certain velocity and strikes a "fixed vertical wall. During the
time ~t = 0.01 second the bal.l is compressed by t1.x = 1.37 ern. The
same time ~t is spent to restore the initial shape of the ball. Find the
mean force acting on the wall during the impact.

2.126. A weight of 0=4.9 N attached to a rubber cord with a
length of 10 describes a circle in 8 horizontal plane. The weight rotates
with a frequency of v=2 revIs. The angle through which the rubber
cord is deflected from the vertical is a=30°. Find the length 10 of
the unstretched rubber cord. A force of F1 =6.0 N is required to stretch
the cord by Xl = 1 ern.

2.127. A load of 0=0.5 kgf attached to a rubber cord with a length
of 10= 9.5 ern is deflected through an angle of a=90° and released.
Find the length I of the rubber cord when the load passes through the
position of equilibrium. The deformation coefficient of the rubber
cord k= 1 kgf/cm.

2.128. A ball with a radius of r= 10 em floats in water so that its
centre is at a height of h=9 em above the surface of the water. What
work should be performed to submerge the ball up to the diametraJ
plane?

2.129. A ball with a radius of r = 6 em is held by an external force
under water so that its top touches the surface. The density of the ball
material p=500 kg/mi. What work will be performed by the force of
expulsion if the ball is released and allowed to float freely?

2.130. A ball with a diameter of D=30 em floats in water. What
work should be performed to submerge the ball deeper by h=5 em?
The density of the ball material p=500 kg/rna.

2.131. A block of ice with an area of A=l m' and a height of h==
=0.4 m floats in water. What work should be performed to submerge
the ice block completely into the water?

2.132. Find the force of attraction between two protons which are at
a distance of r= 10- 10 m from each other. The mass of a proton m=
= 1.67 X 10- 1., kg. Regard the protons 8S point masses.

2.133. Two copper balls with diameters of d1=4 ern and d2=6 cm
are in contact with each other. Find the gravitational potential energy
of this systenn.
. 2.134. Calculate the gravity constant knowing the Earth's radius R,
its mean density p and the acceleration of gravity g near the Earth (see
the tables in the Appendix).

2.135. Taking the acceleration of gravity at the Earth's surface
equal to g = 9.80 m/s! and using the data to Table III of the Appen
dix, compile a table for the average densities of the solar planets.
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2.136. A cosmic rocket flies to the Moon. At what point of the
straight line connecting the centres of the Moon and Earth will the
rocket be attracted by the Earth and the Moon with the same force?

2.137. Compare the acceleration of gravity on the Moon with that
on the Earth.

2.138. How will the period of oscillations of a mathematical pendu
lum transferred from the Earth to the Moon change?

Note. The formula for the period of oscillations of a mathematical.
pendulum is given in Section 12.

2.139. Find the numerical value of the first cosmic velocity, l.e.,
the velocity to be imparted to a body in a horizontal direction at the
Earth's surface for the body to begin moving around the Earth as a sa
tell ite in a circular orbit.

2.140. Find the numerical value of the second cosmic velocity,
i.e., the velocity to be imparted to a body at the Earth's surface for
the body to overcome the Earth's force of gravity and depart from the
Earth forever.

2.141. Taking the acceleration of gravity at the Earth's surface equ ..
al to g=980 cm/s! and us·ing the data in Table III of the Appendix,
compile a table for the first and second cosmic velocities (in km/s) at
the surfaces of the solar planets,

2.142. Find the linear velocity with which the Earth moves along
its orbit. Assume the Earth's orbit to be circular.

2.143. With what linear velocity v will an artificial satellite of the
Earth move in a circular orbit: (1) at the Earth's surface (disregard the
resistance of the air), (2) at an altitude of h1=200 km and h.=7,OOO
km? Find the period of revolution T of an artificial satellite around the
Earth in these conditions.

2.144. (1) Find the relationship between the period of revolution of
an artificial satellite moving in a circular orbit at the surface of a cen
tral body and the density of this body. (2) Use the data obtained in solv
ing Problem 2.135 to compile a table for the periods of revolution of
artificial satellites moving in a circular orbit at the surfaces of the
solar planets.

2.145. Find the centripetal acceleration with which an artificial
satellite of the Earth moves in a circular orbit at an altitude of 200 km
from the Earth's surface.

2.148. The planet Mars has two satellites-Phobus and Deimos. The
former is at a distance of R1=9,500 km from the centre of Mars and
the latter at a distance of R,=24,OOO km. Find the periods of revolu
tion of these satellites around Mars.

2.147. An artificial satellite of the Earth moves in a circular orbit
in the plane of the equator from west to east. At what distance from
the Earth's surface should the satellite be for it to remain immobile
with respect to an observer on the Earth?
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2.148. An artificial satellite of the Moon moves in a circular orbit
at a distance of 20km from the Moon's surface. Find the linear velocity
of the satellite and its period of revolution around the Moon.

2.149. Find the numerical values of the first and second cosmic ve
locities for the Moon (see the conditions of Problems 2.139 and 2.140).

2.150. Find the relationship between the acceleration of gravity and
the altitude above the Earth's surface. At what altitude will the acce
leration of gravity be 25 per cent of that at the Earth's surface?

2.151. At what distance from the Earh's surface is the acceleratlon
of gravity equal to 1 m/s·?

2.152. How many times is the kinetic energy of an arti ficial Earth's
satellite moving in a circular orbit smaller than its gravitational po
tent ial energy?

2.153. Find the change in the acceleration of gravity when a body
is lowered to a depth of h. At what depth will the acceleration of
gravity be 25 per cent of that at the Earth's surface? Consider
the Earth's density to be constant.

Note. Remember that a body lying at a depth of h under the Earth's
surface is not attracted by the overlying spherical layer with a thick
ness of h since the attraction by separate layers is mutually compen
sated.

2.154. What is the ratio between the height H of a mountain and
the depth h of a mine if a pendulum swings with the same period at the
top of the mountain and at the bottom of the mine?

Note. The formula for the period of oscillations of a mathematical
pendulum is given In Section 12.

2.156. Find the period of revolution of an artificial planet around
the Sun if the major semiaxis of the planet's elliptical orbit is greater
than that of the Earth's orbit by 24 million kilometres.

2.156. An artificial planet moves in almost a circular orbit. Assum
ing the planet's orbit to be circular, find the linear velocity of its rnoti
on and the period of its revolution about the Sun, knowing the Sun's
diameter and mean density. The mean distance from the planet to the
Sun R=1.71xIO· km.

2.157. The major axis of the orbit of the world's first artificial satel
lite of the Earth was smaller than that of the orbit of the second satel
lite by 800km. The period of revolution of the first satellite around the
Earth at the beginning of motion was 96.2 min. Find: (1) the major
axis of the orbit of the second artificial satellite, (2) the period of its
revolution about the Earth.

2.158. The minimum distance of the spaceship "Vostok..2" from the
Earth's surface was 183 km and the maximum distance 244 km. Find
the period of revolution of the spaceship about the Earth .

.2.159. A ring is made of thin wire with a radius of r. Find the force
WIth which this ring will attract a material ).article with a mass of m
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on the axis of the ring at a distance of L from its centre. The radius of
the ring is R .and. the density of the wire ~ateria.l is p.

2.160. A ring IS made of thin copper wire having a radius of 1 mID.
The radius of the ring is 20 em. (1) Find the force F with which the ring
attracts a material particle with a mass of 2 g on the axis of the ring at
a distance of L=Ot 5, 10, 15, 20 and 50 ern from its centre. Compile
a table of the values of F and draw a diagram showing the relation
ship F=f(L). (2) J\t what distance Lmax from the centre of the ring
will the force of interaction between the ring and the material particle
be maximum? (3) Find the numerical value of the maximum force
of interaction between the ring.and the material particle.

2.161. The force of interact ion F between a wire ring and a material
particle on the axis of the ring is maximum when the particle is at a
distance of LIIJGJ& from the centre of the ring. How many times is the
force of interaction between the ring and the material point located
at a distance of L=O.5Lm4x from the centre of the ring smaller than
the maximum force?

3. Rotational Motion of Solids

The moment M of the force F with respect to any axis of revolution
is determined by the formula

M=FI

where I is the distance from the axis of revolution to the straight line
along which this force acts.

The moment of inertia of a material particle relative to any axis of
revolution is

J=mr l

where m = mass of the material particle
, = di-stance from the particle to the a-xis.

The moment of inertia of a solid with respect to its axis of revolution
is

J= S,-dm
where integration should be extended over the entire volume of the
body. The following- formulas can be obtained by integration:

I. The moment of inertia of a solid homogeneous cylinder (disk)
with respect to the cylinder axis

)
J=2 mrl

where r == radius of the cylinder
m = mass of the cylinder.
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2. The moment of inertia of a hollow cylinder (hoop) with an inter
nal radius 'J and an external radius r relative to the cylinder axis

•+ I
I '1 "==m 2

For a thin-walled hollow cylinder rl~ r,= rand
I ssmr"

3. The moment of inertia of a homogeneous ball with a radius r re
lative to the axis passing through its centre

2
I=. smrl

4. The moment of inertia of a homogeneous rod relative to an axis
passing through its middle perpendicular to its length I

1
1 = 12mil

If the moment of inertia J0 of any body relative to an axis passing
through its centre of gravity is known, the moment of inertia with
respect to any axis parallel to the first one can be found fromSteiner's.
theorem (aJso called the parallel-axis theorem)

1=/0+ md»

where m = mass of the body
d = distance from the centre of gravity of the body to its axis

of revolution.
The fundamental law of dynamics of rotational motion is expressed

by the equation
Mdt=d (/ro)

where M = moment of the forces applied to a body whosemoment of
inertia is equal to 1

(I) = angular velocity of rotation of the body.
If J = const, then

dm
M=J(jj=/a

wherea is the angular acceleration acquired by the body under the ac
tion of the torque M.

The kinetic energy of a rotating body

lrot

Ek=T

where J = moment of inertia of the body
Q) =;: its angular velocity. "
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The equations of the dynamics of rotational motion are compared
with those of translational motion in Tab!e 6.

TABLE 6

Newton's second law

Law of conservation of angular mo
mentum

Translational motion

or
F=ma

Law of conservation of momentum

:Ep = Imu = const

or

Rotat ional motion

Mdt = 1m2 - Jro,

M =/a

1:/(1) = const

Work and kinetic energy

2 I / 2 / J, mu, mU1 W 6)2 0)1
W=Fs=--- =Mq>=---

2 2 2 2

The peri-od of small oscillations of a physical pendulum

T=2n y ~Il
where J=moment of inertia of the pendulum relative to its axis of

revolution
m=mass of the pendulum
d=distance from the axis of revolution to the centre of gravity
g=acceleration of gravity.

3. t , Find the moment of inertia and the angular momentum of the
Earth relative to its axis of revolution.

3.2. Two balls with the radii r1=r,=5 em are attached to the ends
of a thin rod with a weight much smaller than that of the balls. The
distance between the centres of the balls R=O.5 m. The mass of each
ball m= 1 kg. Find: (1) the moment of inertia J 1 of this system with
respect to an axis passing through the middle of the rod perpendicular
to its length, (2) the moment of inertia Jt of this system relative to the
same axis assuming the balls to be material particles whose masses are
concentrated at their centres, (3) the relative error 6= 117/ 1 made
in calculating the moment of inertia of this system when we use It
instead of J1.

3.3. A constant tangential force F=98.1 N is applied to the rim of
a homogeneous disk with a radius of r=0.2 m. When the disk rotates,
it is acted upon by the moment of friction forces M,,=O.5 kgf -m.
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Find the weight 0 of the disk when it rotates with a constant angular
acceleration of cx=100 rad/s>.

3.4. A homogeneous rod with a length of 1 m and a weight of0.5 kgf
rotates in a vertical plane about a horizontal axis passing through the
middle of the rod. What angular acceleration will the rod rotate with
if the rotational moment is 9.81 X 10- 2 N -m?

3.5. A homogeneous disk with a radius of r=0.2 m and a weight
of 0=5 kgf rotates around an axis passing through its centre. The
relation between the angular velocity of disk rotation and the time is
described by the equation ro=A+Bt, where 8=8 rad/st, Find the
tangential force applied to the rim of the disk. Disregard friction.

3.6. A flywheel with the moment of inertia 1=63.6 kg -rn! rotates
with a constant angular velocity 00=31.4 rad/s. Find the braking mo
ment M wnich stops the flywheel in t=2O seconds.

3.7. A tangential force of 10 kgf is applied to the rim of a wheel
having the form of a disk with a radius of 0.5 m and a mass m=50 kg.
Find: (I) the angular acceleration of the wheel, (2) in what time after
the force is applied will the wheel rotate at 100 rev/5.

3.8. A flywheel with a radius of r=0.2 m and a mass of m= 10 kg
is connected to a motor by means of a drive belt. The tension of the
belt which runs without slipping is constant and equals T=14.7 N.
What number of revolutions will be developed by the flywheel per se
cond in ~t= 10 seconds after motion begins? Consider the flywheel as
a homogeneous disk. Disregard friction.

3.9. A flywheel with a moment of inertia of 245 kg ·m' rotates at
20 rev/so The wheel stops in one minute after the torque stops acting on
it. Find: (I) the moment of the forces of friction, (2) the number of re..
volutions completed by the wheel from the moment the forces stop
acting on it until it stops.

3.10. Two weights 01=2 kgfandQs=1 kgfare linked by a thread
and thrown over a pulley weighing G= 1 kgf. Find: (I) the accelera
tion a with which the weights move, (2) the tensions T 1 and T, of the
threads which the weights are attached to. Consider the pulley as a
homogeneous disk. Disregard friction.

3.11. A load with a mass of m=2 kg is attached to the end of a cord
wrapped around a drum having a mass of M =9 kg. Find the accelera
tion of the load. Consider the drum to be a homogeneous cylinder. Dis
regard friction.

3.12. A load of 0 1= 10 kgf is attached to the end of a cord wrapped
around a drum with a radius of r=0.5 m. Find the moment of inertia
of the drum if the load is lowered with an acceleration of a=2.04 m/s>,

3.13. A load of 01 =0.5 kgf is attached to the end of a cord wrapped
around a drum with a radius of r=20 em. The moment of inertia of
the drum I =0.1 kg -rnt. Before the drum begins to rotate, the height
of the load 0 1 above the floor is hI = 1 rih Find: (1) the time needed
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by the load to reach the floor t (2) the kinet ie energy of the load at the
moment of impact against the floor, (3) the tension of the cord. Dis
regard friction.

3.14. Two different weights are connected by a thread passing over
a pulley whose moment of inertia 1=50 kg-rn- and radius r=20 em.
The pulley rotates with friction and the moment of the friction forces
MIr=98.1 N· m. Find the difference in the tensions of the thread T1

- T 2 on both sides of the pulley if it rotates with a constant angular
acceleration a=2.36 rad/s-.

3.15. A pulley weighing G= 1 kgf is secured to the edge of a table
(see Fig. 1 and Problem 2.31). The equal weights A and B (0 1=02=
= I kgf) are linked by a thread thrown over the pulley. The coefficient
of friction of the weight B against the table f=O.I. Consider the pulley
to be a homogeneous disk and disregard the friction in the pulley.
Find: (1) the acceleration which the weights move with, (2) the tensi
ons T 1 and T 2 of the threads.

3.16. A disk weighing 2 kgf rolls without slipping over a horizontal
plane with a velocity of 4 m/s. Find the kinetic energy of the disk.

3.17. A ball 6 em in diameter rolls without slipping over a horizon
tal plane with a velocity of 4 revIs. The mass of the ball is 0.25 kg.
Find the kinetic energy of the rolling ball.

3.18. A hoop and a disk have the same weight G and roll without
slipping with the same linear velocity v. The kinetic energy of the hoop
£1=4 kgf-rn. Find the kinetic energy of the disk E 2 •

3.'19. A ball with a mass of m= I kg rolls without slipping, strikes
a wall and rolls back. Before the impact the velocity of the ball v1 :=:

= 10em/s and after the impact vz= 8 cm/s. Find the amount of heat Q
evolved during the impact.

3.20. Determine the relative error obtained in calculating the kine
tic energy of a rolling ball if rotation of the ball is neglected.

3.21. A disk with a weight of I kgf and a diameter of 60 em rotates
about an axis passing through its centre perpendicular to-its plane at
20 tests. What work should be performed to stop the disk?

3.22. The kinetic energy of a shaft rotating at a constant velocity
of 5 revIs is 60 J. Find the angular momentum of the shaft.

3.23. Find the kinetic energy of a cyclist riding at a speed of V=

=9 km/h. The cyclist with his bicycle weighs 0=78 kgf, and the
wheels 0 1=3 kgf. Consider the bicycle wheels as hoops.

3.24. A boy drives a hoop over a horizontal path with a speed of
7.2 km/h. Over what distance can the hoop run uphill at the expense of
its kinetic energy? The slope of the hill is 1 in 10.

3.25. What is the minimum height h from which a cyclist can start
to travel by inertia (without friction) over a path in the form of a loop
with a radius of R=3 m so as not to leave the path at the top of the
loop? The mass of the cyclist together with the bicycle m = 75 kg,

4-3574
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the mass of the wheels being nZI =3 kg. Consider the bicycle wheels as
hoops.

3.26. A copper ball with a radius of r= 10 em rotates with a vela..
city corresponding to v = 2 revls about an axis passing through its
centre. What work should be performed to increase the angular velocity
of rotation of the ball twofold?

3.27. Find the linear accelerations of the centres of gravity of:
(1) a ball, (2) a disk, and (3) a hoop, which roll without slipping down
an inclined plane. The angle of inclination is 30°, and the initial ve
locity of all the bodies is zero. (4) Compare these accelerations with
that of a body which slides oft' the inclined plane without friction.

3.28. Find the linear velocities of the centres of gravity of: (1) a
ball) (2) a disk, and (3) a hoop, which roll without slipping down an
inclined plane. The height of the inclined plane h=O.5 m, and the
initial velocity of all the bodies is zero. (4) Compare these velocities
with that of a body which slides off the inclined plane without friction.

3.29. The surfaces of two cylinders-aluminium (solid) and lead
(hollow)-having the same radius r=6 ern and the same weight G=
=0.5 kgf are painted the same colour. (1) How can the cylinders be
distinguished by observing their translational velocities at the base of
the inclined plane? (2) Find the moments of inertia of these cylinders.
(3) How much time does it take each cylinder to roll down the inclined
plane without slipping? The height of the inclined plane h=O.5 m and
its angle of inclination a = 30°. The initial velocity of each cylinder
is zero.

3.30. A wheel is uniformly retarded by braking and its velocity of
rotation drops from 300 to 180 rev/min in one minute. The moment of
inertia of the wheel is 2 kg -mi. Find: (1) the angular acceleration of
the wheel, (2) the braking moment, (3) the work of braking, (4) the
number of revolutions completed by the wheel during this minute.

3.31. A fan rotates with a velocity of 900 rev/min. When its motor
is switched off, the fan has uniformly retarded rotation and makes
75 revolutions before it stops. The work of the braking forces is 44.4 J .
Find: (1) the moment of inertia of the fan, (2) the moment of the fric
tion force.

3.32. A flywheel with a moment of inertia of 1=245 kg -m> rotates
at 20 revIs. After the action of the torque is discontinued, the wheel
stops upon completing 1,000 revolutions. Find: (1) the moment of the
friction forces, (2) the time which elapses from the moment the action
of the torque discontinues to the moment when the wheel stops.

3.33. A load of 1 kgf is fixed to the end of a thread passing around
the rim of- a pulley fitted on the same axle as a flywheel. Over what di
stance should the load lower for the wheel and the pulley to acquire
a velocity of 60 rev/min? The moment of inertia of the wheel and the
pulley is 0.42 kg -rn>, and the pulley radius is 10 em.
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3.34. A flywheel begins to rotate with a constant angular accelera
tion of a=0.5 rad/s> and acquires an angular momentum 10>=
=73.5 kg· m'ls in t 1 = 15 seconds after motion begins. Find the kine
tic energy of the wheel in t 2 = 20 seconds after rotation begins.

3.35. A flywheel rotates with a constant velocity corresponding to
\'= 10 revls and its kinetic energy Ek = 800 kgf-m. In what time will
the torque M = 50 N· m appl ied to the flywheel double its angular
velocity?

3.36. A constant tangential force F=2 kgf is applied to the rim of
a disk with a mass of m=5 kg. What kinetic energy will be impartetl
to the disk in L\t=5 seconds after the force begins to act?

3.37. Through what angle should a homogeneous rod suspended
from a horizontal axis passing through the upper end of the rod devi
ate for the lower end of the rod to move at 5 mls when it passes through
the position of equilibrium? The rod is I m long. .

3.38. A homogeneous rod 85 cm long is suspended from a horizontal
axis passing through its upper end. What minimum velocity should
be imparted to the lower end of the rod to make it complete one full
revolution about the axis?

3.39. A pencil placed vertically on a table falls down. What will
the angular and linear velocities be at the end of the fall of: (1) the
middle of the pencil, (2) its upper end? The pencil is 15 cm long.

3.40. A horizontal platform with a mass of 100 kg rotates at
10 revImin around a vertical axis passing through its centre. A man
weighing 60 kgf is standing on its edge. What velocity will the plat
form begin to rotate with if the man moves from the edge of the plate.
form to its centre? Regard the platform as a circular homogeneous disk
and the man as a point mass.

3.41. What work will be performed by a man moving from the edge
of the platform to its centre in the conditions of the previous problem?
The radius of the platform is 1.5 m.

3.42. A horizontal platform with a weight of 80 kgf and a radiusof
1 m rotates at an angular velocity corresponding to 20 rev/min. A man
stands in the centre of the platform and holds weights in his out
stretched hands. How many revolutions will the platform make per
minute if the man lowers his hands. thus reducing his moment of
inertia from 2.94 kg-rn! to 0.98 kg·m ' ? Consider the platform as a
circular homogeneous disk.

3.43. How many times will the kinetic energy of the platform with
the man increase in the previous problem?

3.44. A man weighing 60 kgf stands on an immobile platform with
a mass of 100 kg. What number of revolutions will be made by the
platform a minute if the man moves along a circle with a radius of 5 m
around the axis of rotation? The man moves relative to the platform
with a velocity of 4 km/h. The radius of the platform is 10 rn. Consider

4*
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the platform as a homogeneous disk and the man as a point
mass.

3.45. A homogeneous rod oscillates in a vertical plane about a hori
zontal axis passing through its top. The length of the rod 1=0.5 rn.
Find the period of oscillations of the rod.

3.46. Find the period of oscillations of the rod in the previous pro
blem if the axis of rotation passes through a point 10 centimetres
from its top end.

3.47. Two weights are attached to the ends of a vertical rod. The
centre of gravity of these weights is below the middle of the rod by
d==5 cm. Find the length of the rod if .the period of small oscillations
of the rod with the weights around a horizontal axis passing through
its centre T=2 sec. Neglect the weight of the rod with respect to that
of the weights.

3.48. A hoop 56.5 em in diameter hangs on a nail hammered into
a wall and performs small oscillations in a plane parallel to the wall.
Find the period of the oscillations.

3.49. What should be the minimum length 1of a thread on which
a homogeneous ball with a diameter of D=4 ern is suspended to regard
this ball as a mathematical pendulum in determining the period of
small oscillations? The error made when assuming this should not ex
ceed 1 per cent.

3.50. A homogeneous ball is suspended from a thread with a length
equal to the radius of the ball. How many times is the period of small
oscillations of this pendulum greater than that of a mathematical pen
dulum suspended at the same distance from the centre of gravity?

4. Mechanics of Fluids

Liquids and gases are also known under the common name of fluids.
The steady motion of an ideal incompressible fluid is described by the
Bernoulli equation

pv2•
P+ T +pgh= const

where p=density of the fluid
v=velocity of the fluid in the given cross section of the pipe
h=height of this cross section above a certain level
p= pressure.

It follows from the Bernoulli equation that a fluid flows out from
a small orifice with the velocity V=V2gh, where h is the height of
the surface of the fluid above the orifice. Since the same quantities of
fluid pass through any cross section of a pipe, then A tVl =A 2Va, where
VI and V 2 are the velocities of the fluid in two sections of the pipe with
the areas A 1 and AI. "
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The force of resistance acting on a ball falling in a viscous fluid is
determined by the Stokes formula

F=6 nfJrv

where f)=coefficient of internal friction of the fluid (dynamic vis
cosity)

r=radius of the ball
v~velocity of the ball.

The Stokes law is true only for laminar motion, when the volume of a
fluid passing during the time t through a capillary tube with the radius
r and the length 1 can be determined from the Poiseuille formula

V = nr4tl1p
BIl]

where 11=dynamic viscosity of the fluid
AP=difference of pressures at the tube ends.

The nature of motion of a fluid is determined by the dimensionless
Reynolds number

Dvp DvRe=-=-
T) 'Y

where D=quantity characterizing the linear dimensions of the body
around which the fluid flows

v=velocity of flow
p=density
ll=dynamic viscosity.

The ratio v=fJ/p is known as the kinematic viscosity. The critical
value of the Reynolds number which determines the transition from
laminar to turbulent motion is different for bodies of different shape.

4.1. Find the flow velocity of carbon dioxide gas along a pire if
0.51 kg of gas flows in half an hour through the cross section 0 the
pipe. The density of the gas is 7.5kg/m3 and the pipe diameter is 2 cm
(in Problems 4.1 through 4.9 the fluids are considered as ideal and in
compressible).

4.2. The bottom of a cylindrical vessel nas a circular hole d=l em
in diameter. The diameter of the vessel D=O.5 m. Find the relation
ship between the velocity v with which the water level in the vessel
drops and the height h of this level. Also determine the numerical value
of this velocity for the height h=O.2 m.

4.3. A vessel filled with water stands on a table. In its side the ves- .
sel has a small orifice arranged at the distance hi from the bottom of the
vessel and at the distance h" from the level of the water, which is con
stant. At what distance from the orifice (in a horizontal direction)
will the jet of water fall onto the table? Solve the problem for the
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a

Fig. 5

following cases: (I) h1=25 em and h,=16 ern, (2) h1=16 em and
h2=25 em.

4.4. A vessel A filled with water (Mariotte vessel) communicates
with the atmosphere through a glass tube a passing through the throat
of the vessel (Fig. 5) A faucet F is h.=2 cm from the bottom of the

vessel. Find the velocity with which the
water flows out of the. faucet F when the
distance between the end of the tube and
the bottom of the vessel is: (I) hi =2 em,
(2) h1=7.5cm, and (3) ht=IOcm.

4.5. A cylindrical tank with a height of
h= 1 m is filled with water up to its brim.
(I) What time is required to empty the
tank through an orifice in its bottom? The
cross-sectional area of the ori flee is 1/400
of that of the tank. (2) Compare this time
with that required for the same amount of
water to flow out of the tank if the water
level in the tank is maintained constant
at a height of h= 1 m from the orifice.

4.6. Water is poured into a vessel at
a rate of 0.2 litre a second. What should

the diameter d of an orifice in the bottom of the vessel be for the
water to remain at a constant le-vel of h=8.3 cm?

4.7. What pressure will be built up by a compressor in a paint gun
if a stream of liquid paint flows out of it with a velocity of 25 m/s?
The density of the paint is 0.8 g/cms.

8..

Fig. 8

4.8. A liquid flows along a horizontal pipe AB (Fig. 6). The dif
ference between the levels of the liquid in tubes a and b is 10 em. The
diameters of tubes a and b are the same. Determine the velocity of the
liquid Bowing along pipe AB.

4.9. Air is blown through a pipe AB (Fig. 7) at a rate of 15 litres
per minute. The cross-sectional area of the broad portion of pipe AB
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=900 kg/rn" and a dynamic viscosity of T)=0.5 N -s/rn>. The level
of the oil in the vessel is kept at a height of ht=50 em above the capil
lary tube. Find the distance from the end C'f the capillary tube (along
a horizontal line) to the place where the stream of oil drops onto the
table.

4.18. A steel ball falls in a broad vessel filled with transformer oil
having a density of p=900 kg/rn" and a dynamic viscosity of 1]=
=0.8 N -s/m", Assuming that the Stokes law is true when Re~O.5 (if
in calculating Re the ball diameter is taken to be the quantity D),
find the maximum diameter of the ball.

4.19. Assuming that laminar motion of a fluid is retained in a cy
lindrical pipe when Re~3,OOO (if when calculating Re the pipe dia
meter is taken to be the quantity D), show that the conditions of Prob
lem 4.1 correspond to laminar motion. The kinematic viscosity of the
fluid is to be taken equal to v=I.33x 10-8 m 2/s.

4.20. Water flows along a pipe at a rate of 200 em" per second. The
dynamic viscosity of the water in the conditions of the experiment is
0.001 N -s/rn>. At what maximum pipe diameter will the water flow
remain laminar? (See the conditions of the previous problem.)



Chapter 2

MOLECULAR PHYSICS AND THERMODYNAMICS

THERMAL UNITS

The International System of Units (Sf) incorporates the MKSD
system designed for measuring thermal units (GOST 8550-61). Table 7
gives the basic and the most important derived units used to measure
thermal quantities in this system.

Quantity and symbol

Length l
Mass m
Time t
Temperature T

Amount of heat
Heat capacity of a

system

Entropy of a system

Specific heat

Specific entropy

Specific heat of phase
transition

Temperature gradient

Thermal flux

Surface radiation den
sity. density of ther
mal flux

TABLE 7

Formula Unit lsymbol of IDimension ol
unit quantity

Basic Units

metre m 1
kilogramme kg m
second s t
degree deg e

Derived Units

Q=W=E joule J l2mt-"I.

C=!L [ouIe per degree J/deg 1'Jmt- S8- 1
AT

s= L\Q jouIe per degree J/deg l'Jmt- S6- 1
T

c=.JL joule per kilogram- J/kg·deg ['Jt- 38' - 1

m~T me-degree
S joule per kilogram- J/kg·deg l't-tO-l

s=- me-degreem
Q joule per kilogram- J/kg l2t-~

q=- mem
grad T = degree per metre deg/rn 1- 16

L\T
=/f{

<1> =AQ watt W l2mt- S

At
(J> watt per square W/m' mt-a

q=A metre
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PROBLEMS

Unit

Table 7, concluded

Is ymbOI of IDimension of
unit quan tl ty

Thermal conductivity A= __Q_ watt per metre- W/m-deg lmt-38- 1

coefficient AtA AT degree
Al

A square metre per mt/s Itt- 1

Thermal ditJusi vity a = cp second

Coefficient of heat <n watt per square W/ml·deg mt- 38- 1

transfer a. = AAT metre..degree

GOST 8550-61 also allows the use of non-system units based on the
calorie to measure thermal quantities (Table 8)..

TABLE 8

Quantity

Amount of heat

Heat capacity and entropy of
a system

Specific heat and specific entro-
py

Specific heat of phase transition

Thermal Oux

Density of thermal ftux

Thermal conductivity coefficient

Unit and Its relation to SI units

I calorie (cal) = 4.19 J
1 kilocalorie (kcal)=4.19X lOS J
1 cal/deg = 4.19 JIdeg
1 kcat/deg = 4.19X 1()3 J/deg
I cal/g·deg = 4.19xlQ1 J/kg·deg
I keal/kg·deg = 4.l9x loa J/kg·deg
I cal/g =.4.19x loa J/kg
1 keal/kg = 4.19x loa J/kg
I calls = 4.19 W
1 kcal/h = 1.163 W
1 cal/cml ·s = 4.19x lO' W/m'
1 kcal/mt-h = 1.163 W/m'
1 cal/cm-s-deg = 4.19X 10' W/m·deg
I kcal/m-h-deg = 1.163 W/m·deg

Units of molar quantities are obtained from the units given in Tab ..
les 7 and 8 by replacing the gramme by the gramme-mole (mole)
and the kilogramme by the kilogramme-mole (kmole), where a kilo
mole is the quantity of a substance whose mass in kilogrammes is equal
to the molecular weight.

EXAMPLES OF SOLUTIONS

Example 1. A vessel with a volume of 20 litres contains 4 g of hydro..
gen at a temperature of 27° C. Find the pressure of the hydrogen.

Solution. Ideal gases obey the Mendeleyev-Clapeyron equation

pV= : RT -, (I)
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which relates the volume of a gas V, its pressure p ; absolute tempera
tu~e T and mass M. In equation (I), ~ is the gas constant equal in SI.
units to 8.31x loa JIkmole -deg, J1 IS the mass of one kilomole and
M /J.1 is the number of kilomoles.

From equation (I)
MRT

p= JiV (2)

In our case M=4x 10- 1 kg, JL=2 kg/kmole, T=27° C=300° K,
V=20 1=2x 10- 1 m'. Upon inserting these data in equation (2),
we obtain

- 4xlO- Ix8.31xl03x300
~-2 5x 10' N/ I

P - 2x2X 10- 1 ml - • m

By using Table 4, the answer can be expressed in other units

p = 2.5 X 101 N/m 2 = 1,880 mm Hg = 2.55 kgf/cm2 = 2.46 atm

Example 2. Find the specific heat of a polyatomic gas at a constant
volume if the density of this gas in standard conditions is 7.95x
X 10-· g/cm",

Solution. The specific heat at a constant volume is determined by the
formula

Ric=
t1 2f1 (1)

where R = gas constant
i = number of degrees of freedom of a polyatomic gas

J.1 = mass of one kilomole of the gas.
A formula for the density of a gas can be easily obtained from the Men
deleyev-Clapeyron equation

p= ~ = :~
From equations (1) and (2)

(2)

Ri . p pi
ctJ =2 pRT = 2pT (3)

Since the gas is in standard conditions, p=1 atm=1.013x
X 10' Nzm>, T=O° C= 2730 K. For polyatomic gases i=6.
Besides, in accordance with the initial conditions, p=7.95x
X 10-· g/cml=0.795 kg/rn", By inserting these data in equation (3),
we get ctJ=1,400 J /kg -deg.

With the aid of Table 8, the result obtained can be expressed in
cal/g -deg

c,,= 1,400 J/kg.deg = 4.:9~oa cal/g·deg=O.334 cal/g-deg
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5. Physical Fundamentals of the Molecular-Kinetic Theory and
Thermodynamics

Ideal gases conform to the Mendeleyev-Clapeyron equation of
state

MpV=-RTpo

where p = pressure of a gas
V = volume of the gas
T = absolute temperature

M = mass of the gas
J1 = mass of one kilomole of the gas
R = gas constant.

The ratio M shows the number of kilomoles.
f1

In 51 units the gas constant is numerically equal to R=8.31 x
x 103 J /kmole ·deg.

According to Dalton's lawt the pressure of a mixture of gases is
equal to the sum of their partial pressures. By the partial pressure is
meant the pressure which a gas of the mixture would have if it alone
filled the entire volume at the given temperature.

The basic equation of the kinetic theory of gases has the form

2 - 2 mv2

P- - nE --n-3 0-3 2

where n = number of molecules in a unit of volume
E,,= mean kinetic energy of the translational motion of one

molecule
m = mass of a molecule
~= mean square velocity of the molecules.

These quantities are determined by the following formulas.
The number of molecules in a unit of volume

p
n= kT

where k=~ is Boltzmann's constant (N A is Avogadro's number).
Since R=8.31xIOa .l/kmole-deg and NA=6.02 X 1026 kmole- 1,

then k=I.38x 10-23 J/deg=I.38x 10-18 erg/deg.
The mean kinetic energy of the translational motion of molecules

- 3
EO=2 kT
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The mean square velocity of molecules

y"V3 = V3~T = V3~T

61

where m= :A ·
The energy of the thermal motion of molecules (internal energy

of a gas)
Mi

U=~2RT

where i is the number of degrees of freedom of the molecules.
The relation between the molecular C and specific c heats can be de

termined from their definition:

C=J!C

The molecular heat of a gas at a constant volume
i

CV=2"R

and at a constant pressure

Cp=C1/+R

The molecular heat is therefore determined by the number of degrees
of freedom of the gas molecules. For a monoatomic gas i=3, and

Cf) = 12.5 X 103 J/kmole· deg~ 3 cal/mole· deg
Cp = 20.8x lOs J/kmole· deg~ 5 cal/mole- deg

For a hiatomic gas i = 5, and

CfI = 20.8 X IDs Jzkmole- deg~ 5 cal/mole- deg
Cp = 29.1 X )03 J /kmole- deg~ 7 cal/mole- deg

For a polyatomic gas i = 6, and

C; == 24.9 X 103 J/kmole· deg~ 6 cal/mole- deg
C; = 33.2 X 103 Jrkmole deg~ 8 cal/mole- deg

The law of distribution of molecules by velocities (Maxwellts
law) can be used to find the number of molecules ~N whose relative
velocities are within the interval 'from u to u ~ ~u

AN = ~n Ne- u' u~Au

Here u = ~ = relative velocity
Upr

v = given velocity
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Vpr = the maximum probable velocity of molecules equal

to l(2:r
AU = interval of the relative velocities, which is small in

comparison with it
e = base of natural logarithms.

In solving problems relating to the law of distribution of molecules
by velocit ies, it is convenient to use Table 9, which gives the values of
AN f .
Ntlu or varrous u.

TABLE 9

u u u

0 0 0.9 0.81 1.8 0.29
0.1 0.02 1.0 0.83 1.9 0.22
0.2 0.09 1.1 0.82 2.0 0.16
0.3 0.18 1.2 0.78 2.1 0.12
0.4 0.31 1.3 0.71 2.2 0.09
0.5 0.44 1.4 0.63 2.3 0.06
0.6

I

0.57 1.5 0.54 2.4 0.04
0.7 0.68 1.6 0.46 2.5 0.03
0.8 0.76 1.7 0.36

The arithmetic mean velocity of molecules

v= .. /8RT
V nJi

It is often important to know the number of molecules Nx whose
velocities exceed the given velocity u. Table 10 gives the values 'i =
= f(u), where N is the total number of molecules.

TABLE 10

u N~

N u N~

N

0 1.000 0.8 0.734
0.2 0.994 1.0 0.572
0.4 0.957 1.25 0.374
0.5 0.918 1.5 0.213
0.6 0.868 2.0 0.046
0.7 0.806 2.5 0.0057

-,
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The barometric formula describes the law of reduction of the pres
sure of a gas with altitude in the gravity field

Here Ph= gas pressure at the altitude h
po= pressure at the altitude h=O
g = gravity acceleration.

The formula is approximate, since the temperature T cannot be assumed
identical for great differences in altitude.

The mean free path of gas molecules

1= v:=: I
Z V2no2n

where v= arithmetic mean velocity
z= mean number of collisions of each molecule with the others

in a unit of time
a = effective diameter of a molecule
n = number of molecules in a unit of volume.

The total number of collisions of all the molecules in a unit of volume
per unit of time is

1
Z="2 zn

The mass M transferred during the time ~t in diffusion is de
scribed by the equation

L1pM =-D - ~Al\tL1x

where :~ = density gradient in a direction perpendicular to the
area ~A

D = diffusion coefficient equal to
1

D=3 vl

Here v = mean velocity
1= mean free path of the molecules.

The momentum transferred by the gas during the time ~t determines
the force of internal friction F in the gas

F=_ll~v~A
·I~X
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where ~: = velocity gradient of gas flow in a direction perpendicular
to the area ~A

11 = coefficient of internal friction (dynamic viscosity).
1 --

11 ="3 vip

The amount of heat Q transferred during the time ilt by con
duction is

~T
Q = -:\, !!"x ilA~t

where ~~ = temperature gradient in a direction perpendicular to
the area ~A

At = thermal conductivity coefficient equal to
I --

A=="'3 vlc"p

The first law of thermodynamics can be written as
dQ=dU+dW

where dQ = amount of heat received by a gas
dU = change in the internal energy of the gas

dW= pdV = the work performed by the gas upon a change in its
volume.

The change in the internal energy of the gas is
Mi

dU=~2RdT

where dT is the change in the temperature. The total work upon
a change in the volume of the gas is

Vi

w= SpdV
VI

The work performed upon an isothermal change in the volume
of a gas

W=RT~log VI
f..L e VI

The pressure and volume of a gas are related in an adiabatic
process by Poisson's equation

pV~= const
l. e.,
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where
Cp

K= CfI

Poisson's equation can also be written in the form

TVx-l = const

i.e.,

or
1-X

T p---;c= canst

I.e.,

65

x-I I-X

~: = (~)lC _ ..( :: )-,,-

The work performed upon an adiabatic change in the volume
of a gas can be found from the formula

w= RT I ~ [l_(VI)"-l] = RT I ~(I_~)=PIV1(TI-TI)
x-I J.' VI x-I", T t (x-l)T1

where Pi and V1 are the pressure and volume of the gas at the tempe
rature T I •

The equation of a polytropic process has the form

pVn=const
or

ptV1 = PIV;

where n is the polytropic exponent (1 < n < x).
The efficiency ·of a heat machine

f)=Qt-QI
· Ql

where Ql= heat transmitted to the working body
Q2= heat rejected to the low-temperature sinx,

For the ideal Carnot cycle
T1-TI1)=-T.

where TI = temperature of the high-temperature source
T ,= temperature of the low-temperature sink.

5-3574
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The difference between the entropies SB- SA of two states B and A
is described by the formula

B

Sn-SA = Sd~
A

5.1.' What is the temperature of 2 grarnmes of nitrogen occupying
a volume of 820 em- at a pressure of 2 atm?

5.2. What volume is occupied by 10 grammes of oxygen at a pres
sure of 750 mm Hg and a temperature of 20 0 C?

5.3. A cylinder with a capacity of 12 litres is filled with nitrogen at
a pressure of 8.1 X 106 N/m 2 and a temperature of 17 0 C. How much
nitrogen does the cylinder contain?

5.4. The pressure of air inside a tightly sealed bottle was 1 atm at
a temperature of 7° C. The cork flew out of the bottle when it was heat
ed. Find the temperature which the bottle was heated to if the cork
flew out when the pressure of the air in the bottle was 1.3 atm.

5.5. What can be the smallest volume of a cylinder containing
6.4 kg of oxygen if the walls of the cylinder withstand a pressure of
160 kgi/crn! at a temperature of 20° C?

5.6. A cylinder contained 10 kg of gas at a pressure of 107 N/m 2
•

Find the quantity of gas taken out of.the cylinder if the final pressure
became 2.5x 10' N/m 2 • Assume that the temperature of the gas is con
stant.

5.7. Find the mass of sulphur dioxide gas (50 2) occupying a volume
of 25 litres at a temperature of 27° C and a pressure of 760 mm Hg.

5.8. Find the mass of the air in a hall 5 metres high with a floor
area of 200 mt. The pressure of the air is 750 mm Hg and the tempera
ture in the room 17°C. (Assume that the mass of one kilomole of air is
equal to 29 kg/kmole.)

5.9~ Howmany times is the weight of air filling a room in winter (7°e)
greater than its weight in summer (370 C)? The pressure is the same.

5.10. Plot isothermal lines for 0.5 gramme of hydrogen at the tem
peratures: (1) 0° C, and (2) 100° C.

5.11. Plot isothermal lines for 15.5 grammes of oxygen at the tem
peratures: (1) 290 C, and ~2) 180°C.

5.12. How many kilomoles of gas are contained in a cylinder 10 rn"
in volume at a pressure of 720 mm Hg and a temperature of 17° C?

5.13. Five grammes of nitrogen contained in a closed vessel 4 litres
in volume at a temperature of 20° C are heated to 40° C. Find the pres
sure of the gas before and after heating.

5.14. A column of mercury with a length of 1= 20 cm is in the middle
of a horizontal capiJlary tube evacuated an~ soldered at both ends.
If the capillary tube is placed vertically. the mercury column wi II
shift through a distance of ~l = 10 em, Determine the pressure to
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which the capillary tube was evacuated. The length of the tube L ::::
= I m.

5.15. There is a well known riddle: "What is heavier, a ton of lead
or a ton of cork?" Determine how much the actual weight of the cork
which is 1 tonf in air, exceeds the actual weight of the lead, which i~
also 1 tonf in air. The temperature of the air is 17°C an-I the pressure
760 mm Hg.

5.16. What should the weight of the rubber skin of a balloon 25 em
in diameter filled with hydrogen be for the resulting lifting force of the
balloon to equal zero, Le' t for the balloon to be suspended? The air
and hydrogen are in standard conditions. The pressure inside the bal
loon is equal to the external pressure.

5.17. The elasticity of saturated water vapours is 92.5 mm Hg at a
temperature of 50° C. What is the density of the water vapours in these
conditions.

5.18. Find the density of hydrogen at a temperature of 15° C and
a pressure of 730 mm Hg.

5.19. The density of a gas is 0.34 kg/rn" at a temperature of 10° C
and a pressure of 2x 10& N/m'. What is the mass of one kilomole of
this gas?

5.20. What is the density of air in a vessel evacuated to the maxi
mum rarefaction possible with up-to-date laboratory methods (p=
=10- 1 1 mm Hg)? The temperature of the air is 15°C.

5.21. 12grammes of gas occupy avolume of sx Iu'v rns at a tempe
rature of 7° C. After the gas is heated at a constant pressure, its density
becomes equal to 6x 10-· g/cm", What is the temperature which the
gas was heated to?

5.22. 10 grammes of oxygen are subjected to a pressure of 3 atm at
a temperature of 10°C. Heating at a constant pressure expanded the
oxygen to 10 litres. Find: (1) the volume of the gas before expansion,
(2) the temperature of 'the gas after expansion, (3) the density of the
gas before expansion, (4) the density of the gas after expansion.

5.23. Water contained in a soldered vessel occupies a volume equal
to half that of the vessel. Determine the pressure and density of the
water vapours (steam) at a temperature of 4000 C if all the water is
converted into steam at this temperature.

5.24. Plot a diagram showing how the density of oxygen depends
on: (1) the pressure at a temperature of T=const=390° K (O~

~p ~4 at at intervals of 0.5 at); (2) the temperature at p=const=
=4 at (200° K~T~300° K at intervals of 2Oj.

5.25. A closed vessel with a capacity of 1 m3 contains 0.9 kg of water
and 1.6 kg of oxygen. Find the pressure in the vessel at a temperature
of 500° C, at which all the water will be converted into steam.

5.26. A vessel A with a capacity of VI =3 litres contains gas at a
pressure of p~=2 at, and a vessel B with a capacity of V j=4 litres

5*
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contains the same gas at a pressure of p~ = 1 at. The temperature is
the same in both vessels. What pressure will the gas be under if vessels A
and B are connected by a tube?

5.27. A vessel with a volume of 2x 10- 3 rna is filled with 6 grammes
of carbon dioxide gas (C02) and 5 grammes of nitrogen monoxide
(N20). What is the total pressure in the vessel at a temperature of
127° C? .

5.28. A vessel contains 14 grammes of nitrogen and 9 grammes of
hydrogen at a temperature of 100e and a pressure of 106 N/m 2 • Find:
(1) the mass of one kilomole of the mixture, (2) the volume of the vessel.

5.29. Diethyl ether (C2H i OC2HI ) is .introduced into a closed vessel
with a volume of V=2 litres filled with air. The air is in standard con
ditions. After all the ether evaporates, the pressure in the vessel beco
mes equal to 1,050 mm Hg. How much ether was introduced into the
vessel?

5.30. A vessel with a capacity of 0.5 litre contains I gramme of va
porous iodine. The pressure in the vessel is 700 mm Hg at a tempera
ture of 1,000° C. Determine the degree of dissociation of the iodine mo
lecules 12 into atoms I in these conditions. The mass of one kilomole of
12 is equal to 254 kg/kmole,

5.31. A vessel is filled with carbon dioxide gas. At a certain tempe
rature the degree of dissociation of the carbon dioxide molecules into
oxygen and carbon monoxide is 25 per cent. How many times will the
pressure in the vessel in these conditions be greater than the pressure
if the carbon dioxide molecules are not dissociated?

5.32. Assuming that air contains 23.6 parts of oxygen and 76.4 parts
of nitrogen, find the density of the air at a pressure of 750 mm Hg and
a temperature of 13° C. Also determine the partial pressures of the oxy
gen and nitrogen in these conditions.

5.33. A vessel contains a mixture of 10 grammes of carbon dioxide
gas and 15 grammes of nitrogen. Find the density of this mixture at
a temperature of 27° C and a pressure of 1.5x 101 N/m 2 •

5.34. Determine the mass of an atom of: (I) hydrogen" (2) helium.
5.35. A hydrogen molecule flying with a velocity of 600 mls strikes

the wall of a vessel perpendicularly and rebounds elastically without
losing any of its velocity. Find the impulse of the force imparted to the
wall during the impact.

5.36. An argon molecule flies with a velocity of 500 mls and elasti
cally strikes the wall of a vessel. The direction of the molecule velocity
and a perpendicular to the wall form an angle of 60°. Find the impulse
of the force imparted to the wall during the impact.

5.37. A nitrogen molecule flies with a velocity of 430 m/s. Deter
rnine the momentum of this molecule.

5.38. What number of molecules is conta~ed in 1 gramme of water
vapour?
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5.39. A vessel with a capacity of 4 litres contains 1 gramme of
hydrogen. What number of molecules is present in 1 ern- of the vessel?

5.40. What number of molecules is contained in a room 80 m3 in
volume at a temperature of 17°C and a pressure of 750 mm Hg?

5.41. How many molecules are present in 1 ern- of a vessel at
10 0 C if it is evacuated to the highest rarefaction possible using up... to
date laboratory methods (p= 10- 1 1 mm Hg)?

5.42. To obtain a good vacuum in a glass vessel, its walls should be
heated during evacuation to remove the adsorbed gas. Calculate the
possible increase of pressure in a spherical vessel with a radius of
r= 10cm if the adsorbed molecules pass into the vessel from the walls.
The cross-sectional area of a molecule is 10- 1& em- and the layer is
monomolecular. The temperature t=300°C.

5.43. What number of particles is present in 1 gramme of vaporous
iodine if its degree of dissociation is 50 per cent? The mass of one kilo
mole of iodine 12 is 254 kg/krnole.

5.44. How many particles are contained in 16 grammes of half dis
sociated oxygen?

5.45. A vessel contains 10- 10 kmole of oxygen and 10-6 grammes of
nitrogen. The temperature of the mixture is 1000 C. The pressure in the
vessel is 10-3 mm Hg. Find: (1) the volume of the vessel, (2) the partial
pressures of the oxygen and nitrogen, (3) the number of molecules in
1 ern! of the vessel.

5.46. Determine the mean square velocity of air molecules at a tern...
perature of 17°C assuming the air to be a homogeneous gas with the
mass of one kilomole equal to ,..,=29 kg/kmole.

5.47. Find the relationship between the mean square velocities of
the molecules of helium and nitrogen at the same temperatures.

5.48. An explosion of an atomic bomb develops a temperature of
about 108 degrees. Assuming that all the molecules are completely
dissociated into atoms, and that the atoms are ionized, find the mean
square velocity of a hydrogen ion.

5.49. Find the number of hydrogen molecules in 1 ern! if the pres
sure is 200 mm Hg and the mean square velocity of the hydrogen mole
cules is 2,400 mls in these conditions.

5.50. The density of a gas is 6 X 10- 2 kg/rn" and the mean square
velocity of the gas molecules is 500 m/s. Find the pressure exerted by
the gas on the walls of the vessel.

5.5t. How many times is the mean square velocity of a dust particle
suspended in air smaller than that of the air molecules? The mass of
the particle is 10- 8 g. Assume the air to be a homogeneous gas with the
mass of one kilomole equal to 29 kg/kmole.

5.52. Determine the momentum of a hydrogen molecule at a tempe
rature of 20° C. The velocity of the molecule is equal to the mean square
velocity.
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5.53. A vessel with a capacity of 2 litres contains 10grammes of oxy
gen under a pressure of 680 mm Hg. Find: (1) the mean square velocity
of the gas molecules, (2) the number of molecules in the vessel, (3)
the density of the gas.

5.54. Gamboge particles with a diameter of D = 1 ~ participate in
Brownian motion. The density of the gamboge p= 1 g/cm", Find the
mean square velocity of the gamboge particles at t=O° C.

5.55. The mean square velocity of the molecules .of a certain gas
is 450 m/s. The gas pressure is 5x 10· N/m 9 • Determine the density
of the gas in these conditions.

5.56. (I) Find the mean square velocity of the molecules of a gas
whose density is 8.2 X 10-& g/crn" at a pressure of 750 mm Hg.
(2) What is the mass of one kilomole of this gas if its density is given
for a temperature of 17°C?

5.57. The mean square velocity of the molecules of a certain gas is
461 m/s in standard conditions. How many molecules are contained
in I gramme of this gas?

5.58. What is the energy of the thermal motion of 20 grammes of
oxygen at a temperature of 100 C? What part of this energy falls to the
share of translational motion and of rotational motion?

5.59. Determine the kinetic energy of the thermal motion of the
molecules present in 1gramme of air at a temperature of 150 C. Assume
the air to be a homogeneous gas, the mass of one kilomole of which is
equal to 29 kg/kmole.

5.60. What is the energy of the rotational motion of the molecules
contained in 1 kg of nitrogen at a temperature of 70 C?

5.61. What is the energy of the thermal motion of the molecules of
a biatomic gas enclosed in a vessel 2 litres in volume under a pressure
of 1.5x 10' N/rn2?

5.62. The kinetic energy of translational motion of the nitrogen mo
lecules present in a cylinder having a volume of 0.02 rn3 is equal to
5x 103 J, and the mean square velocity of the nitrogen molecules is
2x 103 m/s. Find: (1) the quantity of nitrogen in the cylinder, (2) the
pressure acting on the nitrogen.

5.63. At what temperature will the mean kinetic energy of the ther
mal motion of helium atoms be sufficient for the helium atoms to over
come the gravitational force of the Earth and leave the atmosphere
forever? Also solve this problem for the Moon.

5.64. One kilogramme of a biatomic gas is at a pressure of p=
=8x 10· N/m ' and has a density of p = 4 kg/rn-. Find the energy of
thermal motion of the gas molecules in these conditions.

5.65. What number of molecules of a biatomic gas occupy a volume
of v= 10 ern! at a pressure of p=40 mm Hg and a temperature of
1=27° C? What is the energy of the thermal motion of these mole..
cules? ,
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5.66. Find the specific heat of oxygen: (I) at V=const and
(2) at p=const. '

5.67. Find the speci~c heat at constant. pressure of the following ga
ses: .(I) hydrogen chloride, (2) neon, (3) nitrogen oxide, (4) carbon mo
noxide, and (5) mercury vapours.

5.68. Determine for oxygen the ratio of the specific heat at constant
pressure to the specific heat at constant volume.

5.69. The specific heat at constant pressure for a biatomic gas is
3.5 cal/g ·deg. What -is the mass of one kilomole 'of this gas?

5.70. What are the specific heats Co and ct!. of a biatomic gas if its
density is 1.43 kg/m! in standard conditions?

5.71. Find the specific heats c" and cpof a gas if the mass of one kilo
mole of this gas is .... =30 kg/kmole and the ratio cp/co:'= 1.4.

5.72. How many times is the heat capacity of oxyhydrogen gas
greater than that of the water vapours produced by the combustion of
the gas? Solve the problem for the cases when (I) V=const, and
(2) p=const.

5.73. What is the degree of dissociation of oxygen if its specific
heat is 1,050 J /kg -deg at constant pressure?

5.74. Determine the specifie heats Cv and cp of vaporous iodine if its
degree of dissociation is 50 per cent. The mass of one kilomole of iodine
It is equal to 254 kg/kmole.

5.75. Determine the degree of dissociation of nitrogen if its ratio
cp/Cf) is equal to 1.47.

5.76. Find the specific heat at constant pressure of a gas mixture
consisting of 3 kmo·les of argon and 2 kmoles of nitrogen.

5.77. Find the ratio cp/Cf} for a gas mixture consisting of 8 grammes
of helium and 16 grammes of oxygen.

5.78. The specific heat of a gas mixture consisting of one kilomole
of oxygen and several kilomoles of argon at constant volume is equal to
430 J /kg -deg. How much argon is there in the gas mixture?

5.79. Ten gramtnes of oxygen are under a pressure of 3 X 10' N/m'
at a temperature of 100 C. After heating at constant pressure, the
gas occupies a volume of 10 litres, Find: (I) the amount of heat received
by the gas, (2) the energy of the thermal motion of the gas molecules
before and after heating.

5.80. Twelve grammes of nitrogen are contained in a closed vessel
2 Iitres in volume at a temperature of 100 C. After heating, the pressure
in the vessel becomes 10· mm Hg. What amount of heat has been recei
ved by the gas during heating?

5.81. Two litres of nitrogen are under a pressure of 10' N/m '. What
amount of heat should be imparted to the nitrogen: (1) to double its
volume at p=const, (2) to double its pressure at V=const?

5.82. A closed vessel contains 14 grammes of nitrogen under a pres..
sure of 10' N/m l and a temperature of 27° C. After heating, the pres-
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sure in the vessel increases five times. Find: (1) the temperature which
the gas was heated to, (2) the volume of the vessel, (3) the amount of
heat received by the gas.

5.83. What amount of heat should be imparted to 12 grammes of
oxygen. to heat it by 50° C at a constant pressure?

5.84. To heat 40 grammes of oxygen from 16° C to 40 0 C, 150 calo
ries are required. What conditions was the gas heated in (at a constant
volume or a constant pressure)?

5.85. A closed vessel 10 litres in volume contains air under a pres
sure of lOr. N/m 2 • What amount of heat should be imparted to the air
to increase the pressure in the vessel five times?

5.86. (1) What amount of carbon dioxide gas can be heated from
20° C to 1000 C by an amount of heat of 0.053 kcal? (2) By how much
will the kinetic energy of one molecule change? During heating the gas
expands at p=const.

5.87. A closed vessel with a volume of V=2litres contains nitrogen
with a density of p= 1.4 kg/rna. What amount of heat Q should be
imparted to the nitrogen to heat it by ~t= 100°C in these conditions?

5.88. A closed vessel 3 litres in volume contains nitrogen at a tem
perature of 27° C and a pressure of 3 at. After heating, the pressure in
the vessel rose to 25 at. Find: (1) the temperature of the nitrogen after
heating, (2) the quantity of heat received by the nitrogen.

5.89. To heat a certain amount of gas by 50° C at a constant pres
sure 160 cal are required. If the same amount of gas is cooled by 100° C
at a constant volume, 240 cal will be evolved. How many degrees of
freedom do the molecules of this gas have?

5.90. A closed vessel contains 10 grammes of nitrogen at a tempera..
ture of 7 0 C. (1) What amount of heat should be imparted to the nitro
gen to double the mean square velocity of its molecules? (2) How
many times will the temperature of the gas change? (3) How many
times will the pressure of the gas on the walls of the vessel change?

5.91. Helium is contained in a closed vessel with a volume of 2 lit
res at a temperature of 20° C and a pressure of 10' N/m 2 • (1) What
amount of heat should be imparted to the helium to increase its tempe
rature by 100° C? (2) What will the mean square velocity of its molecu
les be at the new temperature? (3) What will the pressure be? (4) What
will the density of the helium be? (5) What will the energy of the ther
mal motion of its molecules be?

5.92. A closed vessel 2 litres in volume contains m grammes of ni
trogen and m grammes of argon in standard conditions. What quantity
of heat should be imparted to this gas mixture to raise its temperature
by 1000 C?

5.93. Find the mean arithmetic, the mean square and the most
probable velocity of the molecules of a gas with a density of 0.3 gramme
per litre at a pressure of 300 mm Hg. "
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5.94. At what temperature is the mean square velocity of nitrogen
molecules higher than their maximum probable velocity by 50 m/s?

5.95. What part of oxygen molecules have a velocity from 100 mls
to 110 mls at 0° C?

5.96. What part of nitrogen molecules have a velocity from 300 mls
to 325 mls at'15O° C?

5.97. What part of hydrogen molecules have a velocity from
2.000 mls to 2,100 mls at 0° C?

5.98. How many times is the number of molecules ~Nl whose velo-
cities range from V~I to V~'+Av smaller than the number of molecu
les~N 2 whose velocities range from vpr to vpl'+~v?

5.99. What part of nitrogen molecules at a temperature of T have
velocities ranging from vPl' to vpr+~v, where ~v=20 m/s? Solve the
problem for: (I) T=400° K, and (2) T=900° K.

5.100. What part of nitrogen molecules at a temperature of T=
= 150° C has velocities ranging from v1 = 300 mls to vl = 8oo m/s?

5.101. What part of the total number N of molecules has a velo
city: (1) higher than the maximum probable velocity, and (2) lower
than the maximum probable velocity?

5.102. A cylinder contains 2.5 grammes of oxygen. Find the number
of oxygen molecules whose velocities exceed the mean square velo
city.

5.103. A vessel contains 8 grammes of oxygen at a temperature of
1,6000 K. How many oxygen molecules have a kinetic energy of trans
lational motion which exceeds E o= 6.65x 10- 10 J?

5.104. The energy of charged particles is frequently measured in
electron-volts. One electron-volt (1 eV) is the energy acquired by an
electron when it passes through a potential differenceof 1 V in an elect
ric field. 1 eV=1,6 x 10- 1e J (see Table 4 on p. 16) Find: (I) the
temperature at which the mean kinetic energy of translational motion
of the molecules is equal to leV, (2) the temperature at which 50 per
cent of all molecules have a mean kinetic energy of translational motion
which exceeds 1 eV.

5.105. The work of ionization of potassium atoms is 10' kcal/kg
atom. Determine the temperature of a gas at which 10 per cent of all
the molecules have a kinetic energy of translational motion which ex
ceeds the energy required to ionize one atom of potassium.

5.106. There is a Soviet high-altitude cosmic station on the moun
tain Alaghez in Armenia at an altitude of 3,250 m above sea level.
Find the air pressure at this altitude. Consider the temperature of the
air constant and equal to 50C. The mass of one kilomole of air is
29 kg/kmole and the pressure of air at sea level is 760 mm Hg.

5.107. At what altitude is the pressure of air equal to 75 per cent of
that at sea level? Consider the temperature to be constant and equal
to 0° C.
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5.108. A passenger plane flies at an altitude of 8,300 m. To dispense
with oxygen masks, a constant pressure. which corresponds to an alti
tude of 2,700 m, is maintained in the cabins with the aid of a compres
sor. Determine the difference between the pressures inside and outside
the cabin. Take the mean temperature of the outside air as equal to
O°C.

5.109. Find in the previous problem how many times the density of
the air in the cabin is higher than that outside if the ambient tempera..
ture is -20 0 C and the temperature inside the cabin is +20 0 c.

5.110. What is the weight of 1 rna of air: (1) at the Earth's surface,
(2) at an altitude of 4 km from the Earth's surface? Consider the air
temperature constant and equal to 0 0 C. The air pressure at the Earth's
surface is 10' N/m 2 •

5.111. At what altitude is the density of a gas equal to 50 per cent
of its density at sea level? Consider the temperature constant and equal
to 0 0 C. Solve the problem for: (1) air, and (2) hydrogen.

5.112. When Perrin observed through a microscope the change in
the concentration of suspended particles of gamboge with altitude,
he used the barometric formula to determine Avogadro's number ex
perimentally .. One of his experiments showed that when the distance
between any two layers is 100 f.1. the number of suspended gamboge
particles in one layer is double that in the other. The temperature of
the gamboge was 20° C. The particles of gamboge 0.3x 10-' cm in
diameter were suspended in a liquid whose density was 0.2 g/crn! less
than that of the particles. Use these data to find Avogadro's num
ber.

5.113. Determine the mean free path of carbon dioxide gas molecu
les at a temperature of 1000 C and a pressure of 0.1 mm Hg. Take the
diameter of a carbon dioxide gas molecule equal to 3.2 X 10- 8 em.

5. t 14. An ionization gauge installed in the third Soviet artificial
satellite showed that 1 ern' of the atmosphere contained about a thou
sand million particles of gas at a height of 300 km from the Earth's
surface. Find the mean free path of the gas particles at this height.
Take the diameter of the particles equal to 2x 10-10 m.

5.115. Find the mean free path of air molecules in standard condi
tions. Take the diameter of an air molecule equal to 3x 10-8 em.

5.116. Find the mean number of collisions per second of carbon dio
xide gas molecules at a temperature of 100 0 C if the mean free path is
8.7x 10- 1 em in these conditions.

5.117. Find the mean number of collisions per second of nitrogen
molecules at a temperature of t=27° C and a pressure of p=
=400 mm Hg.

5.118. A vessel with a volume of 0.5 litre contains oxygen in stan
dard conditions. Find the total number of collisions between the oxygen
molecules in this volume during I second. "
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5.119. How many .times.will the numb~r of collisions per second of
the molecules of a biatornic gas decrease If the volume of the gas in
creases adiabatically twofold?

5.120. Find the mean free path of nitrogen molecules at a tempera
ture of 17° C and a pressure of 10' Nzrn>,

5.121. Find the mean free path of helium atoms for conditions when
the density of the helium p=2.1 X 10- 2 kg/rns.

5.122. What is the mean free path of hydrogen molecules at a pres
sure of p= 10- 3 mm Hg and a temperature of t=5O° C?

5.123. The mean free path of oxygen molecules is 9.5xIO-sm at
0° C and a certain pressure. What is the mean number of collisions of
the oxygen molecules per second if the vessel is evacuated to 0.01 of
the initial pressure? The temperature is constant.

5.124. Under certain conditions tlfe"'mean free path of molecules of
a gas is 1.6 X 10-1 m and the arithmetic mean velocity of its mole
cules is 1.95 km/s. What is the mean number of collisions of the gas
molecules per second if the gas pressure is reduced 1.27 times at the same
temperature?

5.125. A flask with a volume of 100 em" contains 0.5 gramme of
nitrogen. Find the mean free path of nitrogen molecules in these
conditions.

5.126. A vessel is filled with carbon dioxide gas whose density p=
= 1.7 kg/rn". In these conditions the mean free path of its molecules
1=7.9x 10-' em. Determine the diameter (J of the carbon dioxide
molecules.

5.127. Determine the mean time between two consecutive ca1lisions
of nitrogen molecules at a temperature of 10° C and a pressure of 1 mm
Hg.

5.128. A vessel with air is evacuated to a pressure of 10-' rnrn Hg.
What is the density of the air in the vessel, the number of molecules
in 1 ern! of the vessel and the mean free path of the molecules? Assume
the diameter of the air molecules to be 3 X 10- 8 cm and the mass of
one kilomole J.1=29 kg/kmole. The temperature of the air is 17° C.

5.129. What maximum number of molecules of a gas should becon
tained in 1 em! of a spherical vessel with a diameter of 15 ern so that
the molecules do not collide with each other? The diameter of a gas mo
lecule is 3x 10-8 em.

5.130. What pressure should be built up inside a spherical vessel
with a diameter of: (1) 1em, (2) 10cm and (3) 100cm so that the mole
cules do not collide with each other? The diameter of a gas molecule
is 3x 10- 8 em and the temperature of the gas is 0° C.

5.131. The distance between the cathode and anode in a discharge
tube is 15cm. What pressure should be built up in the tube so that the
electrons do not collide with the air moJecules on their path from the
cathode to the anode? The temperature is 270 C. The diameter of an



76 PROBLEMS (5. t 32-5. t 45

air molecule is 3x 10- 8 cm. The mean free path of an electron in the
gas is approximately 5.7 times greater than that of the gas molecules.

5.132. A spherical flask with a volume of 1 litre is filled with nitro
gen. At what density of the nitrogen will the mean free path of its mo
lecules be greater than the dimensions of the vessel?

5.133. Find the mean number of collisions of the molecules of a cer
tain gas per second if the mean free path is 5x 10- 4 ern in these condi
tions and the mean square velocity of its molecules is 500 m/s.

5.134. Find the diffusion coefficient of hydrogen in standard condi
tions if the mean free path of the molecules is 1.6x 10- 7 m.

5.135. Find the diffusion coefficient of helium in standard condi
tions.

5.136. Plot a diagram showing the diffusion coefficient of hydrogen
versus the temperature within the range of 100° K~T~600° K for
intervals of 100° at a constant pressure of p=const= 1 at.

5.137. Find the amount of nitrogen that passes owing to diffusion
through an area of 100 ern! in 10 seconds if the density gradient in a di
rection perpendicular to the area is 1.26 kg/rn'. The temperature of the
nitrogen is 270 C and the mean free path of the nitrogen mole
cules is 10-' ern.

5. t38. Two vessels A and B are connected by a tube whose diameter
d= 1 em and length l= 1.5 cm. The tube is provided with a cock.
When the cock is closed, the pressure of the air in vessel A is Pl.
Vessel B is evacuated to a pressure of P2~1. Determine the amount
of air that diffuses from vessel A into vessel B during the first second
after the cock is opened. The temperature of the air in both vessels is
17° C and the diameter of the air molecules 0=3 A.

5.139. Find the mean free path of helium molecules at a tempera ..
ture of 0° C and a pressure of 760 mm Hg if- the coefficient of internal
friction (dynamic viscosity) is equal to I.3x 10-& glcm ·5.

5.140. Determine the coefficient of internal friction of nitrogen in
standard conditions if the diffusion coefficient is 0.142 cmvs.

5.141. Find the diameter of an oxygen molecule if the coefficient
of internal friction for oxygen at O°C isequal to '1= 18.8 X 10- 6 N ·5/m 2 •

5.142. Plot a diagram showing the coefficient of internal friction of
nitrogen versus the temperature within the range of 100 0

K~T~

~ 600° K for intervals of 100°.
5.143. Determine the coefficients of diffusion and of internal fric..

tion of air at a pressure of 760 mm Hg and a temperature of 10° C.
The diameter of an air molecule is 3x 10- 10 m.

5.144. How many times is the coefficient of internal friction of
oxygen greater than that of nitrogen? The temperature of the gases is
the same.

5. '45. The coefficientsof diffusion and internal friction of hydrogen
are under certain conditions equal to D 'l.42 cmvs and T)=8.5x
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X 10-8 N -s/m>, respectively. Find the number of hydrogen molecules
in 1 rna in these conditions.

5.146. The coefficients of diffusion and internal friction of oxygen
are equal to 1.22xIO' rn2/s and 1)=1.95xIO-r. kg/rn-s respecti
vely. Find in the~ conditions: (1) the densit~ of the oxygen, (2) the
mean free path of Its molecules, and (3) the arithmetic mean velocity
of its molecules.

5.147. What maximum velocity can a rain drop 0.3 mm in diameter
reach? The diameter of an air molecule is 3x 10- 10 m and the air
temperature is 00 C. Assume that the Stokes law is true for the rain
drop.

5.148. An airplane flies at a velocity of 360 km/h. Assuming that
the layer of air at the airplane wing carried along owing to viscosity is
4 ern, find the tangential force acting on each square metre of the wing
surface. The diameter of an air molecule is ax 10- 8 cm. The tempera
ture of the air is 0° C.

5.149. The space between two coaxial cylinders is filled with gas.
The radii of the cylinders are equal to r=5 cm and R=5.2 em, res
pectively. The height of the internal cylinder h=25 em, The external
cylinder rotates with a velocity corresponding to v=360 rev/min.
For the internal cylinder to remain immobile, a tangential force of
F= 1.38X 10-8 N should be applied to it. Considering this case to the
first approximation as a plane problem, use the data of this experiment
to determine the viscosity coefficient of the gas between the cylinders.

5.150. Find the thermal conductivity coefficient of hydrogen if
its coefficient of internal friction is 8.6x 10-8 N ·s/ml in these condi
tions.

5.15 t. Find the thermal conductivity coefficient of air at a tempe
rature of 10° C and a pressure of 10' Nzcrn>. The diameter of an air mo
lecule is 3x 10- 8 cm.

5.152. Plot a diagram showing the thermal conductivity coefficient
of hydrogen versus the temperature within the range of 100°K~
~T~600° K for intervals of 100°.

5.153. A vessel with a volume of V=2 litres contains N=4X
X 10.2 2 molecules of a biatomic gas. The thermal conductivity coef
ficient of the gas "'=0.014 W/m -deg. Find the diffusion coefficient of
the gas in these conditions.

5.154. Carbon dioxide gas and nitrogen are under the same tempe
rature and pressure. Find for these gases the ratio of: (I) the diffusion
coefficients, (2) the coefficients of internal friction, and (3) the ther
mal conductivity coefficients. Assume the diameters of the molecules
of these gases to be identical. .

5.155. The distance between the walls of a Dewar flask is 8 mm. At
what pressure will the thermal conductivity of the air between the
walls of the flask begin to diminish during its evacuation? The tempe-
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rature of the air is 17° C and the diameter of an air molecule is 3x
X 10-"1 mm.

5.156. A cylindrical vacuum bottle with an external radius of ',,=
=10 ern, an internal radius of '1=9 ern and a height of h=20 ern is
filled with ice. The temperature of the ice is 0° C and the ambient tem
perature of the air is 20 0 C. (I) Find the maximum air pressure between
the walls of the vacuum bottle at which the thermal conductivity
coefficient will still depend on the pressure. The diameter of the air
molecules is 3x 10- 8 cm and the temperature of the air between the
bottle walls is equal to the arithmetical mean of the temperatures
of the ice and the ambient medium. (2) Find the thermal conductivity
coefficientof the air between the bottle walls at pressures of: (a) 760mm
Hg, (b) 10-· mm Hg (J.t=29 kg/mole). (3) What amount of heat passes
in one minute through the side surface of the vacuum bottle with a mean
radius of 9.5 cm due to thermal conductivity? Solve the problem for
pressures of: (a) 760 mm Hg, and (b) 10-& mm Hg.

5.157. What amount of heat is lost every hour through a double
window owing to the thermal conductivity of the air enclosed between
the panes? The area of each pane is 4 m t and the distance between them
is 30 em. The temperature in the room is 180 C, and outside it is
-20° C. The diameter of the air molecules is Sx 10- 8 em, and the
temperature of the air between the panes is equal to the arithmetic
mean between the temperatures in the room and outdoors. The pres
sure is 760 mm Hg.

5.158. There is air between two plates arranged at a distance of
I mm from each other and a temperature difference of ~T= lOis
maintained between them. The area of each plate A = 100 ems, What
amount of heat is transferred by conductivity from one plate to the oth
er during 10 minutes? The air is in standard conditions and the diame
ter of an air molecule is equal to 3x 10- 10 m.

5.159. Ten grammes of oxygen are under a pressure of 3 X 10' N1m 2

at a temperature of 10° C. The gas heated at a constant pressure occu
pies a volume of 10 Iitres, Find: (1) the amount of heat received by the
gas, (2) the change in the internal energy of the gas, (3) the work per
formed by the gas during expansion.

S.160. Hydrogen at a temperature of 270 C and in an amount of
6.5 grammes expands twofold at p=const owing to the influx of heat
from outside. Find: (1) the work of expansion, (2) the change in the
internal energy of the gas, (3) the amount of heat received by the gas.

5.161. A closed vessel contains 20grammes of nitrogen and 32 gram
mes of oxygen. Find the change in the internal energy of the gas mix
ture when it cools by 28° C.

5.162. Two kilomoles of carbon dioxide gas are heated by 50° C
at constant pressure. Find: (I) the change in the internal energy of the
gas, (2) the work of expansion, (3)the amount o1Jleat received by thegas,
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5.163. Five hundred calories of heat are imparted to a blatornic
gas. The gas expands at constant pressure. Determine the work of ex
pansion of the gas.

5.164. Work equal to 16 kgf-m was performed during isobaric ex
pansion of a biatomic gas. What amount of heat did the gas receive?

5.165. A gas occupying a volume of 5 litres under a pressure of 2 X
X IOC» N/m 2 and a temperature of 17° C is heated and expands isobari
cally. The work of expansion is 20 kgf-m. What temperature was the
gas heated to?

5.166. Seven grammes of carbon dioxide gas are heated by 10° C
in conditions of free expansion. Find the work of expansion of the gas
and the change in its internal energy.

5.167. One kilornole of a multiatomic gas is heated by 100° C in
conditions of free expansion: Find: (1) the amount of heat received by
the gas, (2) the change in its internal energy, (3) the work of expansion.

5.168. One gramme of nitrogen is present in a vessel under a piston.
(1) What amount of heat should be spent to heat the nitrogen by 10° C?
(2) How much will the piston rise? The piston weighs I kgf and its
cross-sectional area is 10 em>. The pressure above the piston is I at.

5.169. Oxyhydrogen gas is in a vessel under a piston. Determine the
amount of heat evolved upon explosion of the gas if its internal energy
changes by 80.2 calories and the piston rises 20 ern. The piston weighs
2 kgf and its cross-sectional area is 10 ern". The air above the piston
is in standard conditions.

5.170. Nitrogen amounting to 10.5 grammes expands isothermally
at a temperature of -23 0 C from a pressure of Pi=2.5 at to Pl= 1 at.
Find the work performed by the gas during expansion.

5.171. Upon the isothermal expansion of 10 grammes of nitrogen at
a tempetature of 17° C, work was performed equal to 860 J. How many
times did the pressure of the nitrogen change upon expansion?

5.172. The work of isothermal expansion of 10 grammes of a gas
from the volume VI to V2=2V1 is 575 J. Determine the mean square
velocity of the gas molecules at the same temperature as above.

5.173. One litre of helium in standard conditions expands isothermal
ly to a volume of two Iitres at the expense of heat received from a hot
source. Find: (1) the work performed by the gas during expansion,
(2) the amount of heat received by the gas.

5.174. Upon the isothermal expansion of 2 m3 of a gas its pressure
changes from PI =5 at to P2=4 at. Determine the work performed.

5.175. What temperature will air at 0° C be cooled to if it expands
adiabatically from a volume of VI to V2=2V1?

5.176. Oxygen amounting to 7.5 litres is compressed adiabatically
to a volume of 1 litre, and the pressure at the end of compression is
1.6x 108 N/m 3 • Under what pressure was the gas before compres
sion?
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5.177. Air is compressed adiabatically in the cylinders of an Inter
nal-combustion engine and its pressure changes from PI= 1 at to p,,=
=35 at. The initial temperature of the air is 40° C. Find its tempera
ture at the end of compression.

5.178. A gas expands adiabatically, and its volume doubles, while
its absolute temperature drops 1.32 times. What number of degrees of
freedom do the gas molecules have?

5.179. A biatomic gas at a temperature of 27° C and under a pres
sure of 2x 10" N/m l is compressed adiabatically from the volume
VI to V2= 0.5VI. Find the temperature and pressure of the gas after
compression.

5.1BO. Oxyhydrogengas in a vessel under a piston occupies a volume
of 10-· rna in standard conditions. When compressed rapidly the gas
ignites. Find the temperature of ignition of the gas if the work of com
pression is equal to 4.73 kgf-m.

5.181. A gas is in a vessel under a piston in standard conditions.
The distance between the bottom of the vessel and the crown of the
piston is 25 em. A load of 20 kgf is placed on the piston and it lowersby
13.4 em. Assuming the compression to be adiabatic, find the ratio
~/c" for this gas. The cross-sectional area of the piston is 10 em".
Disregard the weight of the piston.

5.182. A biatomic gas occupies a volume of VI = O.5 litre under a
pressure of PI=0.5 at. The gas is compressed adiabatically to a certain
volume V. and a pressure p. and is then cooled to the initial tempera..
ture at a constant volume of VI. Here its pressure becomes equal to
po= 1 at. (1) Plot the diagram of this process. (2) Determine the vol
ume VI and the pressure PI.

5.183. A gas so expands adiabatically that its pressure drops from
2 at to 1 at. The gas is then heated at a constant volume to the initial
temperature and its pressure increases to 1.22 at. (1) Find the ratio
epIc" for this gas. (2)Plot the diagram of this process.

5.184. One kilomoleof nitrogen in standard conditions expands adia
batically from the volume VI to V,=5V t • Find: (1) the change in the
internal energy of the gas, (2) the work performed during expansion.

6.185. It is necessary to compress 1X 10-1 rna of air to a volume of
2x 10-8 mi. What is the best compression process-adiabatic or iso
thermal?

5.186. The work of 146 kJ is spent to compress adiabatically one
kilomole of a biatomic gas. How much will the temperature of the gas
increase during compression?

5.187. How many times will the mean square velocity of the mole
cules of a biatomic gas decrease upon 8 twofold adiabatic increase in
the volume of the gas?

5.188. Ten grammes of oxygen in standard conditions are com
pressed to a volume of 1.4x 10-8 mI. Find 1he pressure and tempera
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ture of the oxygen after compression if: (1) the oxygen is compressed
isothermally, (2) the oxygen is compressed adiabatically Find the
work of compression in each case. ·

5.189. Nitrogen in an amount of 28 grammes at a temperature of
40° C and a pressure of 750 mm Hg is compressed to a volume of 13 lit
res. Find the temperature and pressure of the nitrogen after compres
sion if: (1) the nitrogen is compressed isothermally, (2) the nitrogen is
compressed adiabatically. Fi!1d the work of compression in each case.

5.190. How many times will the free path of the molecules of a bia
tornic gas increase if its pressure is halved? Consider the cases when:
(1) the gas expands isothermally, (2) the gas expands adiabatically.

5.191. Two different gases-one monoatomic and the other biato
mic-are at the same temperature and occupy the same volume.
The gases are so compressed-adiabatically that their volume is halved.
Which of the gases will be heated more and how many times?

5.192. One kilogramme of air at a temperature of 300 C and a pres
sure of 1.5 atm expands adiabatically and the pressure drops to 1 atm.
Find: (1) the expansion ratio, (2) the final temperature, (3) the work
performed by the gas during expansion.

5.193. The volume of 1 kmole of oxygen in standard conditions
increases to V=5Vo• Plot a diagram showing the relationship p=
=f(V) if: (1) expansion occurs isothermally,
and (2) expansion occurs adiabatically. Find
the value of p for the volumes: Vo, 2Vo, avo,
4Vo and 5Vo•

5.194. A certain quantity of oxygen occu
pies a volume of VI =3 litres at a tempera
ture of t 1= 27° C and a pressure of Pl=8.2x
X 10& N/m' (Fig. 8). In the second state
the gas parameters are: Vt = 4.5 litres and
P2=6x 10' N/m l

• Find the amount of heat
received by the gas, the work performed by the
gas during expansion, and the change in the internal energy of the gas.
Solve the problem on condition that the transition of the gas from
the first to the second state is 'via: (1) ACB, and (2) ADB.

5.195. An ideal heat engine operates according to the Carnot cycle
and receives 600 cal from a hot source each cycle. The temperature of
the hot source is 4000 K and that of the cold sink 3000 K. Find the
work performed by the engine per cycle and the amount of heat rejected
to the cold sink per cycle.

5.196. An ideal heat engine operates according to the Carnot cycle. "
Determine the efficiency of the cycle if work equal to 300 kgf-rn was
performed during one cycle and the cooler received 3.2 kcal.

5.197. An ideal heat engine operates according to the Carnot cycle
and performs work equal to 7.35x 10· J during one cycle. The tempe-

6-3574
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rature of the hot source is 100 0 C and that of the cold sink DOC. Find:
(1) the engine efficiency, (2) the amount of heat received by the engine
per cycle from the hot source, (3) the amount of heat rejected to the
cold sink during one cycle.

5.198. An ideal heat engine operates according to the Carnot cycle.
Eighty per cent of the heat received from the hot source is rejected to
the cold sink. The amount of heat received from the hot source is
1.5 kcaI. Find: (1) the cycle efficiency, (2) the work performed during
a complete cycle.

5.199. An ideal heat engine operates according to the Carnot cycle
using heated air taken at an initial pressure of 7 atm and a tempera
ture of 127° C. The initial volume of the air is 2x 10- 3 rn-. After the
first isothermal expansion the air occupies a volume of 5 litres, and
after adiabatic expansion 8 litres. Find: (1) the coordinates of the in
tersection of the isothermal and adiabatic lines, (2) the work on each
section of the cycle, (3) the total work performed during the entire
cycle, (4) the cycle efficiency, (5) the amount of heat received from the
hot source per cycle, (6) the amount of heat rejected to the cold sink
during one cycle.

5.200. One kilornole of an ideal gas completes a cycle consisting of
two isochoric and two isobaric lines. The volume of the gas changes
from VI=25 m8 to V,=50 mS and the pressure from PI= 1 atm to
P2=2 atm. How many times is the work performed in this cycle less
than the work in a Carnot cycle whose isothermal lines correspond
to the maximum and minimum temperatures of the cycle under consi
deration if the volume doubles in isothermal expansion?

5.201. An ideal refrigerator operates according to the reverse Carnot
cycle and performs work equal to 3.7x lOt J per cycle. It receives
heat from a body with a temperature of -10° C and transfers this heat
to a body with a temperature of +17° C. Find: (1) the cycle efficiency,
(2) the amount of heat rejected from the cold body per cycle, (3) the
amount of heat imparted to the hot body per cycle.

5.202. An ideal refrigerator operates as a heat pump according to
the reverse Carnot cycle. It receives heat from water with a tempera
ture of 2° C and transfers it to air with a temperature of 27° C. Find:
(1) the quantity TIl-the ratio between the amount of heat imparted
to the air during a certain time and the amount rejected during the
same time from the water, (2) the quantity T)z-the ratio between the
amount of heat rejected from the water during a certain time and the
energy spent during the same time to operate the refrigerator (112 is
known as the refrigeration coefficient), (3) the quantity 'tl3-the
ratio between the energy spent to operate the refrigerator during a cer
tain time and the amount of heat transferred during the same time to
the air (113 is known as the cycle efficiency). Find the relationship bet-
ween the quantities 111t l}~ and '13. "
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Fig. 9

5.203. An ideal refrigerator operates according to the reverse Carnot
cycle and transmits heat from a cold.source with water at a tempera
ture of 0° C to a boiler with water at a temperature of 100° C What
amount of water must be frozen in the cooler to convert 1 kg of water
into vapour in the boiler?

5.204. A room is heated by a refrigerator operating according to the
reverse Carnot cycle. How many times is the amount of heat Qo re
ceived by the room by burning firewood in a furnace lower than the
heat Ql imparted to the room by. a refrigerator actuated by a heat
engine consuming the same amount of
firewood. The engine operates with- P 8 C
in the temperature range T 1= 100° C p, --,.--.....--'
and T,=oo C. A temperature of T; =
= 16°C should be maintained in the
room. The ambient temperature T~=

=-lO°C.
5.205. The working cycle of an ideal

steam engine isshownin Fig. 9: (a)when
admission of the steam from the boiler
into the cylinder is begun, the pressure po -A+---~---- ....... E
in the latter increases at a constant vo- I
lume Vo from po to PI (line AB); (b)
upon further admission of the steam,
the piston moves from left to right
(line Be) at a constant pressure PI; (c)
whenthe piston continues to moveto the right, the supply ofsteam from
the boiler into the cylinder is shut off and the steam expands adiaba
tically (line CD); (d) when the piston is in its extreme right-hand po
sition the steam emerges from the cylinder into a cold sink, and the
pressure drops at a constant volumeV, to po (line DE); (e) during the
reverse stroke the piston expels the remaining steam at a constant pres
sure po and the volume drops from VI to Vo (line EA). Determine the
work done by the engine per cycle jf Vo= O.5 litre, V1= 1.5 litres,
V2=3.0 litres, po= I at, PI= 12 at and the adiabatic exponent is
1.33.

5.206. A steam engine rated at 14.7 kW consumes 8.1 kg of coal
wlth a calorific value of 3.3x 10' J/kg during one hour of operation.
The temperature of the boiler is 200°C and that of the cold sink 58° C.
Determine the actual efficiency of the engine '11 and compare it with
the efficiency T)2 of an ideal heat engine operating according to the
Carnot cycle within the same temperature range.

5.207. The piston area in a steam engine rated at 20 hp is 200 em'
and the piston stroke 1=45 em, The "isobaric process Be (Fig. 9)
takes place when the piston travels one-third of its stroke. The volume
V. as compared to the volumes VI and V•.may be neglected. The steam



84

P D
Pi -

P, -

Fig. 10

E

PROBLEMS (5.208-5.211



5.212-5.221) ,\\OLECULAR PHYSICS AND THERMODYNAMICS 85

V,

chamber be after compression? (3) Find the work performed during
compression. The polytropic exponent is l.3.

5.212. Determine the efficiency of an internal-combustion carbu
rettor engine if the pol~tropicexponent is 1.33 and the compression ra-
tio is: (1) ~~ =4, (2) v: =6, (3) ~: =8.

5.213. The carburettor engineof a "Volga"car consumes a minimum
of 265grammes of petrol per hp/h. Determine the losses due to friction
thermal conductivity, etc. The comp- Pc'
ression ratio is 6.2 and the calorific va- P, -- .D
lue of the petrol 4.6x 101 J /kg. The
polytropic exponent is equal to 1.2.

5.214. The cycle of a four-stroke
Diesel engine is depicted in Fig. 11: (a)
line AB-air is sucked into a cylinder
(Po= 1at); (b) line Be-the air is comp
ressed adiabatically to the pressure PI;
(c) at the end of the compression stroke,
fuel is injected into the cylinder, it ig- PD -A+--~""'-+---""'"
nites in the hot air and burns; the pis
ton moves to the right first isobarically
(line CD) and then adiabatically (line
DE); (d) at the end of adiabatic expan-
sion, the exhaust valve opens and the pressure drops to p« (line £8);
(e) when the piston moves to the left. the mixture is expelled from
the cylinder (line BA). Find the efficiency of the engine.

5.215. The adiabatic compression ratio of an internal-combustion
Diesel engine is 16 and the adiabatic expansion ratio 6.4. What is the
minimum amount of fuel oil consumed by the engine per hour if its
power is 50 hp, the polytropic exponent 1.3 and the calorific value of
the fuel 4.6 X 101 J /kg?

5.216. Find the change in entropy upon the conversion of 10gram
mes of ice at -20 0 C into steam at 100° C.

5.217. Find the increment in entropy upon the conversion of 1gram
me of water at 0° C into steam at 100°C.

5.218. Find the change in entropy upon the melting of 1 kg of ice
at 0° C.

5.219. Liquid lead at the melting point is poured onto ice at 0° C.
Find the change in entropy during this process if the amount of lead is
640 grammes.

5.220. Find the change in entropy during the transition of 8 gram
mes of oxygen from a volume of 10 litres at a temperature of BO° C
to a volume of 40 litres at a temperature of 300° C.

5.221. Find the change in entropy during the transition of
6 grammes of hydrogen from a volume of 20 litres at a pres-



86 PROBLEMS (5.222-5.231

sure of 1.5xI06 N/m 2 to a volume of 60 litres at a pressure
of 1x 10& N/m 2 •

5.222. Hydrogen amounting to 6.6 grammes expands isobarically
until its volume doubles. Find the change in entropy during expansion.

5.223. Find the change in entropy during the isobaric expansion of
8 grammes of helium from the volume VI= 10 litres to V2=25 litres.

5.224. Find the change in entropy upon the isothermal expansion
of 6 grarnmes of hydrogen from 10' to O.5x 10' N/m 2 •

5.225. Nitrogen amounting to 10.5 grammes expands isothermally
from a volume of VI =2· Iitres to V2=5 litres, Find the entropy incre
ment during this process.

5.226. Oxygen (10 grammes) is heated from /1= 50° C to /2=
== 150° C. Find the change in entropy if the oxygen is heated: (1) iso
chorically t (2) isobarically.

5.227. The heating of 1 kmole of a biatornic gas increases its abso
lute temperature 1.5 times. Find the change in entropy if the gas is
heated: (1) isochorically, (2) isobarically t

5.228. The heating of 22 grammes of nitrogen increases its absolute
temperature 1.2 times and its entropy by 4.19 J/deg. Under what con
ditions was the nitrogen heated (at a constant volume or a constant
pressure)?

5.229. Find the change in entropy upon the transition of a gas from
state A to state B for the conditions of Problem 5.194 if the transition
occurs: (1) along ACB, (2) along ADB (see Fig. 8).

5.230. One cubic metre of air at a temperature of 0° C and a pres
sure of 2 kgf /cm! expands isothermally from the volume VI to V2 =
=2V 1 o Find the change in entropy during this process.

5.231. The change in entropy between the two adiabatic lines of
a Carnot cycle is 1 kcal/deg. The temperature difference between the
two isothermal lines is equal to 1000 C. What amount of heat will be
converted into work during this cycle?

6. Real Gases

The equation of state for real gases (Van der Waals equation) for
one kilornole has the form:

where Vo= volume of one kilornole of a gas
a and b = constants different for different gases

p = pressure
T = absolute temperature
R = gas constant. '-
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The Van der Waals equation referred to any mass m of a gas may be
written as

( P+;,';,) (V-: b) = ~ RT
where V = volume of all the gas

It = mass of one kilomole.

In this equation ;,';, = Pi is the pressure due to the forces of inter-

action of the molecules, and ~ = Vi is the volume connected with
....

the own volume of the molecules.
The constants a and b of a given gas are related to its critical tempe

rature Ttor , critical pressure Pel' and critical volume VOL''' as follows:
a 8a

Vocr = 3b; PCT = 2761; T CT = 27bR'

These equations can be solved with respect to the constants a and b:

a = 27TJrR' and b = ~crR
64Pcr PCI'

If we introduce the following notation:

't=...!..- n=..E...., w=.!!..
Tel' ' Per Vocr

the Van der Waals equation will take the transformed form (for one
kilomole)

(n+ ;,) (3(1)-1) =81

6.1. Express in 51 units the constants a and b contained in the Van
der Waals equation.

6.2. By using data on the critical values of Tel' and PCI' for certain
gases (see Table V), find for them the constants a and b in the Van der
Waals equation.

6.3. What is the temperature of 2 grammes of nitrogen occupying
a volume of 820 ern! at a pressure of 2 atm? Consider the gas to be:
(1) ideal, (2) real.

6.4. What is the temperature of 3.5 grammes of oxygen occupying
a volume of 90 ern! at a pressure of 28 atm? Consider the
gas to be: (1) ideal, (2) real.

6.5. 10 grammes of helium occupy a volume of 100 cmS at a pressure
of 108 N/m 2 • Find the temperature of the gas, considering it as:
(1) ideal, (2) real.

6.6. One kilomole of carbon dioxide gas has a temperature of 100 0 c.
Find the pressure of the gas, considering it as: (1) real, (2) ideal.
Solve the problem for the volumes: (a) V1= 1 rna, and (b) Vz=O.05 m3

•
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6.7. A closed vessel with a volume of V=0.5 mS contains 0.6 kmole
of carbon dioxide gas at a pressure of .3x 108 N/m 2• By using the Van
der Waals equation, find the number of tines the temperature of this
gas is to be raised to double the pressure.

6.8. One kilomole of oxygen has a temperature of t=27° C and
a pressure of P= 107 N/m 2 • Find the volume of the gas, assuming
that it behaves in these conditions as a real gas.

6.9. One kilomole of nitrogen has a temperature of t=27° C and
a pressure of 5x 108 N/m 2 • Find the volume of the gas assuming that
it behaves in these conditions as a real gas.

6.tO. Find the effective diameter of an oxygen molecule, assuming
that the critical values Tcr and Per for the oxygen are known.

6.11. Find the effective diameter of a nitrogen molecule: (I) from
the given value of the mean free path of the molecules in standard
conditions l=9.5x 10-8 ern, (2) from the known value of the con
stant b in the Van der Waals equation.

6.12. Find the mean free path of a carbon dioxide molecule in stand
ard conditions. Calculate the effective diameter of the molecule, assum
ing the critical temperature Tel' and pressure p.; to be known for car
bon dioxide gas.

6.13. Find the diffusion coefficient of helium at a temperature of
t=17° C and a pressure of p=I.5 X 10' N/m 2 • Calculate the effective
diameter of a helium atom, assuming Terand PCI' to be known for helium.

6.14. Plot the isothermal lines p=f(V) for one kilomole of carbon
dioxide gas at a temperature of 0° C. Consider the gas as: (1) ideal,
and (2) real. Take the following values of V in mt/kmole for the real
gas: 0.07, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.25, 0.30, 0.35
and 0.40, and for the ideal gas within 0.2 ~ V ~ 0.4 m-/kmole.

6.15. Find the pressure due to the forces of interaction of the mole..
cules contained in one kilomole of a gas in standard conditions. The
critical temperature and pressure of this gas are Te,.=417° K and Pcr=
= 76 atm, respectively.

6.16. The forces of interaction between hydrogen molecules are ne-
gligible, the most important factor being the size of the molecules.
(1) Write the equation of state for such a semi-ideal gas. (2) Find the
error if the dimensions of the molecules are disregarded in calculating
the number of kilomoles of hydrogen in a certain volume at a tempera
ture of t=O° C and a pressure of p=2.8x 107 N/m'.

6.17. A vessel with a volume of 10 litres contains 0.25 kg of nitrogen
at a temperature of 21° C. (1) What part of the gas pressure will the
pressure due to the forces of molecular interaction be? (2) What part
of the volume of the vessel will be occupied by the own volume of the
molecules?

6.18. A certain gas amounting to 0.5 krnole occupies a volume of
V1=lm3

• When the gas expands to Vs=1.2m3 , work is done against
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the forces of interaction of the molecules equal to W=580 kgf-m.
Find the constant a in the Van der Waals equation for this gas.

6.19. Twenty kilogrammes of nitrogen expand adiabatically into
a vacuum from Vl=l mS to V2=2 rn", Find the drop of the tern.
perature during expansion if the constant a in the Van der Waals
equation is known for nitrogen. (See the answer to Problem 6.2.)

6.20. Half a kilomole of a triatomic gas expands adiabatically into
a vacuum from Vl =0.5 rna to V2=3 rna. The temperature of the gas
drops by 12.2°. By using these data, find the constant a in the Van der
Waals equation.

6.21. (1) What pressure is required to convert carbon dioxide gas
into liquid carbon dioxide at a temperature of: (a) 31 ° C and (b)
50° C? (2) What maximum volume can be occupied by I ~g of liquid
carbon dioxide? (3) What is the highest pressure of the saturated va
pours of liquid carbon dioxide?

6.22. Find the density of water vapours in the critical state if their
constant b in the Van der Waals equation is known. (See the answer
to Problem 6.2.)

6.23. Find the density of helium in the critical state, assuming the
critical values of Tcr and Pcr to be known for it.

6.24. One kilomole of oxygen occupies a volume of 0.056 rna at a pres
sure of 920 at. Find the temperature of the gas using the transformed
Van der Waals equation.

6.25. One kilomole of helium occupies a volume of V=0.237 rn3 at
a temperature of t=-200° C. Find the pressure of the gas using the
transformed Van der Waals equation.

6.26. Determine how many times the pressure of a gas is greater
than its critical pressure if the volume and temperature of the gas are
double their critical values.

7. Saturated Vapours and Liquids

The absolute humidity is the partial pressure of the water vapours
present in the air. The relative humidity w is the ratio of the absolute
humidity to the partial pressure of water vapours saturating the space
at the given temperature.

The specific heat of vaporization (evaporation) r is the amount of
heat required to convert a unit mass of a liquid into vapour at a con..
stant temperature.

The molecular heat of vaporization '0 is equal to

'0= t-L'
where f.1 is the mass of one kilomole.

The relationship between the pressure of a saturated vapour P,
and the temperature is described by the Clausius-Clapeyron equa-
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dps '0
dT =T(Vo-V,)

where Vo= volume of one kilomole of vapour
V,= volume of one kilomole of liquid.

The relative change in the volume of a liquid when heated is deter
mined by the formula

AV
y= 'V~t

where 'V is the coefficient of volume expansion.
The relative change in the volume of a liquid when the pressure chan

ges is

where k is the coefficientof compression.
The coefficient of surface tension a is numerically equal to the force

applied to a unit length of the edge of the surface film of a liquid, i.e.•

F
a=T

When the film area changes by L\A the following work is performed
AW =a~A

The additional pressure caused by curvature of the surface of the li
quid is determined by the Laplace formula

L\p = a (-.!-. +-!-)Rt R2

where R1 and R« are the radii of curvature of two mutually perpendi
cular cross sections of the surface of the liquid. The radius R is positive
if the centre of curvature is inside the liquid (a convex meniscus) and
negative if it is outside the liquid (a concave meniscus).

The height of the liquid in a capillary tube

h= 2(% cos 8
'pg

where r=radius of the tube
p=density of the liquid
8=wetting angle.

With complete wetting 6=0 and with no wetting 8=n.
The pressureof saturated vapOUTS PI above a concave surface of a li

quid is less. and above a convex surface rrtore than the pressure po
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above a flat surface. The additional pressure is

A 2apO
UP=Pt --PO=+ pR

where p=density of the liquid
po== density of the saturated vapours of the liquid
R=radius of curvature of the surface of the liquid.

The osmotic pressure p of a solution is related to its absolute tem
perature T by the Van't Hoff formula

P = CRT

where R is the gas constant and C=::v is the number of kilomoles

of the substance being dissolved in a unit volume of the solution (molar
concentration of the solution).

For solutions of undissociated molecules of a substance

m N
C=f1V=NA

where N A;=:Avogadro's number
N=number of molecules of the dissolved substance in a unit

volume.
When dissociation occurs, the number of particles in a unit volume

will be greater, and the osmotic pressure will increase.
The pressure of the saturated vapours above the solution is smaller

than above the pure solvent. With a sufficiently low concentration of
the solution, the relative drop in the pressure of the saturated vapour
above the solution can be determined from the Raoult law

po-p z'
--,;;- = z+z'

where po= pressure of the saturated vapour above the pure solvent
p= pressure of the saturated vapour above the solution
z' =number of kilomoles of the dissolved substance
z=number of kilomoles of the liquid.

Problems relating to the viscosity of liquids are given in Section 4 of
Chapter 1.

7.1. Table VI gives the pressure of water vapours saturating a space
at various temperatures. How can these data be used to compile a table
showing the amount of water vapours in 1 rna of air saturated with the
vapours at various temperatures? By way of example, calculate the
amount of saturated water vapours in I rn3 of air at a temperature of
50° C. ·

7.2. Find the density of saturated water vapours at a temperature
of 50° C.
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7.3. How many times is the density of saturated water vapours at
a temperature of 16°C lower than that of water?

7.4. How many times is the density of saturated water vapours
at a temperature of 200° C greater than at a temperature of 100°C?

7.5. What is the weight of the water vapours in 1 rnB of air on a warm
day at a temperature of 30° C and a relative humidity of 75 per
cent?

7.6. The relative humidity of the air in a closed space with a volume
of V= 1 rna is equal to 60 per cent at a temperature of 20° C. How
much more water should be evaporated into this space for the vapours
to be saturated?

7.7. The temperature in a room is 18° C and the relative humidity
is 50 per cent. A metal tea-kettle is filled with cold water. What is the
temperature of the water at which the kettle stops being covered with
mist?

7.8. Find the number of molecules of saturated water vapour contai
ned in 1 em' at a temperature of 30° C.

7.9. Half a gramme of water vapour occupies a volume of 10 litres
at a temperature of 50° C. (1) Determine the relative humidity.
(2) What amount of vapour will be condensed if the volume is halved
isothermally?

7.10. A Wilson cloud chamber with a volume of 1 litre contains air
saturated with water vapours. The initial temperature of the chamber
is 20° C. As the piston moves, the volume of the chamber increases
1.25 times. The expansion is adiabatic, x=CplCfj being equal to 1.4.
Find: (1) the pressure of the water vapours before expansion, (2) the
amount of water vapours in the chamber before expansion, (3) the
density of the water vapours before expansion, (4) the temperature of
the vapour after expansion (disregard the change in the temperature
due to heat evolution during vapour condensation), (5) the amount of
water vapours condensed into water, (6) the density of the water vapo
urs after condensation, (7) the degree of supersaturation, l.e., the ratio
of the density of the water vapour after expansion (but before conden..
sation) to the density of the water vapour saturating the space at the
temperature which set in after condensation.

7.11. Find the specific volume of water in the liquid and vaporous
states in standard conditions.

7.12. Using the first law of thermodynamics and the data in Tables V
and VI, find the specific heat of water vaporization at 200° C. The
critical temperature for water T cr=647° K and the critical pressure
Pcr=217 atm. Check the result obtained with the aid of the data in
Table VII.

7.13. What part of the specific heat of water vaporization at a tem
perature of 100°C is spent to increase the i~ernaJ energy of the sys
tem?



7.14-7.23) MOLECULAR PHYSICS AND THERMODYNAMICS 93

7.14. The s~eci~c heat of vaporizatioyn of .benzene (CeHe) at a tem
perature of 77 C IS equal to 95 cal/g. What IS the change in the inter.
nal energy upon the evaporation of 20 grammes of benzene at this tem
perature?

7.15. Using the Clausius-Clapeyron equation and the data in Tab
le VI, find the specific heat of water vaporization at a temperature of
5° C. Check the result obtained with the aid of the data in Tab
le VII.

7. 16. The pressure of saturated mercury vapours at temperatures
of tl = 100° C and t2 = 1200 C is equal to PI= 0.28 mm Hg and P2=
= 0.76 mm Hg, respectively. Determine the mean specific heat of
mercury vaporization within this temperature range.

7.17. The boiling point of benzene (CaHe) at p= 1 atrn is equal to
80.2° C. Determine the pressure of its saturated vapours at a tempera
ture of 75.6° C if the mean specific heat of vaporization is equal to
4 X 106 J /kg within the given temperature range.

7.18. The pressure of the saturated vapours of ethyl alcohol
(C2H,.OH) is equal to 133 mm Hg at a temperature of 40° C, and to
509 mm Hg at a temperature of 68° C. Find the change in entropy upon
the vaporization of 1 gramme of ethyl alcohol at a temperature of
50°C.

7.19. The change in entropy upon the vaporization of 1 kmole of
a certain liquid at a temperature of 50° C is 133 J /deg. The pressure
of the saturated vapours of this liquid at a temperature of 50° C is
equal to 92.5 mm Hg. By how much will the pressure of the saturated
vapours of this liquid change when the temperature changes from 50
to 51 ° C?

7.20. Find the limit pressure to which a vessel can be evacuated by
means of a mercury-diffusion pump operating without a mercury trap
If the temperature of the pump water jacket is 15° C. The pressure of
the saturated mercury vapours at a temperature of 0° C is equal to
1.6x 10-- mm Hg. The specific heat of vaporization of mercury
should be taken equal to 75.6 cal/g within the temperature range of
0-15° C.

7.21. Knowing that the densit y of mercury at a temperature of
0° C is 13.6 g/cm-, find its density at 3000 C. The coefficient of volume
expansion of mercury is to be considered constant and its mean value
equal to 1.85x 10-- deg- 1 within the given temperature range.

7.22. The density of.mercury is equal to 13.4 g/cm" at a tempera
ture of 1000 C. At what temperature is the mercury density equal to
13.1 g/cm3? The coefficient of volume expansion of mercury is equal to
1.8x 10-' deg- 1 •

7.23. Taking the mean value of the coefficient of water compression
equal to 4.8 X 10-& atrn, find the density of sea water at a depth of
5 krn if its density at the surface is 1,030 kg/rn". In calculating the hyd-
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rostatic pressure of the sea water, assume its density to be approxi
mately equal to the density of the water at the surface.

7.24. At 0° C and atmospheric pressure, the coefficient of compres
sion of benzene is equal to 9 x 10- 1 atm -1 and its coefficient of volume
expansion to 1.24x 10- 3 deg- 1• What external pressure must be appli
ed for the volume of the benzene to remain unchanged when heated
by I 0 c.

7.25. The coefficient of volume expansion of mercury is equal to
y=1.82xIO-' deg- 1• Find the coefficient of compression if the ex
ternal pressure must be increased by 47 atm for the volume of the
mercury to remain unchanged when it is heated by 10 c.

7.26. Find the difference in the levels of mercury in t\VO identical
communicating glass tubes if the left-hand tube is maintained at a tern..
perature of 0° C and the right-hand one is heated to 100° C. The height
of the left-hand tube is 9Ocm. The coefficient of volume expansion of
mercury is 1.82x 10-' deg- 1 • Disregard the expansion of the glass.

7.27. Mercury is poured into a glass vessel with a height of H=
= 10 ern. At a temperature of t=2O° C the level of the mercury is
h= 1 mm below the upper edge of the vessel. By how much can the
mercury be heated so that it does not flow out of the vessel? The coef
ficient of volume expansion of mercury is y=I.82x 10-4 deg- 1•

Disregard the expansion of the glass.
7.28. A glass vessel filled with mercury at a temperature of 0 0 C

up to its edges weighs 1 kgf. The empty vessel weighsO.1 kgf. Neglect
ing the expansion of the glass, find the amount of mercury which can be
contained in the vessel at a temperature of t()()O C. The coefficient of
volume expansion of mercury is 1.8 x 10-' deg- t.

7.29. Solve the previous problem taking into account the expansion
of the glass. Assume that the coefficient of volume expansion of the
glass is equal to 3 X 10-& deg- 1•

7.30. A glass vessel is filled up to its edges with liquid oil at a tern..
perature of 0° C. When the vessel with the oil was heated to 1000 C,
six per cent of the oil flowed out. Find the coefficient of volume expan
sion of the oil Yoil' assuming the coefficient of volume expansion of the
glass to be equal to y = 3 x 10- 1 deg- 1•

7.31. What will the relative error in determining the coefficient of
volume expansion of the oil in the conditions of the previous problem
be if the expansion of the glass is neglected?

7.32. The temperature in a room is 37° C and the atmospheric pres
sure 760 mm Hg. What pressure (in mm Hg) will be shown by a mer
cury barometer hanging in the room? Consider the expansion of the
glass to be small as compared with that of the mercury. The coefficient
of volume expansion of mercury is 1.82 X 10-· deg-l.
. 7.33. (I) What force must be applied to a horizontal aluminium

ring with a height of h == lOmm, an Internal-diameter of d1== 50 mm
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D

Fig. 12

and an external diameter of d2= 52 mm to tear the ring away from
the surface of water? (2) What part of the force determined is due to
the force of surface tension?

7.34. A ring with an internal diameter of 25 mm and an external
diameter of 26 mm is suspended on a spring with a deformation coef
ficient of 10- 4 kgf/mm and touches the surface of a liquid. When the
surface of the liquid lowered, the ring broke away from it upon expan
sion of the spring by 5.3 mm. Find the coefficient of
surface tension of the liquid.

7.35. Frame ABeD (Fig. 12) with a movable
bar KL is covered with a soap film. (1) What should
the diameter of the copper bar KL be for it to remain
in equilibrium? (2) What is the length 1of the bar if
isothermal work equal fo 4.5 X 10-& J is performed
when the bar moves over a distance of 1 ern. For
soapy water ex = 0.045 N/m.

7.36. Alcohol flows out drop by drop from a vessel A
through a vertical tube with an internal diameter
of 2 mm. Find the time during which 10grammes of
the alcohol will flow out if the interval between drops
is 1 second. Assume that the diameter of the neck of a drop at the
moment it breaks away is equal to the internal diameter of the
tube.

7.37. Water flows out drop by drop from a vessel through a vertical
tube with an internal diameter of d = 3 mm. When the water cools
from t1= 100 0 C to t2= 200 C, the weight of each drop changes by
AG = 13.5 X 10-0 kgf. Knowing the coefficient of surface tension of
water at 20° C, find this coefficient at 100°C. Assume that the diameter
of the neck of a drop at the moment it breaks away is equal to the in
ternal diameter of the tube.

7.38. Twenty drops of lead were formed when the lower end of a ver
t ically suspended lead wire 1mm in diameter was melted. By how much
did the wire become shorter? The coefficient of surface tension of li ...
quid lead is 0.47 N/m. Assume that the diameter of the neck of a drop
at the moment it breaks away is equal to the diameter of the wire.

7.39. Drops of water fall from a vertical tube with an internal radius
of r= I rom. Find the radius of a drop at the moment when it breaks
away, considering it to be spherical. Assume that the diameter of the
neck of a drop at the moment it breaks away is equal to the internal
diameter of the tube.

7.40. By how much will a mercury drop obtained from the merging
of two drops each with a radius of 1 mm be heated?

.7.41. What work should be performed against the forces of surface
tension to split a spherical mercury drop with a radius of 3 mm into two
identical drops?
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7.42. What work should be performed against the forces of surface
tension to double the volume of a soap bubble with a radius of 1 em.
The coefficient of surface tension of a soap solution is 43x 10- 3 N/m.

7.43. What work should be performed against the forces of surface
tension to blow a soap bubble (a=O.043 N/m) 4 ern in diame
ter?

7.44. Determine the pressure of the air (in mm Hg) in an air bubble
with a diameter of d=O.OI mm at a depth of h=20 cm below the
surface of water. The external pressure Pl=765 mm Hg,

7.45. The pressure of the air inside a soap bubble is I mm Hg
greater than the atmospheric pressure. What is the diameter of the
bubble? The coefficient of surface tension of the soap solution is
0.043 N/m.

7.46. Find the depth of an air bubble under water if the density of
the air in the bubble is 2 kg/m", The diameter of the bubble
is 0.015 rnrn, the temperature 20° C and the atmospheric pressure
760 mm Hg.

7.47. How many times is the density of air in a bubble in water at
8 depth of 5 m below the surface greater than the density of the air at
atmospheric pressure (at the same temperature)? "The radius of the
bubble is 5x 10-· mm.

7.48. An open capillary tube with an internal diameter of d=
=3 mm is lowered into a vessel with mercury. The difference between
the levels of the mercury in the vessel and in the capillary tube ~h=
E::3.7 mm. What is the radius of curvature of the mercury meniscus
in the capillary tube?

7.49. An open capillary tube with an internal diameter of d=
== 1 mm is lowered into a vessel with water. The difference between the
levels of the water in the vessel and in the capillary tube is 6.h=
=2.8 ern, (1) What is the radius of curvature of the meniscus in the
capillary tube? (2) What would the difference between the levels in
the vessel and the capillary tube be if wetting were complete?

7 .50. To what height will benzene rise in a capillary tube whose in
ternal diameter is d= 1 mm? Consider wetting to be complete.

7.51. What should the internal diameter of a capillary tube be for
the water to rise in it by 2 cm with complete wetting? Solve the problem
for the cases when the capillary tube is: (1) on the Earth, (2) on the
Moon.

7.52. Find the difference in the levels of mercury in two communi
cating capillary tubes with the diameters d1=1 mm and d2=2 mm,
respectively. Consider that there is absolutely no wetting.

7.53. What should the maximum diameter of the pores in the wick
of an oil stove be for the oil to rise from the bottom of the stove to the
burner (height h= 10 cm)? Consider the por~ as cylindrical tubes and
wetting to be complete.
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7.54. A capillary tube with an internal radius of 2 mm is lowered
into a liquid. Find the coefficient of surface tension of the liquid if the
weight of the liquid that has risen in the capillary tube is 9x 10-1 kgf.

7.55. A capillary tube with an internal radius of r=O.16 mm is
lowered vertically into a vessel with water. What should the air pres
sure above the liquid in the capillary tube be for the water level in the
capillary tube and in a broad vessel to be the same? The external pres
sure Po=760 mm Hg, and wetting is complete.

7.56. A capillary tube is lowered vertically into a vessel with water.
The upper end of''the tube is soldered. For the level of the water in the
tube and in a broad vessel to be the same, the tube has to be submerged
into the water by 1.5 per cent of its length. What is
the internal radius of the tube? The external pressure A
is 750 mm Hg and wetting is complete.

7.57. The internal diameter d of barometric tube A
filled with mercury (Fig. 13) is: (a) 5 mm, (b) 1.5 em.
Can the atmospheric pressure be determined directly
from the height of the mercury column? Find the __._ _ __
height of the mercury column in each case if the at- -=--- -=.:.:
mospheric pressure Po=758 mm Hg. Consider that -=-=-::---=
there is absolutely no wetting.

7.58. The internal diameter of a barometric tube Fig. 13
is 0.75 cm. What correction should be made when
measuring the atmospheric pressure. according to the height of the
mercury column? Consider that there is no wetting.

7.59. What will the relative error be in calculating the atmospheric
pressure equal to 760 mm Hg according to the height of a mercury co
lumn if the internal diameter of the barometric tube is: (1) 5 mm and
(2) 10 mm? Consider that there is no wetting.

7.60. A greased steel needle which is unwettable by water is placed
onto the surface of water. What will the maximum diameter of the
needle be at which it will still remain on the surface?

7.61. Will a greased (unwettable by water) platinum wire 1 mm in
diameter float on the surface of water?

7.62. The bottom of a vessel with mercury has 8 hole. What can
the maximum diameter of the hole be at which no mercury will flow
out from the vessel when the mercury column is 3 cm high?

7.63. The bottom of a glass vessel with an area of A=30 em> has
a round hole with a diameter of d=O.5 mm. The vessel is filled with
mercury. How much mercury will remain in the vessel?

7.64. Find the weight of a water skater running over water if under
each of the six legs of the insect a hemisphere with a radius of 0.1 mm
is formed.

7.65. What force must be applied to detach two wetted photographic
plates 9x 12 em in size from each other without shifting them? The

7-3574
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thickness of the water layer between the plates is 0.05 mm and the
wetting is complete.

7.66. A liquid is poured between two vertical flat and parallel
glass plates at a distance of 0.25 mm from each other. Find the density
of the liquid if the height which it rises to between the plates is 3.1 em
(a;:::30 dyne/em). Consider wetting to be complete.

7.67. There are five grammes of mercury between two horizontal
flat and parallel glass plates. A load of 5 kgf is placed on the upper
plate and the distance between the plates becomes equal to 0.087 mm.
Neglecting the weight of the plate as compared with that of the load,
find the coefficient of surface tension of the mercury. Consider that there
is no wetting.

7.68. An open capillary tube contains a drop of water. When the
tube is in its vertical position the drop forms a column with a length
of: (1) 2 em, (2) 4 em, (3) 2.98 cm. The internal diameter of the capil
lary tube is 1 mm. Determine the radii of curvature of the upper
and lower meniscuses in each case. Consider wetting to be com
plete.

7.69. Water is pumped into a horizontal capillary tube with an in
ternal diameter of d=2 mm so that a column h= 10 em long is for
med. How many grammes of the water wUI flow out of the tube if it is
placed vertically? Consider wetting to be complete.

Note. Bear in mind that the maximum length of the water column
left in the capillary tube should correspond to the radius of curvature
of the lower meniscus, equal to the radius of the tube (see the solution
of the previous problem).

7.70. A column of alcohol is contained in an open vertical capillary
tube with an internal radius of ,=0.6 mm. The lower meniscus of the

column hangs from the bottom end of the tube.
Find the height h of the alcohol column at which
the radius of curvature R of the lower meniscus
is equal to: (1) 3 r (2) 2 r and (3) r, Consider
wetting to be complete.

7.71. The tube shown in Fig. 14 is open at
both ends and filled with kerosene. The internal
radii a and b are equal "to r1=0.5 mm and '2=
=0.9 rnm, respectively. At what difference ~h

between the levels will the meniscus at the end
of tube a be: (1) concave with a radius of cur ..
vature of RX = rl' (2) flat, (3) convex with a

Fig. 14 radius of curvature of R X=r 2 t (4) convex and
equal to r1? Consider wetting to be complete. .

7.72. A capillary tube is so submerged into a broad vessel with
water that the upper end of the tube is above the level of the water in
the vessel by h=2 em, The internal radius'of the capillary tube' =
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= 0.5 mm. Find the radius of curvature R of the meniscus in the tube
Consider wetting to be complete. ·

7.73. An aerometer floats in water which wets its walls comple
tely. The diameter of the vertical cylindrical tube of the aerometer
d=9 mm. How much will the depth of submergence of the aerometer
change if several drops of alcohol are poured onto the surface of the
water?

7.74. An aerometer floats in a liquid having a density of p=
=800 kg/rn" and a coefficient of surface tension of a,=30 dyne/em.
The liquid completely wets the walls of the aerometer. The diameter
of the vertical cylindrical tube of the aerometer d=9 mm. How much
will the depth of submergence of the aerometer change if greasing
makes it completely unwettable?

7.75. When 10grammes of sugar (C12H22011) are dissolved in 0.5 lit ...
re of water the osmotic pressure of the solution is equal to 1.52X
X 10' Nzm>. What is the temperature of the solution? The sugar mole
cules are not dissociated.

7.76. The osmotic pressure of a solution at a temperature of 87° C
is equal to 1.65x'l0' N/m 2 • What number of water molecules is there
per molecule of the substance dissolved in the solution? There is no
dissociation.

7.77. Two grammes of table salt are dissolved in 0.5 litre of wa
ter. The degree of dissociation of the salt molecules is 75 per cent.
Determine the osmotic pressure of the solution at a temperature of
17° C.

7.78. When table salt is dissolved in water, the degree of dlssocia
tion of its molecules is 40 per cent. The osmotic pressure of the solution
is equal to 1.21 kgf/cm! at a temperature of 27°C. How much of the
salt is dissolved in 1 litre of water?

7.79. Table salt in an amount of 2.5 grammes is dissolved In 1 litre
of water at a temperature of 18°C. The osmotic pressure of the solution
is 1.6x 10' N/m2. (1) What is the degree of dissociation of the salt
molecules? (2) How many particles of the dissolved substance are there
in 1 ern" of the solution?

7.80. Forty grammes of sugar (C12H2S011) are dissolved in 0.5 litre
of water. The temperature of the solution is 50° C. What is the pres
sure of the saturated water vapours above the solution?

7.81. The pressure of saturated vapours above a solution is 31.5 mm
Hg at a temperature of 30° C. Find their pressure at a temperature of
60° C.

7.82. The pressure of saturated vapours 2bove a solution Is 1.02
times smaller than that of pure water. How many molecules of water
are there per molecule of the dissolved substance?

7.83. One hundred grammes of an unvolatile substance are dissolv
ed in 1 litre of water. The temperature of the solution is 90° C and the

7*
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pressure of the saturated vapours above the solution 515.9 nun Hg.
Determine the mass of one kilomole of the dissolved substance.

7.84. An unvolatile substance with a mass of one kilomole of J.L=
z=60 kg/kmole is dissolved in water. The temperature of the solution
is BO° C and the pressure of the saturated vapours above the solution
353 mm Hg. Find the osmotic pressure of the solution.

8. Solids

The change in the melting point dT upon a change in the pressure by
dp is described by the Clausius-Clapeyron equation

dT=Tv,-Vsdp
qo

where qo= molecular heat of fusion
V,= volume of one kilomole of liquId
V,,== volume of one kilomole of solid
T= melting point.

When the temperatures are not too low, solids obey Dulong and Pe
tit's law, according to which the atomic heat of all chemically simple
solids is approximately equal to 3 R=25x 108 J /kg-atorn-deg=
=6 cal/g-atom -deg.

The amount of heat transferred by conduction during the time ~t

can be determined from the formula

Q=-A~ AAAt

where ~: = temperature gradient in a direction perpendicular to the
area AA

A == coefficient of thermal conductivity.
When the temperature rises, the length of solids increases to a first

approximation linearly with the temperature, i.e.,

l,=lo{ I +a,t)

where It= length of a solid body at the temperature t
10 = length of the body at the temperature 0° C
ex, = coefficient of linear thermal expansion.

For isotropic solids a = ~ 'V' where 'v is the coefficient of volume
thermal expansion.
. In deformation due to longitudinal tens~n (or unilateral compres

sion) of a rod, the relative change in its length according to Hooke's
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Ai PI
7=7

where Pl= specific load, i.e., Pl= ~ (here F is the tensile or compres
sive force, and A is the cross..sectional area)

E = modulus of elasticity (Young's modulus).
The relative change in the thickness of a rod in longitudinal tension is

~d
d=~PI

where p is the coefficient of lateral compression. The quantity

JA. = pE
Is known as Poisson's ratio.

To twist a rod (a wire) through a certain angle q> the moment of a
couple of forces should be applied

M _ nG'&q>
- 2l

where l = length of the wire
r = radius of the wire
a = shear modulus of the wire material.

8.1. When I kmole of ice is melted.. the change in the entropy is
22..2 kJ /deg. Find the change in the melting point of the ice when the
external pressure is increased by 1X 105 N/m'.

8.2. The melting point of tin is 231.90 C at a pressure of 106 Nzrn",
and 232.2° C at a pressure of 107 N/m 2 • The density of liquid tin is
7.0 g/crn", Find the increase in entropy when 1 kmole of tin is melted.

8.3. The melting point of iron changes by 0.012° C when the pres
sure changes by 1 kgf/cm'. Find the change in the volume of one kilo
mole of iron.

8.4. By using Dulong and Petit's law, find the specific heat of:
(I) copper, (2) iron, (3) aluminium.

8.5. By using Dulong and Petit's law, find the material which a me
tallic ball 0.025 kgf in weight is made of if 117J of heat are required
to heat it from 10° C to 30° C.

8.6. By using Dulong and Petit's law, find how many times the spe
cific heat of aluminium is greater than that of platinum.

8.7. A lead bullet strikes a wall with a velocity of 400 mls and pene
trates into it. Assuming that 10 per cent of the kinetic energy of the
bullet is spent to heat it, find by how many degrees the temperature of
the bullet is raised. Determine the specific heat of lead from Dulong
and Petit's law.
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8.8. A copper plate (with a thickness of d1 =9 mm) and an iron
plate (d2==3 mm) are put together. The external surface of the copper
plate is maintained at a constant temperature of t1 =50 0 C, and that
of the iron plate at t.=O° C. Find the temperature tx of the contacting
surface. The area of the plates is much greater than their thick
ness.

8.9. The external surface of a wall has a temperature of t 1 = _20 0 C
and the internal one-tz= +20 0 C. The wall is 40 em thick. Deter
mine the thermal conductivity coefficient of the material of the wall if
each cubic metre of its surface lets through 110 kcal per hour.

8.10. How much heat is lost by a room with a floor area of 4 X 5 m I

and 3.m high every minute through its four brick walls? The tempera
ture in the room t1= 15° C and the outside temperature /2= -20 0 c.
The thermal conductivity coefficient of the brick is 0.002 cal/deg- cm· s
and the walls are 50 ern thick. Disregard the loss of heat through the
floor and the ceiling.

8.11. One end of an iron rod is maintained at a temperature of
1000 C, while the other rests on ice. The rod is 14 cm long, and its
cross-sectional area is 2 ems, The rod is heat insulated, and the loss
of heat through the walls may therefore be neglected. Find: (1) the
velocity with which the heat flows along the rod, (2) the amount of
ice melted during 40 minutes.

8.12. What amount of heat passes in one second through a copper
rod 10 em- in area and 50 em long if the temperature difference at the
ends of the rod is 150 C? Disregard the heat losses.

8.13. An aluminium pan 15 em in diameter filled with water is put
on a stove. The water boils producing 30(}grammes of vapour a minute.
Find the temperature of the external surface of the pan bottom if it
is 2 mm thick. Disregard the heat losses.

8.14. A metal cylindrical vessel with a radius of 9 em is filled with
ice at a temperature of 0° C. The vessel is insulated thermally with a la
yer of cork 1 em thick. In how much time will all the ice in the vessel
melt if the ambient temperature of the air is 25° C? Assume that heat
exchange occurs only through the sides of the vessel having a mean ra
dius of 9.5 em.

8.15. What force should be applied to the ends of a steel rod with
a cross-sectional area of A= 10ernI to prevent its expanding when hea
ted from t 1= 0 0 C to t 2= 30° C?

8.16. A load is suspended from a steel wire with a radius of 1 mm.
The load extends the wire the same amount as heating by 20° C. find
the weight of the load.

8.17. A hot copper wire is stretched at a temperature of 1500 C
between two strong fixed walls. At what temperature will the wire
break when it cools? Assume that Hooke's law is true up to failure of
the wire. "
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8.18..A metal is he.ated from 0 0
~ to 5000

~ and its density reduces
1.027. times. DeterI~l1ne. th~ coefficient a! l.tnear thermal expansion
for this metal, considering It constant within the given temperature
range.

8.19. What should the length of a steel and a copper rods be at 0° C
for the steel rod to be 5 cm longer than the copper one at any tempe
rature?

8.20. Thirty three kilocalories are spent to heat a copper blank
weighing 1 kgf from a temperature of 0° C. How many times will its
volume increase? Find the heat capacity of copper from DUlong and
Petit's law.

8.21. When a copper wire with a cross section of 1.5 mm- was ten
sioned, a permanent set was observed to begin at a load of 4.5 kgf.
What is the elastic limit of the wire material?

8.22. What should the minimum diameter of a steel wire rope be for
it to resist a load of 1 tonf?

8.23. Determine the length of a copper wire which when suspended
vertically breaks under its own weight.

8.24. Solve the previous problem for a lead wire.
8.25. A load suspended from a steel wire rope is lowered from a ship

to measure the depth of the sea. Neglecting the weight of the load as
compared with that of the wire rope, find the maximum depth that can
be measured by this method. Assume the density of sea water to be
I g/cm".

8.26. A steel wire 40 m long and 2 mm in diameter hangs down from
the roof of a house. (1) What maximum load can be suspended from
this wire without its breaking? (2) How much will this wire stretch
under a weight of 70 kgf? (3) Will there be permanent set when the
weight is removed? Assume the elastic limit of steel to be 2.94x
X 108 N/m 2

•

8.27. A load of 981 N is suspended from a steel wire with a radius of
I mm. What is the maximum angle through which the wire with the
load can be deflected so that it does not break when the load passes
through the position of equilibrium?

8.28. A load of 1 kgf is attached to an iron wire 50 ern long and
1 mm in diameter. At what maximum number of revolutions per second
can the wire with the load be revolved uniformly in a vertical plane so
that the wire does not break?

8.29. A homogeneous copper rod 1 m long is revolved uniformly
around a vertical axis passing through one of its ends. What is the ve
locity of rotation at which the rod will break?

8.30. A homogeneous rod revolves uniformly around a vertical
axis passing through its centre. The rod breaks when its end attains
8 linear velocity of 380 mise Find the ultimate strength of the rod mate
rial. The density of the rod material is 7,900 kg/rn",
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8.31. A load of 100 kgf is suspended from a steel wire 1 m long and
with 8 radius of I mm. What is the work of expansion of the wire.

8.32. A boy's catapult is made of a rubber cord 42 em long and with
a radius of 3 mm. The boy stretches the cord by 20 em. Find Young's
modulus for the rubber if a stone weighing 0.02 kgf when catapulted
fl ies with a velocity of 20 m/s. Disregard the crosssection of the cord in
stretching.

8.33. A rubber hose 50 em long and with an internal diameter of
1 em is stretched until its length becomesgreater by 10 em. Find the

internal diameter of the stretched hose if Poisson's
C ratio for rubber is 0.5.

8.34. In Fig. 15, AB is an iron wire, CD-a copper
wire of the same length and the same cross section
as AB, and BD-a rod 80 ern long. A load 0=2 kg!
is suspended from the rod. At what distance x
should the load be suspended from point B for the rod
to remain in a horizontal position?

8.35. Find the moment of a couple of forces requi
red to twist a wire 10 em long and with a radius of
0.1 mm through an angle of 10'. The shear modulus
of the wire material is 5x 10' kgf/mm l •

8.36. The mirror of 8 galvanometer is suspended
from a wireL=IO ern long and d=O.OI mm in dia

meter. Find the twisting moment which corresponds to a deviation of the
reflection of [=== 1 mm on a scale removed from the mirror by D= 1 m.
The shear modulus G of the wire material Is 4x 1011 dyne/emI.

8.37. Find the potential energy of a wire 5 em long and 4 X 10-' em
in diameter twisted through an angle of 10'. The sheaf modulus of the
wire material is 5.9x lOll dyne/emI.

8.38. When an electric current flows through the windin~ of a gal
vanometer, Its frame carrying a mirror is acted upon by a twisting mo
ment equal to 2x 10-1 dyne -cm. The frame turns through a small
angle cpt The work done In twisting is 8.7 X 10- 1• J. Over what dis
tance will the reflection from the mirror shift on a scale one metre from
the galvanometer?

8.39. Find the value of Poisson's ratio at which the volume of a wire
does not change in tension.

8.40. Find the relative change in the density of a cylindrical copper
rod when it is compressed by a pressure of p=I,OOO kgf/crn>,
Poisson's ratio is ,..,=0.34 for copper.

8.41. An iron wire 5 m long is suspended vertically. By how much
will the volume of the wire change if a load of 10 kgf is attached to it?
Poisson's ratio for Iron is 0.3.



Chapter 8

ELECTRICITY AND MAGNETISM

ELECTRICAL AND MAGNETIC UNITS

The International System of Units (51) incorporates theMI(SA sys
tem used to measure electrical and magnetic quantities (USSR State
Standard G05T 8033-56).

The basic units in this system are the metre (m), kilogramme (kg)t
second (s) and ampere (A). The derived units of the MI(SA system are
formed on the basis of the laws which establish the relationship between
the relevant physical quantities. For example, the unit of the quantity
of electricity-the coulomb (C)-is determined from the equation
Q=/t as the quantity of electricity which flows through the cross
section of a conductor in one second when the current intensity isone
ampere, i.e., 1 C=l Ax 1 s. The unit of potential difference-volt
(V)-can be found from the equation P= U X I, where P isthe power
of the current. Hence 1 V=~: . By proceeding in this way, we can
find the units for the other derived quantities in the MKSA system (see
Table 11).

The MKSA units are used to rationalize the formulas. Many equa
tions relating to the theory of electric and magnetic phenomena contain
the numerical factor 4 n (for example, the Gauss theorem, the capaci
tance of a plane capacitor, the magnetic field intensity inside a sole
noid, etc.). The equations are rationalized to dispense with this factor
in the formulas most frequently used in electrical and radio engineer
ing. The factor 4 11:, however, will enter other formulas used less frequ
ently, and in which its presence can be explained by geometrical
considerations. The USSR standard specifies the electrical and magne
tic units of the SI system for the rationalized form of equations of the
electromagnetic field. Accordingly, all the equations in the introduc
tions to the sections of Chapter 3 are given in the rationalized form.

Besides the MKSA system, GOST 8033-56 permits the CGS (Gaus
sian) system to be used for electrical and magnetic measurements.
For this reason the numerical data in the problems will not always be
given in the MKSA system. Butt bearing in mind the advantages of a
unified system, we shall, as before, solve the problems only in the
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PROBLEMS

TABLE 11

Formula I

Basic Units

Unit I
s ymboll Dimension
o unit of Quan-

tity

Length I
Mass m
Time t
Current intensity, I

metre
kilograrnrne
second
ampere

Derived Units

m
kg
s
A

1
m
t
I

Quantity of electricity Q=/t coulomb or ampere- C(A -s) II
second

Flux of electric displacement 'P=ND= coulomb C tl
(electric induction flux) =IQ

Linear density of electric Q coulomb per metre Clm 1-1/ /charge T=y
Surface density of electric Q coulomb per square C/ms I-ti/

charge a=A metre
Electric displacement (electric D=o coulomb per square C/m2 l-2tl

induction) metre
Volume density of electric Q coulomb per cubic C/ms i-n,

charge 6=y metre
Potential difference; electromo- W

volttive force ~U=Q V l2mt-31 -1

Electric field intensity U
volt per metreE=7 VIm Lmt- 3 / - 1

Electric resistance U
ohmR=7 Q [2mt-31 -i

Resistivity RA ohm-metre Q·m l3mt- 3/-3p= -L-

Electric capacitance
Q

farad F
l-zm-1x

C=U Xt4 J 2

Current density I ampere per square AImS 1- 21
J=T metre

Magnetic flux Ida»I=Edl weber Wb [2 m/ - 21 -1

Magnetic induction B-~ tesla (weber per T mt- 2 / - 1

-A square metre)

Inductance E
lLI=dlldt henry H ['Amt-2/-'},

Magnetic field intensity H=.!- ampere per metre AIm [-1/
2nr

Magnetic moment of current-car- p=IA ampere-square met- A·m 2 tAl
rying circuit (of pointer) re

"<
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MKSA system. For this purpose the numerical data in the problems
should be converted into MKSA units. Table 12 shows the relation
ships between certain units of the CGS and MKSA systems according
to GOST 8033-56.

Since in the CGS system most of the units have no names we shall
denote the unit of a physical quantity by the symbol of this system
with the corresponding subscript. Thus. the unit of current intensity
will be designated CGS/ and the unit ofcapacitance by CaSe, etc.

The relations in Table 12are between CGS units for non-rationalized
equations and MKSA units for rationalized equations of the electro
magnetic field. For the relationship between these equations see the
Appendix.

Let us introduce the relative permittivity (dielectric constant) of a
medium e,.= .!. , where 8 is the absolute permittivity, whosenumerical

eo
value depends both on the properties of the medium and the choice of
the system of units, and 80 is the permittivity of a vacuum. The nume
rical value of 80 depends only onthechoice of the system of units. Hen
ce 8 in all equations may be replaced by the numerically equal quan..
tity soer' where 80 is the permittivity ofa vacuum and e, is the rela
tive permittivity (dielectric constant) of the medium with respect to a
vacuum, i.e., the usual tabulated value of the permittivity. In the
cas system

80=1 and e=Br
and in the MKSA system

e. = 4~2 X 107 Fjm =8.85x 10-u F/rtl (c~ 3 X 108 m/s)

Similarly, let us take instead oftheabsolute permeability of a medium
J.1 the numerically equal quantity J.1of.L" where ""0 is the permeability in
a vacuum and flr is the relative permeability of the medium with res
pect to a vacuum, i.e., the usual tabulated value of the permeability.
In the CGS system

J.10= 1 and J!=J.1,
In the MKSA system

f.to=4nX 10- 1 H/m=12.57x 10-1 HIm

EXAMPLES OF SOLUTIONS

Example 1. Find the radius of a ball in air if the surface density 01
its charge is equal to

a=O.138CG~Q
em·

when the ball is charged to a potential of Uz:=4 casu.
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TABLE 12

Unit and Its conversion factor to SI
units

Current intensi ty

Quantity of electricity

Flux of electric displacement (flux of
electric induction)

Electric displacement (electric induction)

Surface density of electric charge

Potential difference
Electric field intensity
Electric resistance
Resistiv i ty

Electric capacitance

Current density

Magnetic flux
Magnetic induction
Inductance

Magnetic field intensity

10 I
1CGS/=c A ="3 X 10-1 A

10 1
1CGSQ= c C= 3 X 10-8C

10 1
1 CGS". =-C=-- X ro-se

T 4ftC 4n x3
10& 1

1CGSn = -C/m2= - - x IO-iC/rna
4nc 4nx3
Ill' 11CGS,,=- C/m2 = - XI0-6C/rnt
c 3

1CGSu = cX 10- 8 V= 3X I02V
I CGSe=cX 10-6 V/m=3X 104 V/nl
I CGSR=C'X 10- 9 Q=9X 1011 Q

I CGS,=c2 X 10- 11 Q·m=9 X 109Q·m

1CGSc=.!.XIOI F=.!.. X IO-uF
c' 9
10' 1

I CGSJ=c A/m 2 = 3 X 10-6 Aim?

1CGS~= 1 maxwell (Mx)= 10-8 Wb
1CGSB= 1 gauss (Gs)= 10-· T
1CGSt.=c2 X 10-1 H =9X 1011 H •

1
lCGSH=l oersted (De) =4nXJOSA/m

Note. In this table the numerical value of the velocity of light In a vacuum Is expres
sed in centtmetres per second. l. e .• c=3X IOu em/so

dl
• The unit of Inductance can be determined either by the equation .=-L dt or the

. 1 6dt
equation ~=Ll; In the cas system cJ»=c LJ. From the first equation I L 1=7J. and thus

( ...!..x lo.casU) Is
1H =1VX 15 c - 1 )( 10' CGS L

lA ~CGS c'
10 J

whence 1 CGSL=c·XIO- ' H This relation Is liven In Table 12 In conformity with

GOS T 8033·56. If we take the second equatton.L = c~. and thus

IH _cX 1Wb c (IO'CaScJ»)=10' COSL
lA C CO""iO ~J

whence 1 CGSL = 10 -. H. This relation Is give n In almost all text-books on physics. In
this book the Inductance will be expressed of,ly In 51 un\.ts-henries (H).
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Solution. The charge of the ball Q, its capacitance C and potential U
are related by the equation

Q
C=l1 (1)

where
Q= a4nr 3

Besides, the capacitance of a ball is

C = 4'1808,.r

From Eqs. (1), (2) and (3) we have
Eo£r Ur=-o

(2)

(3)

(4)

In our case 8 0 = 8.85 X 10- 1 3 Frrn, SF = 1, U = 4 CGSu = 12x 102 V,
CGSQ 0.138

0=0.138--2 =-a-X10-&C/mt. Upon inserting these data inem
Eq. (4), we obtain

8.85 x 10-12 X 12X 102 X3
f= O.138XlO- 1 m=23xIO-3m=2.3em

Example 2. The electric induction (displacement) in a plane capaci
tor is 10- 6 C/m t • What is the surface density of the charge on the plates
of this capacitor?

Solution. We have D= 808,.£, but E=~, hence
808,

oD=808, - = 0 (1)
808,

i.e., the induction of the electric field is numerically equal to the sur
face density of the charge on the capacitor plates. In our case D =
= 10-1 C/m2 • Hencea = 10-& C/m 2 • Let us nowconvert the quantities
D and a into cas units. According to Table 12

10' 4nc1CGSD = inC elm' or 1 e/m l = 1()6 CGSD (2)

Hence

D= 1O-~ C/m' = 10-6 1: CGSD=37.7 CGSD (3)

Further, (1= 10-6 C/m 2 • From Table 12, 1 C= l~ CGSQ• Besides,

1 m= tOtem, and thus
cXCGSQ CGSQ

lC/m3 = 10x I04 cmi=3xIO' emt (4)
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C1 = IO-aC/ms = IO-!X3XlOa C:2Q = 3C:sQ (5)

Hence, the quantities D and a are numerically equal only in the ratio ..
nalized MKSA system, and do not coincIde in the non-rationalized
eGS system. Therefore, when the "coulomb per square metre" is con..
verted into the CGS system, pay attention to the quantity it follows,
since, according to Eqs. (2) and (4), we have

1C/ms = 1MKSAD = ~: CGSD

and
1elm' = I MKSAa = 3 x 10~ CGSQ!cm:l

Example 3. When a current I = 4 A is passed through the winding
of a long coil without a core) the magnetic flux through this coil is
(J)=250 Mx. The cross-sectional area of the coil A = 5 cmt. What is
the number of turns in this coil per unit of length?

Solution. The magnetic flux through a solenoid is determined from
the formula $= floJ1,lnA, whence

«D
n = J.Lollr l A (1)

In our case, <D=250Mx=250xIO-eWb, Jio=I2.57xIO-7H/m,

....r = 1, 1=4 A, and A = 5 em' = 5 X 10-· mi. Upon inserting these
data into Eq. (1), we obtain

250X 10-1 I 1 000 -1
n= 12.57XI0- tX4x5XIO-. m=' m

Example 4. A plane capacitor Is periodically charged by a storage
battery to the potential difference U=80 V and discharged through
8 solenoid (without a core). The capacitor is switched over 100 times
a second. The area of the capacitor plates A=lOO em>, and the dis
tance between the plates d=4.1 mm. The space between the plates is
filled with paraffin (er=2.1). The solenoid l=25 cm long has N=
=250 turns. Find the mean magnetic induction in the solenoid.

Solution. Upon each discharge of the capacitor, the solenoid will
let through electricity amounting to Qr:CU, where C is the capaci-
tance equal to eo~A • The mean intensity of the current passing through
the solenoid is J= Qn, where n is the number of capacitor discharges
8 second. The intensity of the magnetic field ~side the solenoid H=

=J~ and the magnetic induction In the solenoid B = JA.~rH.
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From all these equations we finally obtain

B - ~ofJ,eoerAUnN
- ld

111

(1)

In our case J.1o=12.57xI0-~ HIm, f.1,=I, Bo=8.85xlO-12 F/m,
8,=2.1, A=lOO cm2= 100x 10-' m2

, U=80 V, n=100.!.
s '

N=:250, 1=25 cm=O.25 m and d=4.7 mm=4.7x 10-3 m.
Upon inserting these data into Eq. (I), we get

B = 12.57XlO-1xlx8.85xlO-12X2.1xlO-2X.80XI02X250 T=
O.25x4.7xlO-8

= 3.97 X 10- 10 T

By using Table 12, the answer can also be obtained in gausses
. B=3.97X 10-8 Gs

9. Electrostatics

According to the Coulomb law, the force acting between two charged
bodies whose dimensions are small with respect to the distance between
them can be found from the formula

F= Q1Q 1

4n£o8,r"

where Ql and Q2= electric charges of the bodies
, = distance between them
8,= relative permittivity of the medium
80 = permittivity in a vacuum in the MKSA system

equal to 8.85 X 10- 11 F1m.
The intensity of an electric field is determined from the formula

F
E=1[

where F is the force acting on the charge Q.
The intensity of the field of a point charge is

Q
£=4 2neo",'

The intensity of an electric field induced by several charges (Ior examp
le, a dipole field) can be found by the geometrical summation of the
fields.

From the Gauss theorem, the intensity flux through any closed sur
face is

NE=~Q .
eot, ','
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where ~ Q is the algebraic sum of the charges present inside this sur
face. Accordingly, the electric induction flux through any closed sur
face is equal to

ND=~Q

The Gauss theorem can be used to find the intensity of the electric
field formed by variouschargedbodies.

The intensity of a field formed by a charged infinitely )ong.filament is

E=_'t_
2neoe,a

where ~ is the linear density of the charge on the filament and a is
the distance from the filament. If the filament is finite in length, the
intensity of the field at a point on the perpendicular erected from the
middle of the filament at a distance of a from it will be

E = l' sin 9
2n808,.a

where e is the angle between the normal to the filament and the radius..
vector drawn from the point to the end of the filament.

The intensity of the field formed by a charged infinitely long plane is

£=_0_
2808,.

where a is the surface density of the charge on a plane.
If the surface is made in the form of a disk with a radius of R, the

intensity of the field at a point on the perpendicular erected from the
centre of the disk at the distance a from it is equal to

E __0 (1 a)
- 2!0!, YR2+al

The intensity of the field formed by oppositely charged parallel and
Infinite planes (the field of a plane capacitor) will be

E =..2...-
eoe,

The intensity of the field formed by a charged ball is

E= Q
4neo~"t

where Q is the charge of the ball with a radius of R, and T is the di..
stance from the ball centre; T > R.

The electric induction of the field D can be found from the formula
-,

D =eoe,E =(1
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The difference of potentials between two points of an electric field
is determined by the work which must be performed to transfer a unit
of positive charge from one point to the other

W
Vt-V. =If

The potential of the field of a point charge is

U=_Q-
4n808r '

where , is the distance from the charge.
The intensity of an electric field and the potential are related

by the formula
dU

E=-(jJ

For a homogeneous field-the field of a plane capacitor

U
E=7

where U is the difference of potentials between the capacitor plates
and d is the distance between them.

The potential of an isolated conductor and its charge are
related by the formula

Q=CU

where C is the capacitance of the conductor.
The capacitance of a plane capacitor is

c= foerA
d

where A is the area of each plate of the capacitor.
The capacitance of a spherical capacitor

C = 41tEo!rr R
R-r

where r is the radius of the internal sphere and R is the radius
of the external one. In a particular case, when R = 00,

C= 4n£.2,r

is the capacitance of an isolated sphere.
The capacitance of a cylindrical capacitor

C
_ 2n!oe, 1
- R

log,-,

8-3574
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where I is the height of the coaxial cylinders, and rand Rare
the radii of the internal and external cylinders, respectively.

The capacitance of a system of capacitors is

C=C.+Ct+Cs + ...
when the capacitors are connected in parallel, and

1 1 1 1
C=C

t
+Cs +C

3
+ ...

when the capacitors are connected in series.
The energy of an isolated charged conductor can be found

from one of the following three formulas
1 I Qi

W1=2'QU, We = T CU2, We = 2C

In the particular case of a plane capacitor

W = eo8,AU2 = !o8rE2Ad = o2Ad
e 2d 2 28oB,

where A = area of each plate
a = surface density of charge on the plates
U = difference of potentials between the plates.

The quantity

W _ BoErE2 _ ED
0- 2 - 2

is known as the volume energy density of an electric field.
The force of attraction of the plates in a plane capacitor Is

F
_ eo8,EtA _ Bo8,AUt _ atA
- 2 - 2di - 28oB,

9.1. Find the force of attraction between the nucleus of a hydrogen
atom and an electron. The radius of the hydrogen atom is O.5x 10- 8 cm
and the charge of the nucleus is equal in magnitude and opposite in
sign to that of the electron.

9.2. Two point charges in air at a distance of 20 cm from each other
interact with a certain force. At what distance from each other should
these charges be placed in oil to' obtain the same force of interaction?

9.3. Plot a diagram showing how the force of interaction between two
point charges depends on the distance between them within the limits
of 2~r~10 cm at intervals of 2 cm. The charges are equal to 2 X
X 10-· C and sx 10-8 C, respectively.

9.4. How many times is the force of Newtonian attraction between
two protons smaller than the force of Coulomb repulsion? The charge
of a proton is numerically equal to that of an electron.
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9.5. Calculate the force of electrostatic repulsion between the nuc
leus of a sodium atom and a proton bombarding it, assuming that the

· proton approaches the sodium atom nucleus by 6x 10- 1 ' em. The
Charge of the sodium nucleus is 11 times greater than that of the
proton. Disregard the influence of the electron shell of the sodium
atom.

9.8. Two identical charged metal balls weighing 0.2 kgf each are at
.·8 certain distance from each other. Find the charge of the balls if their
electrostatic energy at this distance is one million times greater than
their mutual gravitational energy.

9.7. How many times is the energy of electrostatic interaction of
two particles with the charge Qand the mass m greater than their gra
vitational interaction? Solve the problem for: (1) electrons, and
(2) protons.

9.8. Plot a diagram showing. how the potential electrostatic energy
of two point charges depends on the distance between them within the
limits 2~r~lO ern at intervals of 2 em. The charges are Ql=
=10-'Cand Q,=3XIO-'C; 8,.=1. Plot a diagram for (I) like
charges, .and (2) unl ike charges.

9.9. Firid the intensity of an electric field at a point lying at the
middle between the point charges Ql=8x 10-' C and Qt= -6x
X 10-- C. The distance between the charges is r = 10 cm; 8,= I.

9.10. A negative charge is placed in the centre of a square each
vertex of which contains a charge of 7 CGSQ• Find the magnitude of the
negative charge if the resulting force acting on each charge is equal to
zero.

9.11. The vertices of a regular hexagon have three positive and three
negative charges. Find the intensity of the electric field at the centre
of the hexagon when these charges are arranged in different combina
tions. The magnitude of each charge is Q=4.5 CGSQ• Each side of the
hexagon is 3 em,

9.12. Solve the previous problem if all the six charges at the verti
ces of the hexagon are positive.

9.13. The distance between two point charges Ql= 22.5 CGSQ and
Q,= -44.0 CGSQ is 5 cm. Find the intensity of the electric field at a
point which is at a distance of 3 em from the positive charge and 4 em
from. the negative one.

9.14. Two balls of the same radius and weight are suspended on
threads so that their surfaces are in contact. A charge of Qo=4 x
X 10-7 C applied to the balls makes them repel each other to an angle
of 60°. Find the weight of the balls if the distance from the point of
suspension to the centre of a ball is 20 ern.

9.15. Two baJIs of the same radius and weight are suspended on two
· threads so that their surfaces are in contact. What charge should be

applied to the balls for the tension of the threads to become equal to

8*
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A

Fig. 16

0.098 N? The distance from the point of suspension to the centre of a
ball is 10 ern and each ball weighs 5x 10- 1 kgf.

9.16. Find the density of the material of the balls in Problem 9.14
if the angle of divergence of the-threads becomes 540 when the balls are
immersed in kerosene.

9.17. Two charged balls of the same radius and weight suspended
on threads of equal length are immersed into a liquid dielectric having
a density of PI and a dielectric constant (relative permittivity) of 8,..

What should the density p of the material of the balls be for the angles
of divergence of the threads in the air and in the dielectric to be the
same?

9.18. In Fig. 16, line AA is a charged infinite plane with a charge
surface density of 4x 10-8 Clem', and B is a ball with a like charge

having a mass of 1g and a charge of 3 CGSQ• What angle
A will be formed between plane AA and the thread which

the ball is suspended from?
9.19. In Fig. 16, line AA is a charged infinite plane

and B is a ball with a like charge weighing G=4x
X 10-1 kgf and having a charge of Q=6.67x 10- 10 C.
The tension of the thread which the ball is suspen
ded from is F=4.9x 10-& N. Find the charge surface
density on plane AA.

9.20. Determine the force acting on a charge of 2 CGS
if it is located: (1) at a distance of 2 cm from a charge~
thread with a charge linear density of 2x 10- 8 Clem,
(2) in the field of a charged plane with a charge surface
density of 2x 10-' Clem', (3) at a distance of 2 cm

from the surface of a charged ball with a radius of 2 CiD and a charge
surface density of 2x 10-' Clem'. In all three cases the dielectric con
stant of the medium 8,.= 6.

9.21. Plot on one diagram curves showing how the intensity of an
electric field depends on the distance within the limits l~r~5 ern
at intervals of 1 cm if the field is formed by: (1) a point charge of
100 CGSQ, (2) an infinitely long charged thread with a charge linear
density of 1.67X 10- 8 Clem, (3) an infinite charged plane with a
charge surface density of 2.5 X 10- 1 Clem'.

9.22. Find the intensity of an electric field at a distance of 2 X
x 10-8 ern from a monovalent ion. The ion is point-charged.

9.23. What force does the electric field of a charged infinite plane
act with on each metre of a charged infinitely long filament placed in
this field? The charge linear density on the filament is 3x 10- 8 Clem
and its surface density on the plane is 2x 10-8 C/cm'.

9.24. Determine the force (per unit length) which two like-charged
infinitely long filaments with the same charge linear density of 3 X
x 10-8 Clem and spaced 2 cm apart will repel each other with. What
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work (per unit length) must be performed to move these filaments to
gether until they are 1 ern apart?

9.25. Two long like-charged filaments are spaced a= 10 em apart.
The charge linear density on the filaments is 1:1 = T t = 10- 1 Clem.
Find the magnitude and direction of the intensity of the resulting ele
ctric field at a point 10 em from each filament.

9.26. Determine the force (per unit area) which two like-charged
infinitely long planes having the same charge surface density of 3 x
X 10-8 Clem' will repel each other with.

9.27. A copper ball 1 ern in diameter is immersed in oil wlth a den
sity of p=800 kg/rna. What is the charge of the ball if in a homogene
ous electric field it will be suspended in the oil? The electric field is
directed vertically upward and its intensity E=36,000 V/cm.

9.28. A charged drop of mercury is in equilibrium in a plane hori
zontal capacitor and the intensity of the electric field E=600 Vlern.
The charge of the drop is 2.4x 10-' CGSQ• Find the radius of the
drop.

9.29. Prove that the electric field formed by a charged filament of
finite length changes, in the limit cases, into the electric field of:
(J) an infinitely long filament, and (2) a point charge.

9.30. A charged filament is 25 em long. At what maximum distance
from the filament (for points lying on a perpendicular erected from its
middle) can the electric field be regarded as the field of an infinitely
charged filament? The error should not exceed 5 per cent.

Note. The error will be 6=E2£:I.where E. is the intensity of the

electric field of the infinitely long filament and E1 that of the field of
the filament with a finite length.

9.31. The intensity of an electric field is 1,500 VIcm at point A at
a distance of 5 em from an infinitely long charged filament. (1) At
what limit length of the filament will the determined intensity be true
to an accuracy of 2% if point A is on a perpendicular erected from the
middle of the filament? (2) What will the intensity of the electric
field be at point A if the filament is 20 em long? The charge Iinear den
sities on the filament and on an infinitely long filament are assumed to
be the same. (3) Find the charge linear density on the filament.

9.32. A ring made of wire with a radius of R=10 ern is charged
negatively and carries a charge of Q=-5x 10- 9 C. (1) Find the in
tensity of an electric field on the axis of the ring at points lying at a
distance of 1equal to 0, 5. 8, 10 and 15 em from the ring centre. Plot
a diagram E={(1). (2) At what distance 1 from the ring centre will
the intensity of the electric field be. maximum?

9.33. The intensity of an electric field on the axis of a charged ring
reaches its maximum at a distance of l=l,.ax from the centre of the
ring. How many times will the intensity of the electric field at a point
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located at 8 distance of 1=0.5 lmax from the centre of the ring be
smaller than the maximum intensity?

9.34. Prove that the electric field formed by a charged disk trans
forms, in the limit cases, into the electric field of: (1) an infinitely long
plane, and (2) a point charge.

9.35. The diameter of a charged disk is 25 em. At what maximum
distance from the disk along a normal to its centre mayan electric
field be regarded 8S the field of an infinitely long plane? The error
should not exceed 5%.

Note. The error l5=E~2E} • where £} is the intensity of the field

induced by the disk, and E2 that of the field induced by an infinite
plane.

9.36. Find the intensity of an electric field at point A, at a distance
of a=5 em from a charged disk (on a normal to its centre). (t) What is
the maximum radius of the disk at which the field at point A does not
differ by more than 2% from that of an infinitely long plane?
(2) What is the intensity of the field at point A if the disk radius R is 10
times greater than distance a? (3) How many times is the intensity
determined at this point smaller than that of an infinitely long
plane?

9.37. Two parallel unlike-charged disks with the same charge sur
face density are at a distance of h=l cm from each other. (1) What
can the limit value of the radii R of the disks be for the field between
the centres of the disks to differ from the field of a plane capacitor by
not more than 5%? (2) What error Is made in assuming the field for

these points to be equal to that of a plane capacitor when ~ = lO?

9.38. A ball with a mass of 40 rng having 8 positive charge of 10-' C
moves at a velocity of 10 (,in/s. Up to what distance can the ball ap
proach a positive point charge equal to 4 CGSQ?

~.39. Up to what distance can two electrons approach each other if
they are moving toward each other with a relative velocity of 108 cm/s?

9.40. A proton (hydrogen atom nucleus) moves with a velocity of
7.7x 108 cm/s. Up to what minimum distance can it approach
the nucleus of an aluminium atom? The charge of the nuclei of
aluminium atoms Q=Zeo, where Z is the ordinal number of the atom
in the Mendeleyev (Periodic) Table and eo the charge of a proton nume
rically equal to that of an electron. Consider the mass of the proton to
be equal to that of a hydrogen atom. The proton and the nucleus of
the aluminium atom are to be regarded as point charges. Disregard the
effect of the electronic shell of the aluminium atom.

9.41. In bombarding an immobile sodium nucleus with an a-par
ticle, the repelling force between them is 14'\kgf. (1) Up to what mini
mum distance did the e-partlcle approach the ·sodium atom nucleus?
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(2) What was the velocity of the a-particle? Disregard the effect of the
electronic shell of the sodium atom.

9.42. Two balls with charges of Ql=20 CGSQ and Q,= 40 CGSQare at a distance of rl=40 em from each other. What work must be
performed to reduce this distance to '2= 25 em?

9.43. A ball with a radius of 1 em and a charge of 4X 10-8 C is
immersed in oil. Plot a diagram of the ratio U=f(x) for the points of
8 field at a distanceof x equal to 1,2, 3, 4 and 5 em fromthe ball surface.

9.44. Determine the potential of a field point which is at a distance
of 10 ern from the centre of a charged ball with a radius of 1 em. Solve
the problem when: (1) the charge surface density on the ball is
10-1 1 Clem', and (2) the potential of the ball is 300 V.

9.45. What work is performed when a point charge of 2x 10-8 C
is transferred from infinity to a point at a distance of 1 em from the
surface of a ball with a radius of 1 em and a charge surface density of
a= 10-1 Clem'?

9.46. A ball with a mass of 1 gramme and a charge of 10- 8 C moves
from point A whose potential is 600 V to point B whose potential
is zero. What was the velocity of the ball at point A if at point B it
is 20 cm/s?

9.47. Find the velocity v of an electron which passed through a po
tential. difference of U equal to 1, 5, 10, 100 and 1,000 V.

9.48. During radioactive decayane-partlcle flies fromthe nucleusof
a poloniumatom at a velocity of 1.6x 10' em/s. Find the kinetic ener
gy of the ex-particle and the difference of potentials of a field in which
such a partIcle from a state of rest can be accelerated to the same
velocity.

9.49. A point charge Q=2 CGS Q is at a distance of r1=z4 em from
an infinitely long charged filament. Under the action of a field the
charge moves to the distance ',= 2 em, and the work W=50 erg
I. performed. Find the linear density of the filament charge.

9.50. An electric field is formed by a positively charged infinitely
long filament. An (X-particle moving under the action of this field
from a point at a distance of Xl = 1 ern from the filament to a point
x.==4 em changes its velocity from 2x 10' to 3x 10' m/s. Find the
linear density of the charge on the thread.

9.51. An electric field is formed by a positively charged infinitely
long filament with a charge linear density of 2x 10-' Clem. What
velocity will be imparted to an electron by the field if the electron
approaches the filament from a distance of 1 em to a distance of 0.5 em
from the filament?

9.52. A point charge Q=2 cas is near a charged infinitely long
plane. The action of the field moves~he charge along a force line over a
distanceof 2 em and the work W=50 erg is performed. Find the charge
surface density on the plane.
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9.53. The difference of potentials between the plates of a plane
(plane-parallel) capacitor is 90 V. The area of each plate is 60 ems
and Its charge 10- 1 C. What is the distance between the plates?

9.54. A plane capacitor can be used as a sensitive microbalance.
A particle with a charge of Q=I.44X lo-eCGSQ is Inside a horizontal
plane capacitor with the plates spaced d=3.84 mm apart. For the
particle to be in equilibrium between the capacitor plates, 8 potential
difference of U=40 V must be applied. Determine the mass of the
particle.

9.55. A charged drop with a mass of m=5X 10- 11 gramme Is in
a plane horizontal capacitor with the plates spaced d:z:: I em apart.
When an electric field is absent, the air resistance causes the drop
to fall with a certain constant velocity. If a potential difference of
U=600 V is applied to the capacitor plates, the drop will fall with
half the velocity. Find the charge of the drop.

9.56. A speck of dust falls between two vertical plates at an equal
distance from them. In view of the air resistance, the speck of dust
falls at a constant velocity of 2 cm/s. What time is required for the
speck of dust to reach one of the plates after a potential difference of
U=3,OOO V is applied to the plates? What vertical distance 1 will
be covered by the speck of dust before it reaches the plate? The di
stance between the plates d=2 ern, the mass of the speck of dust
m=2X 10-' g and its charge Q=6.5x 10- 1 7 c.

9.57. Solve the previous problem, disregarding the force of friction
(a vacuum capacitor).

9.58. A charged drop of oil is in a plane horizontal capacitor whose
plates are spaced d= 1 cm apart. When an electric field is absent,
the drop falls with a constant velocity of vl=O.OII cm/s. If a diffe
rence of potentials of U=I50 V is applied to the plates, the drop
will fall with the velocity v2=0.043 em/s. Find the radius of the
drop and its charge. The dynamic viscosity of the air 1')= 1.82X 10-'
N ·s/m>, The density of the oil is ~p=900 kg/rna greater than that of
the gas in which the drop falls.

9.59. A charged elder ball with a mass of 0.1 gramme hangs on a
thread between two vertical plates spaced 1 em apart. A potential
difference of 1,000 V applied to the plates deflects the thread with
the ball through an angle of 10°. Find the charge of the ball.

9.60. A soap bubble with a charge of 2.22x 10- 10 C is in equili
brium in the field of a horizontal plane capacitor. Find the difference
of potentials between the capacitor plates if the mass of the bubble
is 0.01 gramme and the distance between the plates 5 CD1.

9.61. The distance between the plates of a plane capacitor is 4 em..
An electron begins to move from the negative plate at the same moment
as a proton begins to move from the positive. plate. At what distance
from the positive plate will they meet?
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9.62. The distance between the plates of a plane capacitor is 1 em.
A proton and an a-particle begin to move simultaneously from one
of the plates. What distance will be covered by the a-particle during
the time in which the proton travels the entire path from one plate
to the other?

9.63. Having covered the path from one plate to the other in a
plane capacitor, an electron acquires a velocity of 108 em/s. The di
stance between the plates is 5.3 mm. Find: (1) the difference of
potentials between the plates, (2) the intensity of the electric
field inside the capacitor, (3) the charge surface density on the
plates.

9.64. An electric field is formed by two parallel plates at a distance
of 2 cm from each other. The difference of potentials between them
is 120 V. What velocity will be imparted to an electron under the
action of the field after it has covered a distance of 3 mm along a
force line?

9.65. An electron in a homogeneous electric field receivesan acce
leration of 101' ern/st. Find: (I) the intensity of the electric field,
(2) the velocity Imparted to the electron during 10-' second of its
motion if its initial velocity is zero, (3) the work done by the forces
of the electric field during this time, (4) the potential difference
passed by the electron.

9.66. An electron flies from one plate of a plane capacitor to the
other. The difference of potentials between the plates is 3 kV and the
distance between them 5 mm. Find: (1) the force acting on the elect
ron, (2) the electron acceleration, (3) the velocity with which the
electron reaches the second plate. (4) the charge surface density on
the capacitor plates.

9.67. An electron fties with a certain initial velocity Vo into a plane
capacitor parallel to the plates and at an equal distance from them.
A potential difference of U=300 V is applied to the capacitor plates.
The distance between the plates d=2 em and the capacitor length
1= 10 em. What is the greatest initial velocity Vo of the electron at
which it will not fly out of the capacitor? Solve the same problem
also for an a-particle.

9.68. An electron flies into a plane horizontal capacitor parallel
to the plates and at an equal distance from them. The distance between
the plates d=4 em and the intensity of the electric field in the capa
citor £=1 V/em. (I) In how much time will the electron get onto
one of the plates after it has entered the capacitor? (2) At what di
stance from the beginning of the capacitor will the electron get
onto the .plate if it has been accelerated by a potential difference
of 60 V?

9.69. An electron flies into a plane horizontal capacitor parallel
to the plates with a velocity of 9x 10' m/s. Find the total, normal
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and tangential accelerations of tne electron in 10- 8 second after it
begins to move in the capacitor. The potential difference between
them is 1 cm.

9·.70. A proton and an e-partlcle move with the same velocity
and fly into a plane capacitor parallel to the plates. How many times
will the deflection of the proton by the capacitor field be greater than
that of the a-particle? .

9.71. A proton and an a ..particle accelerated by the same potential
difference fly into a plane capacitor parallel to the plates. How many
times will the deflection of the proton by the capacitor field be greater
than that of the a, ..particle?

9.72. An electron flies into a plane horizontal capacitor parallel
to its plates with a velocity of vx=101 m/s. The intensity of the field
in the capacitor £=100 V/cm and the length of the capacitor 1=5 cm.
Find the magnitude and direction of the velocity of the electron
when it flies out of the capacitor.

9.73. A beam of electrons accelerated by a potential difference of
U=300 V passes through an uncharged horizontal plane capacitor
parallel to its plates and produces a luminous spot on a fluorescent
screen arranged at a distance of II= 12 ern from the end of the capa
citor. When the capacitor is charged, the spot on the screen is dis
placed by y=3 em. Find the potential difference U1 applied to the
capacitor plates. The length of the capacitor l=6 em and the distance
between its plates d=1.4 em.

9.74. An electron moves in a plane horizontal capacitor parallel
to its plates with a velocity of 3.6 x lOt km/s. The intensity of the
field inside the capacitor is 37 VIcrn and its plates are 20 cm long.
Over what distance will the electron be displaced in a vertical di
rection under the action of the electric field during its motion in the
capacitor?

9.75. A proton flies into a plane horizontal capacitor parallel to
its plates with a velocity of 1.2 x 10' m/s. The intensity of the field
inside the capacitor is 30 VIcm and the length of its plates 10 ern.
How many times will the velocity of the proton when it flies out of
the capacitor be greater than its initial velocity?

9.76. A potential difference of 150 V is applied between the plates
of a plane capacitor spaced 5 mm apart. One of the plates is in contact
with a plane-parallel porcelain plate 3 mm thick, Find the intensity
of the electric field in air and in the porcelain.

9.77. Find the capacitance of the Earth. The radius of the Earth
is 6,400 km. By how much will the Earth's potential change if it
receives a quantity of electricity equal to 1 C?

9.78. A ball with a radius of 2 em is charged negatively to a po
tential of 2,000 V. Find the mass of all tbe electrons forming the
charge. imparted to the ball during its charging.



9.79-9.89) ELECTRICITY AND MAGNETISM 123

9.79. Eight charged water drops each with a radius of 1 mm and
a charge of 10- 10 C merge into a single drop. Find the potential of
the big drop.

9.80. Two balls of the same radius R=l cm and weight G=4x
X 10- 5 kgf are so suspended on threads of equal length that their
surfaces are in contact. After the balls are charged, the threads move
apart over a certain angle and their tension becomes F=4.9x 10-' N.
Find the potential of the charged balls if the distance from the point
of suspension to the centre of each ball is 1= 10 cm.

9.81. A ball charged to a potential of 792 V has a charge surface
density equal to 3.33x 10-1 C/m'. What is the radius of the ball?

9.82. Find: (1) the relationship between the radius R of a ball
and the maximum potential U which it can be charged to in air if
under normal pressure its discharge in air occurs when the intensity
of .the electric field E o=30 kV/cmt (2) the maximum potential of
a ball with a diameter of 1 m.

.... 9.83. Two balls of the same radius R=l ern and weight G=0.15 kgf
are charged to the same potential U =3 kV and are at a certain di
stance '1 from each other. Their mutual gravitational energy is 10- 1 1 J.
The balls approach each other until the distance between them is '2'

The work necessary to bring the balls closer together is 2 X 10-' J.
Find- the electrostatic energy of the balls when the distance between
them is 'I.

9.84. The area of each plate in a plane capacitor is 1 m l and the
distance between the plates is 1.5 mm. Find the capacitance of this
capacitor.

9.85. The capacitor of the previous problem is charged to a poten
tial of 300 V. Find the charge surface density on its plates.

9.86. To make a capacitor with a capacitance of 2.5x 10-· ,....F, tin
foil disks are glued onto both sides of paraffined paper 0.05 mm thick.
Determine the diameter of these disks.

9.87. The area of the plates in a plane air capacitor is 100 ern!
and the distance between them is 5 mm. A potential difference of 300V
is applied to the plates. After the capacitor is disconnected from the
source of power, the space between the plates is filled with ebonite.
(1) What is the potential difference between the plates after they are
filled? (2) What is the capacitance of the capacitor before and after
it is filled? (3) What is the surface density of the charge on the plates
before and after filling?

9.88. Solve the previous problem for the case when the space be
tween the plates is filled with the insulator with the source of power
connected.

9.89. A potential difference of U=300 V is' applied between the
plates of a plane capacitor spaced d= 1 cm apart. A p.lane-parallel
glass plate with a thickness of d, =0.5 ern and a plane-parallel paraffin
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plate with a thickness of d2=O.5 cm are placed in the space between
the capacitor plates. Find: (1) the intensity of the electric field in
each layer, (2) the drop of potential in each layer, (3) the capacitance
of the capacitor if the area of the plates is A = 100 ern>, (4) the sur
face density of the charge on the plates.

9.90. A potential difference of 100 V is applied between the plates
of a plane capacitor spaced 1 ern apart. One of the plates is in contact
with a plane-parallel plate of crystalline thallium bromide (er = 173)
9.5 mm thick. After the capacitor is disconnected from the source of
power, the crystalline plate is removed. What will the potential diffe
rence between the plates be after this is done?

9.9J. A coaxial electric cable consist: of a core and a concentric
cylindrical sheath with insulation between them. Find the capaci
tance of a unit length of such a cable (in microfarads per metre) if
the radius of the core is 1.3 em, the radius of the sheath is 3.0 em, and
the dielectric constant of the insulation \ Br ) is 3.2.

9.92. The radius of the core of a coaxial cable is 1.5 em and the
radius of the sheath is 3.5 cm. A potential difference of 2,300 V is
applied between the core and the sheath. Calculate the intensity of
the electric field at a distance of 2 cm from the cable axis.

9.93. The radius of the internal cylinder of a cylindrical air capa ..
citor is r= 1.5cm and that of the external cylinder R=3.5 cm. A po..
tential difference of U=2,300 V is applied between the cylinders.
What velocity will be imparted to an electron moving from a distance
of 11 =2.5 em to a distance of /2=2 cm from the cylinder axis under
the action of the field of this capacitor?

9.94. A cylindrical capacitor consists of an internal cylinder with
a radius of r=3 mm, two layers of insulation and an external cylinder
with a radius of R= I em. The first insulation layer with a thickness
of d 1=3 mm adjoins the internal cylinder. Find the ratio between
the potential drops in these layers.

9.95. Photoelectric phenomena are studied with the aid of a con
centric spherical capacitor consisting of a central cathode-a metal
ball with a diameter of 1.5 em-and an anode-the internal surface
of a spherical flask 11 em in diameter silver plated inside. The air
is pumped out of the flask. Find the capacitance of such a capacitor.

9.96. What is the potential of a sphere with a radius of 3 em if:
(1) it receives a charge of 10-0 C, (2) it is surrounded by another sphere
with a radius of 4 em concentric with the first one and connected to the
earth?

9.97. Find the capacitance of a concentric spherical capacitor
consisting of two spheres with radii of R 1 = 10 em and R2 = 10.5 cm.
The space between the spheres is filled with oil. What should the
radius of a ball placed in the oil be for it t~have the same capaci ..
"tance?
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c,

Fig. 17

Fig. 18

9.98. The radius of the internal sphere of a concentric spherical
air capacitor is R 1 = 1 em and the radius of the external sphere R2=

=4 em. A potential difference of U=3,OOO V is applied between the
spheres. Find the intensity of the electric field at a distance of x=3 ern
from the centre of the spheres.

9.99. The radius of the internal sphere of a concentric spherical air
capacitor is R1= 1ern and the radius of the external sphere R2= 4 cm.
A potential difference of U=3,000 V is applied between the spheres.
What velocity will be imparted to an electron when it approaches the
centre of the spheres from a distance
of '1=3 em to a distance of '2=2 cm?

9.100. Find the capacitance of a sy
stem of capacitors (Fig. 17). The ca
pacitance of each capacitor is 0.5 uF,

9.101. The capacitance of two capa-
citors was compared, with the aid of
an electrometer. The capacitors were
charged to potentials of U1=300 V and
V 2= 100 V, and were connected in parallel. The potential difference
between the plates measured by the electrometer was U=250 v.

Find the capacitance ratio ~: .

9.102. The potential difference between points A and B (Fig. 18)
is 0.02 CGSu. The capacitance of the first capacitor is 2 J1F and that

of the second 4 J.1F. Find the charge and
C, C2 the potential difference on the plates ofA-IHI 8 each capacitor.

9.103. Within what Iimits can the capa-
citance of a system consisting of two capa
citors change if the capacitance of one is

constant and equal to 3.33x 10-1 F, and that of the other can vary
from 20 CGSe to 500 cos>

9.104. Within what limits can the capacitance of a system consisting
of two adjustable capacitors change if the capacitance of each can
vary from 10 to 450 pF?

9.105. A capacitor with a capacitance of 20 f.1F is charged to a po
tential of 100 V. Find the energy of this capacitor.

9.106. A sphere with a radius of 1 m is charged to a potential of
30,000 V. Find the energy of the charged ball.

9.107. A sphere immersed in kerosene has a potential of 4,500 V
and a charge surface density of 3.4 CGSQ/cm

2• Find: (1) the radius,
(2) the charge, (3) the capacitance and (4) the energy of the
ball.

9.108. After the power source is cut off; sphere A with a radius of
10 ern charged to a potential of 3,000 V is connected by means of a
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wire (whose capacitance may be neglected) first to a remote uncharged
sphere B and then, after it is disconnected from B, to a remote un
charged sphere C. The radii of spheres C and 8 are 10 cm. Find:
(1) the initial energy of sphere A, (2) the energy of spheres A and B af
ter connection, and the work of the discharge during connection
(3) the energy of spheres A and C after connection, and the work of
the discharge during connection.

9.109. Two metal spheres, one with a charge of 10-8 C and a radius
of 3 cm, and the other with a radius of 2 em and a potential of 9,000 V,
are connected by means of a wire whose capacitance may be neglected.
Find: (1) the potential of the first sphere before discharge, (2) the
charge of the. second sphere before discharge, (3) the energy of each
sphere before discharge, (4) the charge and potential of the first sphere
after discharge, (5) the charge and potential of the second sphere
after discharge, (6) the energy of the spheres connected by the wire,
(7) the work of the discharge.

9.110. A charged sphere A having a radius of 2 cm is brought into
contact with an uncharged sphere B having a radius of 3 em. After
the spheres are disconnected, the energy of sphere B is 0.4 J. What
charge was on sphere A before the contact?

9.1 t 1. The plates of a plane capacitor, each 100 em' in area, are
attracted towards each other with a force of 3x 10- 3 kgf. The space
between the plates is filled with mica. Find: (1) the charges on the
plates, (2) the intensity of the field between the plates, (3) the energy
in a unit volume of the field.

9.112. A thin sheet of mica is inserted between the plates of a plane
capacitor. What pressure will act on this sheet when the intensity
of the electric field is 10 kVfcrn?

9.113. An absolute electrometer is made in the form of a plane ca
pacitor whose lower plate is immobile and whose upper one is suspen
ded from a balance beam. When the capacitor is not charged, the
distance between the plates d= 1 ern. What potential difference was
applied between the plates if a weight of 0=5.1 X 10-3 kgf had to be
placed on the other pan of the balance to preserve the same distance
d=l cm? The area of the plates A=50 em>.

9.114. The difference of potentials between the plates of a plane
capacitor each with an area of 100 ern! is 280 V. The charge surface
density on the plates is 4.95x 10- 1 1 Czcm>, Find: (1) the intensity
of the field inside the capacitor, (2) the distance between the plates,
(3). the velocity imparted to an electron after it has traveled from one
plate to the other in the capacitor, (4) the energy of the capacitor,
(5) the capacitance of the capacitor, (6) the force of attraction of the
capacitor plates.

9.115. The area of the plates in a plane air capacitor is 100 em?
and the distance between them 5 mm. Find thedifference of potentials
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applied to the plates if 4.19x 10- 3 J of heat was evolved during the
discharge of the capacitor.

9.1IQ. A plane air capacitor with its plates spaced 2 cm apart is
charged to a potential of 3,000 V. What will the field intensity of
the capacitor be if the plates are moved apart to a distance of 5 ern
without disconnecting the power source? Calculate the energy of the
capacitor before and after the plates are moved apart. The area of the
plates is 100 crn-,

9.117. Solve the previous problem if the power source is first dis ..
connected and then the plates of the capacitor are moved apart.

9.118. A plane air capacitor in which the plates 100 em! in area
are spaced 1 rom apart is charged to 100 V. The plates are then moved
apart to a distance of 25 mm. Find the energy of the capacitor before
and after the plates are moved apart if the power source before the
plates are moved apart: (1) is not disconnected, (2) is disconnected.

9.119. A plane capacitor is filled with a dielectric and a certain
potential difference is applied to its plates. The energy of the capacitor
is 2x 10-& J. After the capacitor is disconnected from the power
source, the dielectric is extracted from the capacitor. The work per
formed against the forces of the electric field in extracting the die..
lectric is 7 X 10- 1 J. Find the dielectric constant (relative permitti ..
vity) of the dielectric.

9.120. A plane air capacitor in which the plates are spaced 5 mm
apart is charged to a potential of 6 kV. The area of the capacitor plates
is 12.5 ems, The plates are moved apart to a distance of 1 ern in one
of two ways: (1) the capacitor remains connected to the power source,
and (2) before the plates are moved apart the capacitor is disconnected
from the power source. Find in each of these cases: (a) the change in
the capacitance of the capacitor, (b) the change in the intensity flux
through the area of the electrodes, and (c) the change in the volume
density of the energy of the electric field.

9.121. Find the volume density of the energy of an electric field
at a point: (1) at a distance of 2 cm from the surface oi a charged
sphere with a radius of 1 em, (2) near an infinitely long charged plane,
(3) at a distance of 2 cm from an infinitely long charged filament,
The charge surface density on the sphere and the plane is 1 .67 X 10- 6

elms and the charge linear density on the filament is 1.67 x 10-7 elm.
For all the three cases the dielectric constant 8,=2.

9.122. A potential difference of U=l,OOO V is applied to the plates
of a plane capacitor. The distance between the plates is d=3 cm. The
space between the plates is filled with a dielectric (8,=7). Find:
(a) the surface density of the bound (polarization) charges and (b)
the change in the charge surface density on the plates when the capa
citor is filled with the dielectric. Solve the problem when: (1) the
capacitor is filled with the dielectric while the source of the potential
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difference is connected, (2) the capacitor is filled with the dielectric
after it is disconnected from the power source.

9.123. The space between the plates of a plane capacitor is filled
with a dielectric whose dielectric susceptibility is 0.08. A potential
difference of 4 kV is applied tv the capacitor plates. Find the surface
density of the charge on the plates and on the dielectric. The distance
between the plates is 5 mm.

9.124. The space between the plates of a plane capacitor is filled
with glass. The distance between the plates is 4 mm. A voltage of
1,200 volts is applied to the plates. Find: (I) the field in the glass,
(2) the charge surface density on the capacitor plates, (3) the surface
density of the bound charge on the glass, and (4) the dielectric sus-
ceptibility of the glass. ,

9.125. The space between the plates of a plane capacitor is filled
with oil. The distance between the plates is 1 em. What potential
difference should be applied to the plates of this capacitor for the
surface density of the bound charges on the oil to be 6.2 X 10- 10 Clem 2?

9.126. A glass segment is clamped between the plates of a plane
capacitor. The area of the plates is lOa ern>. The plates are attracted
towards each other with a force equal to 4.9x 10-3 N. Find the sur
face density of the bound charges on the surface of the glass.

9.127. The space between the plates of a plane capacitor is filled
with paraffin. When the plates are connected to a source of power,
the pressure of the plates on the paraffin became 5 Nzm>. Find:
(1) the intensity of the electric field and the electric induction in
the paIaffin, (2) the surface density of the bound charges on the paraf
fin, (3) the surface density of the charges on the capacitor plates,
(4) the volume density of the electric field energy in the paraffin, and
(5) the dielectric susceptibility of the paraffin.

9.128. A dielectric is so placed as to completely fill the space between
the plates of a plane capacitor spaced 2 mm apart. A potential diffe
rence of 600 V is applied to the plates. If the power source is discon
nected and the dielectric is removed from the capacitor, the potential
difference on the capacitor plates will rise to 1,800 V. Find: (1) the
surface density of the bound charges on the dielectric, (2) the suscep
tibil ity of the dielectric.

9.129. The space between the plates of a plane capacitor with a
volume of 20 ern" is filled with a dielectric (e,.=5). The capacitor
plates are connected to a power source. The surface density of the

'bound charges on the dielectric is equal to 8.35x 10-' C/m 3 • What
work must be performed against the forces of the electric field to pull
the dielectric out of the capacitor? Solve the problem for two cases;
(1) the dielectric is removed with the power source connected, and
(2) the dielectric is removed after the power source is disconnected.-,
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10. Electric Current

The intensity I of a current is equal numerically to the quantity
of electricity flowing through the cross section of a conductor in a
unit of time

l=dQ
dt

If I =const, then

1= ~

The density of an electric current is

I
J=-X

where A is the cross-sectional area of the conductor.
The intensity of a current flowing through a homogeneous conductor

conforms with Ohm's law
u

1=7[

. where U=difference of potentials at the ends of the conductor
R=resistance of the conductor.

The resistance of a conductor is
1 I

R=PA=aA

where p=resistivity of the conductor
a =it5 conductivity'
1= its length

A = its cross-sectional area.
The resistivity of metals depends on the temperature as follows

P, = Po (1 +at)

where po=resistivity at 0° C
a =temperature coefficient of resistance.

The work of an electric current on a section of a circuit can be
determined from the formula

W=IUt=/2Rt=U
2

tR

For a closed circuit Ohm's law has the form

, _ cfJ
- R+,

9-3574
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where to = e.rn.f. of the generator
R = external resistance
, = internal resistance (resistance of the generator).

The total power evolved in a circuit is

P=cCI

Circuits composed of a network of conductors obey one of Kirch
hoff's two laws.

Kirchhoff's first law states that: "The algebraic sum of the currents
at any junction of conductors (branch point) must be zero", i.e.,

~/=O

Kirchhoff's second law states that: "In any closed circuit the alge
braic sum of the potential drops in various sections of the circuit is
equal to the algebraic sum of the electromotive forces in this circuit",
i.e.,

~IR=IG

The following. rules should be observed in using Kirchhoff's laws.
The directions of the currents are indicated arbitrarily by arrows on
the diagram near the respective resistors. Moving along the circuit
in any direction, let us assume that the currents- whose direction
coincides with the direction of this movement are positive, and that
the oppositely directed currents are negative. The e.m.f.s will be
positive if they increase the potential in the direction of the movement,
i.e., when passing from the minus to the plus of a generator. After
the equations have been solved, the sought quantities may be negative.
If currents are being determined, a negative value indicates only
that the actual direction of the current in the given section of the
circuit is opposite to that 51 own by the arrow. If resistances are being
determined, a negative value indicates a wrong result (since ohmic
resistance is always positive). In this case the direction of the current
in the given resistor should be reversed and the problem solved for
these conditions.

Faraday established two laws for an electric current. According
to the first law, the mass m of a substance liberated during electrolysis
is equal to

m=Klt=KQ

where Q is the quantity of electricity that passed through the electro
lyte, and K is the electrochemical equivalent.

According to Faraday's second law, the electrochemical equivalent
is proportional to the chemical equivalent, i.e., -

l( 1 rnA -,
=yz
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where mA=mass of one kg-atom
Z =valency
'!It =mass of a kg-equivalent
F =Faraday's number, equal to 9.65x 107 C/kg-eq.

The conductivity of an electrolyte can be found from the formula
1

0' =p = aCZF (e , +u_)

where a.=degree of dissociation
C=concentration, i.e., the number of kg-moles in a unit volume
Z=valency
F=Faraday's number

u; and u_=ion mobrlities.
Here the quantity (X = nd is the ratio of the number of dissociated

n
molecules in a unit volume nd to the total number of molecules of
the substance dissolved in this volume n. The quantity 11=CZ is
known as the equivalent concentration. Hence A=~ is the equivalent

"conductivity.
With small densities J of a current flowing in a gas, Ohm's law

is true
J =Qn (u , +u_)E =oE

where E= intensity of the field
a=conductivity of the gas

Q =charge of an ion"+ andu_=ion mobilities
n=number of ions of each sign (number of pairs of ions) in

a unit volume of the gas.

Here n= V~ t where N is the number of pairs of ions produced by the

ionizing agent in a unit volume and in unit time, and y is the coefficient
of molecular formation from the ions.

With a saturation current in a gas, the density of this current can
be determined from the formula

Js=NQd

where d is the distance between the electrodes.
To be able to fly out from a metal, an electron must have the kine-

tic energy .
mV2~W

2 ~

where W is the work done by the electron to leave the metal.

9*
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The density of the saturation current in thermionic emission (the
emissivity) is found from the formula

w
J

S
= BT2e-1lT

where T=absolute temperature of the cathode
e=base of natural logarithms

W=work of emission
k=Boltzmann's constant
B=a certain (emission) constant different for different metals.

10.1. The current intensity I in a conductor changes with time t
according to the equation 1=4+2t, where I is in amperes and t in
seconds. (I) What quantity of electricity flows through a cross section
of the conductor during the time from t1=2 seconds to t2= 6 seconds?
(2) At what intensity of a constant current does the same quantity of
electricity pass through the cross section of the conductor during the
same time?

10.2. A rheostat consists of five electric lamps connected in parallel.
Find the resistance of the rheostat: (1) when all the lamps are burning,
(2) when (a) one, (b) two, (c) three, and (d) four lamps are turned
out. The resistance of each lamp is 350 Q.

10.3. How many turns of a nichrome wire 1 mm in diameter should
be wound around a porcelain cylinder with a radius of 2.5 cm to ob
tain a furnace with a resistance of 40 Q?

10.4. A copper wire coil has a resistance of R=lO.8 Q. The wire
weighs 0=3.41 kgf. How many metres of the wire and of what dia
meter d are wound on the coil?

10.5. Find the resistance of an iron rod 1 em in diameter and weigh
ing 1 kgf.

10.6. Two cylindrical conductors, one of copper and the other of
aluminium, have the same length and the same resistance. How many
times is. the copper conductor heavier than the aluminium one?

10.7. The resistance of the tungsten filament of an electric lamp is
35.8 Q at 20° C. What will the temperature of the filament be if a
current of 0.33 A flows through it when the lamp is connected to
120-V mains? The temperature coef.ficient of resistance of tungsten
is 4.6x 10-3 degr '.

10.8. An iron-wire rheostat, a milliammeter and a current generator
are connected in series. The resistance of the rheostat is 120 Q at 0° C
and that of the milliammeter 20 Q. The milliammeter shows
22 rnA. What will the reading of the milliammeter be if the
rheostat is heated to 50° C? The temperature coefficient of resistance
of iron is 6x 10-8 deg-1• Disregard the resistance of the generator.

10.9. A copper wire winding has a resistance o~ 10 Q at a tempe
rature of 140 C. After a current flowed through the coil, the resistance
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of the winding rose to 12.2 Q. What temperature was the winding
heated to? The temperature coefficient of resistance of copper is
4.15x 10-3 deg- 1 •

10.10. Find the potential drop along a copper wire 500 m long and
2 mm in diameter if the current in it is equal to 2 A.

10.11. Determine the potential drop in resistors R t , R2 and R3
(Fig. 19) if the ammeter shows3 A; Rl=4 0, R2=2 Q and Rs= 4 Q.
Find /2 and Ja-the current intensities in resistors R 2 and R3.

RJ

Fig. 19

10.12. An element with an e.rn.f. of 1.1 V and an internal resistance
of 1 Q is connected across an external resistance of 9 Q. Find:
(1) the current intensity in the circuit, (2) the potential drop in the
external circuit, (3) the potential drop inside the element, (4) the
efficiency of the element.

10.13. Plot a diagram showing how the potential drop in the ex
ternal circuit depends on the external resistance for the circuit of the
previous problem. Take the external resistance within O~R~lO Q
at intervals of 2 ohms.

10.14. An element with an e.rn.I. of 2 V has an internal resistance
of 0.5 Q. Determine the potential drop inside the element with a
current of 0.25 A in the circuit. Also find the external resistance of
the circuit in these conditions.

10.15. The e.rn.f. of an element is 1.6 V and its internal resistance
0.5 Q. What is the efficiency of the element at a current of 2.4 A?

10.16. The e.rn.f. of an element is 6 V. When the external resistance
is 1.1 Q, the current in the circuit is equal to 3 A. Find the potential
drop inside the element and its resistance.

10.17. What part of the e.rn.f. of an element falls to the potential
difference across its ends if the resistance of the element is 1In of the
external resistance. Solve the problem for: (1) n=O.l, (2) n==I,
(3) n= 10.

10.18. An element, a rheostat and an ammeter are connected in
series. The e.m.I, of the element is 2 V and ~its internal resistance

0.4 Q. The ammeter shows a current of 1 A. What is the efficiency
of the element?

10.19. Two identical elements have an e.rn.f. of 2 V and an internal
resistance of 0.3 Q. How should these elements be connected (in
series or in parallel) to obtain a higher current intensity if: (1) the
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external resistance is 0.2 Ot (2) the external resistance is 16 O? Cal ..
culate the current intensity for each of these cases.

10.20. Assuming the resistance of a voltmeter to be infinitely great,
the resistance of rheostat R is determined from the readings of the

ammeter and voltmeter in the circuit in
E Fig. 20. Find the relative error of the de..

termined resistance if the resistance of the
voltmeter is actually Rv. Solve the prob ..

L-.._...--r_N~ lem for Rv=l,ooo Q and R equal to:
(1) 10 0, (2) 100 .Ot (3) 1,000 Q.

10.21. Assuming the resistance of an am..
meter to be infinitely small, the resistance
of the rheostat R is determined from the
readings of the ammeter and voltmeter in

Fig- 20 the circuit in Fig. 21. Find the relative error
of the determined resistance if the actual

resistance of the ammeter is RA . Solve the problem for RA=O.2 Q
and R equal to: (1) 1 c, (2) 10 0, and (3) 100 Q.

10.22. In the circuit in Fig. 22, the resistance R=1.4 0, and 8 1

and it. are two elements whose e.m.f.s are the same and equal to 2 V.
The internal resistances of these elements are 't=1 Q and '1=1.5 Q t

respectively. Find the current intensity in each element and in the
entire circuit.

'''----..... V Jo---....

Fit. 21

R

Fig_ 22

R

FII·23

10.23. In the circuit in Fig. 23t the resistance R=O.5 g, and til
and 8, are two elements whose e.m.f.s are the same and equal to 2 V.
The internal resistances ot these elements are Tl=l Q and T.=1.5 Ot
respectively. Find the potential difference across the terminals of each
element.

10.24. In the circuit in Fig. 24, 8 is a battery whose e.m.I, is equal
to 20 V, and R, and R. are rheostats. Wh~ rheostat R1 is cut out,
the ammeter shows a current of 8 A in the circuit. When the rheostat
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is cut in, the ammeter shows 5 A. Find the resistance of the rheostats
and the potential drop in them when rheostat R1 is cut in completely.
Disregard the resistance of the battery and the ammeter.

A

Rz

fig. 24

s

Fig. 25

10.25. An element, an ammeter and a resistor are connected in
series. The resistor is a copper wire 100 m long and 2 mrn" in cross
section. The resistance of the ammeter is 0.05 0, and it shows 1.43 A.

N,

RJ

Fig. 28

If we take a resistor made of aluminium wire 57.3 m long and 1 mms
in cross section, the ammeter will show 1 A. Find the e.rn.f. of the
element and its internal resistance.

10.26. Determine the current intensity indicated by the ammeter
in the circuit in Fig: 25. The voltage across the terminals of the ele-
ment in the closed circuit is 2.1 V; L&
R.=5 Q, R,=6 Q and Ra=3 Q. Dis- r·j ......--- --...
regard the resistance of the ammeter.

10.27. In the circuit in Fig. 26, we 1/3
have RI=20Q,Ra=15 0, and the cur
rent flowingthrough resistor RI is0.3 A.
The ammeter shows 0.8 A. Find the Fig. 27
resistance R1 •

10.28. In the circuit in Fig. 27, tB is a battery whose e.rn,f. is equal
to 100 V; the resistances R1=Ra=40 Of R2=80 g and R.=34 Q.
Find: (1) the intensity of the current flowing through the resistor RIt
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(2) the potential drop across this resistor. Disregard the resistance of
the battery.

10.29. In the circuit in Fig. 28, <C is a battery with an e.rn.f. equal
to 120 V; the resistances R3=20 Q and Rc= 25 0, and the potential
drop across resistor RJ is 40 V. The ammeter shows 2 A. Find the
resistance Rs- Disregard the resistance of the battery and the ammeter.

RJ

Fig. 28

R,

Fig. 29

10.30. (I) What current intensity will be shown by the ammeter
In the circuit in Fig. 28 if ~= 10 V, r= I Q and the efficiency is O.B?
(2) What is the potential drop across resistor R I if that across resistor
R, is 4 V and across resistor R. is 2 V?

Fig. 30

A

-----4 V t------..

Fig. 31

10.31. In the circuit in Fig. 29, B is a battery with an e.m.f. equal
to 100 V; the resistances R1= lOO Q, R.=200 0, and R 3=300 Q.
What voltage will the voltmeter show if its resistance "is 2,000 Q?
Disregard the resistance of the battery.

10.32. In the circuit in Fig. 29, the resistances R1= R2= Rs=
.200 Q. The voltmeter shows 100 V and its ~esistance Rv= l ,OOO Q.

FInd the e.rn .. f. of the battery, neglecting its resistance.
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10.33. Find the readings of the ammeter and voltmeter in the cir
cuits in Figs. 30-33. The resistance of the voltmeter is 1 000 Q the
e.rn.f of the battery is 110 V, the resistances R1=400 Qand R,==
::::600 Q. Disregard the resistance of the battery and the ammeter.

Nt

I------f V t-----I

Fig. 32 Fig. 33

10.34. An ammeter with a resistance of 0.16 Q is shunted by a
resistance of 0.04 0, and shows 8 A. What is the current intensity
in the mains?

10.35. The scale of an ammeter with a resistance of 0.18 Q intended
to measure currents up to 10 A has 100 graduations. (1) What resis
tance should be selected and connected to permit the ammeter to be
used for measuring currents up to 100A? (2) How will the value of
an ammeter graduation change in this case?

10.36. The scale of a voltmeter with a resistance of 2,000 g in
tended for measuring" a potential difference up to 30 V has 150
graduations. (1) What resistance should be selected and how should
it beconnected to measure a potential difference up to 75 V by means
of this voltmeter? (2) How will the value of a voltmeter graduation
change in this case?

10.37. A milliammeter with a scale ranging from 0 to 15 rnA has
a resistance of 5 Q. How should the instrument be connected together
with a resistor (and with what resistance) to measure: (1) a current
from 0 to 0.15 A, (2) a potential difference from 0 to 150 V?

10.38. A 120-volt lamp is rated at 40 W'. What additional resistance
should be connected in series with the lamp to produce normal glo~
with a voltage of 220 V in the mains? How many metres of a ni
chrome wire 0.3 mm in diameter are required to obtain this resl-'
stance?
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x

10.39. Three electric lamps designed for a voltage of 110 Veach
are rated at 40, 40 and 80 W, respectively. How should all the three
lamps be connected to produce a normal glow with a voltage of 220 V
in the mains? Find the intensity of the current flowing through the
lamps with a normal glow. Draw a connection diagram.

10.40. An electric heater consuming 10 A is switched on in a labo
ratory 100 metres away from a generator. How much will the voltage
drop across the terminals of an electric lamp burning in this labora ...
tory? The cross section of the feeding copper wires is 5 mm>.

10.41. Power has to be transmitted over a distance of 2.5 km frorn
a battery with an e.rn.f. of 500 V. The power consumed is 10 kW.
Find the minimum lossesof power in the mains if the diameter of the
feeding copper wires is 1.5 em.

10.42. Power has to be transmitted over a distance of 2.5 km from
a generator with an e.m.f. of 110 V. The power consumed is 1 kW.
Find the minimum section of the feeding wires if the losses of power
in the mains should not exceed 1%.

10.43. A copper and a steel wires of the same length and diameter
are connected to a circuit "in series. Find: (I) the ratio of the heats
evolved in these wires, (2) the rat io of the voltage drops in these
wires.

10.44. Solve the previous problem when the wires are connected
in parallel.

10.45. An element with an e.rn.I. equal to 6 V produces a maximum
current of 3 A. Find the maximum heat which can be evolved in an
external resistor in one minute.

10.46. Find: (1) the total power, (2) the net power and (3) the
efficiency of a battery with an e.m.f. of 240 V if the external resistance

is 23 Q and the resistance of the bat-
5 P.W tery is 1 Q.
4 ' 10.47. Find the internal resistance

of a generator if the power produced
in the external circuit is the same
when the external resistance is R1=5 0
and R.=O.2 Q. Determine the gene
rator efficiency in each of these cases.

10.48. Figure 34 shows the net po
wer versus the current intensity in a

oa.--........_a.-.......-''''''-....mI.A circuit. For the points shown by eros...
2 4 6 ses on the curve find: (1) the inter ..

Fig. 34 nat resistance of the element, (2) the
e.m.I. of the element, (3) plot a diag

ram showing how the efficiency of this element and the potential
drop in the external circuit depend on t~ current intensity in the
circuit.
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R, /lz

10.49. Use the data given by the curve in Fig. 34 to plot the rela...
tion between (1) the efficiency of the given element, (2) the total
power Pit and (3) the net power Pit and the external resistance of the
circuit R. Plot the curves for values of the external resistance R equal
to Ot r t 2rt 3rt 4r and 5rt where' is the internal resistance of the
element.

10.50. An element is first connected across an external resistance
Rl=2 0, and then across an external resistance R, = O.5 Q. Find
the e.m.f. of the element and its internal resistance if in each of these
cases the power evolved in the external circuit is the same and equal
to 2.54 W.

10.51. An element with an e.rn.I, of 2 V and an internal resistance
of 0.5 Q is connected across an external resistance of R. Plot diagrams
showing how (1) the current intensity in the circuit, (2) the potential
difference across the ends of the external circuit, (3) the powerevolved
in the external circuit, and (4) the total power depend on the resis
tance. The resistance R is to be taken within O~R~4 Q at intervals
of 0.5 Q.

10.52. An element with an e.m.I. of B and an internal resistance
of r is connected across an external resistance R. The maximum power
in the external circuit is 9 W. The current flowing through the circuit
in these conditions is 3 A. Find 8 and r.

10.53. In the circuit in Fig. 35, e is a battery whosee.rn.f. is 120 V,
the resistances Ra=30 ,.. and Rs=60 Q. The ammeter shows 2 A.
Find the power dissipated in the resistor R1 • Disregard the resistance
of the battery and the ammeter.

10.54. Determine the reading of the ammeter in the circuit in Fig. 35.
The e.m.I. of the battery is 100 V and its internal resistance 2 Q.

The resistances R1 and R. are equal
to 25 Q and 78 c, respectively.

FII·35 Fig. 38

The power dissipated in the resistor Rt is equal to 16 W. Disregard
the resistance of the ammeter. ,

10.65-. In the circuit in Fig. 36t 8 is a battery whosee.m.I. is 120 V,
the resistances R1 = 25 Q and R.=R.=lOO Q. Find the power dissi-
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Nz

Fig. 38

c

Fig. 37

A

pated in the resistor Rl. Disregard the resistance of the bat ..
tery.

10.56. In the circuit in Fig. 36, the resistance R1= 100 Q and the
power dissipated in the resistor P=16 W. The generator efficiency

f
t is 80~. Find the e.m.f. o~ the gene.rator if the--f potential drop across the resistor Ra IS 40 V.

10.57. In the circuit in Fig. 37, II is a bat-
tery with an e.m.f. of 120 V, AB is a potentio
meter with a resistance of 120 Q and L is an elect..

8 ric lamp. The resistance of the lamp changes upon
heating from 30 to 300 Q. How much will the
potential difference across the lamp terminals
change if sliding contact C is in the middle of the
potentiometer? Also determine the change in the
power consumed by the lamp.

10.58. The potential difference between points A and B is 9 V.
There are two conductors whose resistances are 5 and 30, respectively.
Find the quantity of heat produced in each conductor in one second
if the conductors between A and B are connected: (1) in series,
(2) in parallel.

to.59. Two electric lamps are connected to mains in parallel. The
resistance of the first lamp is 360 Q and that of the second 240 Q.
Which of the lamps consumes more power, and
how many times?

10.60. The coil of a calorimeter C has a rest
stance of R1= 60 Q. The coil R1 is connected to
the circuit as shown in Fig. 38. How many degrees
will 480 grammes of water poured into the ca
lorimeter be heated in 5 minutes during which
a current flows through the coil if the ammeter
shows 6 A? The resistance R2=30 Q. Disregard
the resistances of the generator and the amme-
ter, and the heat losses.

10.61. How much water can be boiled by 3 hW-h
of electric energy? The initial temperature of the
water is 10° C. Disregard the heat losses.

10.62. (I) How many watts are consumed by
the heater of an electric kettle if one litre of wa
ter begins to boiJ in 5 minutes? (2) What is the
resistance of the heater if the voltage in the mains is 120 V?
The initial temperature of the water is 13.5° C. Disregard the heat
losses.

10.63. A kettle filled with one litre of water having a temperature
of 16°C is placed on an electric stove rated-at 0.5 kW. The water in
the kettle begins to boil in 20 minutes after the stove is switched on.
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What amount of heat is lost in this case for heating the kettle for
radiation, etc.? '

10.64. The winding in an electric pot consists of two identical se
ctions. The resistance of each section is 20 Q. In how much time
will 2.2 litres of water begin to boil if: (1) one section is switched on
(2) both sections are switched on in series, (3) both sections are swit:
ched on in parallel? The initial temperature of the water is 16° C
the voltage of the mains 110 V and the heater efficiency 85%. '

10.65. An electric kettle has two windings. When one of them is
switched on the water in the kettle begins to boil in 15 minutes, and
when the other is switched on-in 30 minutes. In how much time
will the water in the kettle begin to boil if the two windings are swit
ched on: (1) in series, (2) in parallel?

10.66. In the circuit in Fig. 39, <C is a battery with an e.m.I, of
120 V, R2 = 10 Q and K is an electric kettle. The ammeter shows 2 A.
In how much time will 0.5 litre of water in the kettle with an initial
temperature of 4° C begin to boil? Disregard the resistance of the
battery and the ammeter. The efficiency of the kettle is 76%.

Fig. 39 Fig. 40

10.67. In the circuit in Fig. 40, it is a battery with an e.m.f. of
110 V, and C is a calorimeter containing 500 grammes of kerosene.
The ammeter shows 2 A and the voltmeter 10.8 V. (1) What is the
resistance of the coil? (2) What is the specific heat of the kerosene,
if after passing a current through heater coil R1 for 5 minutes the
kerosene is heated by 50C? Assume that 80% of the heat evolved in
the coil is used to heat the kerosene. (3) What is the resistance of
rheostat R? Disregard the resistance of the battery and the ammeter.
Consider the resistance of the voltmeter to be infinitely great.

10.68. A heater consumes 0.5 kW-h of electric energy to heat 4.5
litres of water from a temperature of 230 C to the boiling point. What
is the efficiency of the heater?
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10.69. A room is heated by an electric stove connected to 120-V
mains. The room loses 20,800 kcal of heat a day. The temperature in
the room must be kept constant. Find: (1) the resistance of the stove,
(2) how many metres of nichrome wire I mm in diameter must be
taken for the winding of the stove, (3) the power of the stove.

10.70. The temperature of a water thermostat with a capacity of
one litre is kept constant with the aid of a 26-W heater, 80% of whose
power is used to heat the water. How many degrees will the tempe
rature of the water in the thermostat drop during 10 minutes if the
heater is switched off?

10.71. How much should be paid for the use of electric energy
during 30 days jf two electric lamps consuming 0.5 A at 120 V burn
six hours a day? Besides, 3 Iitres of water with an initial temperature
of 100 C are boiled every day. The cost of one kilowatt-hour is 4 ko
pecks. The efficiency of the heater is 80%.

10.72. An electric kettle containing 600 cma of water at go C and
with a heater coil resistance equal to 16 Q was left connected to the
mains. In how much time will all the water in the kettle boil away?
The voltage in the mains is 120 V and the efficiency of the kettle
60%.

10.73. One hundred grarnmes of mercury are evaporated every
minute in a mercury diffusion pump. What should the resistance of
the pump heater be if the heater is connected to 127-V mains? The
heat of vaporization of mercury is 2.96 X 10' J /kg. .~

10.74. A lead fuse with a cross section of A 2 = 1 rnm! is connected
to a circuit consisting of a copper wire with a cross section of A 1=

=3 mm>. What increase in the temperature of
the wires upon a short circuit is the fuse desig
ned for. Assume that all the heat evolved is
spent to heat the circuit owing to the instan
taneous nature of the short circuit. The ini
tial temperature of the fuse is t o= 17° C.

10.75. Find the quantity of heat evolved
every second in a unit volume of a copper
conductor with a current density of 30 A/crni •

10.76. Find the current intensity in the sepa
rate arms of a Wheatstone bridge (Fig. 41) if

I B no current passes through the galvanometer.
The em.f. of the generator is 2V,R1=30Q,

Fig. 41 R2=45 Q and Ra= 200 Q. Disregard the resi
stance of the generator.

10.77. In the circuit in Fig. 42, it I is an element with an e.rn.f.
equal to 2.1 V, 8,=1.9 V, R1= 45 0, R,=10 Q and R3=lO Q. De
termine the current intensity in all the sections of the circuit. Dis
regard the internal resistance of the elements,
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10.78. What difference of potentials is produced across the termi
nals of two elements connected in parallel if their e.m.f.s are equal to
81= 1.4 V and B2= 1.2 V, respective-
ly, and the internal resistances are ~_t'... t- _

r1=0.6 Q and '2=0.4 Q?
10.79. In the circuit in Fig. 43, III

and i/ 2 are two elements with equal 1/3
e.m.I.s of 2 V. The internal resistan
ces of these elements are r1 = I Q and
,,=2 0, respectively. What is the
external resistance R if the current 11
flowing through <C 1 is I A? Determine Fig. 42
the intensity of the current 12 flowing
through <8 2 • Find the intensity of the current I R flowing through
resistor R.

10.80. Solve the previous problem if <C 1=cB2=4 V, '1=r2= 0.5 Q
and /1= 2 A.

10.81. In the circuit illustrated in Fig. 44, we have 8 1 = 110 V,
8.=220 V, R1 = R 2= 100 Q, and Ra= 500 Q. Find the reading
of the ammeter. Disregard the inter
nal resistance of the battery and the
ammeter.

10.82. In the circuit in Fig. 44,
we have <C 1= 2 V, cC 2= 4 V, R1=
==0.5 Q and the potential drop

Fig. 43 Fig. 44

across the resistor R, is 1 V. What is the reading of the ammeter?
Disregard the internal resistance of the elements and the ammeter.

10.83. In the circuit in Fig. 44, we have <6\=30 V, C,=IO V.
R2=20 0, and Ra= 10 Q. A current of 1 A flows through the ammeter.
Find the resistance Rl. Disregard the resistance of the battery and
the ammeter.

10.84. What current intensity is shown by the milliammeter rnA
in the circuit in Fig. 45 if 8 1 = 2 V, 8 1 = 1 V, R1 = lO' Q. Rt=500 Q,
Ra= 200 Q and the resistance of the ammeter isR.A=200 Q? Disregard
the internal resistance of the elements.

10.85. What current intensity is shown by the milliammeter mA
in the circuit in Fig. 45 if tC 1 = 1V, eft2=2 V, R3= 1,500 OJRA =500 Q
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and the potential drop across resistor R I is 1 V? Disregard the resistance
of the elements.

10.86. In the circuit in Fig. 46, we have 111=2 V, G,=4 V, II3=6 Vt

R1= 4 Q, R,,=6 Q and R3=8 Q. Find the current intensity in all the
sections of the circuit. Disregard the resistance of the elements.

Fig. 45 Fig. 46

10.87. In the circuit in Fig. 46, we have cC1= it2= <C a' R1= 20 Q,
R2 = 12 Q and the potential drop across the resistor R, is 6 V. Find
the current intensity in all the sections of the circuit, and also the
resistance Rs- Disregard the internal resistance of the elements.

10.88. In the circuit in Fig. 46, we have C 1= 25 V. The potential
drop of 10 V across resistor R1 is equal to the drop across resistor R«
and double that across resistor R 2" Find it'l and IJ3. Disregard the
resistance of the battery.

Fig. 47

Ilz

liz

Fig. 48

10.89. In the circuit in Fig. 47, we have tC1 =G2-= 100 V, R1=20 0,
R2= 10 Q, Rs= 40 Q and R.=30 Q. Find the reading of the ammeter.
Disregard the resistance of the battery and the ammeter.

10.90. In the circuit in Fig. 47. we have ii.=2tG2' R I = R ,= 20 Q,
R,=)5 Q and R.=30 Q. The ammeter shows 1.5 A. Find III and 1J2

and the intensities /2 and /a of the current flowing through resistors
R2 and R3 , respectively. Disregard the resistance of the battery and
the ammeter.
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10.91. In the circuit in Fig. 48, Gland it 2 are two elements with
the same e.rn.f. of 2 V and the same internal resistance equal to 0.5 Q.
Find the intensity of the current flowing: (1) through the resistance
RI=O.5 Q, (2) through the resistance R,=1.5 Q. (3) through the
element e..

10.92. In the circuit in Fig. 48, IJJ and <C2 are two elements with
the same e.rn.f. and the same internal resistance. The resistance
R2= 1 Q. The potential drop across the ter
minals of element ~h which is equal to 2 V,
is double that across the terminals of element
1f t . The potential drop across resistor R, is
equal to the drop across element Ii,.

Find the e.rn.f. and the internal resist
ance of the elements.

10.93. In the circuit in Fig. 49, we have
tCl=tC,=lIO V, R J = R 2= 200 Q and the re
sistance of the voltmeter is 1,000 Q. Find
the reading of the voltmeter. Disregard the F· 49
resistance of the batteries. Ig.

10.94. In the circuit in Fig. 49, we have <C1= lJ 2' and R1=R 2=
= 100 Q. The voltmeter shows 150 V and its resistance is ISO Q. Find
the e.rn.f. of the batteries, disregarding their resistance.

10.95. Find the reading of the milliammeter mA in the circuit
in Fig. 50 if Gl=G2 = 1.5 V, ,.=r2= 0.5 Q, Rl=R 2= 2 Q and R3=1 Q.
The resistance of the milliammeter is 3 Q.

t,

fie. 50 fig. 51

10.96. In the circuit in Fig. 51, V. and V2 are two voltmeters whose
resistances are R.=3,OOO Q and R,=2.000 0, respectively; in addi
tion, R,=3,OOO Q, R.=2,OOO 0, and C=200 V. Find the readings
of the voltmeters VI and V, when: (J) contact C is open, and (2) con
tact C is closed. Disregard the resistance of the battery. Solve the
problem with the aid of Kirchhoff's laws.

10-3574
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10.97. In how much time will 4.74 g of copper be produced on the
cathode during electrolysis of an aqueous solution of cupric chloride
(Cuel!)? The current is 2 A.

10.98. A copper plate with a total area of 25 ern> serves as a cathode
in the electrolysis of blue vitriol. After current with a density of
0.02 A/cm2 had been passed through the eleetrolyzer for a certain
time, the mass of the plate increased by 99 mg. Find: (1) the time
during which the current was passed through the electrolyzer,
(2) the thickness of the copper layer formed on the plate.

10.99. Half a gramme of copper is deposited an hour in the electro
lysis of blue vitriol. The area of each electrode is 75 emI. Find the
density of the current.

10.100. Find the electrochemical equivalent of hydrogen.
10.101. An ammeter connected in series with an electrolytic bath

containing a solution of AgN0 3 shows a current of 0.90 A. Does the
ammeter show the correct reading if 316 mg of silver was deposited
during 5 minutes with the current flowing through the bath?

10.102. Two electrolytic baths with solutions of AgNOs and CuSO.
are connected in series. How much copper will be deposited during
the time in which 180 mg of silver are produced?

10.103. When aluminium was obtained by the electrolysis of a
solution of AltO a, a current of 2x 10· A with a potential difference of
5 V across the electrodes was passed through molten cryolite.
(1) Find the time in which IQI kg or aluminium will be deposited.
(2) How much electric energy will be used in this case?

10.104. How much electric energy must be spent to deposit 500 mg
of silver in the electrolysis of a solution of AgNO.? The potential
difference across the electrodes is 4 V.

10.105. The reaction of water formation from hydrogen and oxygen
occurs with the liberation of heat

Determine the minimum potential difference at which water will be
decomposed by electrolysis.

10.106. Calculate the equivalent conductivity for a very weak so
lution of nitric acid.

10.107. A current of I =2 A is passed through a solution of nitric
acid. What quantity of electricity is transferred in one minute by the
ions of each sign?

10.108. The equivalent conductivity of a solution of KCJ at a certain
concentration is equal to 122 cm'/Q·g-eq, its specific conductivity
at the same concentration is 0.00122 Q-l ·cm- 1 and its equivalent
conductivity in infinite dissolution is 130 cm'/Q -g-eq, Find: (1) the
degree of dissociation of the KCI at this concentration, (2) the
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equivalent concentration of the solution, (3) the sum of the mobilities
of the K+ and CI- ions.

10.109. Determine the resistance of a O.IN solution of AgNO s
filling a tube 84 em long and 5 mrn! in cross section if 81% of all
the AgNOa molecules are dissociated into ions.

10.110. Determine the resistance of a 0.05 N solution of KN03
filling a tube with a length of 1=2 em and a cross-sectional area of
A=7 em t if the equivalent conductivity of the solution is 1.1 X
X 10- 1 milO -kg-eq.

10.111. A tube 3 ern long and 10 ern! in cross section is filled with
a solution containing 0.1 kmole of CuSO. in 1 rna The resistance of
the solution is 38 Q. Find the equivalent conductivity of the solution.

10.112. The specific conductivity of a decinormal solution of hy
drochloric acid is 0.035 0- 1 ·cm- 1• Find the degree of dissociation.

10.113. Find the number of ions of each sign in a unit volume of
the soJution of the previous problem.

10.114. When a vessel with a gas is subjected to the action of X-rays,
1010 molecules are ionized in each millimetre of its volume a second.
Recombination produces equilibrium in the vessel and each cubic
centimetre contains 10' ions of each sign. Find the recombination
coefficient.

10.115. A potential difference of 5 V is applied to the electrodes
of a discharge tube spaced 10 em apart. The gas in the tube is singly
ionized and the number of ionic pairs in 1 ml is 108

• Also, U+ =3 x
xIO-1m'N·sand u_=3xlO' m' N ·s. Find: (1) the current density
in the tube, (2) the part of the total current transferred by the positive
ions.

10.116. The area of each electrode in an ionization chamber is
100 em' and the distance between the electrodes is 6.2 em. Determine
the saturation current in this chamber if the ionizer produces 10· ions
of each sign a second in I ems, The ions are monovalent.

10.117. Find the maximum possible number of ionic pairs in 1 em
of the chamber of the previous problem if the recombination coeffi
cient is 10-'.

10.118. Find the resistance of a tube 84 cm long and 5 rnm! in cross
section if it is filled with air so ionized that 101 pairs of ions are in
equilibrium in I crns. The ions are monovalent and their mobility
is u+=1.3X 10-· m'N·s and u_=1.8x 10-· m'N·s.

10.119. What current will flow between the electrodes of the ioni
zation chamber of Problem 10.116 if. a potential difference of 20 V
is applied to them? The mobility of the ions u+=u_=l cmsN·s
and the recombination coefficient a,= 10--. What part of the satura
tion current is the determined current?

10.120. What is the minimum velocity of an electron to ionize an
atom of hydrogen? The ionization potential of the atom is 13.5 V.

)0*
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10.121. At what temperature do mercury atoms have a mean kine
tic energy of translational motion sufficient for ionization? The ioni
zation potential of a mercury atom is 10.4 V.

10.122. The ionization potential of a helium atom is 24.5 V. De..
termine the work of ionization.

to.123. What minimum velocity should the free electrons possess
in: (I) cesium and (2) platinum to be able to leave the metal?

10.124. How many times will the thermionic emissivity of tungs
ten at a temperature of 24000 K change if the temperature of the tungs
ten grows by lOQO?

10.125. How many times is the emissivity of a cathode of thoriated
tungsten at a working temperature of 1800° K higher than that of a
cathode made of pure tungsten at the same temperature? The emis
sion constant B for pure tungsten is assumed equal to 60 A/em? ·deg~

and for thoriated tungsten 3 A/ems -deg>.
10.126. At what temperature will thoriated tungsten produce the

same specific emission as pure tungsten at T=2500° K? Take the
necessary data from the previous problem.

n. Electromagnetism

According to Ampere's law (also called Laplace's law or the Biot
Savart relation), a current J flowing through an element of a circuit
dl; induces at a certain point A in space a magnetic field with an in
tensity dH equal to

dH = J sin ex dl
4nr2

where r=distance from the current element dl to point A
a=angle between the radius-vector r and the current element dl,

By applying Ampere's law to circuits of various shapes, we can find:
The intensity of a magnetic field in the centre of a circular current

J
H=2R

where R is the radius of the circular circuit through which the current
is flowing.

The intensity of a magnetic field induced by an infinitely long
rectilinear conductor

J
H=2na

where a is the distance from the point at ,\hich the intensity is being
determined to the current-carrying conductor.
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The intensity of a magnetic field on the axis of the circular current

H= Rtf
2 (R2+a2) ' / .

where R=radius of the circular circuit through which the current is
flowing

a=distance from the point at which the. intensity is being
determined to the plane of the circuit.

The intensity of a magnetic field inside a toroid and an infinitely
long solenoid

H=ln

where n is the number of turns per unit length of the solenoid (toroid).
The intensity of a magnetic field on the axis of a solenoid with a

finite length
In

H = 2 (cos ~1 -cos ~I)

where PI and PI are the angles between the axis of the solenoid and a
radius-vector drawn from the point under cohsideration to the ends
of the solenoid. The magnetic induction B is related to the magnetic
field intensity H by the formula

B = flo ....,H
where Ji, is the relative magnetic permeability of the medium and fJ.o
is the permeability in a vacuum, equal in the MKSA system to

4n x 10- 7 Him = 12.57x 10-1 HIm

For ferromagnetic bodies ....r=q>(H) and, .therefore, B=f(H).
Problems in which the relation B=f(H) must be known should

be solved with the aid of the diagram given in the Appendix.
The volume density of the energy of a magnetic field

HB
W'=2

The magnetic induction flux through a circuit

<D=BA cos q>

where A = cross-sectional area of the circuit
q>=angle between a normal to the plane of the circuit and the

direction of the magnetic field.
The magnetic induction flux through a toroid is

<D = INA....o,...,
I
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where N=total number of turns of the toroid
l=length of the toroid

A =cross...sectional area of the toroid
J1,=relative magnetic permeability of the core material
J1o=permeability in a vacuum.

If a toroid has an air ...gap, then
IN

1\ +_1_2 _

AfJofJrl AJ!ofJr.

<I>=-~--~-

where it = length of the air-gap
12 = length of the iron core

J."I=magnetic permeability of the iron core
"""1 =magnetic permeability of air.

The element dl of a current-carrying conductor placed in a magnetic
field is acted upon by the Ampere force

dF = BI sin a dl

where ex is the angle between the directions of the current and the
magnetic field.

A closed circuit through which a current is flowing and a magnetic
needle in a magnetic field are acted upon by a couple of forceswith
the rotational moment

M=pB sine

where p is the magnetic moment of the circuit (or of the magnetic
needle) and ex is the angle between the direction of the magnetic field
and a normal to the plane of the circuit (or the axis of the needle).

The magnetic moment of a circuit through which a current is flow-
ing is \

p=/A

where A is the area of the circuit, and thus

M=BJA sina

Two parallel rectilinear conductors with currents /1 and It. mutually
interact with the force

F = fJofJr l \J"l
2nd

where 1 fs the length of the conductors and d the distance between
them.

The work performed in moving a conductor with current in a mag
netic field is

dW=/d<J> -,
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where dfl> is the magnetic induction flux crossed by the conductor
during its motion.

The force acting on a charged particle moving with the velocity v
through a magnetic field can be determined from Lorentz's formula

F=QBv sines

where Q is the charge of the part icle and a is the angle between the
directions of the particle velocity and the magnetic field.

A current I flowing along a conducting plate perpendicular to the
magnetic field produces a transverse potential difference of

U=R 18=18
h a Nqa

where a=thickness of the plate
B=magnetic field induction

Ria= ~q = the Hall constant, inversely proportional to the density
N of the current carriers and their charge q..

The mobility u of the current carriers can be determined if we know

Rh and the conductivity of the material 0= J.. =Nqu.
p

Electromagnetic induction induces an e.m.f. in a circuit each time
the magnetic flux <D changes through the surface enveloped by the
circuit. The e.rn.I. to of induction is determined from the equation

d<I>
8=- dE

The magnetic flux can be changed by varying the current intensity
in the circuit (self.. induction). Here the self-induction e.m.I, can be
found from the formula

cC=-L.!!!..dt

where L is the inductance (self-inductance) of the circuit.
The inductance of a solenoid is

L = J.LoJ.L,.n2IA

where l=length of the solenoid
A=cross-sectional area of the solenoid
n=number of turns per unit of the solenoid length.

When the e.m.f. is switched off, the phenomenon of self.. inductance
will cause the intensity of the current in the circuit to diminish ac
cording to the 'law

_.!i.. t
J = Joe L
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and when the e.m.I. is switched on again, the current intensity in
creases according to the law

1=/o(l-e-~ t)
where R is the resistance of the circuit.

The magnetic energy of a circuit through which a current is flowing is
I

W", =2L11

The magnetic flux can also be changed by varying the current in
tensity in the adjacent circuit (mutual induction). Here the induced
e.m.I, is

dJ
<!J=-~lldf

where LI 2 is the mutual inductance of the circuits.
The mutual inductance of two solenoids through which a common

magnetic flux passes is

Lit = ....o....,n.n2 AI

where nt and n, are the numbers of turns per unit length of the so
lenoids.

The quantity of electricity passing through the cross section of a
conductor when an induced current appears in it is

I
dQ=-Rd<D

11.1. Find the intensity of a magnetic field at a point 2 em away
from an infinitely longconductor which a current of 5 A flows through.

11.2. Find the intensity of a magnetic field at the centre of a cir
cular wire coil turn with a radius of 1 cm which a current of 1 A flows
through.

1, /,
•.----.-------1,+

8 M3H, A /tIz

Fig. 52

11.3. Figure 52 shows a cross section of two infinitely long recti
linear conductors with current. The distance AB between the con
ductors is 10 em, 11=20 A, 1,=30 A. Find the intensity of the mag
netic fiel d induced by the currents II and /, at points Mit M, and M 3.

The distance MIA =2 em, AM 2=4 cm and BM a=3 em,
11.4. Solve the previous problem if the currents ftow in. the same

direction. "
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IJ.5. Figure 53 shows a cross section of three infinitely long recti
linear conductors ~ith current. The dist~nce ~B=BC=5 em, /1=/.=
=/ and /3=2/. Find the point on straight hoe AC at which the in
tensity of the magnetic field induced by the currents 11, /1 and I.
is zero.

I, 1, 13
----<f)----e(f))------..l@-

A 8 C

Fig. 53

11.6. Solve toe previous problem if all the three currents flow in
the same direction.

11.7. Two infinitely long rectilinear conductors are arranged per
pendicular to each other in one plane (Fig. 54). Find the intensity
of the magnetic field at points. M1 and Me if /1=2 A and /,=3 A.
The distances AM1=AM I=1 em, and BM 1=CMe=2 em.

A 1,
Mzr-- ---,H

I I I
I I
I I
I I

C B I'J

Fig. 54

I, t
H, Hz Iz

--~- --~~---
A a

Fig. 56

11.8. Two infinitely long rectilinear conductors are arranged per
pendicular to each other and are in mutually perpendicular planes
(Fig. 55). Find the intensity of the magnetic field at points M 1 and
M I , if /1=2 A and 1.==3 A. The distances AM.=AM.=I em and
AB=2 em.

1t .9. Two long rectilinear conductors are arranged parallel to each
other at a distance of 10 em. Currents of /1=/1=5 A flow through
the conductors in opposite directions. Find the magnitude and di
rection of the magnetic field intensity at a point 10 em from each
conductor.

11.10. A current of 1=8 A flows down a long vertical conductor.
At what distance' from the conductor is the intensity of the field
produced by summation of the terrestrial magnetic field and the field
of the current directed vertically up? The horizontal component of
the terrestrial field is HII=0.2 Oe.
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11.11. Calculate the intensity of the magnetic field induced by
section AB of a rectilinear conductor with current at point C arranged
on a perpendicular erected from the middle of this section 5 cm from
it. The current in the conductor is 20 A. Section AB of the conductor
can be seen from point C at an angle of 60°.

11.12. Solve the previous problem when the current in the condu
ctor is 30 A and the section of the conductor can be seen from point C
at an angle of 90°. Point C is at a distance of 6 ern from the con
ductor.

11.13. A section of a rectilinear conductor with current is 30 cm
long. At what maximum distance from it can a magnetic field for
points on a perpendicular erected from the middle of the conductor
be considered as a field with an infinitely long recti linear current?
The error in this assumption should not exceed 5%.

Note. The permissible error «'> H2;.H1
• where H1 is the field induced

by the section of the current-carrying conductor, and H 2 is that in
duced by an infinitely long rectilinear current.

t 1.14. The intensity of a magnetic field is 400 AIm at point C at a
distance of 5 em from an infinitely long rectilinear conductor with
current. (1) At what limit length of the conductor will this magnitude
of the intensity be true to an accuracy of 2%? (2) What will the
intensity of the magnetic field be at point C if the conductor with
current is 20 em long? Point C lies on a perpendicular erected from
the middle of this conductor.

11.15. A current of 20 A flows in a long conductor bent to form a
right angle. Find the intensity of the magnetic field at a point on the
bisectrix of this angle 10 em from its vertex.

11.16. A current of J=20 A flows in a copper wire ring with a cross
section of A = 1.0 mm- and induces a magnetic field intensity of
H=2.24 Oe at the centre of the ring. What potential difference is
applied across (he ends of the wire forming the ring?

11.17. Find the intensity of a magnetic field on the axis of a cir
cular contour at a distance of 3 ern from its plane. The contour radius
is 4 em and the current in the contour is 2 A.

11.18. The intensity of a magnetic field at the centre of a circular
coil turn with a radius of II cm is 0.8 Oe. Find the intensity of the
magnetic field on the axis of the turn at a distance of 10 cm from its
plane.

11.19. Two circular coil turns each with a radius of 4 em are ar
ranged in parallel planes 0.1 m apart. Currents of /1=/ 2= 2 A flow
through them. Find the intensity of the magnetic field on the axis
of the turns at a point equidistant from them. Solve the problem
when: (1) the currents in the turns fto\\\. in the same direction,
(2) the currents flow in opposite directions.
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11.20. Two circular coil turns each with a radius of 4 ern are ar
ranged in parallel planes 5 ern apart. Currents of 11 = / t=4 A flow
through the turns. Find the intensity of the magnetic field at the
centre of one of the turns. Solve the problem when: (1) the currents
in the turns flow in the same direction, (2) the currents .flow in op
posite directions.

t 1.21. Find the distribution of the intensity of a magnetic field
along the axis of a circular turn 10 cm in diameter which a current
of 10 A flows through. Compile a table showing the values of H for
those of x within O~x~lO ern at intervals of 2 em and plot a diagram
showing the scale used.

t 1.22. Two circular coil turns are so arranged in two mutually
perpendicular planes that the centres of the turns coincide. The radius
of each coiI is 2 em and the currents flowing through the turns /1 = /2 =
=5 A. Find the intensity of the magnetic field at the centre of these
turns.

t 1.23. A square frame is made of wire 1 m long. A current of 10 A
flows through the frame. Find the intensity of the magnetic field at
the centre of the frame.

11.24. A magnetic field H is produced at the centre of a circular
wire coil turn with the potential difference U across its ends. How
should the applied potential difference be changed to obtain the
same intensity of the magnetic field at the centre of a turn with a
radius double that of the first turn and made of the same wire?

11.25. A current of I =2 A flows through a wire frame having the
form of a regular polygon. A magnetic field with an intensity of
H =33 Aim is formed at the centre of the frame. Find the length L
of the wire which the frame is made of.

t 1.26. An infinitely long conductor has a circular loop tangent
to it. A current of 5 A flows through the conductor. Find the radius
of the loop if the intensity of the magnetic field at its centre is 41 AIm.

11.27. A coil 30 em long consists of 1,000 turns. Find the intensity
of the magnetic field inside the coil if the current flowing through
it is 2 A. Consider the diameter of the coil to be small as compared
with its length.

1t .28. The winding of a coil is made of wire 0.8 mm in diameter.
The turns contact each other closely. Assuming the coi I to be suf
ficiently long, find the intensity of the magnetic field inside it at a
current of 1 A.

11.29. A solenoid with a magnetic field intensity of 300 Oe has to
be wound from wire I mm in diameter. The maximum current which
can flow through the wire is 6 A. How many winding layers are re
quired on the solenoid if the turns are wound close to each other?
Consider the diameter of the coil to be small as compared with its
length.



156 PROBLEMS (11.30-11.37

11.30. A magnetic field intensity of 12.6 Oe has to be obtained in
a solenoid 20 em long and 5 em in diameter. Find: (1) the number of
ampere-turns required for this solenoid, (2) the potential difference
which must be applied across the ends of the winding made of copper
wire 0.5 mm in diameter. Regard the solenoid field as a homogeneous
one.

11.31. What should the ratio between the length of a coil and its
diameter be to allow the intensity of the magnetic field at the coil
centre to be found from the formula for the intensity of the field of an
infinitely long solenoid? The error in this assumption should not
exceed 5%.

Note. The permissible error S-e Ht~Hl ,where H, is the intensity

of the magnetic field inside an infinitely long coil, and HI is the field
intensity inside a coil of finite length.

1t .32. What error is made in determining the intensity of a mag..
netic field at the centre of a solenoid, assuming the solenoid in Prob
lem 11.30 to be infin itety long.

t 1.33. Find the di stribution of the intensity of a magnetic field
along the axis of a solenoid 3 em long and 2 cm in diameter. The
current flowing in the solenoid is 2 A. The coil has 100 turns. Compile
a table showing the values of H for those of x within 0~x~3 cm at
intervals of 0.5 cm and plot a diagram with indication of the scale.

11.34. A capacitor with a capacitance of 10-& F is periodically
charged from a battery whose e.m.I, is 100 V and discharged through
a coil made in the form of a ring 20 em in diameter and with
32 turns. The plane of the ring coincides with that of the magnetic
meridian. A horizontal magnetic needle placed in the centre of the
coil deflects through an angle of 45°. The capacitor is switched over
100 times a second. Find the horizontal component of the intensity
of the terrestrial magnetic field from the data of these experiments.

11.35. A capacitor with a capacitance of 10 f.LF is periodically
charged from a battery which produces a potential difference of 120 V
and is discharged through a solenoid 10 ern long and with 200 turns.
The mean intensity of the magnetic field inside the solenoid is 3.02 Oe.
How many times is the capacitor switched over a second? Consider
the diameter of the solenoid to be small as compared with its length.

11.36. A square frame is placed in a homogeneous magnetic field
with an intensity of 1,000 De. The plane of the frame forms an angle
of 45° with the direction of the magnetic field. The side of the frame
is 4 cm. Determine the magnetic flux passing through the frame.

11.37. A rod 1 m long revolves in a magnetic field whose induction
is 0.05 T. The axis of rotation passing through one of the rod ends is
parallel to the force lines of the magnetic {ield. Find the magnetic
flux intersected by the rod during each revolution.
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11.38: A frame ~hose area is.16 em? revolves in a homogeneous
magnetic field making 2 revolutions a second. The axis of rotation
is in the plane of the frame and perpendicular to the force lines of
the magnetic field. Tile intensity of the magnetic field is7.96X 10·AIm.
Find: (I) the relationship between the magnetic flux passing through
the frame and the time, (2) the highest magnitude of the magnetic
flux.

11.39. An iron specimen is placed in a magnetic field with an in
tensity of 10 Oe. Determine the permeability of the iron in these
conditions.

11.40. How many ampere-turns are required for the volume density
of the energy of a magnetic field to be 1.75 J/ms inside a small-dia
meter solenoid 30 ern long?

11.41. How many ampere-turns are required to generate a magnetic
flux of 42,000 Mx in a solenoid having an iron core 120 em long with
a cross-sectional area of 3 cm2 ?

Jl.42. The length of the iron core of a toroid is 2.5 m and that of
the air-gap is I ern, The number of turns of the toroid winding is 1,000.
At a current of 20 A, the induction of the magnetic field in the air-gap
is 1.6 T. Find the permeability of the iron core in these conditions.
The relation B=f(H) is unknown for the given grade of iron.

11.43. The length of the iron core of a toroid is I m and that of the
air-gap 1 em. The cross-sectional area of the core is 25 ems, Find
the number of ampere-turns required to induce a magnetic flux of
1.4x 10' Mx if in these conditions the permeability of the core ma
terial is equal to 800. The relation B=f(H) is unknown for the given
grade of iron.

11.44. Determine the magnetic induction in the closed iron core
of a toroid 20.9 em long if the number of ampere-turns of the toroid
winding is 1,500. Find the permeability of the core mat-erial in these
conditions,

11.45. The length of the iron core of a toroid la= I m and that of
the air-gap 11=3 mm. The number of turns of the toroid winding
N=2,000. Find the intensity of the magnetic field HI in the air-gap
with a current I = I A in the toroid winding.

11.46. The length of the iron core of a toroid is 50 em and that of
the air-gap 2 rnm. The number of ampere-turns of the toroid winding
is 2,000. How many times will the intensity of the magnetic field
diminish in the air-gap if the length of the latter is doubled with the
same number of ampere-turns? .

11.47. A solenoid 25.1 cm long and 2 cm in diameter contains ~n
iron core. The solenoid has 200 turns. Plot a diagram for the solenoid
and its core showing the magnetic flux <I> versus the current intensity J
within O~/~5 A at intervals of I A. Layoff <Dx10· Wb along the
axis of ordinates.
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11.48. The magnetic flux through a careless solenoid is 5x 10-e Wb.
Determine the magnetic moment of this solenoid. The solenoid is
25 em long.

11.49. A long rectilinear conductor with a current of 25 A passes
through the centre of an iron ring perpendicular to its plane. The
ring has a tetragonal cross section (Fig. 56) with the dimensions
11 = 18 rnm, 12 = 22 mm and h=5 mm. By assuming approximately
that the induction is the same at any point of the ring section and is

equal to that on the centre line of the ring,
find the magnetic flux <D passing through
the cross-sectional area of the ring.

lz 11.50. Find the magnetic flux <D passing
through the cross-sectional area of the ring
of the previous problem. taking into account
that the magnetic field is different at diffe
rent points of the ring cross section. Consi
der the value of u, to be constant and find
it from the curve B=f(H) for the value of

1 H on the centre line of the ring.
11.51. A closed iron core 50 ern long has

Fig. 56 a winding with 1,000 turns which a current
of 1 A flows through. What current must

be passed through the winding for the induction to remain the same
when the core is removed?

11.52. An iron core 50.2 cm long and with an air-gap 0.) ern
long has a winding with 20 turns. What current must be passed
through this winding to obtain an induction of 1.2 Wb/m' in
the gap?

11.53. An iron ring with an average diameter of I ~.4 em has a wind
ing with 200 turns which a current of 5 A flows through. (1) What
current must pass through the winding for the induction in the core
to remain as before if a slit 1 mm wide is made in the ring? (2) Find
the permeability of the core material in these conditions.

11.54. Construct an electromagnet producing a magnetic field
induction of 1,400 Gs in the space between the poles. The iron core
is 40 ern long, the space between the poles is 1 ern long and the core
is 5 cm in diameter. Find: (1) the e.m.f. to be applied across the wind
ing of the electromagnet to produce the necessary magnetic field if
copper wire 1 mm! in cross section is available, (2) the minimum
thickness of the winding if the maximum permissible density of the
current is 3 A/mm'.

11.55. A homogeneous magnetic field with an induction of 1.000
Gs is created between the poles of an electromagnet. A conductor
70 em long and perpendicular to the force lines carries a current of
70 A. Find the force acting on the conductor.
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11.56. Two long parallel rectilinear conductors are 10 em apart.
Currents of /1=20 A and 12=30 A flow through the conductors in
one direction. What work is required (per unit length of the condu
ctors) to move the conductors apart to a distance of 20 cm?

11.57. Two long parallel rectilinear conductors are at a certain
distance from each other. The conductors carry currents identical
in magnitude and direction. Find the intensity of the current flowing
in each conductor if work equal to 5.5 erg/em has to be done (per
unit length of the conductors) to move them apart to double this
distance.

11.58. A (1) square and a (2) circular circuits are made of wire
20 cm long. Find the rotational moment of the forces acting on each
circuit placed in a homogeneous magnetic field with an induction
of I ,000 Gs, A current of 2 A flows through the circuits. The plane of
each circuit forms an angle of 45° with the direction of the magnetic
fiel d.

11.59. An aluminium wire with a cross-sectional area of 1 mrns
is suspended in a horizontal plane perpendicular to a magnetic me
ridian, and a current of 1.6 A flows through it (from west to east).
(I) What part of the weight of the wire is due to the force of the ter
restrial magnetic field acting on it? (2) By how much will the weight
of I m of the wire be reduced owing to this force? The horizontal com
ponent of the terrestrial magnetic field is 0.2 Oe.

11.60. A galvanometer coil consisting of 400 turns of thin wire
wound around a rectangular frame 3 ern long and 2 ern wide is suspen
ded from a thread in a magnetic field with an induction of 1,000 Gs.
A current of 10-7 A flows in the coil. Find the rotational moment
acting on the coil if: (1) the plane of the coil is parallel to the direction
of the magnetic field, (2) the plane of the coil forms an angle of 60°
with the direction of the magnetic field.

11.61. A short magnetic needle with a magnetic moment of 10- 1A -rn"
is suspended on a thin thread 100em long and 0.1 mm in diameter at a
distance of 20 cm from 8 long vertical rectilinear conductor. The
needle is in the plane passing through the conductor and the thread.
Through what angle will the needle turn if a current of 30 A is passed
through the conductor? The shear modulus of the thread material is
600 kgf/mm'. The system is screened from the terrestrial magnetic
field.

11.82. A galvanometer coil consisting of 600 wire turns is so suspen
ded on a thread 10 em long and 0.1 mm in diameter in a magnetic
field with an intensity of 16x 10· A/m that the plane of the coil !s
parallel to the direction of the magnetic field The length of the cod
frame a=2.2 cm and its width b= 1.9 ern. What current flows in the
winding of the coil if it turns through an angle of 0.5°? The shear
modulus of the thread material is 600 kgf/mm'.
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11.63. A square frame is suspended on a wire so that the force lines
of a magnetic field form an angle of 90-J with a perpendicular to the
plane of the frame. One side of the frame is 1em. The magnetic induc
tion of the field is 1.37 X 10- 2 T. If a current of 1=1 A is passed
through the frame, it will turn through 10 Find the shear modulus
of the wire material. The length of the wire is 10 cm and the radius
of the thread 0.1 mm.

11.64. A circular contour is so placed in a homogeneous magnetic
field that the plane of the contour is perpendicular to the force lines
of the field. The intensity of the magnetic field is 2,000 Oe. A current
of 2 A flows through the contour. The radius of the contour is 2 em.
What work must be done to turn the contour through 900 around an
axis coinciding with its diameter?

11.65. A conductor 10 em long uniformly moves in a homogeneous
magnetic field with an induction of 0.5 Wb/m>. A current of 2 A flows

in the conductor. The conductor has a velo
city of 20 cmls perpendicular to the dire
ction of the magnetic field. Find: (I) the
work done to move the conductor during
10 seconds of its motion, (2) the power spent
for this motion.

11.66. Copper disk A in Fig. 57 has a ra
dius of ,=5 em, and its plane is perpendi
cular to the direction of a magnetic field
with an induction of 8=0.2 T. A current

fig. 57 of J=5 A passes along radius ab of the
disk (a and b are sliding contacts). The disk

rotates with a frequency of \'=3 rev/s. Find: (1) the power of such
a motor, (2) the direction of rotation of the disk if the magnetic
field is directed towards us from the drawing, (3) the torque (rotatio
nal moment) acting on the disk.

11.67. A homogeneous copper disk A (see Fig. 57) with a mass of
0.35 kg is so placed in a magnetic field whose induction is 2.4 X 10- a T
that the plane of the disk is perpendicular to the force lines of the field.
When circuit aha is closed, the disk begins to rotate, and in 30 seconds
acquires a velocity of 5 rev/s. Find the current intensity in the cir
cuit.

11.68. Find the magnetic flux intersected by radius ab of disk A
(see Fig. 57) during one minute of rotation. The disk radius r= 10 em.
The magnetic field induction 8=0.1 T. The disk revolves at
5.3 rev/s.

11.69. An electron accelerated by a potential difference of 1,000 V
flies into a homogeneous magnetic field perpendicular to the direction
of its motion. The induction of the field is 1.19x 10-· T. Find: (1)
the radius of curvature of the electron trajectory, (2) the period of its
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rotation along the circle, (3) the moment of the momentum of the
electron.

11.70. An electron accelerated by a potential difference of 300 V
moves parallel to a long rectilinear conductor at a distance of 4 mm
from it. What force will act on the electron if a current of 5 A flows
through the conductor?

11.71.. A s~ream of a ..particles. (h~lium atom nuclei) accelerated by
a potential difference of I MV flies Into a homogeneous magnetic field
with an intensity of 15,000 De. The velocity of each particle is di..
rected at right angles to the direction of the magnetic field. Find the
force acting on each particle.

11.72. An electron flies into a homogeneous magnetic field perpen
dicular to the force lines. The velocity of the electron v=4 x 107 m/s.
The induction of the magnetic field is 10-3 T. What are the tangential
and normal accelerations of the electron in the magnetic field?

11.73. Find the kinetic energy of a proton moving along the arc of
a circle with a radius of 60 cm in a magnetic field having an Induction
of io- Gs.

11.74. A proton and an electron move with the same velocity and
penetrate into a homogeneous magnetic field. How many times is the
radius of curvature of the path of the proton R1 greater than that of
the electron R2?

11.75. A proton and an electron accelerated by the same potential
difference fly into a homogeneous magnetic field. How many times
is the radius of curvature of the path of the proton R1 greater than that
of the electron RI?

11.76. The path of an electron photographed in a Wilson chamber
which is placed in a magnetic field takes the form of an arc of a circle
with a radius of 10 ern. The induction of the magnetic field is 10- 2 T.
Find the energy of the electron in electron..volts.

11.77. A charged particle moves in a magnetic field over a circle
with a velocity of 106 m/s. The induction of the magnetic field is
0.3 T. The radius of the circle is 4 em. Find the charge of the particle
if its energy is 12 keY.

:11.78. A proton and an c-partlcle fly into a homogeneous magnetic
field. The velocity of the particles is perpendicular to the force lines
of the field. How many times is the period of revolution of the proton
in the magnetic field greater than that of the a ..particle?

11.79. An a--particle with a kinetic energy of 500 eV flies into a
homogeneous magnetic field perpendicular to its velocity. The in
duction of the magnetic field is 1,000 Gs, Find: (I) the force acting on
the particle, (2) the radius of the circle along which the particle moves,
(3) the period of revolution of the particle.

11.80. An o-partlcle whose moment of momentum is 1.33x 10- 21

kg·m 2/s flies into a homogeneous magnetic field perpendicular to its

11-3574
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velocity. The induction of the magnetic field is 2.5 X 10- 1 T. Find
the kinetic energy of the a-particle.

11.8t. Singly charged ions of potassium isotopes with atomic
weights of 39 and 41 are accelerated by a potential difference of 300 V.
Then they get into a homogeneous magnetic field perpendicular to
the direction of their motion. The induction of the magnetic field
is 800 Gs, Find the radii of curvature of the trajectories of these ions.

11.82. Find the ratio Qlm for a charged particle if it moves along
the arc of a circle with a radius of 8.3 ern upon flying with a velocity
of 108 cm/s into a homogeneous magnetic field with an intensity of
2,500 Oe. The direction of the velocity of the particle is perpendicular
to the direction of the magnetic field. Compare the determined Qlm
ratio with that of an electron, a proton and an a-particle.

11.83. A beam of electrons accelerated bya potential difference
of U=300 V flies into a homogeneous magnetic field (Fig. 58) directed
from the drawing towards the observer. The width of the field l=2.5cm.

In the absence of a magnetic field, the elect
A ron beam produces a spot at point F on a
B fluorescent screen AA at a distance of 11 =

=5 cm from the edge of the poles of the
magnet. When the magnetic field is swit
ched on the spot moves to point B. Find.....~':t-------t4,. the displacement x=FB of the electron beam
if the induction of the magnetic field is
1.46x 10-' Wb/m",

A 11.84. A magnetic field with an intensity
Fig. 58 of H=8x 103 Aim and an electric field with

an intensity of E= 10 WIcm are directed simi
larly. An electron flies into such an electromagnetic field with a velocity
of v=lO' m/s. Find the normal an, tangential a, and total a accele
rations of the electron. Solve the problem when: (1) the velocity of
the electron is directed parallel to the force lines, and (2) the velocity
of the electron is directed perpendicular to the force lines of the
fields.

11.85. A magnetic field with an induction of B=5 Gs is perpendi
cular to an electric field with an intensity of E= 10 V Icrn. A beam
of electrons flies with a certain velocity v into the space where these
fields are present, the velocity of the electrons being perpendicular
to the plane in which the vectors E and B lie. Find: (1) the velocity v
of the electrons if the electron beam is not deflected when both fields
act simultaneously, (2) the radius of curvature of the trajectory of the
electrons when only the magnetic field is switched on.

11.86. An electron accelerated by a potential difference of U=6 kV
flies into a homogeneous magnetic field at an angle of a=30° to the
direction of the field and begins to rnovexhelically. The induction
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of the magnetic field B=1.3x 10-' Wb/rn>, Find: (1) the radius of a
helix turn, and (2) the helix pitch.

11.87. A proton flies into a homogeneous magnetic field at an angle
of a=3O° to the direction of the field and moves along a helix with
a radi-us of 1.5 cm. The induction of the magnetic field is 10' Gs. Find
the kinetic energy of the proton.

11.88. An electron flies into a plane horizontal capacitor parallel
to its plates with a velocity of Vo= 101 m/s. The length of the capacitor
1=5 em and the intensity of its electric field E= 100 VIcrn. When the
electron leaves the capacitor, it gets into a magnetic field whose force
lines are perpendicular to those of the electric field. The induction
of the magnetic field B= 10- 1 T. Find: (1) the radius of the helical
trajectory of the electron in the magnetic field, and (2) the pitch of
the helical trajectory of the electron.

11.89. An electron accelerated by a potential difference of U=
=3,000 V flies into the magnetic field of a solenoid at an angle of
(1=30 0 to its axis. The number of solenoid ampere-turns is 5,000 and
its length is 25 ern. Find the pitch of the helical trajectory of the
electron in the magnetic field of the solenoid.

11.90. A current of 1=20 A flows through the section A=ab of a
copper plate a=0.5 mm thick and b= 10 mm high. When the plate is
placed in a magnetic field perpendicular to rib b and to the direction
of the current, a transverse potential difference of U=3.1 X 10-e V
appears. The induction of the magnetic field B= 1 T. Find: (1) the
concentration of the conduction electrons in the copper, and (2) the
average velocity of the electrons in these conditions.

11.91. A current of 1=5 A flows through the section A =00 of an
aluminium plate (a is the thickness and b the height). The plate is
placed in a magnetic field perpendicular to rib b and to the direction
of the current. Determine the resulting transverse potential difference
if the induction of the magnetic field8=0.5T and the plate is a=O.l mm
thick. The concentration of the conduction electrons is the same as
that of the atoms.

11.92. A semiconductor plate a=O.2 mm thick is placed in a mag
netic field directed along a. The resistivity of the semiconductor
p= 10-& Q -m and the induction of the magnetic field B= 1T. A current
of I =0.1 A is made to flow along the plate perpendicular to the field,
generating a transverse potential difference of U=3.25x 10- 3 V. De
termine the mobility of the current carriers in the semiconductor.

11.93. A conductor 10 ern long moves -in a homogeneous magnetic
field whose induction is 0.1 T. The velocity of the conductor is 15 m/s
and it is directed perpendicular to the magnetic field. What is the
e.m.I, induced in the conductor?

11.94. A coil 10 em in diameter with 500 turns is placed in a mag
netic field. What is the mean e.m.f. of induction in this coil if the

II *
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Measuring
instrument

Fig. 59

A

induction of the magnetic field increases from 0 to 2 Wb/rn- during
0.1 second?

11.95. The velocity of a jet airplane is 950 km/h. Find the indu.
ction e.m.I, induced on the ends of its wings if the vertical component
of the intensity of the terrestrial magnetic field is 0.5 Oe ann the wing
span is 12.5 m.

11.96. A rod 1 m long revolves at a constant angular velocity of
20 rad/s in a magnetic field with an induction of 500 Gs, The axis
of rotation passes through the end of the rod and is parallel to the
force lines of the magnetic field. Find the induction e.rn.I. appearing
on the rod ends.

11.97. The principle of operation of an electromagnetic liquid flow
meter is explained in Fig. 59. A pipe with a current-conducting liquid

. is put in a magnetic field.
An induction e.m.f. appears
on the electrodes A and B.
Find the rate of flow of the
liquid in the pipe if the
magnetic field induction is
100 Gs, the distance between
the electrodes (internal dia
meter of the pipe) is 50 mm
and the resulting e.m.f. is
0.25 mY.

11.98. Acircular wire turn
with an area of 100 em> is

placed in a homogeneous magnetic field whose induction is 1 Wb/rn>.
The plane of the turn is perpendicular to the direction of the mag
netic field. What is the mean induction e.m.I. appearing in the turn
when the field is switched off during 0.01 second?

11.99. A coil consisting of 100 turns of wire rotates uniformly in
a homogeneous magnetic field having an induction of 1,000 Gs, The
coil makes 5 rev/so The cross-sectional area of the coil is 100 cm-.
The axis of rotation is perpendicular to the coil axis and the direction
of the magnetic field. Find the maximum induction e.m.I, in the
revolving coil.

11.100. A frame rotates uniformly with an angular velocity of
15 rad/s in a homogeneous magnetic field having an induction of 0.8 T.
The area of the frame is 150 ern", The axis of rotation is in the plane
of the frame and forms an angle of 30° with the direction of the force
lines of the magnetic field. Find the maximum induction e.m.I. in
the rotating frame.

11.101. In Fig. 60, D is a copper disk with a radius of 5 cm whose
plane is perpendicular to the direction of the magnetic field, and a
and b are sliding contacts allowing a current to flow through the
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circuit abAa. The induction of the magnetic field is 2,000 Os and the
disk rotates at 3 revIs. Find the e.m.f. of such a generator. Indicate
the direction of the electric current if. the magnetic field is directed
from the observer towards the drawing and
the disk rotates counterclockwise.

11.102. A horizontal rod 1 m long rota
tes about a vertical axis passing through
one of its ends. The axis of rotation is paral
lel to the force lines of a magnetic field with
an induction of 5x 10-6 T. At what number
of revolutions per second will the potential
difference across the ends of this rod be equal Fig. 60
to I mY?

11.103. A wire turn is placed on a solenoid 20 ern long and with a
cross-sectional area of 30 ems. The solenoid has 320 turns and a cur
rent of 3 A flows through it. What mean e.rn.I. is induced in the turn
placed on the solenoid when the current in the solenoid is switched off
during 0.001 second?

11.104. What is the mean e.rn.I, induced in the turn if the solenoid
in the previous problem has an iron core?

11.105. A wire turn is placed on a solenoid 144 em long and 5 cm
in diameter. The solenoid winding has 2,000 turns and a current
of 2 A flows through it. The solenoid has an iron core. What mean
e.m.I, is induced in the turn placed on the solenoid if the current is
switched off in the latter during 0.002 second?

11.106. A coil consisting of 200 turns rotates in a homogeneous
magnetic field whose induction is 0.1 T. The axis of rotation is per
pendicular to the axis of the coil and to the direction of the magnetic
field. The period of rotation of the coil is 0.2 s and its cross-sectional
area is 4 em>. Find the maximum induction e.rn.f. in the rotating
coil.

11.107. (I) Find the inductance of a coil having 400 turns over a
length of 20 em. The cross-sectional area of the coil is 9 ems, (2) Find
the inductance of this coil if an iron core is introduced into it. In
conditions of operation, the permeability of the core material is 400.

11.108. A solenoid winding consists of N turns of copper wire with
a cross section of A = 1 mm'. The length of the solenoid l =25 cm and
its resistance R=0.2 Q. Find the inductance of the solenoid.

11.109. A coil 20 ern long and 3 cm in diameter has 400 tur~s.
A current of 2 A flows in the coil. Find: (1) the inductance of the COIl,
(2) the magnetic flux piercing its cross-sectional area. ..

11. t to. How many turns of wire does a single-layer co~l winding
consist of if the inductance of the coil is 0.001 H. The diameter of
the coil is 4 em and that of the wire 0.6 mm, The turns' fit tightly
against one another.
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11.111. A coil with an iron core has a cross-sectional area of 20 em>
and 500 turns. The inductance of the coil with the core is 0.28 Hand
the current flowing through the winding is 5 A. Find the permeability
of the iron core in these conditions.

11.112. A solenoid 50 em long and with a cross-sectional area of
2 ern! has an inductance of 2x 10-1 H. At what current intensity will
the volume density of the energy of the magnetic field inside the
solenoid be equal to 10-1 J 1m3?

11.113. How many turns doesa coil have if its inductanceL=O.OOI H
and the magnetic flux through the coil $=200 Mx at a current of
1=1 A.

11.114. The cross-sectional area of a solenoid with an iron core is
10 cm-, (1) Find the magnetic permeability of the core material in
conditions when the magnetic flux piercing the cross section of the
solenoid is 1.4x 10- 1 Wb. (2) Determine the intensity of the current
flowing through the solenoid which this magnetic flux corresponds
to if the inductance of the solenoid in these conditions is 0.44 H.
The solenoid is 1 m long.

11.115. A core is inserted into a solenoid 50 em long. The core is
made of iron for which the relation B-=f(H) is unknown. The number
of turns per unit length of the solenoid is 400 and its cross-sectional
area is 10 emI. (1) Find the permeability of the core when a current
of 5 A ftows through the solenoid winding. In these conditions, the
magnetic flux piercing the cross-sectional area of the solenoid with
the core is equal to 1.6X 10- 8 Wb (2) Find the inductance of the
solenoid in these conditions.

11. t 16. A solenoid with an iron core is 50 em long, has a cross
sectional area of 10 em' and 1,000 turns. Determine the induc
tance of this solenoid if the current flowing through the win
ding of the solenoid is: (1) 11 =0.1 A, (2) 1,=0.2 A, and
(3) 13=2 A.

11.117. Two coils are wound on one common core. The inductance
of the first coil is 0.2 H and that of the second 0.8 H. The resistance
of the seccnd coil is 600 Q. What current will flow through the second
coil if the current of 0.3 A in the first coil is switched off during 0.001
second?

11.118. A square frame made of copper wire is placed in a magnetic
field with an induction of 0.1 T. The cross-sectional area of the wire
is 1 mms, the area of the frame is 25 em' and a perpendicular to the
plane of the frame is directed along the force lines of the field. What
quantity of electricity will pass through the frame when the magnet ic
field disappears?

11.119. A coil consisting of 200 turns of wire is placed in a mag
netic field with an induction of 500 Gs. The resistance of the coil is
40 g and its cross..sectional area is 12 em". The coil is so placed that
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its axis for~s an angle ~f .60 0
~ith the direction of the magnetic field.

What quantity of electricity will pass through the coil when the mag
netic field disappears?

11.120. A circular contour with a radius of 2 cm is placed in a ho
mogeneous magnetic field with an induction of 0.2 Wb/rns, The plane
of the contour is perpendicular to the direction of the magnetic field
and the resistance of the contour is 1 Q. What quantity of electricity
will pass through the coil when it turns through 90°?

11.121. A coil consisting of 50 turns is placed on a solenoid 21 em
long with a cross-sectional area of 10 crn-. The coil is connected with
a ballistic galvanometer having a resistance of 103 Q. A current of
5 A flows in the winding of the solenoid, consisting of 200 turns. Find
the ballistic constant of the galvanometer if its pointer deflects by
30 scale divisions when the current in the solenoid is switched off.
Disregard the resistance of the coil, which is small when compared
with that of the galvanometer. The ballistic constant of a galvanometer
is a quantity numerically equal to the quantity of electricity which
makes the pointer deflect by one scale division.

11.122. A coil consisting of 50 turns of wire and connected to a
ballistic galvanometer is placed between the poles of an electromagnet
to measure the induction of a magnetic field. The axis of the coil is
parallel to the direction of the magnetic field The cross-sectional
area of the coil is 2 ern> and its resistance may be neglected as compared
with that of the galvanometer. The resistance of the galvanometer is
2x 10' Q and its ballistic constant is 2x 10-8 C/div. When the coil
is rapidly pulled out of the magnetic field. the pointer on the galva
nometer deflects by 50 scale divisions. What is the induction of the
magnetic field?

11.123. The relation between the permeability flr and the intensity
of a magnetic field H was investigated by A. G. Stoletov in his work
on investigation of the functions of magnetizing soft iron (published
in 1872). An iron specimen was given the form of a toroid. The iron
was magnetized by passing a current I through a coil wound around
the toroid. A change in the direction of the current in this primary
coil caused a deflection of a in a ballistic galvanometer. The galva
nometer was connected to the circuit of a secondary coil wound around
the same toroid.

The toroid used by A. G. Stoletov had the following parameters:
cross-sectional area A= 1.45 ernI, length 1==60 cm, number of turns
of the primary coil Nt =800, number of turns of the secondary coil
N2= 100. The ballistic constant of the galvanometer was c,,= 1.2x
X 10- 6 C/div and the resistance of the secondary circuit was
12 Q,

The results of one of Stoletov's experiments are given in the follow
Ing table.
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I, A I 0.1 I 0.2 0.3 0.4 0.5

a: (in scale divisions) 148.71 148 208 241 256

Use these data to compile a table and draw a corresponding diagram
showing how the permeability Jl, depends on the intensity of the
magnetic field H for the iron employed by A. G. Stoletov in his ex
periment.

11.124. An iron toroid with a length of l=50 em and a cross-se
ctional area of A=4 ern! was made to measure the permeability of
iron. One of the toroid windings had N 1=500 turns and was connected
to a source of power, and the other had N z= 1,000 turns and was
connected to a galvanometer. By reversing the direction of the cur
rent in the primary winding, we can create all induction current in
the secondary winding. Find the permeability of the iron when a
current of 1 A is reversed in the primary winding, if a quantity of
electricity equal to 0.06 C passes through the galvanometer. The
resistance of the secondary winding is 20 Q.

11.125. An electric lamp whose resistance in a hot state is 10 Q
is connected via a choke to a 12-V storage battery. The inductance of
the choke is 2 H and its resistance 1 Q. In how much time after being
switched on will the lamp light if it begins to glow noticeably at a
voltage of 6 V?

11.126. A coil 20 em long and 2 em in diameter has a winding
comprising 200 turns of copper wire with a cross-sectional area of 1 mm2.

The coil is connected to a circuit with a certain e.m.f., which is then
switched off and the coil is short circuited. In how much time after
the e.m.f. is switched off will the current intensity in the circuit drop
to half of its original value.

11.127. The inductance of a coil is 0.2 H and its resistance is 1.64 Q.
How many times will the current intensity in the coil drop in 0.05
second alter the e.m.I, is switched off and the coil is short circuited.

11.128. A coil with a resistance of R= 10 Q has an inductance of
L=0.144 H. How much time is required for the current to become
equal to half of the steady current in the coil after it is switched on?

11.129. A circuit has a resistance of 2 Q and an inductance of 0.2 H.
Plot a diagram showing the increase of the current intensity in the
circuit versus the time elapsed from the moment the e.m.I, is switched
on. Plot the ratio between the intensity of the increasing current /
and that of the final current 10 along the axis of ordinates for0~t~O.5
second at intervals of 0.1 second.

11.130. A square frame made of copper wire with a cross section
of 1 mrns is placed in a magnetic field whose induction changes ac-
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cording to the law B=Bosinor, whereBo=O.OI T, ro= 2.; and T=0.02 s.
The area of the frame is 25 ern", The plane of the frame is perpendi
cular to the direction of the magnetic field. Find the dependence on
time and the maximum value of: (1) the magnetic flux piercing the
frame, (2) the induction e.rn.I. appearing in the frame, (3) the in
tensity of the current flowing in the frame.

11.131. Through a coil with an inductance of 0.021 H there flows
a current that changes with time according to the law I = 10 sin rot,
where 10=5 A, ro=2; and T=0.02 s. Determine the dependence on
time of: (1) the e.m.f. of self-induction appearing in the coil, (2) the
energy of the magnetic field in the coil.

11.132. Two coils have a mutual inductance of 0.005 H. The In
tensity of the current in the first coil changes according to the law
1=/0 siner, where 10=10 A, ro=2; and T=0.02 s. Find: (I) the
dependence on time of the e.rn.I. induced in the second coil, (2) the
maximum value of this e.m.I.



Chapter 4

OSCILLATIONS AND WAVES

ACOUSTIC UNITS

Acoustic quantities are measured in the MKS system, which is a
part of the SI system.

The basic and some derived acoustic units of the MKS system as
specified by GOST 8849-58 are given in Table 13.

TABLE 13

Quantity and symbol Formula I Unit I
s ymboll Dimension

of of quan-
unit tlty

I
m
t

IT:
kg
s

Basic Units

I
metre
kllograrnme
second

Derived Units
F

p = S newton per square metre N1mt 1- 1mt -ISound pressure p

Length I
Mass m
Time t

Volurne velocity v~Ol=vS cubic metre per second m3/s L3t - 1

Sound intensity E watt per square metre W/m" mt- S
1= St

Density of sound energy E joule per cubic metre J/m l I- l mt'w=v
TABLE 14

Quantity Unl t and Its conversion factor to 51
units

Sound pressure
Volume velocity
Sound intensity
Density of sound energy

1 dyn/cm t = 0.1 N/m'
1 cm1/s= 10-a mils
I erg/cm's= 10-1 W/m2

1 erg/cml=O.l J/m 3

'\
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Table 14 shows some acoustic units of the CGS system and their
relation to the SI units.

Some arbitrary acoustic units permitted by GOST 8849-58 are
given in Table 15.

TABLE 15

Quantity Unit
Symbol
of unit Deflnl tlon 01 unit

Level of sound pres- decibel
sure

Loudness level phon

db

phon

A level of sound pressure. twenty com
mon logarithms of whose ratio to an
arbitrary pressure threshold equal to
2X 10- 1 N/ml taken as the zero le
vel are equal to unity

A level of sound loudness for which
the level of sound pressure of an
equally loud sound with a frequency
of loa Hz is equal to 1 db

(2)

EXAMPLES OP SOLUTIONS

Example I. The amplitude of barrnonic oscillations of a material
point is 5 cm, its mass is 10 grarnmes and the total energy of the
oscillations is 3.1X 10-1 J. Write the equation of the harmonic oscil
lations of this point (with numerical coefficients) if the lnltlal oseil
lation phase is 60 degrees.

Solution. The general equation of harmonic oscillations is

x==ASin(2~t+cp) (1)

In our case A =5 em, cp==60 o= ~. The oscillation period T Is un

known, but it can be foundfromthe condition E= 2n;~lm=3.1 X 10-1 J.
Hence

.. /2nlAlm

T= V-E-

In our case A=Sx 10-1 rn, the mass m=10- 1 kg and £=3.1 x 10-' J.
. 2td 2nt

Upon inserting these data In Eq. (2), we get T=4 s. HenceY=T =

=: ~ t, and equation (1) becomes x=5sin (~ t+;) em. Since sin(i t+
+=) is a dimensionless magnitude, it is not necessary ~o insert A in
metres; x will correspond to the dimension of the amplitude A.
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Example 2. The sound pressure level L 1 is 40 db. Find the ampli ..
tude of the sound pressure and the sound intensity. Assume the
audibility threshold to be 10= 10- 1 2 W/m l •

Solution. The sound pressure level L1 in decibels is related to the
amplitude of the sound pressure ~p by the equation

L1 = 20 )OglO ~P (1)
uPo

where ~Po is the amplitude of the sound pressure at the zero loudness
level. In the MKS system we have Apo=2x 10-1 Nzrn", According
to the initial condition, L 1 =40 db. Hence, from Eq. (I) we have
loglo~P =2, whence ~P = 102; and the sought amplitude of the sound

uPo uPo
pressure will be 6.P=~Pox I02=2x IO-lx 10· N/m 2 = 2 x 10-3 N/m 2 •

The loudness level L, in phons is related to the sound intensity as
follows

Ji, = 10 loglo 7; (2)

From the definition of the phon, we have L,=40 phon when L 1 =40 db.

Then from Eq, (2) loglo ~o=4 or :0= 104. and the sought sound in

tensity I=lox l04=10- 1t x 10· W/ml=lO-s W/m 2 •

12. Harmonic Oscillatory Motion and Waves

The equation of harmonic oscillatory motion can be written as

x = A sin C;t +q> ) = A sin (2nvt +q» = A sin (rot+q»

where x=displacement of a point from the position of equilibrium,
different for different moments of time

A=amplitude
T=period
cp=initial phase

v=i =oscillation frequency
2nm=T=angular frequency.

The velocity of an oscillating point is

V= ~~ =2~A cos (2n ~ +q>)

and the acceleration
dfJ di x 4n I A • ( t )

o=df= dt' =- T2 s1n 2s{T +q>



OSCILLATIONS AND WAVES 173

The force which causes a point of mass m to oscillate harmonically is

F 4n2A . (t ) 4n2m

=ma=-T2 m srn 2ny+q> =--rr- x=-kx

4n2m .. 1m
where k=T2' whence T=2n, V Ii:.

Here T is the period of oscillations of a point oscillating under the
action of the force F=-kx, where k is the deformation coefficient
numerically equal to the force producing a displacement equal t~
unity.

The kinetic energy of an oscillating point is

E = mo
2 = 2n2A2mcos2 (2nt + cp)

k 2 T2 T

and its potential energy

E kX2 2n2A2m . t (2nt + )
P = T = -rr-stn T q>

The total energy will be
2n2A2m

E= T~

Small oscillations of a pendulum serve as an example of harmonic
oscillatory motion. The period :>f oscillations of a mathematical
pendulum is

T=2n (;

where 1= length of pendulum
g=gravity acceleration.

Upon summation of two identically directed harmonic oscillations
having the same period, we obtain a harmonic oscillation of this
period with the amplitude

A =JI A~+A:+2A1AICOS(<r2-<PI)
and with the initial phase determined from the equation

t Ai sin (('1+A 2 sin (('2
anq>=~-....:....;;o",-"......--~,

At cos CPt + At cos ({>2

where Al and A 2 are the amplitudes of the oscillations being added
and <Pt and CP2 their initial phases.

Upon summation of two mutually perpendicular oscillations having
the same period, the equation of the path of the resulting motion takes
the form
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If, besides the elastic force F=-kx, a material point with the
mass m is acted upon by the friction force PI =-rv, where' is the
coefficient of friction and v is the velocity of the oscillating point,
then the oscillations of the point will be damped.

The equation of damped oscillatory motion has the form
x = Ae-at sin (rot +q»

where 6 is the damping coefficient. Here 6= 2~ and (a) = 11w~-6~\
where 000 is the angular frequency of natural oscillations.

The quantity (,T is known as the logarithmic damping decrement.
If a material point with the mass m and whose oscillation is given

in the form
Xl == Ae-8t sin ooot

is acted upon by an external periodic force F=F 0 siner, the oscilla
tions of the point will be forced, and the equation of its motion will
take the form

x,==Asin (wt+cp)

where

and

Resonance sets in when the frequency of the forced oscillations ro
is related to the frequency of natural oscillations (a)o and the damping
coefficient (, as follows:

(t) == 11w:-2Bt

When undamped oscillations propagate with the velocity c along
a certain direction called a ray, the displacement of any point lying
on the ray and removed from the source of oscillations by a distance I
is described by the equation

. (2nt 21tI)x=Asln Y-T

where A=ampJitude of oscillating points
A=wavelength.

Here A=cT. Two points lying on the ray at distances 11 and 12 from
the source of oscillations have the phase difference

2 't-Il
q>2-q>1 = n -1-'
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Upon interference of the waves, the maximum amplitude is obtained
when

1
1,-I.=2n2" (n=O, 1, 2, ... )

where 1,-11 is the difference of the ray path.
The amplitude minimum is obtained when

A
I.-I. =(2n+l)T (n=O, 1,2, ... )

12.1. Write the equation of harmonic oscillatory motion with an
amplitude of 5 cm if 150 oscillations are performed during one minute
and the initial oscillation phase is 45°. Draw a diagram of this motion.

12.2. Write the equation of harmonic oscillatory motion with an
amplitude of 0.1 m, a period of 4 s and an initial phase equal to zero.

12.3. The amplitude of harmonic oscillations is 50 mm, the period

4 s and the initial phase ~ . (I) Write the equation of this oscillation.
(2) Find the displacement of an oscillating point from the equilibrium
position at t=O and t= 1.5 s. (3) Draw a diagram of this motion.

12.4. Write the equation of harmonic oscillatory motion if the
initial phase is: (I) 0, (2) ~ , (3) n, (4) ~ n, (5) 2n. The amplitude of
the oscillations is 5 ern and the period 8 s. Draw a diagram of the
oscillations for all these cases.

12.5. Draw on one diagram two harmonic oscillations with the
same amplitudes (A1=A 2=2 em) and the same periods (T1=T2=8 s),

but with a phase difference of (I) ~, (2) ~, (3) nand (4) 2n.

12.6. In what time after motion begins will a harmonically oscil
lating point be brought out of the equilibrium position by half the
amplitude? The oscillation period is 24 s and the initial phase is zero.

12.7. The initial phase of harmonic oscillation is zero. After the
elapse of what fraction of the period will the velocity of the point
be equal to half its maximum velocity?

12.8. In what time after its motion begins will a point oscillating
according to the equation x=7 sinO.5nt move from the position of
equilibrium to the maximum displacement?

12.9. The amplitude of harmonic oscillation is 5 ern and the period
4 s. Find the maximum velocity of an oscillating point and its maxi
mum acceleration.

12.10. The equation of motion of a point is given as x=2 sin(~t+

-: ) em. Find: (1) the period of oscillations, (2) the maximum velo
city of the point, (3) its maximum acceleration.
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12.11. The equation of motion of a point is given as x=sin ~ t.

Find the moments of time at which the maximum velocity and acce
leration are attained.

12.12. A point performs harmonic oscillation. The period of oscil-
lations is 2 s, the amplitude 50 mm and the initial phase is zero. Find
the velocity of the point at the moment when it is displaced from
equilibrium by 25 mm. .

12.13. Write the equation of harmonic oscillatory motion if the
maximum acceleration of a point is 49.3 cm/s>, the period of oscilla
tions 2 s and the displacement of the point from equilibrium at the
initial moment of time 25 mm.

12.14. The initial phase of harmonic oscillation is zero. When the
point deviates by 2.4 ern from the position of equilibrium, its velocity
is 3 cmls, and by 2.8 cm-2 cm/s. Find the amplitude and period of
this oscillation.

12.15. The equation of oscillation of a material point with a mass

of m=1.6x 10-1 kghastheformx=O.lsin(~ t+~ )m. Plot a diagram

showing how the force F acting on the point depends on the time t
(within one period). Find the maximum force.

12.16. A material point with a mass of 10 g oscillates according to
the equation x=5sin( ~I+~ ) em. Find the maximum foree acting on

the point and the total energy of the oscillating point.
12.17. The equation of oscillation of a material point with a mass

of 16 g has the form x=2sin( ~I+~ ) em. Plot a diagram showing

how the kinetic, potential and total energies of the point depend on
the time (within one period).

12.18. What is the ratio between the kinetic energy of a harmoni
cally oscillating point and its potential energy for the moments of
time: (1) t= i2 s, (2) t=~ s, (3) t=~ s? The initial phase of oscilla-

tions is zero.
12.19. What is the relationship between the kinetic energy of a

harmonically oscillating point and i~s potential energy for the moments
when the displacement of the point from the position of equilibrium is:

(1) x=~ , (2) x=~ , (3) x=A, where A. is the amplitude of oscilla
tions.

12.20. The total energy of a harmonically oscillating body is 3 x
X 10- 1 J and the maximum force acting on the body is 1.5x 10- 3 N.
Write the equation of motion of this body if the period of oscillations
is 2 s and the initial phase is 60°. "
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12.21. The amplitude of harmonic oscillations of a material point
A=2 cm and the total energy of the oscillations E=3XIO-7 J. At
what displacement from the position of equilibrium will the oscil
lating point be acted upon by a force of F=2.25x 10-& N?

12.22. A ball suspended from a thread 2 m long is deflected through
an angle of 4 deg and its oscillations are observed. Assuming the
oscillations to be undamped and harmonic, find the velocity of the.
ball when it passes through the position of equilibrium. Check the
solution by finding this velocity from the equations of mechanics.

12.23. A load of 10 kgf is suspended on a spring. Determine the'
period of vertical oscillations of the load if the spring stretches 1:5 em
under a force of 1 kgf.

12.24. A load is suspended on a spring. Find the deformation coef
ficient of the spring if the maximum kinetic energy of the oscillations
of the load is 1 J. The amplitude of oscillations is 5 em.

12.25. How will the period of vertical oscillations of a load hanging
on two identical springs change if instead of tandem connection the
springs are connected in parallel?

12.26. A copper ball suspended on a spring performs vertical oscil
lations. Howwill the period of oscillations change if an aluminium ball
of the same radius is attached to the spring instead of the copper one?

12.27. A pan .with a set of weights is attached to a spring. The pe
riod of vertical oscillations is 0.5 s. After additional weights are placed
on the pan, the period of vertical oscillations becomes 0.6 s. By how
much does the spring stretch owing to the additional weight?

12.28. A weight of 0.5 kgf is suspended from a rubber cord 40 em
long with a radius of I mm. Find the period of vertical oscillations
of the weight jf Young's modulus for the rubber is 0.3 kgf/mm",

Note. Remember that the deformation coefficient k of rubber is
related to Young's modulus E by the equation k=~E , where S is the

cross-sectional area of the rubber and 1 its length.
12.29. An aerometer weighing G=0.2 kgf floats in a liquid. If

the aerometer is slightly submerged and then released it begins to
oscillate with a period of T=3.4 s.. Assuming the oscillations to be
undamped, use the data of this experiment to find the density of the
liquid p in which the aerometer is floating. The diameter of the ver
tical cylindrical tube of the aerometer d= I em (see also Chapter 1t

Sections 2 and 3).
12.30. Write the equation of motion obtained by the summation

of two identically directed harmonic oscillatory motions with the
same period of eight seconds and the same amplitude of 0.02 m. The

difference of phases between the oscillations is ~ . The initial phase
of one of the oscillations is zero.

12-3574
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o

/l02

A,m
0.03

12.31. Find the amplitude and the initial phase of the harmonic
oscillation obtained by the summation of identically directed os-
cillations conforming to the equations xl=o.02sin(Snt+ ~) m and

xt=o.03sin(Snt+ :) m,
12.32. The summation of two identically directed harmonic oscil

lations with the same amplitudes and periods produces a resulting
oscillation with the same period and amplitude. Find the difference
of phases of the initial oscillations.

12.33. (I) Find the amplitude and initial phases of the harmonic
oscillation obtained by summation of the idenilcally directed oscil-
lations whose equations are xl=4sinnt em and x,=3sin(nt+;) em.
(2) Write the equation of the resulting oscillation. (3) Draw a vector
diagram showing the summation of the amplitudes.

12.34. Fig. 61 shows a spectrum of a complexoscillation. (1) Write
the equations of the constituent oscillations using the data on

the drawing. (2) Draw a diagram
of these oscillations assuming that
the difference of phases between
these oscillations is zero at the mo
ment 1=0. (3) Plot a diagram of
the resulting complex oscillation.

I 12.35. There are two harmonic
~~~~.......~~........._~~s" oscillations Xl =3 sin 4nt ern and

x.=6 sin IOnt cm. Draw a ·diagram
of these asci llat ions, as well as a
diagram of the resulting oscillation

after graphical summation of the initial ones. Draw a spectrum of
the complex oscillation obtained.

12.36. An oscillation is described by the equation
x=Asin2nvlt (I)

where. A changeswith time accordingto the law A=A o(l+cos2n'V,t).
Here Ao is constant. Find the harmonic oscillations forming oscilla
tion (1). Draw a diagram of the constituent and resulting oscillations
when Ao= 4 em, ",=2s-1, 'V,=1 5- 1.• Plot a spectrum of the complex
oscillation.

12.37. Write the equation of the resulting oscillation obtained by
summation of two mutually perpendicular oscillations with the same
frequency "1=\'.=5 Hz and the same initial phase q>t=cp,=60°.
Their amplitudes are A1==O.IO m and A,=O.05 rn.

12.38. A point takes part in two oscillations having the same period
and the same initial phase. The amplitudes of the oscillations Al=3 cm
and A.=4 em. Find the amplitude of the resulting oscillation if:

0.01
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(1) the oscillations are in the same direction, (2) the oscillations are
mutually perpendicular.

12.39. A point simultaneously participates in two mutually per
pendicular oscillations: x=2 sin (a)t m and y=2 cosrot m. Find the
trajectory of motion of the point.

12.40. A point simultaneously participates in two mutually per-

pendicular oscillations x=cos:r.t and y=cos ~ . Find the trajectory
of the resulting motion of the point.

12.41. A point simultaneously participates in two mutually per-
pendicular oscillations x=sin nt and y=2sin ( nt+ ~ ). Find the tra-

jectory of motion of the point, and draw it, showing the scale used.
12.42. A point simultaneously participates in two mutually per

pendicular oscillations x=sinnt and y=4sin(Zlt+n). Find the tra
jectory of motion of the point and draw it showing the scale used.

12.43. The period of damped oscillations is 4 s, the logarithmic
damping decrement fJT is 1.6 and the initial phase is zero. The dis-
placement of the point is 4.5 em at t= ~ . (1) Write the equation of

motion of this oscillation. (2) Plot a diagram of this oscillatory motion
within the limits of two periods.

12.44. Plot a diagram of a damped oscillation whose equation is

given in the fonn x=e-o.11 sin ~ t m.

12.45. The equation of damped oscillations is given in the form
.r=5e-··..'sin ~ t m. Find the velocity of an oscillating point at the

moments of time: 0, T, 2T, 3T and 4T.
12.46. The logarithmic damping decrement of a mathematical

pendulum is 6T=0.2. How will the amplitude of oscillations decrease
during one full oscillation of the pendulum?

12.47. What is the logarithmic damping decrement of a mathe
matical pendulum if the amplitude of the oscillations halved in one
minute? The pendulum is 1 m long.

12.48. A mathematical pendulum 24.7 em long performs damped
oscillations. In what time will the energy of the pendulum oscilla
tions decrease 9.4 times? Solve the problem for logarithmic damping
decrements of: (1) 6T=O.01, and (2) 6T-=1.

12.49. A mathematical pendulum performs damped oscillations
with a logarithmic damping decrement equal to 0.2'. How many times
win the full acceleration of, the pendulum decrease in its extreme
position during one oscillation?

12.50. The amplitude of damped oscillations of a mathematical
pendulum halves in one minute. How will it decrease in 3 minutes?
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12.51. A mathematical pendulum 0.5 m long brought out of equi
librium deflects by 5 cm during the first oscillation and by 4 cm during
the second one (in the same direction). Find the time of relaxation,
i.e., the time during which the amplitude of the oscillations decreases
e times, where e is the base of natural logarithms.

12.52. A weight is suspended from a vertically hanging spring,
and the spring extends 9.8 cm. The weight is pulled down and released
to make it oscillate. What should the damping coefficient B be for:
(1) the oscillations to cease in 10 seconds (assume conditionally
that the oscillations ceaseas soon as their amplitude drops to 1 per cent
of the initial magnitude), (2) the weight to return to equilibrium
aperiodically, (3) the logarithmic damping decrement to be equal
to 6?

12.53. A body with a mass of m= 10 g performs damped oscillations
with a maximum amplitude of 7 cm, an initial phase equal to zero and
a damping coefficient of 1.6 S-I. The body is acted upon by an ex
ternal periodic force which produces forced oscillations whose equation
is x=5sin(IOnt-O.751t) ern, Find: (I) the equation (with numerical
coefficients) of the natural oscillations, (2) the equation (with nume
rical coefficients) of the external periodic force.

12.54. A weight of 0.2 kgf is suspended on a vertical spring and
performs damped oscillations with a damping coefficient of 0.75 S-I.

The deformation coefficient of the spring is 0.5 kgf/cm. Draw a dia
gram showing how the amplitude A of the forced oscillations of the
weight depends on the frequency (a) of an external periodic force if
the maximum value of this force is 0.98 N. To plot the diagram. find
the values of A for the following frequencies: 00=0,00=0.5000 , (0=

=0.75000' 00=000, 00=1.500 0 and <0=2000' where 00 0 is the frequency
of the natural oscillations of the suspended weight.

12.55. A tractor leaves tracks on an unpaved road in the form of a
number of depressions 30 ern apart. A pram with two identical leaf
springs, each of which deflects 2 em under a load of 1 kgft is pushed
across the tracks. What is the speed of the pram if the resulting
jolts cause it to swing heavily in resonance? The pram weighs
10 kgf.

12.56. Find the wavelength of an oscillation with a period of
10- 1t s. The oscillations propagate with a velocity of 3x 108 m/s.

12.57. Sound oscillations with a frequency of v=500 Hz and an
amplitude of A=O.25 mm propagate in air. The wavelength A=70 em.
Find: (I) the velocity of propagation, (2) the maximum velocity
of the particles of air.

12.58. An equation of undamped oscillations is X= IOsinO.5nt em.
(1) Find the equation of the wave if the oscillations propagate
with a velocity of 300 m/s. (2) Write and plot graphically the equa
tion of oscillation for a point at a distance of 600 m from the source
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of oscillations. (3) Write and plot graphically the equation
of oscillation for the points of the wave at a moment of t=4 s after
the oscillations begin.

12.59. An equation of undamped oscillations is x=4 sin 6001lt em.
Find the displacement from the position of equilibrium of
a point 75 em away from the source of oscillations in 0.01 second after
they begin. The oscillations propagate with a velocity of 300 m/s.

12.60. An equation of undamped oscillations is x=sin 2.5nt ern.
Find the displacement from the position of equilibrium, the
velocity and the acceleration of a point 20 m away fr.om the source
of oscillations for a moment of t= 1 s after the oscillations begin.
The oscillations propagate with a velocity of 100 m/s.

12.61. What is the difference of phases between the oscillations
of two points at a distance of 10and 16m respectively from the source
of oscillations? The period of oscillations is 0.04 s and the velocity
of their propagation 300 m/s.

12.62. Find the phase difference of the oscillations of two points
2 m apart lying on a ray If the wavelength is 1 m.

12.63. Find the displacement from the position of equilibrium of a
point removed from the source of oscillations by 1= ~ for the moment

t= ~ . The amplit ude of the oscillations is A=0.05 rn.

12.64. The displacement from the position of equilibrium of a
point 4 em from a source of oscillations is half the amplitude at the
moment t= ~ . Find the length of the running wave.

12.65. Find the position of the nodes and antinodes and draw a
diagram of a standing wave for two cases: (1) reflection is from a
less dense medium, (2) reflection is from a denser medium. The length
of the running wave is 12 em.

12.66. Determine the wavelength of oscillations if the distance
between the first and fourth antinodes of a standing wave is 15 ern.

13. Acoustics

The velocity of propagation of acoustic oscillations in a certain me
dium can be found from the formula

c= V:
where E = Young's modulus of the medium

p = density of the medium.
In gases, the velocity of propagation is

c= .. /CpRT
r Cvl'
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where J..L=mass of one kilomole of gas
T=absolute temperature of the gas
R=gas constant
Cp=heat capacity of. the gas at constant pressure
Cv=ditto at constant volume.

The sound pressure level L 1 in decibels is related to the sound pres
sure amplitude L'1P by the ratio

ApL1 = 20 log., -.-
uPo

where llpo is the sound pressure amplitude at a loudness level equal
to zero. The loudness levelL, in phons is related to the sound intensity
by the ratio

I
L. = 10Jogl O 7;-

where /0 is the zero loudness level. It is assumed that
/0=10- 1 1 W/ml and llpo==2X'10-' N/m'

According to Doppler's principle, the frequency of sound perceived
by an observer is determined from the formula

, e+vv c=-- Vc-u.

where v=frequency of the sound emitted by its source
u=velocity of the sound source
v=speed of the observer

.c=velocity of propagation of sound..
The velocity v>O if the observer moves towards the source of sound,

and u>O if the source moves towards the observer.
The frequency of the fundamental tone of a string can be determined

from the formula
1 ../7

v=2f V pS

where l==length of string
F=its tension
S= its cross-sectional area
p=density of the medium material.

13.1. Find the wavelength of the fundamental of the musical tone
A (frequency 435 Hz). The velocity of sound is 340 m/s.

13.2. A man's ear can perceive sound with a frequency of 20 to
20,000 Hz. Between what wavelengths does the range of audibility
of sound oscillations lie? The velocity of sound in air is 340 m/s.

13.3. Find the velocity of sound propagation in steel.
18.4. Find the velocity of sound propa~tion in copper.
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13.5. Sound propagates in kerosene with a velocity of I 330 m/s.
Find the coefficient of compression of kerosene. '

13.6. What is the depth of a sea measured by means of an echo
sounder if the time between the moment the sound is produced and
received is2.5 s? The coefficient of compression of water is 4.6x 10- 10

ro'/N and the density of sea water is 1,030 kg/m8•

13.7. Find the velocity with which sound propagates in air at tem
peratures of: (1) -20 0 C, (2) 0 0 C, (3) +20 0 c.

13.8. How many times is the velocity of sound propagation in air
in summer (temperature +27 0 C) higher than in winter (temperature
_33 0 C)?

13.9. If the mean quadratic velocity of the molecules of a biatomic
gas is 461 m/s in the conditions of an experiment, find the velocity
of sound propagation in these conditions.

13.10. Find the velocity of sound propagation in a biatomic gas if
the density of this gas is 1.29X 10- 8 g/crn" at a pressure of760 mm Hg.

13.11. The mean kinetic energy of translational motion of the mole
cules of one kilomole of nitrogen is 3.4 X loa kJ. Find the velocity
of sound propagation in nitrogen in these conditions.

13.12. The temperature of the upper layer of the atmosphere cannot
be measured with a thermometer, since it will not get into thermal
equilibrium with the environment owing to the low density of the
gas. For this purpose use is made of a rocket with grenades which
explode at a certain altitude. Find the temperature at an altitude of
20 km from the Earth's surface if the sound produced by an explosion
at an altitude of 21 km is detected 6.75 s after that produced by an
explosion at an altitude of 19 km.

13.13. Find the refraction of a sound wave on the boundary between
air and glass. Young's modulus for glass is 6.9x 1010 N/ml , the density
of glass is 2.6 g/cm", and the air temperature is 200 c.

13.14. Find the limit angle of complete internal reflection of sound
waves on the boundary between air and glass. Take the necessary
data from the previous problem,

13.15. Two sounds differ in loudness level by 1 phon. Find the
ratio of the intensities of these sounds.

13.16. Two sounds differ in sound pressure level by 1 db. Find
the ratio of their sound pressure amplitudes.

13.17. A noise in the street with a loudness of 70 phons can be
heard in a room as a noise of 40 phons. Find the ratio between the
sound intensities in the street and in the room.

13.18. The intensity of a sound increases 1,000 times. (1) By how
many decibels does the sound pressure level increase? (2) How many
times does the sound pressure amplitude increase?

13.19. The intensity of a sound is 10- 1 WIm l • Find: {I) the loud
ness level, (2) the amplitude of the sound pressure.
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13.20. By how many phons will the loudness level increase if the
sound intensity grew (1) 3,000 times, and (2) 30,000 times?

13.21. Find the groove pitch on a phonograph record for the musical
tone A (435 Hz): (1) at the beginning of recording at a distance of
12ern from the centre, (2) at the end of recording at a distance of 4 em
from the centre. The record rotates at a speed of 78 rev/min.

13.22. Find the groove pitch on a phonograph record for: (1) \'=

= 100 Hz and (2) v=2,000 Hz. The mean distance from the record
centre is 10 em. The record rotates at a speed of 78 rev/min.

13.23. Six antinodes are observed in the air column when a standing
wave forms in a Kundt tube. What is the length of the air column
if a steel bar is secured: (1) at the middle, (2) at the end? The bar is
1 m long. The velocity of sound in steel is 5,250 mls and in air 34.3 m/s.

13.24. What is the length of a glass bar in a Kundt tube if five
antinodes are observed in the air column when the bar is secured at
the middle? The latter is 0.25 m long. Young's modulus for glass is
6.9x 1010 N/m ' and the density of glass is 2.5 g/cm", The velocity
of sound in air is 340 m/s.

13.25. For what maximum frequencies can Kundt's method be used
to determine the velocity of sound if we assume that the minimum
detectable distance between antinodes is l~4 mm? The velocitv of
sound in air is 340 m/s.

13.26. Two trains are traveling towards each other at speeds of
72 km/h and 54 km/h, respectively. The first train whistles emitting
a sound with a frequency of 600 Hz. Find the frequency of the sound
oscillations which can be heard by a passenger in the second train:
(1) before the trains meet, (2) after the trains meet. The velocity of
sound is 340 m/s.

13.27. When a whistling train travels past a person standing still,
the height of the tone of the whistle sharply changes. What percentage
of the actual frequency does the change in tone form if the train moves
at 60 km/h.

13.28. A man on the seashore hears the hooting of a ship. When
neither is moving, the sound has a frequency of 420 Hz. When the
ship moves towards the man, the frequency of the sound he hears is
430 Hz. When the ship moves away from the man, the frequency is
415 Hz. Find the speed of the ship in the first and second cases if the
velocity of sound during the experiment is 338 m/s.

13.29. A bullet flies with a velocity of 200 m/s. How many times
will the height of the tone of its whistling change for a man standing
still past whom the bullet flies? The velocity of sound is 333 m/s.

13.30. Two trains move towards each other with the same speed.
What should their speed be if the height of the tone of the whistle of
one of them heard on the other changes 9/8 times? The velocity of
sound is 335 m/s. "
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13.31. A bat flies perpendicular to a wall with a speed of 0=6.0 mls
emitting an ultrasound with a frequency of v=4.5x 10· Hz. What
sound of two frequencies can be heard by the bat? The velocity of
sound is 340 m/s.

13.32. How long should a steel string with a radius of 0.05 em be
for it to produce a tone with a frequency of 320 Hz when it is stretched
by a force of 100 kgf?

13.33. What force should tension a steel string 20 em long and
0.2 mm in diameter for it to produce the musical note A (frequency
435 Hz)?

13.34. The ultimate strength of steel being known, find the maximum
frequency to which a string 1 m long can be tuned.

13.35. A string tensioned with a force of 15 kgf produces eight
beats per second in comparison with a tuning fork. When the string
is tensioned with a force of 16 kgf, it becomes tuned in unison with
the fork. Find the number of oscillations of the tuning fork.

13.36. The tuning fork of the previous problem gives in comparison
with another fork 10 beats in five seconds. Find the oscillaticn fre...
quency of the second fork.

13.37. Find the frequency of the fundamental tone of a string
tensioned by a force of F=6x 103 N. The length of the string l=0.8 m
and its weight 0=0.03 kgf.

13.38. Find the frequency of the fundamental tone of: (1) an open
tube, (2) a closed tube.

13.39. A closed tube produces the fundamental musical tone C
which corresponds to a frequency of 130.5 Hz. The tube is then ope
ned. What fundamental tone will it emit now? What is the length
of the tube? Assume the velocity of sound in air to be 340 m/s.

14. Electromagnetic Oscillations and Waves

The period T of electromagnetic oscillations in a circuit consisting
of a capacitance C, inductance L and resistance R is determined
from the formula

T = 2n

VL~-(~r
If the resistance of the circuit is so small that

(
R )2 1
2L ~LC

then the period of oscillations will be

T=2nVLC
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if the resistance R of the circuit is not zero, the oscillations will
be damped, and the difference of potentials across the capacitor plates
changes with time according to the law

U = Uoe-8t cos rot
if the time is counted from the moment corresponding to the maxi
mum potential difference across the capacitor plates. Here l)=2~
is the damping coefficient. The quantity BT is called the logarithmic
damping decrement. .

If B=O, the oscillations will be undamped and we have
U=Uocosrot

If the time is counted from the moment when the difference of
potentials across the capacitor plates is zero, the following equation
will be true

U=Uosinrot

Ohm's law for an alternating current is written as

J - Vel
e/-T

where leI and UeJ are effective values of the current intensity and
voltage, which are related with their amplitude values 10 and V 0

by the equations
J U u,

1,/= y~ and ,/= Y2

and Z is the impedance of the circuit. If a circuit includes a resistance
R, capacitance C and inductance L connected in series, then

Z = VR2 + («i-: (a)~r
Here the phase shift between the voltage and the current intensity
is determined by the formula

roL__1_

t me
an q> = R

Formulas for the impedance of a circuit Z and the phase shift fP
for various methods of connecting R, C and L are given in the table
on p. 334.

In an alternating current circuit, a coil with a resistance Rand
inductance L corresponds to Rand L connected in series. A leaky
capacitor with the capacitance C and resistance R corresponds to R
and C connected in parallel. "
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The power of an alternating current is
P = Ie/Ue/ cos cP

14.1. An oscillatory circuit consists of a capacitor with a capaci
tance of BOO CGSe and a coil with an inductance of 2x 10-a H. What
wavelength is the circuit tuned to? Disregard the resistance of the
circuit.

14.2. What wave range can an oscillatory circuit be tuned to if
its inductance is 2x 10-a H and its capacitance can vary from 62 to
480 CaSe? The resistance of the circuit is negligibly small.

14.3. What inductance should be connected to an oscillatory circuit
to obtain a sound frequency of 1,000 Hz with a capacitance of 2 J.LF?
Disregard the resistance of the circuit.

14.4. A coil with an inductance of L=3x 10-1 H is connected to a
plane-parallel capacitor with a plate area of S= 100 em' and the plates
spaced at d==O.1 mm. What is the relative permittivity of the medium
filling the space between the plates if the circuit resonates to a wave
length of 750 m?

14.5. An oscillatory circuit consists of a capacitor with a capaci
tance of 0.025 f.LF and a coil with an inductance of 1.015 H. Neglect
the resistance of the circuit. The capacitor is charged with a quantity
of electricity equal to 2.5x 10-' C. (1) Write for this circuit an equa
tion (with numerical coefficients) showing how the difference of po
tentials across the capacitor plates and the current intensity in the
circuit change with time. (2) Find the difference of potentials across
the capacitor plates and the current intensity in the circuit at the
moments of time ~ , ~ and ~ s. (3) Plot diagrams of these relation
ships within the limits of one period.

14.6. For the osciIlatory circuit of the previous problem: (1) write
an equation (with numerical coefficients) showing the change with
time of the energy of its electric field, the energy of its magnetic field
and the total energy, (2) find the energy of the electric fiel d, the energy
of the magnetic field and the total energy at the moments of time ~ ,

~ and ~ s, (3) plot diagrams of these relations within the limits
of one period.

14.7. The equation of the change with time of the difference of
potentials across the capacitor plates in an oscillatory circuit is given
as U=50 cos 104nt V. The capacitance of the capacitor is 1~-7 .F.
Find: (1) the period of oscillations, (2) the inductance of t~e CirCUIt,
(3) the law showing how the current intensity in the ~irc~lt ~hanges
with time, (4) the wavelength which corresponds to this clrc~lt. .

14.8. The equation of the change with time of the .current intensity
in a circuit is given as 1=-O.02xsin400nt A. The Inductance of the
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circuit is I H. Find: (1) the period of oscillations, (2) the capacitance
of the circuit. (3) the maximum difference of potentials across the
capacitor plates, (4) the maximum energy of the magnetic field,
(5) the maximum energy of the electric field.

14.9. What is the relationship between the energy of the magnetic
field of an oscillatory circuit and the energy of its electric field for
the moment of time {- s?

14.10. An oscillatory circuit ·consists of a capacitor with a capaci
tance of 7 flF and a coil with an inductance of 0.23 H and a resistance
of 40 Q. The capacitor is charged with a quantity of electricity equal
to 5.6x 10-' C. (1) Find the period of oscillations of the circuit.
(2) Find the logarithmic damping decrements of the oscillations.
(3) Write an equation showing how the difference of potentials
across the capacitor plates changes with time. (4) Find the difference
of potentials at the moments ~, T, : T and 2T s. (5) Plot a

diagram U=f(t) within the limits of two periods.
14.11. An oscillatory circuit consists of a capacitor with a capaci-

J tanceof 0.2 JLF and a coil with inductance of 5.07x 10-a H. (1) At
what logarithmic damping decrement will the difference of potentials
across the capacitor plates be reduced to one-third in 10- 8 s? (2) What
is the resistance of the circuit in this case?

14.12. An oscillatory circuit consists of an inductance of 10- 2 H,
8 capacitance of 0.405 fJF and a resistance of 2 Q. How many times
will the difference of potentials across the capacitor plates diminish
during one period?

14.13. An oscillatory circuit consists of a capacitor with a capaci
tance of C=2.22x 10-1 F and a coil wound of copper wire with a
diameter of d=O~5 mm. The length of the coil 1=20 em. Find the
logarithmic damping, decrement of the oscillations.

14.14. An oscillatory circuit has a capacitance of 1.1 X 10-' F and
an inductance of 5x 10-8 H. The logarithmic damping decrement is
0.005. In what time will 99 per cent of the circuit energy be lost
owing to damping?

14.15. An oscillatory circuit consists of a capacitor and a long coil
wound of copper wire with a cross-sectional area 8=0.1 mm". The
length of the coil 1=40 em. What is the capacitance C of the capacitor
if the error we admit in calculating the period of oscillations of the
circuit by means of the approximate formula T=2nVLC is 8=1
per cent?

Note. The error e=T1r"T1
, where T 1 is the period of oscillations

found approximately and T I is that deter~ned by means of the ac
curate formula.
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14.16. A coil with a length of 1=50 ern and a cross-sectional area
of S= 10 em> is connected to an alternating current circuit with a fre
quency of \'=50 Hz. The number of turns on the coil is N=3,OOO.
Find the resistance of the coil if the phase shift between the voltage
and the current is 60 degrees.

14.17. The winding of a coil consists of 500 turns of copper wire
with a cross-sectional area of 1 mm>. The coil is 50 em long and 5 em
in diameter. At what frequency of alternating current will the impe
dance of the coil be twice its resistance?

14.18. Two capacitors with capacitances of C1=0.2 J1F and C2 =
=0.1 ,..,F are connected in series to an alternating current circuit with
a voltage of 220 V and a frequency of 50 Hz. Find: (1) the intensity
of the current in the circuit, (2) the potential drop across the first
and second capacitors.

14.19. A coil 25 cm long with a radius of 2 cm has a winding of 1,000
turns of copper wire with a cross-sectional area of 1 mm 2. The coil is
connected to an alternating current circuit with a frequency of 50 Hz.
What part of the impedance of the coil will be formed by (1) the
resistance, and (2) the inductive reactance?

14.20. A capacitor with a capacitance of 20 ,..,F and a rheostat with
a resistance of 150 Q are connected in series to an alternating current
circuit with a frequency of 50 Hz. What part of the voltage applied
to this circuit is formed by the voltage drop: (1) across the capacitor,
and (2) across the rheostat?

14.21. A capacitor and an electric lamp are connected in series
to an alternating current circuit at 400 V and 50 Hz. What capa
citance should the capacitor have for a current of 0.5 A to fiow
through the lamp and the potential drop across the lamp to be
110 V?

14.22. A coil with a resistance of 10 Q and an inductance of L is
connected to an alternating current circuit at 127 V and 50 Hz. Find
the inductance of the coil if it consumes a power of 400 Wand the phase
shift between the voltage and the current is 60 degrees.

14.23. Compile a table of formulas for the impedance of a circuit Z
and the phase shift tan cp between the voltage and current with va
rious methods of connecting the resistance R, the capacitance C and
the inductance L. Consider cases when: (1) Rand C are connected in
series, (2) Rand C are connected in parallel, (3) Rand L are connected
in series. (4) Rand L are connected in parallel and (5) R, Land C
are connected in series.

14.24. A capacitor with a capacitance of I ,..,F and a rheostat with
a resistance of 3,000 Q are connected to an alternating current circuit
with a frequency of 50 Hz. The inductance of the rheostat is negli
gibly small. Find the impedance of the circuit if the capacitor and the
rheostat are connected: (1) in series, and (2) in parallel.



190 PROBLEMS (14.25-14.28

14.25. A capacitance of 35.4 J.1F, a resistance of 100 0 and an in
ductance of 0.7 H are connected in series to an alternating current
circuit at 220 V and 50 Hz. Find the intensity of the current in the
circuit and the voltage drop across the capacitance, resistance and
inductance.

14.28. AninductanceofL=2.26x 10- 1 H and a resistance R are con
nected in parallel to an alternating current circuit with a frequency
of \'=50 Hz. Find R if the phase shift between the voltage and the
current is 60· degrees.

14.27. A resistance R and an inductance L are connected in parallel
to an alternating current c ircuit at 127 V and 50 Hz. Find the resis
tance R and the inductance L if the power consumed in this circuit
is 404 Wand the phase shift between the voltage and the current is
60 degrees.

14.28. A capacitance C, a resistance R and an inductanceL are con
nected in series to an alternating current circuit at 220 V. Find the
voltage drop UR across the resistance if the voltage drop across the
capacitor Uc==2UR and that across the inductance UL=3UR.



Chapter 5

OPTICS

LIGHT UNITS

The basic and some derived units intended for the measurement
of light in 51 units as specified by GOST 7932-56 are given in Table 16.

TABLE 16

Symbol
Dtm en-

Quantity end Pormula slon of
symbol Unit of quan-

unit ti~y

Basic Units

Length I Imetre m I
Time t second s t
Luminous intensity I candela cd I

Derived Units

Luminous flux d«D= JdCJ> lumen 1m I
Quantity of light dQ =(J)dt 1umen-second lrn-s II

Luminous emittance M == dlD lumen per square metre Im/m'
/-2/

dS

Luminance L=
dl nit (candela per square nt I-Ij

cos9·dS metre)

Illumination E=dCD tux Ix l-2/
dS

Quantity of illumination dH.=Edt lux-second Ix·s l-2t I

The unit of luminous flux In this system is the lumen (1m) which
is the flux emitted by a point source of light of one candela inside
a solid angle of one steradian. Thus. 1 Im= 1 cd x 1 ST.

Illumination is measured in luxes. One lux is the illumination of
an area of one square metre by a uniformly distributed luminous
flux of one lumen. Thus, I lx= I Im/m>,
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The luminous emittance of a light source is measured in lumens
per square metre; l lm/rn" is the luminous emittance which corresponds
to a luminous flux of I 1m emitted by an area of 1 m>.

The unit of luminance is the nit (nt), which is the luminance of a
uniformly luminescent flat surface producing in a direction normal
to it a luminous intensity of 1 cd from an area of one square metre.
Thus, 1 nt=1 cd/m>.

EXAlv\PLES OF SOLUTIONS

Example 1. The filament of an electric lamp with a luminous
intensity of 1,000 cd is enclosed in a spherical frosted bulb 20 em in
diameter. Find: (I) the luminous flux radiated by this light source,
(2) the luminous emittance and the luminance of this light source,
(3) the illumination, luminous emittance and luminance of a screen
receiving 10 per cent of the luminous flux radiated by this light source.
The reflection coefficient of the surface of the screen p=O.8. The area
of the screen is'0.25 mi. Assume that the screen surface diffuses light
according to the Lambert law.

Solution. (I) The luminous flux <D radiated in all directions by the
light source is related to the luminous intensity I of this source by the
formula

<I>=4TCI

In our case, 1=103 cd, and therefore <D=1.26xIO· lm,
(2) The luminous emittance of the light source is

cD 4111 I
M =8= 431,2 = r 2

where r is the radius of the spherical bulb. Upon inserting the nume
rical data, we find that

M 1,000 10' 1 I
= (0.1)2 = rn/rn

The luminance of the light source is
/

L=6§'

where /lS' is the visible area of the luminescent surface. In our case
~S'=nrs, where r is the bulb radius, and hence

L= ~I = n'<o~~~ = 3.18 x 10· nt

(3) According to the initial condition, the screen receives a luminous
flux of <D 1 = O.1<D = 1.26x 103 lm, "
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The illumination of the screen wilJ thus be

E = <D, = l.26x )0
3

lrn/m"~ 5 x I031x
5. 0.25

The luminous emittance of the screen is
<D

M =pS;=pE=O.8x5xI03Im/m2=4xl031m/ml

and the luminance of the screen is

L =~ = 1.3 X 103 nt
n

Example 2. A black body is maintained at a constant temperature
of 1000° K. The surface of the body is 250 em", Find the radiated
power of the body.

Solution. According to the Stefan-Boltzmann law, the energy
emitted by a unit of surface of a black body per second is

M e = or 4

and all the radiated energy is

Qe = StM#! = S'toTt
where S=surface of the black body

t=duration of radiation
o=Stefan-Boltzmann constant
T=temperature of body in degrees Kelvin.

The radiation power is

p = Qe = SaT"
l"

In our case, S = 250 em" = 2.5 x 10 -2 rn", (J = 5.67 X 10- 8 W1m2 • deg"
and T = 10000 K. Upon inserting these data, we obtain P = 1.42 x
xl03W=1.42kW.

15. Geometrical Optics and Photometry

The optical power D for a spherical mirror is determined from the
formula

_1+_1 =.1.=_1 =D
a1 a. R F

where a. and at= distances of the object and its image from the
mirror

R=radius of curvature of the mirror
F=focal length of the mirror. . .

Distances measured from the mirror along the ray are positive,
and in the reverse direction are negative. If F is in metres, D can be
expressed in diopters.

13--3574
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When a ray passes from one medium into another, the law of re
fraction is applied

sin i VI-.-=n=-sm r V2

where i=angle of incidence
r=angle of refraction
n= index of refraction of the second medium with respect to

the first one
VI and v.=velocities of light propagation in the first and second media.

For a thin lens placed in a homogeneous medium, the optical power
D can be found from the formula

__1+_1 =(n_l)(_l__I )=_1 =D
a l a2 R1 R2 F

where al and a 2=distances from the object and its image to the lens
n=relative index of refraction of the lens material

R1 and Rs=radii of curvature of the lens.
The rule of signs for lenses is the same as for mirrors. The optical
power of two thin lenses placed together is

D=D I+D 2

where D 1 and D 2 are the optical powers of the two lenses.
The lateral magnification in mirrors and lenses is determined from

the formula
y' °2k=-=-y at

where y and y' are the heights of the object and the image, respectively.
The magni fication of a magnifying glass is

k= t4,
F

where dt/= best viewing distance
F=principal focal length of the magnifying glass.

The magnification of a microscope is
k=dvdD 1D 2

where dv = best viewing distance
d= distance between the focuses of the objective and the

eyepiece
D1 and D.=optical powers of the objective and the eyepiece.

The magnification of a telescope

k=Ft
FI

where F1 and F I are the focal lengths of the objective and the eyepiece,
respectively. "
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The luminous flux <D is determined by the quantity of light carried
by the light waves through a given area in a unit time

IT\ _ dQe
'V- dt

The luminous intensity I is numerically equal to the luminous
flux per unit of a solid angle

1
_ d<l>
-d6>

The illumination E is characterized by the luminous flux per unit
area

d<D
E=d§

A point source with a light intensity of J creates the illumination
E _I cos i

- rIA

on an area at a distance r from it, where I is the angle of Incidence
of the light rays.

The luminous emittance M is numerically equal to the luminous
flux emitted by a unit area of a luminescent body

d<D
M=dS

if the luminous emittance of a body is caused by its illumination,
then M =pE, where p is the diffusion (reflection) coefficient.

The luminance L of a luminescent surface is a quantity numerically
equal to the ratio between the luminous intensity from an element
of a radiating surface and the area of the projection of this element
onto a plane perpendicular to the direction of observation (i.e., to
the visible surface of the element):

L= dJ
dS cos 6

where 6 is the angle between the perpendicular to the element of the
surface and the direction of observation.

If a body radiates according to the Lambert law, i.e., the luminance
does not depend on the direction, then the luminous emittance M
and the luminance L are related by the expression

M=nL
15.1. A horizontal ray of light falls onto a vertical mirror. The

mirror is turned through an angle ex about its vertical axis. Through
~hat angle will the reflected ray turn?

15.2. The radius of curvature of a concave srherical mirror is 2~ em.
An object 1 cm high is placed at a distance 0 30 em fro~ the mirror.
Find the position and height of the image. Make a drawing.

13*
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15.3. At what distance will the image of an object be obtained in a
convex spherical mirror with a radius of curvature of 40 em if the
object is placed at a distance of 30 em from the mirror? How large
will the image be if the object is 2 ern in height? Check the calcula
tions by making a drawing on millimetre graph paper.

15.4. A convex spherical mirror has a radius of curvature of
60 em. An object 2 cm high is placed at a distance of 10 ern from
the mirror. Find the position and height of the image. Make a dra
wing.

15.5. A real image of half size is to be obtained in a concave sphe-
rical mirror with a radius of curvature of 40 em. Where should the
object be placed and where will the image be obtained?

15.6. The image of an object in a concave spherical mirror is twice
the size of the object. The distance between the object and the image
is 15 em. Find: (1) the focal length, and (2) the optical power of the
mirror.

15.7. A burning candle is placed in front of a concave spherical

mirror on its principal optical axis at a distance of ~ F from the
apex of the mirror. The candle is arranged at right angles to the axis.

The image of the candle in the concave mir
ror impinges upon a convex mirror with a fo
cal length of F1 =2F. The distance between
the mirrors is 3F t and their axes coincide.
The image of the candle in the first mirror
plays the part of a virtual object with res-

o pect to the second mirror and gives a real
image arranged between the two mirrors.
Plot this image and calculate the total li
near magnification of the system.

15.8. Find the position and size of the
Sun's image obtained in a spherical reflec
tor with a radius of curvature of 16 m.

15.9. If a broad beam of light (the width
Fi~. 62 of the beam is shown by the angle a. in Fig. 62)

impinges on a spherical mirror, the ray tra
veling parallel to the optical axis and falling on the mirror edge
will cross the optical axis not at the focus, but at a certain distance AF
from it after it has been reflected from the mirror. The distance A}
is known as the longitudinal spherical aberration and the distance FH
as the transverse spherical aberration. Deduce a formula which re
lates the magnitudes of these aberrations to a and to the radius of
the spherical mirror.

15.10. A concave spherical mirror with an aperture diameter of
40 em has a radius of curvature of 60 em. 'Find the longitudinal and
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transverse spherical aberrations of the edge rays parallel to the prin
cipal axis.

15.11. A concave spherical mirror has a focal length of 20 em. At
what maximum distanc~ h from the o.ptical axis should an object be
placed so that the Iongrtudinal spherical aberration does not exceed
2% of the focal length?

15.12. A ray of light falls at an angle of 30° onto a plane-parallel
glass plate and leaves it parallel to the initial ray. The refractive
index of the glass is 1.5. What is the thickness d of the plate if the
distance between the rays is 1.94 cm?

15.13. A ray of light falls onto a plane..parallel glass plate 1 em
thick at an angle of 60°. The refractive index of the glass is 1.73.
Some of -the light is reflected and the rest, being refracted, passes
into the glass, is reflected from the bottom of the plate, refracted
a second time and emerges back into the air parallel to the first reflec
ted ray. Determine the distance l between the rays.

15.14. A ray of light falls at an angle i onto a body with a refractive
index of fl. What should the relationship between i and n be for the
reflected ray to be perpendicular to the refracted one?

15.15. The refractive index of glass is 1.52. Find the limit angles
of total internal reflection for the surfaces of separation: (I) glass-air,
(2) water-air t (3) glass-water.

15.16. In what direction does a person who dived into water see
the setting Sun?

15.17. A ray of light emerges from turpentine into air. The limit
angle of total internal reflection for this ray is 42°23'. What is the
propagation velocity of light in turpentine?

15.18. A glass plate is placed on a glass filled with water. At what
angle should a fay of light fall onto the plate for total internal re
flection to occur from the surface of separation between the water
and the glass? The refractive index of the glass is 1.5.

15.19. A point source of light is placed on the bottom of a vessel
filled with water to a height of 10 ern. A circular opaque plate so
floats on the surface of the water that its centre is above the source
of light. What should the minimum radius of this plate be to prevent
all the rays from emerging through the water surface?

15.20. When white light impinges onto a. glass plate at an angle
of 45°, the following angles of refraction are obtained for rays of diffe
rent wavelengths:

'A. A 17 ,590I 6,870 5,890 4,860 3,970

r 1 2402' I 23°57' 23°47' 23°27' 22°57'
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Plot a diagram showing how the refractive index of the plate ma
terial depends on the wavelength.

15.21. The refractive indices of a certain grade of glass for red and
violet rays are equal to 1.51 and 1.53, respectively. Find the limit
angles of total internal reflection when these rays impinge upon the
glass-air boundary.

15.22. What will occur when a white ray falls at an angle of 41 0

upon the glass-air boundary if the glass of the previous problem is
taken for the experiment? (Use the results of the solution of the
previous problem.)

15.23. A monochromatic ray falls normally onto the side surface
of a prism whose refraction angle is 40°. The refractive index of the
prism material is 1.5 for this ray. Find the deflection of the ray from
the initial position when it leaves the prism.

15.24. A monochromatic ray falls normally onto the side surface
of a prism and leaves it deflected by 25°. The refractive index of the
prism material is 1.7 for this ray. Find the angle of refraction of the
prism.

15.25. The refraction angle of an isosceles prism is 10°. A mono
chromatic ray falls onto a side face at an angle of 10°, Find the angle
of deflection of the ray from the initial direction if the refractive index
of the prism material is 1.6.

15.26. The refractive index of the material of a prism is 1.6 for a
certain monochromatic ray. What should the maximum angle of
incidence of this ray onto the prism be so that no total internal re
flection occurs when the ray leaves the prism? The angle of refraction
of the prism is 450

•

15.27. A beam of light slides along a side face of an isosceles prism.
At what maximum refractive angle of the prism will the refracted
rays be subjected to total internal reflection on the second side face?
The refractive index of the prism material for these rays is 1.6.

15.28. A monochromatic ray enters through a face of a rectangular
isosceles prism and is subjected to total internal reflection from the
face corresponding to the hypotenuse and emerges through the face
corresponding to the second leg. What should the minimum angle of
incidence of the ray onto the prism be for total internal reflection to con
tinue if the refractive index of the prism material for this ray is 1.5?

15.29. A monochromatic ray falls onto the side surface of an isos
celes prism, and after refraction travels parallel to its base. When
the ray emerges from the prism, it is deflected by an angle c5 from its
initial direction. Determine the relationship between the refraction
angle of the prism y, the deflection of the ray B and the refractive
index n for this ray.

15.30. A ray of white light falls onto the side surface of an isos
celes prism at such an angle that the red ray'leaves the prism perpen-
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dicular to the second face. Find the deflection of the red and violet
rays from the initial direction if the refraction angle of the prism is
45°. The refractive indices of the prism material for red and violet
rays are 1.37 and 1.42, respectively.

15.31. Find the principal focal length of a quartz lens for the ul
traviolet line of the mercury spectrum (A=2.59x 10-7 m) if the
principal focal length for the yellow line of sodium (A-S.89X 10-'1 m)
is 16 em and the refractive indices of quartz for these wavelengths
are 1.504 and 1.458, respectively.

15.32. Find the focal length of: (1) a double-convex lens with
Rl=15 ern and Rs=-25 em, (2) a planoconvex lens with R1=
=15 em and R,,=oo, (3) a.concavo-convex lens (positive meni
scus) with R1= 15em and R,=25 em, (4) a double-concave lens with
R1= - 15 em and R,=25 em, (5) a planoconcave lens with R1=oo ,
Rs= - I5 em, (6) a convexo-concave lens (negative meniscus) with
R1= 25 em, Rs= I5 em. The refractive index of the lens material
n=I.5.

15.33. Two glasses with refractive indices of 1.5 and 1.1 are used
to make two identical double-convex lenses. (I) Find the ratio between
their focal lengths. (2) How will each of these lenses act on a ray
parallel to its optical axis if the lenses are submerged into a transpa
rent liquid with a refractive index of I.G?

15.34. The radii of curvature of the surfaces of a double-convex
lens are R1c=R.=50 em. The refractive index of the lens material
n= 1.5. Find the optical power of the lens.

15.35. An object 2 cm high is placed at right angles to the optical
axis 15 em away from a double-convex lens having an optical power
of 10 diopters, Find the position and height of the image. Make
8 drawing.

15.38. Prove that the principal focuses coincide with the centres
of curvature in a double-convex lens with equal radii of curvature
and with the refractive index n= 1.5.

15.37. A lens with a focal length of 16 em produces a sharp image
of an object in two positions which are 60 em apart. Find the distance
from the object to the screen.

15.38. A double-convex lens limited by spherical surfaces having
the same radius of curvature of 12 em is placed at such a distance
from the object that the image on a screen is k times greater than the
object. Determine the distance from the object to the screen if: (1) k==
= .1, (2)k=20 and (3) k=O.2. The refractive index of the lens mate
rial is 1.5.

15.39. The lens of the previous problem is submerged in water.
Find its focal length.

15.40. Solve the previous problem if the lens is submerged in carbon
bisulphide.
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15.41. Find the focal length of a lens submerged in water if its
focal length in air is 20 em. The refractive index of the glass which
the lens is made of is 1.6.

15.42. A planoconvex lens with a radius of curvature of 30 em and
a refractive index of 1.5produces a real image of an object with a mag
nification equal to.2. Find the distances from the object and the image
to the lens. Make a drawing.

15.43. Find the longitudinal chromatic aberration of a double
convex lens made of flint and having the same radii of curvature'R11=IRt\=8 cm. The refractive indices of the flint for red (A1 =
=7.6x 10-' ern) and violet (A 2 = 4.3x 10-1 ern) rays are equal to 1.5
and 1.8t respectively.

15.44. A luminescent point is on the optical axis at a distance of
40 cm in front of the lens of the previous problem. Find the position
of the image of this point if it emits monochromatic light with a wave..
length of: (1) A1 = 7.6 X 10- 6 em, and (2)A2 = 4.3x 10- 6 em.

15.45. A flat mirror is arranged in the focal plane of a double..
convex lens. An object is placed in front of the lens between the focus
and the double focal length. Construct an image of the object.

15.46. Find the magnification produced by a magnifying glass with
a focal length of 2 em: (1) for a normal eye with the best viewing dis
tance of 25 em, and (2) for a short-sighted eye with the best viewing
distance of 15 em.

15.47. What should the radii of curvature of the surfaces limi ..
ting a magnifying glass (IR t l=lR21) be for it to give a magnifica
tion of k= 10 for a normal eye? The refractive index of the glass is
n=I.5.

15.48. A telescope with a focal length of 50 em is adjusted to infi
nity. When the eyepiece of the telescope is moved over a certain dis
tance, all objects at a distance of 50 m from the objective become
clearly visible. What distance was the eyepiece moved over during
adjustment?

15.49. A microscope consists of an objective with a focal length
of 2 mm and an eyepiece with a focal length of 40 mm. The distance
between the focuses of the objective and the eyepiece is 18em. Find
the magnification of the microscope.

15.50. A picture with an area of 2x 2 m is photographed with a
camera from a distance of 4.5 m. The image obtained is 5 X 5 cm in
size. What is the focal length of the camera lens? Assume the distance
from the picture to the lens to be great as compared with the focal
length.

15.51. A telescope has an objective with a focal length of 150 cm
and an eyepiece with a focal length of 10 em. At what viewing angle
can the full Moon be observed through this t~eseope if it can be seen
at an angle of 31' by a naked eye?
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15.52. The image of the Sun is projected onto a screen with the aid
of a double-convex lens having a diameter of D=9 em and a focal
length of F=50 cm. (1) What will the image of the Sun be in size if
its angular diameter is 32'? (2) How many times will the illumination
produced by the Sun's image be greater than that coming directly
from the Sun?

15.53. Light from a 200-cd electric lamp falls at an angle of 45° on
a workplace and its illumination is 141 Ix. Find: (1) the distance
between the workplace and the lamp, (2) the height of the lamp above
the workplace.

15.54. A lamp suspended from a ceiling produces a luminous in
tensity of 60 cd in a horizontal direction. What luminous flux falls
on a picture 0.5 m2 in area hanging vertically on a wall 2 m away
from the lamp if a large mirror is on the opposite wall at a distance
of 2 m from the lamp?

15.55. A large drawing is first photographed completely and then
in parts of full size. How much must the exposure be increased when
photographing the separate parts?

15.56. On March 21, the day of vernal equinox, on Severnaya Zem
lya the Sun is at an angle of 10° to the horizon at noon. How many
times will the illumination of an area placed vertically be greater
than that of a horizontal one?

15.57. At noon during the vernal and autumnal equinox the Sun
on the equator is at the zenith. How many times is the illumination of
the Earth on the equator greater than at a latitude of 600?

15.58. A lamp hangs in the centre of a square room 25 m i in area.
Considering the lamp to be a point source of light, find the height
from the floor which the Jamp should be at to obtain the maximum
illumination in the corners of the room.

15.59. A IOO-cd lamp hangs above the centre of a round table 2 m
in diameter. Considering the lamp to be a point source of light, calcu
late the change in the illumination of the edge of the table when the
lamp is gradually raised from h=O.5 to h=O.9 m for IO-cm intervals.
Plot a diagram E=f(h).

15.60. A desk lamp with one bulb is in the centre of a round table
1.2 m in diameter. The distance from the bulb to the surface of the
table is 40 em. A chandelier with four of the same bulbs as in the desk
lamp hangs above the centre of the table at 2 m from its surface.

'When will the edge of the table be illuminated better (and how many
times) - when only the desk lamp or only the chandelier is burning?

15.61. An object being photographed is illuminated by an electric
lamp placed ~ m from it. How many times should the exposure be
increased if the lamp is moved to 3 m from the object?

15.62. Find the illumination on the Earth's surface due to normally
incident sun rays. The luminance of the Sun is 1.2 x 10' nt.
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15.63. The filament of a 100-cdelectric lamp is enclosed in a frosted
spherical bulb with a diameter of (1) 5 ern, and (2) 10 em. Find the
luminous emittance and the luminance of the lamp in both cases.
Disregard the loss of light in the shell of the bulb.

15.64. A lamp in which the luminous body is an incandescent ball
3 mm in diameter produces a luminous intensity of 85 cd. Find the
luminance of this lamp if its spherical bulb is made of (1) transparent
glass, (2) frosted glass. The diameter of the bulb, is 6 em.

15.65. What illumination does the lamp of the previous problem
produce at a distance of 5 m with normal light incidence?

15.66. A luminous flux of 120 1m impinges normally onto the sur
face of a sheet of white paper 20x30 em in size. Find the illumination,
luminous emittance and luminance of the sheet of paper if its diffusion
coefficient p=O.75.

15.67. What should the illumination of the sheet of paper of the
previous problem be for its luminance to be lOt nt?

15.68. A sheet of paper 10X 30 em in size is illuminated by a IOO-cd
lamp and receives 0.5 per cent of all the light emitted by the lamp.
Find the illumination of this paper.

15.69. A IOO-cd electric lamp sends in all directions 122 J of light
energy a minute. Find (I) the mechanical equivalent of light, (2) the
luminous efficiency if the lamp consumes 100 W.

16. Wave Optics

According to Doppler's principle, the frequency v' of light as per
ceived by a recording device is related to the frequency Y emitted by
the light source by the expression

{
l -~

, c
v =v l+v

c

where v = velocity of the recording device relative to the source
c = velocity of light propagation.

When the light source is moving away, v is positive. If v~c, the previ
ous formula may be written approximately as

, I
'Y ~ v--

l+~
c

The distance between the interference bands on a screen parallel
to two coherent sources of light is equal to

L
~Y=d 'A ~
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where A = wavelength of light
L = distance from the screen to the light sources which are

at a distance d from each other; here L~. '
The result of light interference in plane-parallel plates (in transmit

ted light) can be determined from the formulas:
amplification of light

2hncosT= 2k ~ (k=O, I, 2, ... )

attenuation of light

2hn cos T = (2k + 1); (k = 0, I, 2, ... )

where h = thickness of the plate
n = index of refraction
r = angle of refraction
A = wavelength of light.

In reflected light, the conditlens uf amplification and attenuation
are reverse to those in transmitted light.

The radii of Newton's bright rings (in transmitted light) are deter
mined from the formula

'br = VkRA (k= 1, 2, ... )

and those of the dark rings from the formula

Td = V(2k- 1) R; (k = I, 2, ... )

where R is the radius of curvature of the lens.
In reflected light, the arrangement of the bright and dark rings is

reverse to that in transmitted light.
The position of the illumination minima with slit diffraction and

a normally incident beam of parallel rays can be found from the con
dition

a sin q> = ± kA (k = 1, 2, 3, ... )

where a = width of slit
q> = diffraction angle
A = wavelength of incident light.

The maxima of light are observed in a diffraction grating in the dl
rections forming an angle q> with the normal to the grating, which
satisfies the following equation (if light is normally incident on the
grating):

d sin q> = ± k)' (k = 0, 1, 2, ... )
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where d = grating constant
q> = diffraction angle
A = wavelength
k = order of spectrum.

The grating constant or period d=; ,where No is the number of
o

slits in the grating per unit of length.
The resolving power of a diffraction grating is determined from the

formula
A

AA =kN

where N = total number of slits in the grating
k = order of spectrum

A and A+4A = wavelengths of two close spectral lines that are still
resolved by the grating.

The angular dispersion of a diffraction grating is

dcp
D=-;n::

The linear dispersion of a diffraction grating is a quantity numeri
cally equal to

D1=FD

where F is the focal length of the lens which projects the spectrum onto
the screen.

When natural 1ight is reflected from a dielectric mirror, the Fresnel
formulas can be applied, namely.

I = 0.51 [s~n (i.-r) ] I
J.. 0 sm (t+r)

and

I =0.51 [tan(i-r)]'
II 0 tan(i+r)

where 1.1 = intensity of the light oscillations in a reflected ray oc
curring in a direction perpendicular to the plane of
light incidence

III = ditto in a direction parallel to the plane of light incidence
, 0 = intensity of incident natural light
i = angle of incidence
r = angle of refraction.

If i+r=90°, then lit=0. In this case the angle of incidence t and
the refractive index n of a dielectric mirror ~e related by the equation
tan i=n (Brewster's law).
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The intensity of light transmitted through a polarizer and an ana
lyzer is equal to (Malus' law)

I= locos 2<p

where <p = angle between the basic planes of the polarizer and the
analyzer

10 = intensity of the light transmitted through the polarizer.
16.1. It was found in photographing the Sun '5 spectrum that the

yellow spectral line (A=5,890 A) in the spectra obtained from the
left and right edges of the Sun is displaced by 0.08A. Find the linear
velocity of rotation of the solar disk.

16.2. What difference of potentials was applied between the ele
ctrodes of a helium discharge tube if during observation along a beam
of a-particles the maxim..um Doppler displacement ~A of the helium
line (A=4,922A) was SA?

16.3. It has been found in photographing the spectrum of the star
8 Andromedae that the titanium line (A=4.954·x 10- 6 ern) is displaced
towards the violet end by 1.7A. How is the star moving with respect
to the Earth?

16.4. How many times will the distance between adjacent inter
ference bands increase on the screen in Young's experiment if a red
light filter (A=6.5x 10- 6 em) is used instead of a green one (A=5x
X 10- 6 em)?

16.5. In Young's experiment the holes were illuminated with mo
nochromatic light having a wavelength of A=6x IO-f» cnl. The dis
tance between the holes is 1 mm and from the holes to the screen 3 m.
Find the position of the first three light bands.

16.6. In an experiment with Fresnel's mirrors the distance between
the virtual images of a light source is 0.5 mm and the distance to a
screen is 5 m. Interference bands in green light were obtained at a di
stance of 5 mm from each other. Find the wavelength of the green light.

16.7. In Young's experiment a thin glass plate is placed in the path
of one of the interfering rays. This causes the central light band to
shift into a position which was initially occupied by the fifth light
band (not counting the central one). The ray falls onto the plate per
pendicularly. The refractive index of the plate is 1.5. The wavelength
is 6x 10- 7 m. What is the thickness of the plate?

16.8. In Young's experiment a steel plate 2 ern thick is placed in the
path of one of the interfering rays perpendicular to the ray. How much
can the refractive indices differ from each other at various spots on
the plate for the change in the path difference due to this heterogeneity
not to exceed 1 micron?

16.9. White light falls at an angle of 450 onto a soap film (n=1.33).
At what minimum thickness of the film will the reflected rays be co
loured yellow (A=6x IO-!» em)?
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16.10. A vertical soap film forms a wedge due to the liquid trickling
down. By observing the interference bands in the reflected light of
a mercury arc (A=5,461 A), we find that the distance between five
bands is 2 em. Find the wedge angle in seconds. The light falls at right
angles to the film surface. The refractive index of the soapy water is 1.33.

16.11. A vertical soap film forms a wedge. Interference is observed
in reflected light through a red glass (A=6.31 X 10-& em). The distance
between adjacent red bands is 3 mm. Then the same film is observed
through a dark blue glass (A=4 X 10-& em). Find the distance between
adjacent dark blue bands. Assume that the shape of the film does not
change and the light falls onto the film normally.

16.12. A beam of light (A=5.82x 10-1 m) falls normally onto a
glass wedge. The wedge angle is 20". What is the number of dark in
terference bands per unit of wedge length? The refractive index of the
glass is 1.5.

16.13. A plant used to produce Newton's rings is illuminated by
monochromatic light. Observations are done in reflected light. The
radii of two adjacent dark rings are 4.0 mm and 4.38 mm, respectivel y.
The radius of curvature of the lens is 6.4 m. Find the ordinal numbers
of the rings and the wavelength of the incident light.

16.14. Newton's rings are formed between a flat glass and a lens with
a radius of curvature of 8.6 m. Monochromatic light falls normally.
It has been found by measurement that the diameter of the fourth dark
ring (assuming the central dark spot as the zero ring) is equal to 9 mm.
Find the wavelength of the incident light.

16.15. A plant for producing Newton's rings is illuminated by nor
mally incident white light. Find: (J) the radius of the fourth dark-blue
ring (AI =4 X IO-fi em), and (2) the radius of the third red ring (A 2 =
=6.3x 10- 1 ern). The observations are made in transmitted light.
The radius of curvature of the lens is 5 m.

'16.16. The distance between the fifth and the twenty-fifth Newton's
bright rings is 9 mm. The radius of curvature of the lens is 15 m. Find
the" wavelength of monochromatic light normally incident onto the
plant. The observation is made in transmitted light.

16.17. Find the distance between the third and sixteenth Newton's
dark rings if the distance between the second and the twentieth dark
rings is equal to 4.8 mm. The observation is made in reflected light.

16.18. A plant for producing Newton's rings is illuminated by nor
mally incident light of a mercury arc. The observation is made in
transmitted light. What bright ring. (counting from the beginning)
corresponding to the line At=5,791 A coincides with the next bright
ring which corresponds to the line A2 = 5,770 A?

16.19. The space between the lens and the glass plate in a plant
used to observe Newton's rings is filled with liquid. Find the refrac
tive index of the liquid if the radius of the third bright ring is equa I
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to 3.65 mm. The observation is made in transmitted light. The radius
of curvature of the lens is 10 rn, The wavelength of light is 5.89 X
X IO-~ em.

16.20. A plant used to observe Newton's rings is illuminated by
normally incident monochromatic light with a waveJength of 0.6 tJ..
Find the thickness of the air layer between the lens and the glass plate
where the fourth dark ring is observed in reflected light.

16.21. A plant used to observe Newton's rings in reflected light is
Illuminated by normally incident monochromatic light with A=5x
X 103 A. The space between the lens and the glass plate is filled with
water. Find the thickness of the water layer between the lens and the
glass plate where the third bright ring is observed.

16.22. A plant used to observe Newton's rings in reflected light is
illuminated by normally incident monochromatic light. After the space
between the lens and the glass plate is filled with liquid, the radii of
the dark rings diminished to 0.8 of the original ones. Find the reflective
index of the liquid.

16.23. In an experiment with a Michelson interferometer, the mirror
had to be shifted over a distance of 0.161 mm to displace the interfe
rence pattern by 500 bands. Find the wavelength of the incident light.

16.24. An evacuated tube with a length of 1= 14 cm is placed into
one of the arms of a Michelson interferometer to measure the refrac
tive index of ammonia. The ends of the tube are
shut with plane-parallel glasses. When the tube
is filled with ammonia, the interference pattern
for the wavelength A=0.59 tJ. is displaced by 180
bands. Find the refractive index of ammonia.

16.25. An evacuated tube 10 em long is placed
in the way of one of the rays issuing from a Jamin
interferometer (Fig. 63). When the tube is filled
with chlorine, the interference pattern is dis-
placed by 131 bands. In this experiment, the Fig. 83
wavelength of monochromatic light is 5.9x 10-6 em. Find the re
fractive index of chlorine.

16.26". A beam of white light falls at right angles onto a glass plate
with a thickness of d=0.4 f.L. The refractive index of the glass n= 1.5.
What wavelengths lying within the limits of the visible spectrum (from
4x 10- 6 to 7x 10-· mm) are amplified in the reflected beam?

16.27. A thin film with a refractive index of n2=1.2 (a coating
film) is applied to the surface of a lens (n1 = 1.5). At what min~mum
thickness of this film will the reflected light be attenuated most In the
middle of the visible spectrum? .

16.28. Light from a monochromatic source (A=O.6,....) falls at right
angles onto a diaphragm with a round hole. The diameter of the h~le
is 6 rnrn. A screen is placed behind the diaphragm 3 m away from It.
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(1) How many Fresnel zones can be accommodated in the diaphragm
hole? (2) Will the centre of the diffraction pattern be dark or bright
on the screen?

16.29. Calculate the radii of the first five Fresnel zones if the dis
tance from the source of light to the wave surface is 1 fit the distance
from the wave surface to the point of observation is also I rn, and A=
=5x 10- 7 m.

16.30. Calculate the radii of the first five Fresnel zones for a plane
wave. The distance from the wave surface to the point of observation
is 1 m. The wavelength A=5x 10- 7 m.

16.31. A diffraction pattern is observed at a distance of l from a
point source of monochromatic light (A=6x 10- 6 em). A circular opa
que barrier I em in diameter is placed at a distance of 0.5/ from the
source. What wi II the distance I be if the barrier closes only the Fresnel
central zone?

16.32. A diffraction pattern is observed at a distance of 4 m from
a point source of monochromatic light (A=5x 10-7 rn). A diaphragm
with a round aperture is placed halfway between the screen and the
source of light. At what radius of the aperture will the centre of the
diffraction rings observed on the screen be the darkest?

16.33. A parallel beam of monochromatic light (A=6x 10- 7 m)
falls normally onto a diaphragm with a round aperture. A diffraction
pattern is observed on the screen. At what maximum distance between
the diaphragm and the screen will a dark spot still be observed at the
centre of the diffraction pattern? The aperture diameter is 1.96 mrn.

16.34. A parallel beam of monochromatic light with a wavelength
of A=5,890 A falls normally onto a slit 2 ~ wide. Find the angles in
whose direction the minima of light will be observed.

16.35. A parallel beam of monochromatic light with a wavelength
of A=5x 10- 6 cm falls normally onto a slit 2x 10- 3 cm wide. Find
the width of the slit image on a screen removed by l= 1 m from the
slit. Take the width of the image to be the distance between the first
diffraction minima located at both sides of the principal maximum of
illumination,

16.36. A parallel beam of monochromatic light with a wavelength
of 'A falIs normally onto a slit. The width of the slit is 6A. At what angle
will the third diffraction minimum of light be observed?

16.37. What is the constant of a diffraction grating if a telescope
is set at an angle of 30° to the collimator axis to see a red line ('A=7 x
X 10- 7 m) in the second-order spectrum? What number of lines are
there on I cm of the grating length? The light falls normally onto the
grating.

16.38. How many lines are there 01} 1 mm of a diffraction grating
if a green line of mercury (A=5,461 A) is observed in the first-order
spectrum at an angle of 19°8'? "
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16.~9. A .beam of light falls nor~ally onto a diffraction grating.
The diffraction angle for the sodium line (A.=5,890 A) in the first-order
spectrum was found to equal 17° 8'. A certain line produces a diffrac
tion angle of 24° 12' in the second-order spectrum. Find the wavelength
of this line and the number of lines per millimetre of the grating.

16.40. A beam of light from a discharge tube falls normally onto a
diffraction grating. What should the constant of the diffraction gra
ting be for the maxima of the two lines At=6,563 A and A2=4,102 A
to coincide in the direction fP=41°?

16.41. A beam of light falls normally onto a diffraction grating.
When a goniometer is turned through an angle of cp, the line A=4.4x
X 10- 4 mm in the third-order spectrum appears in the field of vision .

.Will any other spectral lines corresponding to the wavelengths with
in the visible spectrum (from 4 x 10-' to 7x 10- 4 mm) be seen at the
same angle cr?

16.42. A beam of light from a discharge tube filled with helium
falls normally onto a diffraction grating. Onto what line in the third
order spectrum will the red line of helium (A=6.7x 10-& ern) of the
second-order spectrum be superimposed?

16.43. Light from a discharge tube filled with helium falls normally
onto a diffraction grating. First a t-elescope is adjusted to see the violet
lines (A=3.89 x 10-& ern) at both sides of the central band in the first
order spectrum. The readings on the dial to the right from zero are
27°33' and 36° 27', respectively. Then the telescope is adjusted to the
red lines at both sides of the central band in the first..order spectrum.
The readings on the dial to the right from zero show 23° 54' and 40°6'.
Find the wavelength of the red line of the helium spectrum.

16.44. Find the maximum order of a spectrum for the yellow line
of sodium A=5,890 A if the constant of the diffraction grating is 2 f.t.

16.45. A beam of monochromatic light falls normally onto a diffrac
tion grating. A maximum of the third order is observed at an angle
of 36° 48' to the normal. Find the constant of the grating expressed
in the wavelengths of the incident light.

16.46. How many maxima are produced by the diffraction grating
of the previous problem?

16.47. The telescope of a goniometer with a diffraction grating is
placed at an angle of 20° to ~ coJlimator axis, and the red line of the
helium spectrum (A1 =6,680 A) is visible in its field of vision. What )s
the constant of the diffraction grating if a dark-blue line ("',=4,470 A)
of a higher order can be seen at the same angle? The maximum o~der
of a spectrum which can be observed with this grat ing is 5. The light
falls upon the grating normally.

16.48. What is the constant of a diffraction grating jf it can resolve
in the first order the lines of the potassium spectrum Ai =4,044 A and
>..,=4,047 A? The grating is 3 cm wide.

14--a574
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16.49. What is the constant of oa diffraction grating 2.5 cm wide
for the sodium doublet At=5,890 A and A2=5,896 A to be resolved in
the first order?

16.50. The constant of a diffraction grating 2.5 em wide is 2 fl.
What wavelength difference can be resolved by this grating in the re
gion of the yellow rays (A=6x 10- 6 ern) in a second-order spect
rum?

16.51. Determine the angular dispersion of a diffraction grating
for A=5,890 A in a first-order spectrum. The grating constant is 2.5 X
x 10- 4 cm.

16.52. The angular dispersion of a diffraction grating for A=6,680 A
in a first-order spectrum is 2.02 X 106 rad/rn. Find the period of the
diffraction grating. •

16.53. Find the linear dispersion (mm/A) of the diffraction grating
of the previous problem if the focal length of the lens which projects
the spectrum onto a screen is 40 ern.

16.54. At what distance from each other will two lines of a mercury
arc (A1=5,770 A and A2=5,791 A) be arranged on a screen in a first..
order spectrum obtained by means of a diffraction grating with the
period 2x 10-· em? The focal length of the lens projecting the spect
rum onto the screen is 0.6 m.

16.55. A beam of ljght falls normally onto a diffraction grating.
A red line (A=6,300 A) is visible in the third-order spectrum at an
angle of q>=60°. (I) What spectral line is visible at the same angle in
the fourth-order spectrum? (2) What number of lines are there on the
diffraction grating per mm of length? (3) ~hat is the angular disper
sion of this grating for the line A=6,300 A in the third-order spect..
rum?

16.56. For what wavelength does a diffraction grating with the
constant d=5 Il have an angular dispersion of D=6.3x 106 rad/rn in
the third-order spectrum?

16.57. Find the focal length of a lens which so projects onto a screen
a spectrum obtained with the aid of a diffraction grating that the dis
tance between two potassium lines 4,044 A and 4,047 A is 0.1 rom in
the first-order spectrum. The constant of the diffraction grating is
2 ~.

16.58. Determine the angle of complete polarization when light is
reflected from glass with a refractive index of 1.57.

16.59. The limit angle of total internal reflection for a certain
substance is 45°. What is the angle of complete polarization for this
substance?

16.60. At what angle to the horizon should the Sun be for its rays
reflected from the surface of a lake to be polarized the most completely?

16.61. What is the refractive index of glass if a beam reflected from
it is completely polarized at an angle of refraction of 30°?



16.62-16.68) OPTICS 211

16.62. A beam of light passes through a liquid poured into a glass
(n= 1.5) vessel and is reflected from the bottom. The reflected beam
is completely polarized when it falls onto the bottom of the vessel at
an angle of 42°37'. Find: (1) the refractive index of the liauid
(2) the angle at which a beam of light passing in this liquid should
fall onto the bottom of the vessel to obtain total internal reflection.

16.63. A beam of plane-polarized light whose wavelength is 5,890 A
in vacuum falls onto a plate of Iceland spar at right angles to its
optical axis. Find the wavelengths of an ordinary and an extraord inary
rays in the crystal if the refractive indices of Iceland spar for an
ordinary and an extraordinary rays are 110 = 1.66 and f: e= 1.49,
respectively.

16.64. What is the angle between the principal planes of a polarizer
and an analyzer if the intensity of natural light after passing through
the polarizer and the analyzer reduces to one-fourth of the original
value? Disregard the absorption of the light.

16.65. Natural light passes through a polarizer and an analyzer so
placed that the angle between their principal planes is cx. Both the
polarizer and the analyzer absorb and reflect 8 per cent of the incident
light. It was found that the intensity of the beam issuing from the
analyzer is 9 per cent of that of the natural light falling onto the po
larizer. Find the angle ct.

16.66. Determine the reflection factor of natural light falling upon
glass (n= 1.54) at the angle of complete polarization. Find the degree
of polarization of the rays that have passed into the glass. Disregard
the absorption of the light.

16.67. A ray of natural light passes through a plane-parallel glass
plate (n= 1.54) falling on it at the angle of complete polarization.
Find the degree of polarization of the rays that passed through the
plate.

16.68. Determine: (1) the reflection factor and the degree of polari
zation of the reflected rays when natural light falls upon glass (n= 1.5)
at an angle of 450

, (2) the degree of polarization of the refracted rays.

17. Elements of the Theory of Relativity

The length t' of a body moving with the velocity v with respect .to
a certain reference system is related to the length 10 of a body immobile
in this system by the expression

[' = 10 Vr=-~

where p= ~; and c is the velocity of propagation of light.
c

The time interval ~'t' in a system moving with the vel~cjty v with
respect to an observer is related to the time interval ~ 'to In a system

14*
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immobile with respect to the observer by the ratio

~'t'= ~
y' 1- ~~

The rn8SS m of a body depends on the velocity of its motion accor
ding to the equation

m= mo
JI 1--- ~2

",'here m; is the rest mass of this body.
The kinetic energy of a body is related to the velocity by the equation

EIr = moc
2

( J'rl~~2 -1)
The change in the mass of a system by Sm corresponds to a change

in the energy of the system by

6.E=c2I1m

17.1. At what relative velocity of motion will the relativistic con
traction in the length of a moving body be 25 per cent?

17.2. What should the velocity of a moving body be for its longitu
dinal dimensions to be halved?

17.3. The mesons of cosmic rays reach the Earth with various velo
cities. Find the relativistic contraction in the dimensions of a meson
having a velocity equal to 95 per cent of the velocity of light.

17.4. How many times will the life of an unstable particle (as shown
by the watch of a stationary observer) increase if the particle begins to
move with a velocity equal to 99 per cent of that of light?

17.5. A meson in cosmic rays travels with a velocity equal to 95
per cent of that of light. What time interval on the watch of an ob
server on Earth corresponds to one second of the intrinsic time of the
meson?

17.6. How much will the mass of an ex-particle increase when it is ac
celerated from its initial velocity equal to zero to a velocity equal to
0.9 of that of light?

17.7. Find the relationship between the charge of an electron and
its mass for the following velocities: (1) v~c, (2) 2x 1010 cmls, (3)
2.2 x 1010 em/Sf (4) 2.4 x 101 0 cstvts, (5) 2.6x 1010 ants, (6) 2.8x 101 0 crn/s,

Compile a table and draw a diagram showing how m and !- depend on
m

the ratio ~ for these velocities.
c

17.8. At what velocity is the mass of a moving electron double its
rest mass? "
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17.9. What energy can particles be accelerated to in a cyclotron
for the relative increase in the mass of the particles not to exceed 5 per
cent? Solve the problem for (1) electrons, (2) protons, (3) deute
rons.

17.10. What accelerating difference of potentials must an electron
travel through for its velocity to become equal to 95 per cent of that
of light?

17.11. What accelerating difference of potentials rnust a proton
travel through for its longitudinal dimensions to become half the ini
tial onesr

17.12. Find the velocity of a meson if its total energy is 10 times
greater than its rest energy.

17.13. What part of the velocity of light should the velocity of a
particle be for its kinetic energy to equal the rest energy?

17.14. £-\ proton synchrotron produces a beam of protons with a ki
netic energy of 10,000 MeV. What part of the velocity of light does the
velocity of the protons in this beam fonn?

17.15. What is the relativistic contraction in the dlrnensions of
a proton in the conditions of the previous problem?

17.16. Electrons flying out of a cyclotron have a kinetic energy of
0.67 MeV. What part of the velocity of light does the velocity of these
electrons form?

17.17. Compile for electrons and protons a table showing how their
kinetic energy t'k depends on the velocity (in fractions of the velocity
of light) for the following va lues of ~: (1) 0.1, (2) 0.5, (3) 0.6, (4) 0.7,
(5) 0.8, (6) 0.9, (7) 0.95, and (8) 0.999.

17.18. '[he mass of a moving electron is double its rest mass. Find
the kinetic energy of this electron.

17.19. What change in mass does a change in energy of one calorie
correspond to?

17.20. Find the change in energy which corresponds to a change in
mass of one atomic unit.

17.21. Find the change in energy which corresponds to a change in
mass equal to the rest mass of an electron.

17.22. Find the loss in mass upon the formation of one kilomole of
water if the relevant reaction is

17.23. During the fission of a nucleus of uranium a2U23&, energy
approximately equal to 200 MeV is released. Find the change in mass
during the fission of one kilomole of uranium. .

17.24. The Sun radiates energy equal to 6.5X 102 1 kW-h every !TIl
nute. Considering the radiation of the Sun to be constant, find the time
in which the mass of the Sun will be halved.
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18. Thermal Radiation

The emittance (emissive power) of a black body, i. e., the energy
radiated in I second by a unit surface of the body, is determined by the
Stefan-Boltzmann formula

Me=aT"

where T == temperature in degrees Kelvin
a == Stefan-Boltzmann constant

a = 5.67 x 10- 8 W1m 2
. deg'

If a radiating body is not absolutely black, then M;==kaT-l, where
k is always less than unity. The emittance Me is related to the energy
density M;). (emittance in terms of wavelength) of a black body by the
formula

00

M;== ~ Me>.dA
o

According to the Wien displacement law, the product of the absolute
temperature of a black body and the wavelength at which the energy
density of the body is maximum is constant, i. e.,

"'maxT = C t == 2.9 X 10- 3 m-deg

The maximum energy density of a black body increases in propor
tion to the 5th power of the absolute temperature (Wien's second law)

(Me~)max==C2T6

where C2 == 1.29x 10-& W/m3·deg&.

18.1. Find the temperature of a furnace if 8.28 cal per second is
radiated from a hole in it 6.1 ern" in size. Consider the radiation close
to that of a black body.

18.2. What amount of energy is radiated by the Sun in one minute?
Consider its radiation close to that of a black body. The temperature
of the Sun's surface is 5800° K.

18.3. What amount of energy is radiated by one square centimetre
of solidifying lead per second? The ratio between the emittances
of the lead surface and a black body is 0.6 for this temperature.

18.4. The radiant power of a black body is 34 kW. Find the tem
perature of the body if its surface is 0.6 rn".

18.5. A glowing metal surface with an area of 10 em> radiates 4x
X 104 J per minute. The temperature of the surface is 2500° K. Find:
(1) the radiation of this surface if it were absolutely black, (2) the
ratio between the emittances of this surface and of a black body at the
given temperature. '"
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18.6. The diameter of a tungsten filament in an electric lamp is
0.3 mm and its length is 5 em. When the lamp is connected to a 127
volt circuit, a current of 0.31 A flows through it. Find the temperature of
the lamp. Assume that after equilibrium is reached all the heat evol
ved in the filament is lost due to radiation. The ratio betweenthe emit
tances of the tungsten and of a black body is 0.31 at this temperature.

18.7. The temperature of a tungsten filament in a 25-watt electric
lamp is 2450°K. The ratio between the ernittances of the lamp and
of a black body is 0.3 at this temperature. Find the magnitude of the
radiating surface of the filament.

18.8. Find the solar constant, i. e., the quantity of radiant energy
sent by the Sun every minute through an area of 1 ema perpendicular
to the solar rays and at the same distance from the Sun as the Earth.
The temperature of the Sun's surface is 58000 K. Consider the radia
tion of tile Sun close to that of a black body.

18.9. Assuming that the atmosphere absorbs 10 per cent of the ra
diant energy emitted by the Sun, find the power received from the Sun
by a horizontal plot of land with an area of 0.5 ha. The Sun's altitude
above the horizon is 30°. Consider the ra
diation of the Sun close to that of a black MIA
body.

18.10. Knowing the solar constant for the
Earth (see Problem 18.8), find it for Mars.

18.11. Find the quantity of energy 'ra
diated from 1ern"of a surface in one second
by a black body if the maximum energy
densitx corresponds to a wavelength of
4,840 A.

18.12. The radiation power of a black
body is 10 kW. Find the area of the radia
ting surface of the body if the wavelength
corresponding to the maximum energy 0 t 2 3 4 5A

1
P-

density is 7x 10-' cm.
18.13. In what regions of the spect- Fig. 64

rum do the wavelengths corresponding
to the maximum energy density lie if the light source is (1) the
filament of an electric lamp (T=3000° K), (2) the Sun's surface
(T=6000° K), and (3) an atomic bomb in which a temperature of
about 10 million degrees develops at the moment of explosion? Con
sider the radiation close to that of a black body.

18.14. Figure 64 contains a curve showing the distribution of the
energy density of a black body at a certain temperature. What tempe
rature does this curve relate to? Using Fig. 64, also find the percentage
of the radiant energy falling to the share of the visible spectrum at
this temperature.
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18.15. When a black body is heated, the wavelength corresponding
to the maximum energy density changes from 0069 to 005 flo How many
times does the emittance of the body increase in this case?

18.16. What wavelength does the maximum energy density of a
black body with the temperature of a human body, i. eo, 1=37° C)
correspond to?

18.17. Upon heating, the temperature of a black body changes Irorn
1000 to 30000 K. (1) How many times does its emittance increase?
(2) How many times does the wavelength which the maximum energy
density corresponds to increase? (3) How many times does
the maximum energy density of the body increase?

18.18. A black body has a temperature of 1"1 =2900° K, When the
body cools, the wavelength which the maximum energy density corres
ponds to changes by L\A=9 f.1 What temperature T 2 is the body cooled
to?

18.19. The surface of a body is heated to 1000° K. Next one half
of this surface is heated by 100 0 and the other cooled by 100°. How
many times will the emittance of the body surface change?

18.20. What power must be supplied to a black metal ball with a ra
dius of 2 em to keep its temperature 27° above the ambient tempera
ture, which is 200 C? Assume that heat is lost only as a result of ra
diation.

18.21. A black ball is cooled from 27°C to 20°C. How much will
the wavelength corresponding to the maximum energy density change?

18.22. (1) Find how much the mass of the Sun will change during
a year due to radiation. (2) Assuming the radiation of the Sun to be
constant. find the time during which its mass will be halved. The
temperature of the Sun's surface is 5800° K.



Chapter 6

ATOMIC AND NUCLEAR PHYSICS

UNITS OF RADIOACTIVITY AND IONIZING 'RADIATION

The basic and some derived units for measuring radioactivity and
ionizing radiation in conformity with _GOST 8848-63 are given in
T'able 17.

TAB1...E 17

Symbol
Dimen-

Quantity and slon of
.symbol Formula Unit of quan-

unit tHy

Basic Units

Length I metre m °l
Mass m kilogramme kg m
Time t second s t
Current intensity I ampere A I

Derived Units

Activity of isotope in radio-
dN

I disintegration per second dIs t- Jn=-
active source (n) dt

Radiation intensity Ie
E

wattle=s per square metre W/m2 mt-3

Absorbed radiation dose Da
E

joule per kilogramme J/kg /2/-2Da = -
m

Power of absorbed radiation P .». watt per kilogramme W/kg /2t- 3

dose Pa
a- t

Exposure dose of x- and gam-
q

coulomb per kilograrnrne C/kg ni- 1 tlDe=-
rna rad iation m

Power of exposure dose of p _ De ampere per kilogramme A/kg m-1J
x- and gamma radiation .e - t
Note. The definitions of the units for measurIng the absorbed radia tion dose and the

exposure dose of X- and gamma radiatlon are as follows.
Joule per kilogramme Is the absorbed radiation dose measured by an energy of I J of

Ionized radiation of any kind transferred to a mass of I kg of the Irradiated substance.
Coulomb per kllogramme is the exposure dose of x- and gamma radiation at which a'

conjugated corpuscular emission per kg of dry atmospheric air produces ions In air carrying
an electric charge of I C of each sign.
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This standard also permits the use of the non-system units given
in Table 18.

TABLE 18

Quantity

Activity of isotope in radioactive
source

Absorbed radiation dose
Exposure dose of X- and gamma radi

ation

Unit and conversion factor to 51
units

1 curie (c)=3.7X 1010 dIs

1 rad = 10-2 J/kg
1 roentgen (r)=2.57976X 10-& C/kg

Note, The unit of the exposure dose of X- and gamma radiation, coulomb per kilog
ramme, and also the non-system unit roentgen can be used to measure radiation with 8
quantum energy not exceeding 6X 10- 11 J (approximately 3 MeV).

EXAMPLES OF SOLUTIONS

Example J. Air in standard conditions is irradiated by Xvrays. The
radiation dose is 1 f. Find the number of ion pairs formed by this ra
diation in I ern" of the air.

Solution. The ions produced in the mass m of air by an exposure
dose D~ of X-radiation transfer a charge of

q=Dem (1)

The mass m and the volume V of the air are related by the formula

V Pf1 2m= RT ( )

where p == air pressure
T == air temperature
II == mass of one kilomole
R == gas constant.

The sought number of ion pairs is

N=!L, (3)

where e is the charge of each ion. From Eqs. (1), (2) and (3) we have

N == DeVpf.L (4)
eRT

According to the initial condition, De=1 r=2.58x 10-4 C/kg, V=
= 1 cm8= 10-' ml

, p=760 mm Hg~lO' N/m l , J..L=29 kg/kmole, R=
=8.31xl08 J/kmole·deg, T=273°K and e=1.6xlO- J 8 C. Upon
inserting these data into Eq, (4), we get N~2.1 X 10' ion pairs.
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Example 2. The half-Iife of an artificially obtained radioactive
isotope of calcium 20Ca46 is equal to 164 days. Find the activity of
1 f.tg of this preparation.

Solution. The number of at.oms of a radioactive substance t1.N dis
integrating during the time ~t is determined by the formula I6.N 1==
=lO~e2 NM. where T is the half-life of the isotope and N is the

number of its atoms in the given mass. The number of atoms N is

related to the mass m of the preparation by the expression N=~ LV At

where N A is Avogadro's number and A is the mass of one kg-atom.
According to the conditions, T=164x24x3,600 s, m==lO'-9 kg, N A=

=6.02 X 1026 l rkg-atom, A =45 kg/kg-atom. Upon inserting these
data, we obtain the number of disintegrations per second: ~~--=

=6.53x 108 d/s==1.77x 10- 2 c=17.7 me.

19. Quantum Nature of Light and Wave
Properties of Particles

The energy of a quantum of I ight (photon) is found from the for ..
mula

e=hv

where h==6.625x 10- 3 & J -8 is Planck's constant, and v is the oscilla
tion frequency.

The momentum of a photon is

and its mass

where c is the velocity of light in a vacuum.
The relationship between the energy of a photon causing the photo

emissive effect and the maximum kinetic energy of the emitted elect
rons is described by the Einstein formula

mu 2

hv=W+-2-

where W = work of exit of electron from metal
m = mass of an electron.

If 0=0, then hvo= W, where "0 is the frequency corresponding to the
photoelectric threshold of the photoetIect.
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The pressure of light is

PROBLEMS

E
p=-(l+p)c

(19.1-19.4

where E = quantity of energy incident upon a unit surface in unit
time

p = light reflection coefficient.
The change in the wavelength of X-rays in Compton scattering can

be determined from the formula

Ii.'A. = :c (I-cos '1')

where <p = scattering angle
m = mass of an electron.

A beam of elementary particles has the properties of a plane wave
which propagates in the direction of movement of these particles. The
wavelength A which corresponds to this beam can be found from de
Broglie's relation

A=~ h
mo yr2E km

where {I = velocity of the particles
m = mass of the particles
E" = their kinetic energy.

If the velocity of the particles u is commensurable with the velocity
of light c, the previous formula may be written as

A=_h_Vl-~2= _h__

mot! V2E;<,'1
0

_;_ ~~}

where ~ = ole
m; = rest mass of a particle.

19.1. Find the mass,of a photon of (1) red light rays ('A=7X 10.- 6 em),
(2) X-rays (A=0.25 A), and (3) gamma rays (A,=1.24X 10- 2 A).

19.2. Determine the energy, ma.ss and momentum of a photon if
the wavelength corresponding to it is 0.016 A.

19.3. A mercury arc is rated at 125 W. How many light quanta are
emitted ev.ery second iq radiation with wavelengths of (I) 6,123 ~,

(2) 5,791 A, (3) 5,461 A, (4) 4,047 A, (5) 3,655 A, and (6) 2,537 A?
The intensity of these lines is, respectively: (1) 2%, (2) 4%, (3) 4~~,

(4) 2.9%, (5) 2.5%, and (6) 4% of the intensity of the mercury arc.
Assume that 80% of power is spent for radiation.

19.4. What velocity must an electron travel with for its kinetic
energy to equal the energy of a photon with a W'avelength of A=5,200 A?
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19.5. What velocity must an electron travel with for its momentum
to equal that of a photon with a wavelength of A=5,200 A?

19.6. What energy must a photon have for its mass to equal the
rest mass of an electron?

19.7. The momentum transferred by a monochromatic beam of
photons through an area of S=2 em- during the time t=0.5 min is
equal top ph= 3 X I0 - 4 g-crn/s, Find the energy incident on a unit of
area in a unit of time for this beam.

19.8. At what temperature will the kinetic energy of a molecule of
a biatornic gas be equal to the energy of a photon with a wavelength
of A==5.89x 10- 4 mm?

19.9. Since it is difficult to measure doses of X- and gamma radia
tion in roentgens at high energies, GOST 8848-63 allows the use of a
roentgen as a unit of dose for radiation with a quantum energy up to
3 MeV. Find the limit wavelength of X-radiation for which the roent
gen can be used as a unit of measurement.

19.10. Find the mass of a photon whose momentum is equal to that
of a hydrogen molecule at a temperature of 20° C. Assume the velocity
of the molecule to be equal to the mean quadratic velocity.

19.11. The Russian scientist A. G. Stoletov was the first to estab
lish the basic laws of the photoefiect. He formulated one of the results
of his experiments as follows: u.A discharging action is a property of
rays with the highest refractivity whose length is less than 295x
X 10- 6 rnm". Determine the work of emission of an electron from the
metal used by Stoletov for his experiment.

19.12. Find the photoelectric threshold of the photoeffect for lithi
um, sodium, potassium and cesium.

19.13. The photoelectric threshold of the photoeffect for a certain
metal is 2,750 A. What is the minimum energy of a photon producing
the photoeffect?

19.14. The photoelectric threshold of the photoeffect for a certain
metal is 2~750 A. Find: (I) the work of emission of an electron Irorn
this metal. (2) the maximum velocity of the electrons ejected from the
metal by light with a wavelength of 1,800 A, (3) the maximum ki
netic energy of these electrons.

19.15. Find the frequency of the light which ejects from a metal
surface electrons fuJIy retarded by a reverse potential of 3 V. The
photoeffect begins in this metal at a frequency of incident light of
6x 1014 S-I. Find the work of emission of an electron from this
metal.

19.16,. Find the retarding potential for photoelectrons emitted
When potassium is illuminated by light with a wavelength of 3,300 A.

19.17. In a photoeffect from a platinum surface, the retarding
potential is 0.8 V. Find: (1) the wavelength of the radiation used,
(2)the maximum wavelength at which the photoeffect is still possible.
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19.18. Light quanta with an energy of e=4.9 eV eject photoelect
rons from metal with the work of emission W=4.5 eVe Find the maxi
mum impulse transmitted to the surface of the metal when each elec
tron fl ies out.

19.19. Determine Planck's constant h if the photoelectrons ejected
from the surface of a certain metal by light with a frequency of 2.2 X
x 10 1& S-1 are fully retarded by a reverse potential of 6.6 V, and those
ejected by light with a frequency of 4.6x 1015 s-l-by a potential
of 16.5 V.

19.20. A vacuum photocell consists of a central cathode (a tungsten
ba11) and an anode (the internal surface of a flask coated inside with
silver). The contact potential difference between the electrodes, equal
to V 0=0.6 V, accelerates the emitting electrons. The photocell is
illuminated by light with a wavelength of A=2.3x 10- 7 m. (1) What
retarding potential difference should be applied between the electrodes
for the photocurrent to drop to zero? (2) What velocity will be irnpar..
ted to the photoelectrons when they reach the anode if no external po

tential difference is applied between the cathode
and anode?

19.21. A retarding potential difference of 1 V is
applied between the electrodes of the photocell
of the previous problem. At what limit wave
length A of light incident onto the cathode will
the photoeffect begin?

19.22. Figure 65 shows part of the device with
which the Russian scientist P. N. Lebedev con
ducted his experiments for measuring the pres
sure of light. A glass crosspiece suspended on a thin

Fig. 65 thread is enclosed in an evacuated vessel and car-
ries on its ends two light disks made of platinum

foil. One of the disks is painted black, and the other is left bright.
The pressure of light can be found by directing light onto one of the
disks and measuring the angle through which the thread turns
(with the aid of mirror M). Find: (1) the pressure of light, (2) the
energy falling from an arc lamp in one second onto 1 em" of the sur-
face of the disks if when illuminating the bright disk, the deflection of
the mirror light spot is .76 mm on a scale 1,200 mm from the mirror.
The diameter of the disks is 5 mm. The distance from a disk centre
to the axis of rotation is 9.2 mm. The reflection coefficient for the bright
circle is 0.5. The constant k of the thread twisting moment (M=ka)
is equal to 2.2x 10-' dyn -crn/rad.

19.23. In one of Lebedev's experiments, the twisting angle of the
thread was 10' when light fell onto the black disk (p=O). Find:
(1) the pressure of light, (2) the power of the incident light. Take the
data necessary from the previous problem.>
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19.24. In one of Lebedev's experiments, the power of monochroma-
.tic light (A=5.6x IO-r. em) falling on the disks was 0.5 Jjrnin. Find:
(1) the number of photons falling onto 1 ern> of the surface of the wings
a second, (2) the impulse of the force imparted to 1 em- of the surface
of the disks a second. Find the value of the impulse for (a) p=O, (b)
p=O.5, and (c) p= 1. Take the data necessary from Problem 19.22.

19.25. The Russian astronomer F. A. Bredikhin attributed the shape
of comet trains to the pressure of Sun rays. Find: (1) the pressure of
the light of Sun rays on a black body placed at the same distance from
the Sun as the Earth, (2) the mass of a particle in a comet train at
this distance when the force of light pressure exerted on it is balanced
by the force of attraction of the particle by the Sun. The area of the
particle which reflects aJI the incident rays is O.5x 10- 8 ern>. The
solar constant is 8.21 J /rnin -cm>.

19.26. Find the pressure of light exerted on the walls of a IOO-watt
electric lamp. The lamp bulb is a spherical vessel with a radius of
5 em. The walls of the lamp reflect 4 per cent and let through 6 per
cent of the incident light. Assume that all the consumed power is
spent on radiation.

19.27. Light energy amounting to 63 J falls every minute upon a
surface with an area of 100 em>. Find the pressure of the light when
the surface (1) reflects all the rays, and (2) absorbs all the incident
rays. 0

19.28. A monochromatic beam of light (A=4,900 A) normally in
cident upon a surface produces a pressure of 5x 10- 7 kgf/m 2 on it.
How many light quanta fall every second upon a unit area of this
surface? The reflection coefficient of light p=O.25:

19.29. X-rays with a wavelength of Ao= 0.708 A undergo Compton
scattering on paraffin. Find the wavelength of the X-rays scattered in

the directions (1) ~, (2) n.
19.30. What is the wavelength of X-radiation if upon Compton

scattering of this radiation by graphite at an angle of 60° the wave
length of the scattered radiation is 2.54 X 10- 9 em?

19.31. X-rays with a wavelength of Ao= 0.2 A undergo Compton
scattering at an angle of 90°. find: (1) the change in the wavelength
of the X-rays in scattering, (2) the energy of a recoil electron, (3)
the momentum of a recoil electron.

19.32. In the Compton phenomenon, the energy of an incident ph~
ton is equally distributed between the scattered photon and the recoil
electron. The scattering angle is ~.. Find the energy and the momentum

of the scattered photon. .
19.33. The energy of X-rays is 0.6 MeV. Find the energy of a rec~11

electron if the wavelength of the Xvrays changes by 20 per cent after
Compton scattering.
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19.34. Find the de Broglie wavelength for electrons which passed
through a potential difference of (1) 1 V, and (2) 100 V.

19.35. Solve the previous problem for a beam of protons.
19.36. Find the de Broglie wavelength for (1) an electron flying

with a velocity of 108 crn/s, (2) a hydrogen atom moving with a velo
city equal to the mean quadratic velocity at a temperature of 3000

K~

(3) a ball with a mass of 1 g moving with a velocity of 1 ants.
19.37. Find the de Broglie wavelength for an electron with a kinetic

energy of (1) 10 keY, (2) I MeV.
19.38. A charged particle accelerated by a potential difference of

200 V has a de Broglie wavelength equal to 0.0202 A. Find the mass
of this particle if its charge is numerically equal to the charge of an
electron.

19.39. Compile a table of de Broglie wavelengths for an electron
depending on the velocity o for the following velocities: (1) 2 x 108 m/s,
(2) 2.2x 108 tnt», (3) 2.4x 108 tnls, (4) 2.6x 108 rn/s, (5) 2.8x 108 tnte.

19.40. An a-particle moves along a circle with a radius of 0.83 cm
in a homogeneous magnetic field having an intensity of 250 Oe. Find
the de Broglie wavelength for this a-particle.

19.41. Find the de Broglie wavelength for a hydrogen atom tra
veling at a temperature of 200 C with the most probable velocity.

20. Bohr's Atom. X- Rays

According to Bohr's first postulate) an electron can move around
a nucleus only along definite orbits whose radii satisfy the ratio

h
mVk'k =k-2n

where m = mass of the electron
V Il = velocity of the electron on the k-th orbit
'" = radius of this orbit
h = Planck's constant
k = any integer (quantum number).

According to Bohr's second postulate, the radiation frequency which
corresponds to transition of an electron from one orbit to another is
determined from the formula

hv= En-Eft

where k and n are the numbers of the orbits (n>k), and Ell and En are
the corresponding values of the electron energy.

The formula used to find the frequency v or wavelength A which
correspond to the lines of the hydrogen spectrum has the form

c (1 I \
v=-r=Rc k'l.-~
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where k and n = numbers of the orbits
c=velocityof light in a vacuum
R = Rydberg constant equal to

R=~=1.097XI07 m- 1

8e~h3c

here e = charge of an electron
m = mass of an electron
h = Planck's constant

80 = dielectric constant. .
The formula used to determine the frequencies v or wavelengths Afor
hydrogen-like ions is as follows:

v=+= RcZ' (k~ -*)
where Z is the atomic number of the element.

In the diffraction of X-rays, Bragg's law applies:
2d sinq>=nA

where d = interplanar spacing of crystal lattice planes
cp = angle between the X-ray beam and the crystal surface
n = integer.

The short-wave boundary 'Yo of a continuous X-ray spectrum can
be found from the expressi on

hvo=eU

where U is the difference of potentials applied to an X-ray tube.
The frequencies and wavelengths of characteristic X-rays can be

found from Moseley's formula

v=~=Rc(Z-b)1 (_1__1)
A k2 n2

where Z = atomic number of the element which the anticathode is
made of

b = screening constant.
The latter formula can be rewritten as

Vv=a(Z-b), where a=: VRc( ~~ - ~2)

The intensity of a beam of X-rays which have passed through a
plate with a thickness of x is determined from the formula

I = loe-JJ.x

wh~re 10 = intensity of the beam falling upon the plate
Ii = linear absorption coefficient.

15---3574
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The absorption coefficient J.1 depends on the wavelength of the X-rays
and the density of the material. The mass absorption coefficient Jl m is

related to the linear coefficient IJ. by the expression IJ-m===l::. , where r
p

is the density of the material.
The absorption of X -rays by various materials can be characterized

by the so-called half-value layer, i. e., by the thickness of a plate which
halves the intensity of the incident rays.

20.1. Find: (1) the radii of the first three Bohr electron orbits in
a hydrogen atom, (2) the velocity of an electron in them.

20.2. Find the numerical value of the kinetic, potential and total
energy of an electron in the first Bohr orbit.

20.3. Calculate the kinetic energy of an electron in the n-th orbit of
a hydrogen atom. Solve the problem for n=l, 2, 3 and 00.

20.4. Find: (1) the period of revolution of an electron in the first
Bohr orbit of a hydrogen atom, (2) the angular velocity of the elect
ron.

20.5. Find the minimum and maximum wavelengths of hydrogen
spectral lines in the visible region of the spectrum.

20.6. (1) Find the maximum wavelength in the ultrav.iolet series
of a hydrogen spectrum. (2) What minimum velocity should electrons
have for this line to appear when hydrogen atoms are excited by im
pacts of electrons?

20.7. Determine the ionization potential of a hydrogen atom.
20.8. Determine the first excitation potential of a hydrogen atom.
20.9. (1) What minimum energy (in electron-volts) must electrons

have for all the Jines of all the series of the hydrogen spectrum to appear
when the hydrogen atoms are excited by impacts of these electrons?
(2) What is the minimum velocity of these electrons?

20.10. Within what limits should the energy of the bombarding
electrons be for the hydrogen spectrum to have only one spectral line
when hydrogen atoms are excited by impacts of these electrons?

20.11. What minimum energy (in electron-volts) should electrons
have for the hydrogen spectrum to consrst of three spectral lines when
hydrogen atoms are excited by impacts of these electrons? Find the
wavelengths of these lines.

20.12. Within what limits should the wavelengths of monochro
matic light be for three spectral lines to appear when hydrogen atoms
are excited by quanta of this light?

20.13. How much will the kinetic energy of an electron in a hydro
gen atomchange if the atom emits a photon with a wavelength of A=
=4,860 A?

20.14. Within what limits should the wavelengths of monochroma
tic light be for the electron orbital radius to increase 9 times when hy
drogen atoms are excited by quanta of this light?
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20.15. A beam of light from a discharge tube filled with atomic
hydrogen falls normally upon a diffraction grating. The constant of
the grating is 5x 10- 4 cm. What transition of the electron does the
spectral line observed with the aid of this grating in the fifth-order
spectrum at an angle of 41 0 correspond to?

20.16. Find the de Broglie wavelength for an electron traveling
along the first Bohr orbit in a hydrogen atom.

20.17. Find: (1) the radius of the first Bohr electron orbit for sing
ly ionized helium, (2) the velocity of the electron in it.

20.18. Find the first excitation potential of (I) singly ionized he
lium, (2) doubly ionized lithium.

20.19. Find the ionization potential of (1) singly ionized helium,
and (2) doubly ionized lithium.

20.20. Find the wavelength of a photon which corresponds to the
transfer of an electron from the second Bohr orbit to the first one in
a singly ionized helium atom.

20.21. Solve the previous problem for a doubly ionized lithium
atom.

20.22. The D-line of sodium is radiated by such a transition of an
electron from one atomic orbit to another when the energy of an atom
decreases by 3.37x 10-1 9 J. Determine the wavelength of the sodium
D-line.

20.23. Figure 66 schematically shows a device used to determine the
resonance potential of sodium. The tube contains sodium vapours.
Electrodes G and A have the same potential. At what minimum acce
lerating potential difference between the cathode C and the grid G is
a spectral. line with a wavelength c
of 5,890 A observed? G A

20.24. An electron passing thro
ugh a potential difference of 4.9V
collides with a mercury atom and
transfers it to the first excited
state. What is the wavelength of
a photon corresponding to the
transition of the mercury atom
to its normal state?

20.25. Figure 67 shows an expe
rimental arrangement for obser-
ving the diffraction of X-rays. Fig. 66
As crystal C rotates, only that ray
whose wavelength satisfies Bragg's equation will be reflected onto pho
tographic plate P. What is the minimum angle between the cry
stal plane and a beam of X-rays at which X-rays with a wave
length of 0.2 A are reflected? The constant of the crystal lattice
is 3.03 A.

15*
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20.26. Find the lattice constant of rock salt, knowing the mass of
one kilomole of rock salt and its density (p=2.2 g/cmS) . Rock salt
crystals have a simple cubic structure.

20.27. When Planck's constant h is determined experimentally by
means of X-rays, a crystal is placed at a certain angle 8 and the poten

tial difference applied to the X-ray
tube is increased until the line
corresponding to this angle ap
pears. Find Planck's constant
from the following data: a rock
salt crystal is placed at an angle
of 14°, the potential difference
at which the line corresponding
to th is angle appears for the first
time is 9,100 V, and the ocrysta I

P lattice constant is 2.81 A.
20.28. A potential difference

of 60 kV is applied to the elect-
Fig. 67 rodes of an X-ray tube. The mi-

nimum wavelength of the X-rays
obtained from this tube is 0.206 A. Find Planck's constant from these
data.

20.29. Find the short-wave boundary of a continuous X-ray spect
rum when an X-ray tube receives a potential difference of (1) 30 kv,
(2) 40 kV, and (3) 50 kV.

20.30. Find the short-wave boundary of a continuous X-ray spect
rum if a reduction of the voltage applied to an X-ray tube by 23 kV
doubles the wavelength.

20.31. The wavelength of gamma radiation of radium C is equal to
0.016 A. What potentia) difference should be applied to an X-ray tube
to obtain X-rays with this wavelength?

20.32. What minimum voltage should be applied to an X-ray tube
to obtain all the lines of the K-series if the anticathode is made of
(1) copper, (2) silver, (3) tungsten, and (4) platinum?

20.33. Assuming that Moseley's formula describes with sufficient
accuracy the relationship between the frequency of characteristic
X-rays and the atomic number of the element which the anticathode
is made of, find the maximum wavelength of the X-series of Xvrays
produced by a tube with an anticathode made of (I) iron, (2) copper,
(3) molybdenum, (4) silver t (5) tantalum, (6) tungsten, and (7) pla
tinum. For the I(-series the screening constant is unity.

20.34. Find the screening constant for the L-se~ies of X-rays if it
is known that Xvrays with a wavelength of A= 1.43 A are emitted when
an electron in a tungsten atom is transferred from the Atf -layer to the
L .. layer. "
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20.35. When an ele~tron is transferred in an atom from the L-Iayer
to the K-layer, the emitted X-rays have a wavelength of 0.788 A. What
is this atom? [he screening constant is equal to unity for the K-series.

20.36. Air in a certain volume V is irradiated by Xvrays. The ra
diation dose is 4.5 r. Find the part of the atoms in the volume which
will be ionized by this radiation.

20.37. An X-ray tube produces a dose of 2.58 x lO-~ A/kg at a cer
tain distance. How many ion pairs does the tube produce per second
in one gramme of air at this distance?

20.38. Air in standard conditions in an ionization chamber with
a volume of 6 ern- is irradiated by X-rays. The dose of the X-rays is
0.48 rnr/h. Find the ionizing saturation current.

20.39. Find for aluminium the thickness of the half-value layer for
X-rays of a certain wavelength if the mass absorption coefficient of
aluminium for this wavelength is 5.3 mt/kg.

20.40. How many times will the intensity of Xvrays with a wave
length of 0.2 A diminish when they pass through a layer of iron 0.15 rnrn
thick? The mass absorption coefficient of iron for thIs wavelength is
1.1 m2/kg.

20.41. Find the thickness of the half-value layer for iron in the con
ditions of the previous problem.

20.42. The following table gives for some materials the thickness
of the half-value layer for X-rays whose energy is equal to 1 MeV.
(1) Find the linear and the mass absorption coefficients of these mate
rials for the given energy of the Xvrays, (2) Find the wavelength of
the X-rays for which these data are obtained.

Material

x, em

Water

10.2

Alumi
nium

4.5

Iron

1.56

Lead

0.87

20.43. How many half-value layers must be used to reduce the in
tensi ty of X..rays to 1/80th ?

21. Radioactivity

The number of atoms of a radioactive material disintegrating dur
ing the time dt is proportional to the number of atoms present and
can be determined from the expression

dN = -AN
dt
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where 'v is the radioactive disintegration constant. Upon integrating,
we obtain

N == N1e-'At

where N 1 = number of atoms present at the moment of time 1=0
N = number of atoms after the time t has elapsed.

The half-life T and the disintegration constant Aare related by the
expression

T _loge2
- Iv

The reciprocal of the disintegration constant T= ~ is known as the
mean lifetime of a radioactive atom.

If a certain amount of a radioactive preparation A is placed into a
closed vessel, and its disintegration produces radioactive preparation
B, the quantity of the material B in the vessel after the time 1can be
determined from the formula

N = N I~A (e-AAt -e-'kBt)
B lA AB-AA

where N lA = quantity of preparation A at 1=0
AA and AB ~ disintegration constants of preparations A and B,

respectively.
If the half-life of preparation A is much greater than that of B, the
last formula will become

N - N AA (l_e- AB t )
B - lA AB

In radioactive equilibrium Z; = ~~ .
The specific activity of a radioactive preparation is determined by

the number of disintegration events a second per unit of mass of the
disintegrating material.

21.1. Given one million polonium atoms, how many disintegrate
in twenty-four hours?

21.2. Given one million radon .atorns, how many disintegrate in
twenty-four hours?

21.3. Find the number of disintegrations in 1 g of radium a second.
21.4. Find the mass of a radon whose activity is 1 curie.
21.5. Find the quantity of polonium 84P0210 whose activity is 3.7x

X 10 10 dis.
21.6. Find the disintegration constant of radon if the number of

its atoms diminishes by 18.2% during twenty-four hours.
21.7. Find the specific activity of (1) ur~nium 82U230, and (2) ra

don 86Rn222.
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21.8. Even in the absence of a radioactive preparation, Geiger
Muller ionization counters have a certain background which may be
caused by cosmic radiation or radioactive contamination. What amo
unt of radon does a background producing 1 pulse of the counter in
5 seconds correspond to?

21.9. An ionization counter is used to investigate the disintegra
tion rate of a certain radioactive preparation. At the initial moment
of time the counter gives 75 pulses in 10 seconds. What number of

pulses will be given by the counter in 10 seconds after the time ~ s

elapses? Assume that t~10 seconds.
21.10. A certain radioactive preparation has a disintegration

constant of A== 1.44X 10-3 h- 1 • In what time will 75 per cent of the
initial number of atoms disintegrate?

21.11. Natural uranium is a mixture of three isotopes: 92U 234
t

I.U 236 and 92U238. The content of uranium 92U234 is negligible (0.006
per cent), uranium 92U230 accounts for 0.71 per cent, and the remainder
(99.28 per cent) is uranium 92U288. The half-lives of these isotopes are
2.5x io- years, 7.1 X 108 years and 4.5x 109 years, respectively. Cal
culate the share of radioactivity in per cent introduced by each iso
tope into the total radioactivity of natural uranium.

21.12. The kinetic energy of an a-particle which flies out of the nuc
leus of 8 radium atom in radioactive disintegration is 4.78 MeV. Find:
(I) the velocity of the a-particle, (2) the total energy evolved during
the escape of the a-particle.

21.13. What amount of heat is evolved by one curie of radon
(I) in one hour t (2) during the mean lifetime? The kinetic energy of
an a-particle escaping from the radon is 5.5 MeV.

21.14. One gramme of uranium 92U288 in equilibrium with its dis
integration products emits a power of 1.07X 10-7 W. Find the total
amount of heat liberated by one gramme-atom of uranium during the
mean lifetime of the uranium atoms.

21.15. What is the activity of the radon formed from 1 g of radium
during one hour? .

21.16. The disintegration of 1 g of radium forms a certain amount
of helium in a year which under standard conditions occupies a vo
lume of 0.043 ern". Find Avogadro's number from these data.

21.17. A preparation containing 1.5 g of radium is put into a closed
vessel (ampoule). How much radon will accumulate in the vessel after

the time t=~ has elapsed, where T is the half-life of radon?

21.18. A certain amount of radium is placed into a closed vessel.
(1) In what time will the number of the radon atoms N in this vessel
differ by 10 per cent from the number of these atoms N' ~orresponding
to radioactive equilibrium of the radium with the radon In the vessel?
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(2) Plot a curve showing how ~, depends on time within the interval
O~t~6T. Take the half-life of radon T as the unit of time on the axis
of abscissas.

21.19. A certain amount of radon N' is placed in an empty vessel.
(1) Plot a curve showing the change in the quantity of radon :' in
the vessel with time for the period O~t~20 days at intervals of 2
days. For radon A=O.181 days-I. (2) Find the half-life from the curve
N
N' =f(t)·

21.20. The following table shows the results of measuring the de
pendenceof the activity a of a certain radioactive element on the time t.

t, h I 0 I 3 I 6 9 12 15

a. me 121.6112.61 7.6 4.2 2.4 1.8

Find the half-life of this element.
21.21. Radon with an activity of 400 mc is placed into an ampoule.

-In what time after the ampoule is filled will the radon disintegrate at
a rate of 2.22X 10' dIs?

21.22. Since the lead contained in uranium are is the final decay
product of the uranium series, the age of the ore can be found from the
relationship between the amount of uranium in the ore and the amount
of lead in it. Determine the age of uranium ore if 320 g of lead 82Pb2oe
are contained in this ore per kg of uranium IIUt88.

21.23. Knowing the half-lives of radium and uranium, find the
number of uranium atoms per atom of radium in natural uranium are.

Note. Remember that the radioactivity of natural uranium is due
mainly to the isotope 92U238.

21.24. From what minimum amount of ore containing 42 per cent
of pure uranium can I g of radium be obtained?

21.25. Alpha-particles escape from a radium preparation at the
rate of 1.5x 10' krn/s and collide with a fluorescent screen. Assuming
that the screen consumes 0.25 W per candela find the light intensity
of the screen if it receives all thea-particles emitted by 1J1g of radium.

21.26. What part of the initial quantity of a radioactive isotope
disintegrates during the lifetime of this isotope?

21.27. Find the activity of 1 J1g of polonium 8.P01I0.

21.28. Find the specific activity of the ~rtificial radioactive iso
tope s.Sr80

•
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21.29. 30 mg of the non-radioactive isotope 20CafeO are mixed with
10 mg of the radioactive isotope 20Ca4' . How much will the specific ac
tivity of the preparation decrease?

21.30. What amount of the radioactive isotope 8sBi210 should be
added to 5 mg of the non-radioactive isotope 83Bi209 for the ratio of
the number of disintegrated atoms to that of the undisintegrated ones
to be 50 per cent in 10 days? The disintegration constant of 8.Bi210 is
A=0.14 days-I.

21.31. What isotope will be produced from 8oTh232 after four a
decays' and two p-decays?

21.32. What isotope will be produced from et U 2SS after three a
decays and two p-decays?

21.33. What isotope will be produced from 82U239 after two ~-decays

and one a-decay?
21.34. What isotope will be produced from the radioactive isotope

sLi8 after one p-decay and one a-decay?
21.35. What isotope will be produced from the radioactive isotope

of antimony ,tSb13S after four p-decays?
21.36. The kinetic energy of an a ..particle escaping from the nucleus

of a polonium atom 8.P0214 is 7.68 MeV in radioactive decay. Find:
(I) the velocity of the a-particle, (2) the total energy emitted during
the escape of the a-particle, (3) the number of ion pairs formed by the
a-particle assuming that the energy E0=34 eV is required to produce
one pair of ions in air, (4) the saturation current in an ionization cham
ber produced by all the a ..particles emitted by 1 microcurie of polo
nium.

22. Nuclear Reactions

The nuclear binding energy of any isotope can be determined from
the ratio

se-» L\M

where liM is the difference between the mass of the particles forming
the nucleus and the mass of the nucleus itself. Obviously

~M =ZMp+(M-Z) Mn-Mna (1)

where Z = atomic number of the isotope
M == mass number

Mp = mass of a proton
Mn = mass of a neutron

M na = mass of the nucleus of the isotope.
Since Mnu=MA-Zm, where M A is the mass of the isotope and m
is the mass of an electron. the previous equation may be replaced by

t\M=ZM,H,+(M-Z)MH-J\1A (2)
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where M l HI is the mass of the hydrogen isotope IH1 and M A is the
mass of the given isotope.

The change of energy in a nuclear reaction is determined from the
expression

~E=C2(~Ml-~M2) (3)

where ~M 1 and ~M 2 are the sums of the massesof the part icles before
and after the reaction, respectively.

If ~M1>~M2, the reaction takes place with the evolution of ener
gy, ana if ~Ml<~M2' with the absorption of energy. Let us note that
we may introduce Into the latter formula the mass of the isotopes ins
tead of that of the nuclei, 8S in calculating the nuclear binding energy,
since the corrections for the mass of the shell electrons have opposite
signs and may therefore be cancelled.

22.1. Find the number of protons and neutrons in the nuclei of three
magnesium isotopes: (1) 12Mg24, (2) 12Mg26, and (3) 12Mg26.

22.2. Find the nuclear binding energy of the lithium isotope alP.
22.3. Find the nuclear binding energy of a helium atom 2He'.
22.4. Find the nuclear binding energy of an aluminium atom 13A127.

22.5. Find the nuclear binding energies of (1) .H3 and (2) 2Hes.
Which of these nuclei is more stable?

22.6. Find the binding energy per nucleon in the nucleus of an oxy
gen atom 8016.

22.7. Find the binding energy of a deuterium nucleus IH2.
22.8. Find the binding energy Eo per nucleon in the nuclei (1) ali7,

(2) "N14, (3) 13Al17, (4) 20Ca40, (5) 29CU63 t (6) 48Cdl13, (7) £loHg200, and
(8) 9tU238. Plot the relation Eo=f(M), where M is the mass number.

22.9. Find the energy released during the nuclear reaction

3LF+ IHI --. 2He4 + 2He4

22.10. Find the energy absorbed during the reaction

7N14 + 2He4 --. 1HI + s017

22.11. Find the energy evolved during the nuclear reactions:

(1) IH2 + lH2 -. IHI + }H3

(2) IH2 + IH2 -+ t He3+onl

22.12. Find the energy evolved during the following thermonuc
lear reactions:

(1) lH2+.He3 --+ IHl+ 2He4

(2) 3Li6 + )H2 -+ 2He' + 2He4
(3) .u- + IHI ---+ 2He3+ a{ie4
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~2.1~. What amount of water can be heated from 0° C to its boiling
p~lnt If we. u.se all t~e heat released during the reaction 3Li~ (p, a)
with full disintegration of one gramme of lithium?

22.14. Insert the missing symbols in the following nuclear reacti
ons:

(1) ls A121(n, ex) x
(2) gF19 (p, X)g016

(3) 2&Mn&&(x. n)28Fe6&
(4) lsA127 (a, p)x
(5) 'lNl~ (n, X)8 C14

(6) x (p, a)11Na22

22.15. Find the energy released during the reaction

sLi' + IH2 ~ .Be8 +on i

22.16. Find the energy released during the reaction

.Be9 + IH2 -+ oB10 +oni

22.17. Bombardment of the nitrogen isotope 7NI4 by neutrons pro..
duces the carbon isotope 8Cl~, which is p-radioactive. Write the equa
tions of both reactions.

22.18. Bombardment of the aluminium isotope 18A12? by «..partic
les produces the radioactive phosphorus isotope 15 P sO which then di
sintegrates releasing a positron. Write the equations of both reactions.
Find the specific activity of the isotope obtained if its half-life is
130 seconds.

22.19. Bombardment of the isotope 1INa23 by deuterons produces
the ~-radioactive isotope I1Na24. A ~ ..particle counter is installed near
the preparation containing the radioactive I1Na2&. During the first
measurement the counter showed 170 pulses a minute, and on the fol
lowing day 56 a minute. Write the equations of both reactions. Find
the half-life of the isotope I1Na24.

22.20. (1) What energy will be released If during the reaction

lsA12? +2He~ -+ 1.SisO + IHI

all the nuclei in one gramme of aluminium are transformed? (2) What
energy must be spent for this transformation if when a nucleus of
'aluminium is bombarded by a...particles with an energy of 8 MeV only
one of 2 X 10' particles causes the transformation?

22.21. Bombardment of the lithium isotope sLit by deuterons pro
duces two a-particles with the release of energy equal to 22.3 MeV.
Knowing the masses of a deuteron and an a-particle, find the mass of
the lithium isotope alii.
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22.22. Assuming that the source of the energy of solar radiation is
the energy of the formation of helium from hydrogen according to the
following cyclic reaction:

eC 12 + lHl -+ ,N13 --+ "C13 + +le
o

8C13+ IHt ~ ,Ni.
,Nt' + lHl --+801& -+ ,NUi + +leO

7N1&+ IHI -+ 8C12 -t- 2He4

find how many tons of hydrogen must be converted every second into
helium. The solar constant is 1.96 cal/em" -rnin. Assuming that hydro
gen forms 35 per cent of the Sun's mass, calculate in how many years
this hydrogen will be used up if the radiation of the Sun is constant.

22.23. The reaction of decomposing a deuteron by gamma..rays is
as follows:

IH2 +hv --+ IHI + on i

Find the mass of the neutron from the following data: the energy of
v-quanta is 2.66 MeVand the energy of the escaping protons as measured
by the ionization they produce is 0.22 MeV. Consider the energy of the
neutron to be equal to that of the proton. The masses of the deuteron
and the proton are known.

22.24. Insert the missing symbols in the following nuclear reacti-
ons caused by photons:

(1) 13A127 (1'. X)12J\1g 28

(2) 13A127 (V, n) x

(3) 2iCU83 (y, X)2SC1J81

(4) x(y, n),.WI81

22.25. The yield of a reaction of formation of radioactive isotopes
may be characterized either by k1-the ratio between the number of
events of nuclear transformation and the number of bombarding par ..
ticles, or by k2-the ratio between the activity of the product obtained
to the number of particles bombarding the target. Find the relation
ship between the quantities k1 and kt..

22.26. Bombardment of aLi' by protons produces the radioactive
beryllium isotope ,Be? with a half-life of 4.67x 108 s. Find. the value
of k1 (see the previous problem) for this reaction if the bombarding
protons with a total charge of IIJ.A -h cause an activity of the obtained
preparation equal to 176 uc.

22.27. The nuclear reaction 2SFe66 ip, n) produces a radioactive
isotope of cobalt with a half.. life of 8(} days. Find the yield of this reac
tion k1 (see Problem 22.25) if the activity of the isotope 27C068 is 5.2 x
x 101 dis after a 28Fe68 target is irradiated fo~two hours with a proton
current of 10 f,1A.
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22.28. A tube containing a powder of beryllium .Be9 and gaseous
radon is used as a source of neutrons. Neutrons are produced when Ct

particles of the radon react with the beryllium. (1) Write the reaction
of neutron formation. (2) Find the amount of radon originally intro
duced into the source if it produces 1.2X 106 neutrons per second after

five days. The yield of this reaction is 4.~, i. e., only one a-particle
out of 4,000 induces the reaction.

22.29. The tube described in the previous problem is a source of
neutrons. Find the number of neutrons produced in one second by (X

particles from 1 curie of radon as they impinge upon the beryllium
powder. Assumethat only one ce-part icle of 4,000 induces the reaction.

22.30. The reaction of formation of the radioactive carbon isotope
ee l l can be written as 6B10 (d, n), where d is the symbol of a deute
ron-the nucleus of deuterium tH2. The half-life of the isotope eC l l

is 20 min. (1) What amount of energy is evolved during this reaction?
(2) Find the yield of the reaction k, ifk1= 10- 8 (see the initial condi
tion of Problem 22.25).

22.31. In the reaction 7N14 (ex, p) the kinetic energy of an ex-particle
£(1=7.7 MeV. Find the angle to the direction of motion of the ex-par
ticle at which a proton escapes if its kinetic energy EEr=8.5 MeV.

22.32. Bombardment of the lithium isotope sLi8 by deuterons forms
two ex-particles which flyaway symmetrically at an angle of <p to the
direction of the velocity of the bombarding deuterons. (1) Find the
kinetic energy of the ex-particles formed if the energy of the bombarding
deuterons is 0.2 MeV. (2) Find the angle <po

22.33. The helium isotope tHe3 is produced by bombarding tritium
nuclei lH3 with protons. (1) Write the equation of the nuclear reac
tion. (2) Find the energy evolved in this reaction. (3) Find the "thres
hold" of the nuclear reaction, i. e., the minimum value of the kinetic
energy of a bombarding particle at which this reaction occurs.

Note. Remember that the relative velocity of the particles produced
by the reaction is zero at the threshold value of the kinetic energy of
the bombarding particle.

22.34. Find the threshold of the nuclear reaction 7N14 (at pl.
22.35. Find the threshold of the nuclear reaction aLi7 (p, n).
22.36. An artificial nitrogen isotope 7N 13 is produced by bomb.ar

ding the nuclei of carbon aCII by deuterons. (1) Write the equat!on
of the nuclear reaction. (2) Find the quantity of heat absorbed during
this reaction. (3) Find the threshold of this reaction. (4) Find the total
kinetic energy of the reaction products at the threshold va~ue of ~he
kinetic energy of the deuterons. Assume the carbon nuclei to be rrn..
mobile.

22.37. The reaction ,.BlO (n, a,) takes place when boron is bombar-
ded by neutrons whose velocity is very small ("thermal" neutrons).
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(1) Find the energy evolved in this reaction. (2) Find the velocity and
kinetic energy of an «-parflcle, assuming the boron nucleus to be immo
bile and neglecting the velocities of the neutrons.

22.38. Bombardment of the lithium isotope alP by protons produ
ces two a-particles. The energy of each a-particle when formed is 9.15
MeV. What is the energy of the bombarding protons?

22.39. Find the minimum energy of a 'V-quantum sufficient for the
reaction of decomposition of a deuteron by y-rays

IH2 + h» ----+ IHl + on l

22.40. Find the minimum energy of a y·quantum sufficient for the
reaction 12Mg24 ('V, n).

22.41. What amount of energy in kilowatt-hours can be obtained
from the fission of one gramme of uranium 92U230 if each fission pro
duces an energy of about 200 MeV?

22.42. What amount of uranium 92U230 is consumed every day at
an atomic power plant rated at 5,000 kW? The efficiency is 17 per cent.
Assume that an energy of 200 MeV is liberated in each event of decay.

22.43. When a hydrogen bomb explodes, a thermonuclear reaction
of helium formation from deuterium and tritium occurs. (1) Write
the equation of the nuclear reaction. (2) Find the energy libera
ted in this reaction. (3) What quantity of energy can be produced in
the formation of one gramme of helium?

23. Elementary Particles. Particle Accelerators

The problems in this section are solved on the basis of the laws
considered in the previous sections, i, e., the collision of particles,
the motion of particles in electric and magnetic fields) etc. Some prob
lems must be solved with the aid of the formulas of the theory of re
lativity.

23.1. In nuclear physics, the number of charged particles bombar
ding a target is characterized by the total charge in microampere
hours (J.1A· h). Find the number of charged particles which 1 I1A·h
corresponds to. Solve the problem for (I) electrons, and (2) a-partic
les.

23.2. The kinetic energy of a neutron diminishes 1.4 times when it
collides elastically and centrally with the stationary nucleus of a mo
derating material. Find the mass of the nuclei of the moderating ma
terial.

23.3. What part of the initial velocity of a neutron is formed by
its velocity after an elastic central impact with an immobile nucleus
of the isotope llNa 23?

23.4. To obtain slow neutrons, they are passed through a material
containing hydrogen (paraffin, for example).'\find the maximum part
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of its kinetic energy which a neutron with a mass of m.; can transmit to
(1) a proton (mass mo), and (2) a lead atom nucleus (mass m=207 mo).
The major part of the transferred energy corresponds to an elastic
central collision.

23.5. Find in the previous problem the distribution of energy bet
ween a neutron and a proton if the impact is not central and upon each
collision the neutron is deflected, on an average, by 45°.

23.6. A neutron with an energy of 4.6 MeV collides with protons
and is retarded. Assuming that upon each collision the neutron is
deflected, on an average, by 45°, find the number of collisions which
will reduce its energy to 0.23 eV'.

23.7. A flux of charged particles flies into a homogeneous magnetic
field having an induction of 3 Wb/rn". The velocity of the particles
is 1.52X 107 mls and is perpendicular to the direction of the force
lines of the field. Find the charge of each particle if the force acting on
it is 1.46x 10-11 N.

23.8. A charged particle flies into a homogeneous magnetic field
having an induction of 0.5 T and travels along a circle with a radius
of 10 em. The velocity of the particle is 2.4 X 108 rn/s. Find the ratio
between the charge and the mass of this particle.

23.9. An electron is accelerated by a potential difference of 180 KV.
(1) Find the mass, velocity, kinetic energy and the elm ratio for this
electron, taking into account the corrections of the theory of relativity.
(2) Find the velocity of this electron, disregarding the relativistic
correction.

23.10. The energy of fast mesons in cosmic rays is approximately
equal to 3,000 MeV, and the rest energy of such a meson is 100 MeV.
What distance in the atmosphere can be traveled by a meson during
its lifetime as registered by a laboratory clock? The intrinsic life of
the meson 'to=2x 10-8 s.

23.11. A meson of cosmic rays has a kinetic energy of £=7 Moe 2 ,

where M 0 is the rest mass of the meson. How many times is the intrin
sic life of this meson smaller than its life counted in a coordinate sys
tem in a laboratory?

23.12. A positron and an electron combine to form two photons.
(1) Find the energy of each photon if the kinetic energy of the elect
ron and the positron was negligibly small before their collision.
(2) Find the wavelength of these photons.

23.13. When an electron and a positron are formed from a photon,
the energy of the photon was 2.62 MeV. What is the total kinetic energy
of the positron and the electron at the moment of formation? .

23.14. An electron and a positron formed by a quantum WIth an
energy of 5.7 MeV form paths with a radius of curvat.ure of.3 em in a
cloud chamber placed in a magnetic field. Find the Induction of the
magnetic field.
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23.15. When an immobile neutral n-meson disintegrates it forms
two identical photons. Find the energy of each photon. The rest mass
of the n-meson M =264.2 ms, where rno is the rest mass of an electron.

23.16. A neutron and an antineutron combine forming two pho
tons. Find the energy of each photon assuming that the initial energy
of the particles is negligibly small.

23. t7. A KO-meson disintegrates into two charged n-mesons. The
mass of each meson is 1.77 times greater than its rest mass. Assuming
that the KO·meson was initially at rest and its rest mass was 965 m.,
where rna is the rest mass of an electron, find: (1) the rest mass of the
rr-mesons formed, (2) the velocity of the n-mesons at the moment of
their formation.

23.18. (1) Deduce a formula relating the induction of the magnetic
field of a cyclotron and the frequency of the potential difference ap
plied to dees. (2) Find the frequency of the potential difference applied
to the dees for (a) deuterons, (b) protons, and (c) a-particles. The
induction of the magnetic field is 12.6 kOso

23.19. (1) Deduce a formula relating the energy of particles flying
out from a cyclotron and the maximum radius of curvature of the path
of these particles. (2) Find the energy of (a) deuterons, (b) protons,
and (c)a-particles flying out from a cyclotron if the maximum radius
of curvature R=48.3 cm. The frequency of the potential difference
applied to the dees is 12 MHz.

23.20. In a cyclotron with a maximum radius of curvature of the
trajectory of particles R=O.35 m, the frequency of the potential diffe
rence applied to the dees is v=1.38x 101 Hz. Find for operation with
protons: (1) the induction of the magnetic field necessary for synchro
nous functioning of the cyclotron, (2) the maximum energy of the es
caping protons.

23.21. Solve the previous problem for work with (1) deuterons, and
(2) a-particles.

23.22. The magnitude of the ion current generated in a cyclotron
working with a-particles is 15 JlA. How many times is this cyclotron
more productive than one gramme of radium?

23.23. The maximum radius of curvature of the trajectory of par
ticles in a cyclotron is R=0.5 m and the induction of the magnetic
field B= 10' Gs, What constant potential difference would protons
have to pass through to obtain the same acceleration as in the given
cyclotron?

23.24. A cyclotron produces deuterons with an energy equal to
7 MeV. The induction of the applied magnetic field is 15,000 Gs.
Find the maximum radius of curvature of the trajectory of the
deuteron.

23.25. A variable potential difference of U=75 kVwith a frequency
of V= 10MHz is applied between the dees of\a cyclotron with a radius
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of 50 cm. Find: (1) the induction of the magnetic field of the cyclo
tron, (2) the velocity and energy of the particles escaping from the
cyclotron, (3) the number of revolutions completed by a charged par
ticle before it leaves the cyclotron. Solve the problem for deuterons
protons and a-part icles. t

23.26. What energy can a-particles be accelerated to in a cyclotron
if the relative increase in the mass of a particle k=~ should

mo
not exceed 5 per cent?

23.27. The energy of deuterons accelerated by a synchrotron is
200 MeV. Find for these deuterons: (1) the ratio ~o I where M is
the mass of a moving deuteron and M 0 is its rest mass, (2) their velo
city.

23.28. In a synchrocyclotron, an increase in the mass of a particle
as its velocity grows is compensated for by an increase in the period
of the accelerating field. In a synchrocyclotron which accelerates
protons, the frequency of the voltage applied to the dees changes from
25 MHz to 18.9MHz for each accelerating cycle. Find for this synchro..
cyclotron: (1) the induction of the magnetic field, and (2) the kinetic
energy of escaping protons.

23.29. A synchrocyclotron was used to investigate protons accele
rated to an energy of 660 MeV, and a-particles accelerated to 840 MeV.
To compensate for an increase in the mass, the period of the accelera
ting field in the synchrocyclotron was changed. How many times was
this period changed (for each accelerating cycle) in operation with
(1) protons, (2) a-particles?

16-3574



ANSWERS AND SOLUTIONS

Chapter 1

PHYSICAL FUNDAMENTALS OF MECHANICS

1. Kinematics

t

Fig. 68

hh,V

1.1. The average velocity of the car is determined from the formula v=1.,
t

where 1=11+12=01/1+V2/2. According to the conditions of the problem,
1 t

t - V1 2 + v22 01+V2
t1 <t«=2· Thus, v t 2 60 km/h.

- 1 11 + 12 •1.2. r:r ' where l=t1+t2 = - -. According to the given condi-
VI v2

• I T - 1 201V 2bons,11=12=-2· hus, v I 1 + 53.3 krn/h._+__ V1 VI

2V1 2v,
1.3. (1) 12.3 krn/h, (2) 0.83 ml«.
1.4. (1) 3 mIs, (2) 1 mIs, (3) 2.24 m/s.
1.5. (1) The airplane must fly southwest at an angle of ~ = 3°52' to the

meridian with the velocity v=798 krn/h, (2) northwest, q>=3OS2 , v=798 krn/h,
(3) westward, v=746 krn/h, (4) eastward,
v=854 krn/h.

1.6. (1) 30 min, (2) 30.2 min, (3) 26.8 min.
1.7. (I) v=0.60 mIs, (2) 1=250 seconds.
1.8. (1) vo= 14.7 tal«, (2) h= 11 m.
1.9. (1) t=2.9 seconds, (2) h1=4h=40 m.
1.10. (1) 8.4 seconds, (2) 7.3 seconds,

(3) 7.8 seconds.
1.11. The relationship between the height h,

velocity v and time t for a body thrown ver
tically upward is depicted in Fig. 68.

1..12. (1) The distance traveled by the body
during the first 0.1 second of motion is

h. = ~~ = 0.049 m. (2) The entire distance

will be traveled by the body during
.. /2ht = V g = 2 seconds. During the last 0.1 second of motion the body will

cover the distance ha=h-h2 , where hi is the distance covered by the body-,



1.13-1.21) PHYSICAL FUNDAMENTALS OF MECHANICS 243

during /, = (2-0.1)= 1.9 seconds. Since h, = g~: = 17.7 m, the distance sought

h3=19.6-17.7=1.9 m.
1.13. (1) The first metre of the distance will be covered by the body during

the time II = V 2;1 = 0.45 second, (2) the total duration of fallinil

t = V~h =2 seconds. The last metre of the distance will be traveled by the

body during the time 13 = t - t2, where 12 is the time required to cover the

distance h,=(19.6-I) m= 18.6 m. Since 1,= V 2;, = 1.95 seconds, the

time sought 13 = (2 - 1.95) = 0.05 second.
1.14. (1) h=57 m, (2) /=3.4 seconds.

gtl).
1.15. The distance traveled by the body A is ht=v1t-T and that tra-

veled by the body B is h,=~' . The distance between the bodies x=h-(h l +h~).
Since h1+1z2=Vlt, the relation sought is x=h-vtt. The bodies will meet at

x=O, i. e., at the moment of time t=!!.
VI

1.16. (I) a=O.13 m/s", (2) t=3.6 min.
1.17. The following two equations of motion are true in uniformly variable

motion
at?

s=vot+T
and

v=vo+at

From the conditions of the problem v= O. Hence from equation (2)

Vo
a=-T

By inserting Eq, (3) into (1), we find that

vot
s=T

Substitution of the numerical data in (3) and (4) gives

a= -0.5 m/s2 and s= 100 m

(1)

(2)

(3)

(4)

1.18. (1) a= -0.055 mjs2, (2) s=566 m.
1.19. 1=30 seconds, 5=225 rn,

v"-v'
1.20. t = _0__0. Since the time t must always be greater than 0, the

at+aa
problem has a solution if ~ > v~.

v;-v~
1.21. a=-A-t-. In our case a= 1 m/s2

•

16*
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1.22. (I) v=(2-6t+12t2)m/s, a=(-6+24/)m/sl , (2) s=24m, u=38m/s
and a= 42 m/s'.

The distance s, velocity e, and acceleration a of the body versus the time t
are shown In Fig. 69.

t .23. v= 7 mIs, a= 4 m/s'. The distance, velocity and acceleration of the body
versus the time are depicted in Fig. 70.

Ig

II

Fig. 89

Sz

Fig_ 71

u s

I"----~~-----a

t-"~~--------..j~t

Fig. 70
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1.31. R = 305 m.
1.32. (I) Let us find the maximum height Sy.max which the body will rise to

if. thrown with the velocity Vo at an angle of Cl to the horizon. We have (see
Fig. 73):

and
Vy = Vosin a-gt (1)

!J

. gt?
Sy=vot sin a-2 (2)

from Eq. (1) we obtain vosin a=gt1. Hence, when
th b 11 . Vosin a

_::::::::oo-------.---~$. e a rises, t 1 = -g--' By substitu-
ting this value for I} in Eq. (2), we get

v~ sin 2 a
slJ·max= 2g 2.1 m.

At the top point v" = 0 and

Sx

Fig. 72 Fig. 73

(2) Let us find the distance Sx· max .covered by the body projected at an angle
of (% to the horizon. We have (see Fig. 73):

Vx = Vo cos (% (3)
Sx= vxt = vot cos ex (4)

The body will drop onto the ground after the time t l = 2/1 = 2vosin a . By sub
e

stituting this value for I, in Eq. (4), we get

2

Sx.max=~ sin 2a= 10.0 me
(3) t2 = 2t 1 = 2vo sin a 1.3 seconds.

g
. v~ sin 2a, S1' gl il

1.33~ Since sx= , then -=-, whence S.=SI-' where gl and
g SI gt I,.

g2 are the gravity accelerations in Leningrad and Tashkent. respectively. The
insertion of numerical data gives 52 = 16.23rn,

1.34.5.9m. 1.35. h=7.4 m.
1.36. Let us find the time during which the body will rise to the top point

of its trajectory t1 = Vo sin a. = o.75 second. Hence it can be seen that in
g

t= 1.25 seconds the body will be descending. Now, the problem can be formu
lated as follows- the body is thrown horizontally with the velocity o~ = Vo cos a =
= 12.7 tnls. Find the tangential and normal accelerations in t' = (1.25-0.75) = 0.5
second after motion begins. Thus we obtain a problem similar to Problem 1.30.
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Upon solving it in the same way, we get

v g21' ~'
at=g : 3.52m/s2; an = - o= 9.15 m/s'

V(V~)2+g2 (t')2 v

Check whether the total acceleration of the body directed downwards is equal
to the gravity acceleration g (see the solution of Problem 1.30).

1.37. R=6.3 m. 1.38. vo=9.4 mIs, ct=54°44'.

H

A

o c
Fig. 74

£ n

1.39. The motion of the body thrown from the height H at an angle of a, to
the horizon can be divided into two stages: the motion of the body to the highest
point A (see Fig. 74) and the motion of the body thrown from the point A
horizontally with the velocity Vx = Vo cos a. The height AC which the body

v2 sin 2 a
rises to is AC=sy=H+h=H+ 0 2g

(1) The time during which the stone will be in motion t = 11+ f 2, where

11 Vo sin a is the time required for the stone to reach the height h, and
g

.. /25
I. == V -.!.. is the time during which the stone falls. Upon inserting the nume..

g
rical data, we obtain sy=27.9 m, t1 = 0.77 s, 11=2.39s. Hence t=3.16s.

(2) The distance from the tower base to where the stone will drop to the
OE v: sin ~

ground OD=OC+CD; here OC 2 2g 9.96 m ~ 10m, CD=vxtt=

= VOt2 cos a=31.1 rn, whence OD=41.1 m,
(3) v=V v~+v;, where vx=vo cos a= 13.0 mis, vy = gt. = 23.4 mt«, whence

v=26.7 m/s.
(4) The angle formed by the trajectory of the stone with the horizon at the

point of fall can be found from the formula vy=vx tan cp, whence tan cp =
vy= -=1.8 and q>=61°.
Vx
1.40. (I) The ball will strike the wall when it ascends, (2) g=2.1 rn, (3) the

ball will reach the wall with a velocity whose components are equal to Vx =
=Vo~7.07 m/s and vy=vo sin a-gt = 2.91 mIs, respectively. Hence v =
= V v~+v; =7.6 tnl«.

1.41. (1) 7.26 X 10-& rad/s, (2) 14.5 X 10-& rad/s, (3) 1.74 X 10- 3 rad/s,
(4) 1.19X (0-8 rad/s, (5) 7.8 krn/s.

1.42. v=231 m/s. 1.43. v= 1,660 km/h, 1.44. ()~400 m/s.
1.45. ,=8:33 em,
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1.46. The following two equations of motion apply to uniform variable rotation

at'
q>==<1lot+2" (I)

and

00==000+at (2)

According to the given cond ition, 0)0 = 0, and equations (I) and (2) will take
the form

(3)

and
CJ>=a.t (4)

Upon solving equations (3) and (4) simultaneously and bearing in mind that
0)2

cp = 2nN, we finally obtain a = 4nN =3.2 rad/s>,

1.47. a.= 1.26 rad/s", N =360 rev.
1.48. a=-O.21 rad/s'', N=240 rev.
1.49. 10 seconds. 1.50. (1) In 6.3 seconds, (2) 9.4 rev.
1.51. According to the given condition, at = const. If t is calculated irom the

beginning of motion, then

(1)

Further

(2)

From Eqs. (I) and (2) we have

I ..r-
t=-r an' (3)

at

(1) If an=at. we have from Eq. (3) t= {( =2s.

(2) If an= 2at. then t= • /2( =2.8 s. atV at
v2 vtt'l

1.52. at = 4nN, =0.1 m/s?. 1.53. an=.16rt2N 2, 3 0.01 m/s2
•

1.54. ro=4.4Xl016 rad/s, an = 9.7x l022 m/s?.
1.55. (1) In uniformly variable rotational motion the angular velocity ro is

related to the time t by the equation co =wo+cxt. According to the initial con
dition, roo = 0 and hence CJ)= at, i. e., (1) grows in proportion to time. At the
end of the first second (J) = 3.14 rad/s.

(2) Since v = (1)', the linear velocity is also proportional to the time. At the
end of the first second v = 0.314 mise

(3) The tangential acceleration at=a" does not depend on tt i. e., it is con-
stant during motion. In our case at =0.314 m/s2 • •

(4) The normal acceleration an=oo2r=a2t2r, i. e., it grows in proportion to
the square of the time: when t = 1 s we have an =0.986 ~/S2.

(5) The total acceleration increases with time according to the law a =
=V a'+a~=at Vi+a.2t4• When t= 1 S, we have a= 1.03 m/s3
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(6) We have sin y= at Vi, where y is the angle between the direc,
a 1+(lIt·

tion of the total acceleration and the radius of the wheel. At the initial moment
of time, i. e., when t = 0, we have a= at and the total acceleration is directed
tangentially. When t=oo, we have a=an (since at=const an is proportional
to the square of the time), f. e., the total acceleration .is directed. normally.

At the end of the first second sin y=:: = °l~~;=0.305, i. e., y= \7046'.

1.58. an=4.50 mIs', at=O.06 mIst.
1.57. 0=4 tnts, czt=2 mIs', an=2 mIs', a=2.83 mIst.
1.58. a=0.43 rad/st •

1.59. r a 6.1 m.
a. VI+a.2t·

1.60. (I) 6)= 14 rad/s, (2) V= 1.4 tnls, (3) a= 12 rad/s", (4) at= 1.2 m/s l ,

Qn = 19.6 mIst.
1.61. 4at=0.3 mist.
1.82. The angle is determined from the equality tan Y= at, where at is the

an
d 2

tangential and an the normal acceleration. But Of = d~ and an= liT • Therefore

in the conditions of our problem tan y = ~~:t2:~)~. By inserting in this formula

the values of 1=0, 1, 2, 3, 4 and 5 seconds, we obtain: (1) t=O, tan Y= 00,

i. e., y=90° and the total acceleration is directed tangentially, (2) 1= 1 second,
tan y=3.13 and y=7~17', (3) 1=2 seconds, tan y=0.7 and y=35°0'. (4) 1=3
seconds, tan,\,=0.278 and V=15~2'J (5) t=4 seconds, tany=O.14 and
y=7°58', (6) t=5 seconds, tan 1=0.081 and 1'=4°38'. When t=(», tan ,\,=0,
i. e., 1'=0 and the total acceleration is directed normally.

1.83. r= 1.2 m, 1.84. Dn = O.58.
tlt

2. Dynamics
2.1. A descending balloon is acted upon by the lifting force PI (upwards),

the force of the air resistance F I (upwards) and the weight of the balloon Fa
(downwards). Since the balloon moves uniformly, the resultant force according
to Newton's first law is zero, i.e.,

F1+F,=F. (1)
When the ballast is dropped and the balloon begins to ascend, we have, instead
of equation (1),

Fi=F,+(F.-FJf) (2)

By solving Eqs. (1) and (2) simultaneously, we get Fx=2 (Fa-F1). In our
case Fa= 1,600 kgf= 1,600X9.81 N, and F1 = 1.200 kg{ = l,200X9.81 N. Hence
F~=7.85Xl()8 N=800 kgf.

2.2. (1) The load being lifted is acted upon by its weight G directed down
wards and the thread tension T directed upwards. Using Newton's second law
as applied to a load being lifted, we find ma = T -0, and the tension of the
thread will be

T=ma+G=m(a+g) (I)
In our case m=l kg, a=5 mis' and 1=9.81 m/~ By inserting these values
in Eq. (I), we obtain T= 14.8 N = 1.51 kgf.
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(2) The load being lowered is acted upon by the weight G (downwards) and
the thread tension T (upwards). Therefore ma=G-T, whence

T=m (g-a) (2)

If the load is lowered with the acceleration g (free falling), i. e., if a=g the
thread tension will obviously be zero. By inserting the numerical data in Eq~ (2),
we obtain T=4.8 N =0.49 kgf.

2.3. a= 1.25 mIss.
2.4. (1) a = 4.9 m/s? (the lift is going up), (2) a = 2.45 m/s3 (the lift Is going

down).
2.5. as= 13.8 m/s2 •

2.8. The problem can be solved either with the aid of Newton's second law,
or of the law of conservation of energy.

(I) According to Newton's second law

F=ma (I)

where F is the braking force, m the mass of the automobile, and a its accele
ration (negative in our case). Since the automobile is uniformly retarded, we can
easily obtain from the kinematics of uniformly variable motion:

25a=rr (2)

and
2$

vO=T (3)

(4)

(See the solution to Problem 1.17.) By substituting for a in Eq. (I) its value
from Eq. (2), we get

F=2sm
t'J.

In our case s=25 m, m = 1,020 kg and t =5 s, By inserting these data in Eqs,
(3) and (4), we get Vo= 10 m/s=36 krn/h and F=2,040 N =208 kgf.

(2) When the automobile is braked, its kinetic energy is transferred into work
against the braking force, i. e.,

2
mvo= Fs (5)
2

But from the equations of kinematics
2$

~=T (~

By substituting for Vo in Eq. (5) its value from Eq. (3), we obtain as before

F= 2sm (4)
t"l,

2.7. F=2.77XlO· N.
2.8. (1) F=3,000 N, (2) F=3.0XIO' N, (3) F=3.0XI06 N. .
2.9. The force which should be applied to the car is spent to overeome Iric..

tion and to impart acceleration to it, i. e., F=FI(+F4f..But F,,.=/0, where
G is the weight of the car and f the coefficfen of Irtction, and FDC = ma =

=Q. a. Thus F = fa + E- a Since the car moves wi th uniform acceleration,g , g
at'!. 25 2Gs f5="2. Hencea=j2 and then, finally, F=fG+gt'J 10 our case =0.05,
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G=16 tonf=16X9.81XI03 N, 5=11 mt g=9.81 m/s2 and t=30 s. Upon insert
ing these data, we obtain F=8,200 N.

2.10. Vo = 11.75 mt«.
2.11. (1) F=6,OOO N, (2) in 50 seconds, (3) 5=375 m.

2.12. According to Newton's second law, F = ma, but a=~. In our case

ds dv
u=dt = -B+2Ct-3Dt2 , and, consequently, a= dt =2C-6Dt. Hence

F=ma=m (2C-6Dt)=0.5 (10-6t) N (I)

Equation (1) gives the relation between the force F and the time t. At the end
of the first second F=2 N.

2.13. m=4.9 kg. 2.14. F= -0.123 N.
2.15. F&t=5.6X 10- 23 N ·5.
2.16. According to Newton's second law, F&t = m&v, where &v is the vectoral

difference. Assuming the direction of the external normal N to the wall (Fig. 75)

(b)

Fig. 75

positive, we get L\V=V2 cos a-(-VI cos a) =02 cos a+vl cos a. According to
the initial condition, VI=V2=V and hence ~v=2v cos a. Thus, FL\t=
=2mvcosa=2.8xI0- 23 N·s.

2.17. 0.51 s.
2.18. F=86 N.
Note. During the time t the wall is struck by the mass of water in a cy

linder with a length of l=vt and a cross section of A, i. e., m=pAvt, where p
is the density of the water.

2.19. (1) vmax = 21.6 krn/h, (2) t=73 s, (3) a= -0.098 m/s", (4) 5=218 m.
2.20. (1) F1 = 980 N, (2) F2=3,OOO N.
2.21. a.= 14°.
Note. The resultant of the forces of gravity and inertia should' be perpen

dicular to the surface of the liquid.
2.22. a=6°30'. 2.23. 1=0.15.
2.24. Let us denote the weight of a unit of rope length by Go. Hence the

weight of the hanging part of the rope G1 = GoXO.25l. This weight is balanced
by the force of friction acting on the part of the rope which lies on the table,

Fjr=IGoO.751. Thus, GoO.251=IGoO.751, whence f=~:~~=O.33.
2.25. (1) The power developed by the engine of the automobile running up

the grade is spent to overcome the force of friction and the component of the
force of gravity parallel to its path (Fig. 76): F = Ftr +Fit where FIT = fF" =
=to cos c, and F1 = G sin a.. Thus, the tractive effort is-,

F=G (/ cos a+sin a.) (1)
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h

Fig. 76

Upon inserting the numerical data and bearing in mind that sin a ~ 0.04 and
cos ex ~ I, we obtain F == 1,370 N.

(2) When the automobile runs downhill F= G (I cos ex - sin ex) = 590 N.
If the force of friction is less than the component of the force of gravity paral
lei to the route, i. e., if Of cos ex < a sin at
then F < O. In this case, a retarding force
must be applied for the automobile to run
uniformly downhill. If no such force is ap
plied, the automobile will run downhill with
the acceleration a=g(sin a-I cosa).

2.26. F = 2,370 N.
2.27. (1) f <. 0.07, (2) a = 0.39 mIs',

(3) t =22.7 s, (4) v=8.85 m/s.
v2

2.28. f = tan ex - 2 0.2.gs cos ex
2.29. f=0.5.
2.30. (1) The force GI-G1 Imparts to the two weights the acceleration

(I)

Upon inserting the numerical data, we obtain a=3.27 m/s2 •

(2) The equations for the movement of the weights 0 1 and Os can be writ
ten thus

m1a=m1g-Tt
m2a = TI-mti

(2)
(3)

(see the solution to Problem 2.2). From Equations (1), (2) and (3) it is easy to
obtain that

13.0 N.

2.32. (1) a (ml - m+sin (1) g 2.45 mist
m, m2

(2) T
t=T1

= ml mse(1 +sin ex) =7.35 N
ml+m2

233 (1) [ml-m2(sinex+fcosa)]g =2.02 mIs'
•. a ml+m2

(2) T1=T
1
= mlm~(l+(s~(1+fCOS(1)]' 7.77 N

mt m2

2.34. (I) a= eml sin J}+mt sin (1) g 1.02 mist
ml m2

(2) Tl=TI=mlmlgeSi~(1+sin J}) 5.9 N
ml rna
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2.35. (1) a [ml (sin ~-f cos ~)-,n2 (sin a+f cos a)] g 0.244 rn/s2
ml + fn2

(2)
mlm~ [sln ex. + sin ~+ f (cos t:X- cos ~)]

T1=T2 6.0 N
mJ+m2

2.36. The work W is performed to increase the potential energy of the lead

and accelerate it, i. e., W = mgh+mah= mh (g+a), whence a W - ~gh
mz

In our case W =8 kgf-m=8X9.81 J, the mass m=2 kg, and h= 1 m. Upon
inserting these data, we obtain a = 29.4 m/s2 •

2.37. Ten times. 2.38. (I) Wt=21.0 J, (2) W 2=64.0 J.
2.39., ~p= -3.5 kg-rn/s. 2.40. /=0.01.
2.41. (1) W =2.25X 106 J, (2) 5=375 m. 2.42. u=e:;;50 krn/h.
2.43. /=0.05.2.44. W=35.6 J. 2.45. m=0.06 kg.
2.46. With a mean engine power of P and an average speed of v the work

performed by the engine over the distance s is W = Pt = Ps , where T} is the
11 1')u

engine efficiency. The amount of petrol required to do this work is m==!=
q

=!2., where q is the heating value of the petrol. In our case P = 15 hp =
ql)v

= 15X736 W, s=105 ro, q=4.6xl07 J/kg, t1=O.22 and v=30km/h=8.35m/s.
Upon inserting these data, we obtain m= 13 kg.

2.47. TI=0.22.
2.48. The change with time of the kinetic, potential and total energy of the

stone thrown vertically upward is illustrated in Fig. 77.

E

---~-~------il~t

Fig. 77

k----------..- EtDt

------------...;;:~~h·

Fig. 78

2.49. The change with distance of the kinetic. potential and total energy of
the stone thrown vertically upward is illustrated in Fig. 78.

2.50. Ek=Ep=98.1 J.
2.51. Ek=32.2 J) and Ep=39.4 J.
2.52. (1) Ek=6.6 J, E~= 15.9 J, £'tol=22.5 J,

(2) £;=5.7 J, E~= 16.8 J, £';ot=22.5 J

Let us note that according to the law of conservation of energy E'tot= £;ot =
=22.5 J.

2.53. t = 1.5 seconds, Sx = 19.1 m. 2.54. at = 0.1 mjs2 .

2.55. The potential energy of the body sliding dow~ the inclined plane trans
forms into kinetic energy and work against the friction forces, 1. e.,
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mv2

nlgh=T+ Fj rl . But h=lsina and Fjr=fmgcosa., where f is the coeffi-

cient of friction and a is the angle of inclination of the plane.

m~ h
(I) Ek=T=mgh-Frrl=mgl (sin a-fcos a.). In our case sina.=i=

0.1, i. e., a=5°44'. Therefore cos a =0.995. Upon inserting the numerical data,
we obtain Ek=4.9 J .

.. / 2Ek
(2) v= V rn=3.1 m/s.

(3) The kinetic energy of the body at the base of the plane is transformed
into work against the friction forces along the horizontal portion of the
route, i. e.,

Ek
Ek= FfTS =fmgs. whence 5=-/-=10 m.mg

2.58. /=0.07. 2.57. (I) 1=0.22, (2) Q=5.7 J.
2.58. (1) W=7XlOs J, (2) P=29.4 kW.
2.59. The power developed by the vehicle engine is determined from the formula

P=Fv=fGv

(1) Over a level road

P=/Gv=6.9 kW
(2) When the vehicle runs uphill it has to overcome the force of friction and

the component of the force of gr8vity parallel to the route (see the solution to
Problem 2.25), Le., F = G (I cos a + sin ex). Consequently, P = Gv(f cos a + sin a) ..
In our case sin a=0.05. Since a is small, it may be assumed that cos a:=!: 1,
and thus P=11.8 kW.

(3) When the vehicle runs downhill, the power developed by the engine will
be P=Gv (f cos a-sin a)= 1.9B kW.

2.60. For the vehicle to run downhill with its engine shut off at a constant
speed, the force of friction should be equal to the component of the force of
gravity parallel to its route, Le., Img cos (1,= mg sin a., whence f = tan a.. The
power developed by the engine when the vehicle runs uphill can be found from
the formula P =Fv=Gv (f cos a. +5in a). By inserting /= tan a in this formula,
we obtain P=Gv2sina,=11.8 kW.

2.61 (I) When the flat car is standing, the initial velocity of the shell
relative to the Earth is obviously equal to its velocity relative to the cannon.
From the law of conservation of momentum we have

(ml+m2+mS)vl=mavo+(ml+m2)VX (1)

where ml is the mass of the flat car, m2 the mass of the cannon, and rna the
mass of the shell. In our case VI = o. Equation (I) can thus be written as

Vx = - ~=-3.33 m/s=-12 krn/h
m1+m2

The minus sign shows that if the direction of motion of th~ shell is P?sltiye.
r.e., Vo > 0, then Vx < 0 and the flat car begins to move opposite to the direction
of the shell.

(2) If the shell is fired in the direction of motion of the car, the initial
velocity of the shell with respect to the Earth is v,= Vo + t'l and then the law
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of conservation of momentum gives

(m1+m2+ mS) v. = ma (0 0 + VI) +(ml +m2) Vx
whence

(2)

vx=(ml+m2+m3)Vt-m3(VO+Vt) 6km/h
m.+m2

Let us note that Ox > 0, l.e., the car continues to move in the same direc
tion, but with a reduced velocity.

(3) If the shell is fired in the direction opposite to the motion of the car
and Vo > 0, we have v. < O. Equation (2) now becomes

-(m1 +m2+ m3) VI=ma (VO-vl)+(ml +m2) Vx
or

Let us note that Vx and VI are directed identically (vx < 0 and VI < 0) and the
car therefore continues to move in the same direction but with a higher velocity.

2.62. v=O.6 tnls, 2.63. (1) v=5.14 krn/h, (2) v= 1.71 km/h.
2.64. (1) v=17.8 krn/h, (2) v=53.5 krn/h, (3) v=-17.8 krn/h. The minus

sign shows that the car continues to move in the direction opposite to the shell
but with a reduced speed.

2.65. V = -12.5 m/s.
2.66. (1) 0.67 mIs, (2) 0.83 mIs, (3) 0.5 tnts. 2.67. 5 = 0.3 m.
2.68. E,,=49 J. 2.69. L\t=0.58 S. 2.70. F=20.0 N.
2.71. (I) 284 m, (2) 71 m, (3) 1,770 m. 2.72. E" = 1.5X 10' J.
2.73. (1) VI = V2 = 1.8 mIs, (2) VI = 0.6 mls and V2 = 2.6 m/s.

ml 1
2.74. -=-3.m2 ,
2.75. Before the collision the first body had the kinetic energy E1= m;vl .

After the inelastic Impact both the bodies began to move with a common velo

city (I. = 1(11 . The kinetic energy of the two bodies after the impact became
mt mt

(m +m ) v' m2v"

E2 = 1 2 2 • 2 <m/+1m
l

) • The difference E1-E2 is equal to the amount
2 2 2

of heat evolved during the collision: Q= AE = m~tl1_ 2 <m~~t".J . Upon insert-

ing the numerical data, we obtain Q = 12J.
2.76. E1 = 5.62 J , E2=O.62J. 2.77. E=7.5J. 2.78.1.25 times.
2.79. (1) h1 = 5X lO- a m, ~=O.08 m, (2) h=2XIO- 2 m.
2.80. v=550 m/s. 2.81. 1=0.64 m.
2.82. Q=0.188 J=O.045 cal. 2.83. p=O.75 N·s.
2.84. (I) h=0.5 m, (2) Q=1.48J.
2.85. A ball falling from a height of hi reaches the floor with the velocity v.

and rebounds from it with the velocity V2 = kv1t where k is the coefficient of
. mv: ma: hI vi k2V~

restitution. Since mght=T and mgh2 = T ' thenr=2"=-,= k2 , i.e.,
t VI VI

h,,=kth
1• The interval of time from the moment of the fall to thesecond impact

is t = 11+ 21., where t1 is the duration of falling {rom the height hi and t, is
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the duration of falling from the height hi. Since I. = Y2;. and I, = Y2;2 =

t .. /2hl../~ ~/~ -v-
= k V_I J then t= V_I (1 +2k), whence 'k- g . In our case

g g 2y2hl

J- g
V 2;i = 0.45 s, and 1= 1.3 s. Upon inserting these numerical data, we find

that k = 0·.94.
2.86. (1) h=O.84 m, (2) t= 1.4 s. 2.87. k=O.9.
2.88. (1) p=O.17N.s t (2) Q=37.2XIO-S J .

2

2.89. The kinetic energy of the first body before the impact E1 = m~vl and

that of the second body £2 = O. After the impact the kinetic energy of the two

bodies £ (m 1 +2m2) u
2•

where u is the total velocity of the bodies; u =

m1vl m~v~ .= + · Therefore E 2 ( + ). Hence the kinetic energy transformedm. m2 ml m2
during the impact into heat is

'}, 2 t
E _ E=mtVl_ mlvl

1 2 2(ml+ mJ
and the ratio sought is

£1-£ =1- m1 m"
E1 ml + m2 m, +m2

£1-£. £1-£
(I) If m1=m2, then ~=O.5t (2) If ml=9m2, then ~=O.1.

cent.

. E; . E~ 0 36
the ratio E} = It (2) when ml = 9m2 we have £1 =. ·

(2) £,= ~ kJ. 2.92. 1.4 times.

(2) ~v =2~'

2 1 ml=5.9. (1) m
j

,

~v 2
2.93. (1) -v= 13 t

mv2

-,- v2 002,

2.94. %= --=-=-=0.34 per
mg re g

(1) When

2

2.90. The kinetic energy of the first body before the impact E. = m~tJl and

that of the second body E, = o. After the impact the second body acquires the

kinetic energy E~=m22u~ , where ",= 2,,:;V. . Thus, the first body imparts the
ml m2

kinetic energy e;:;:~2 (:l~V~J 2 to the second body The ratio sought is

£2 4mtm2

E1 (ml + m2) 2·
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2.95. 1 h 25 min. 2.96. F = 245 N. 2.97. (1) v = 2.43 rn/s, (2) at the highest
point T=O, at the lowest point T=39.2 N.

1 • /9g
2.98. v = 2 n V T = 2.1 revIs. 2.99. m= 0.5 kg.

2.100. v=59 rev/min. 2.101. T= 1.96 N. 2.102. 1=0.2.
2.103. (1) rl = 1,600 m, (2) '2=711 m. 2.104. a=2~.
2.105. a = 1°. 2.106. (1) VI = 2 revIs. (2) V2 = 1.5 rev/so 2.107. v = 47 km/h.
2.108. At the moment the weight passes through the position of equilibrium,

m~ m~
the tension of the thread T = mg+ -1- . Besides, mgh =- 2' whence

o v=Y2gh. But (Fig. 79) h=l-lcosa=l(l-cosa).
mv2 m m

Hence -l-=T 2gh = T 2g1 (1 - cos ex) = 2mg (I - cos a)

and T=mg [1+2 (I-cos a)]= 12.4 N.
2.109. (I) a=45°34', (2) T=632 N. (3) 0=6 mts.
2.110. (I) a=600, (2) 2.3 times.
2.111. T=3G. 2.112. a.=60°. 2.113. h=2 m.
2.114. The lateral pressure of the water

F
p= Id (1)

Fig. 79 where F is the centrifugal force, d the pipe diameter
and I the length of the part of the pipe acted upon

by the pressure. Further

where

mv3

F=
r

(2)

m=plA (3)

is the mass of the water in the volume At (A is the cross-sectional area of the
pipe and p is the density of the water). The velocity of the water v can be
determined from the formula

M
V:E-

pAt
(4)

(I)

where M is the mass of the water flowing through the pipe cross section A
during the time t. Upon inserting Eqs. (2). (3) and (4) into Eq. (1), we obtain

p= r:~t2' or, after inserting the numerical data, p=56.0 N/mt

2.115. p= 1,250 N/m2•
2.116. The work performed during compression of the spring is determined

from the formula
e

w=- ~ Fde
o

where e is the deformation in compression. According to the given condition,
the force is proportional to the deformation, i. e..

F=-ke (2)

where k is the coefficient of deformation determined by the stiffness of the
spring and equal numerically to the force caus~ 8 unit deformation. Upon
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Fig. 80

But

8

inserting Eq. (2) into Eq. (I), we obtain W = Skede = k;~. In our case

o
k= ~o1 Njrn =2,940 Njm, and 8=0.2 rn. Upon inserting these values we get

W =58.8 J. .
2.117. In static deflection 0 = luo• where a is the weight of the load.

Hence k = £. . When this load is dropped from the height h we have
Xo
kx2 Gx2

o(h + x) =T=2X; or xa- 2xox - 2xoh = 0. Solution of this equation gives

x=xo ± V x~+2xoh.
(I) If h~O, then x=2xo=4 em, (2) if h= 100 em, then %=22.1 em.
2.J18. hi = 1.23 m. 2.119. 10 graduations. 2.120. 7.4 kgf.

E1 ks2.121. 0=3.6 km/h. 2.122. v=22.l tnt». 2.123. E;=7i;.

2.124. l = klk+\~=6X 10-2 m, t. e.. the load should be attached at a distance

of 6 em from the first spring.
mtsx

2.125. F=(At)2=13.7N.

2.128. The tension of the cord (see Fig. 80) is equal to T = _0_ = 5.7 N.
· eosa

The tension T stretches the cord by Al, and T = k6.l. Therefore ~l = k
T =

= 9.5X 10-3 m. It can be seen from Fig. 80 that
l T
7i=Y (1)

mv2

F = T sin ex. = T=4n2v2mR (2)

T
From (1) and (2) we have 1= 4n2v2m = 7.25X 10-2 m.

Thus, the length of the stretched rubber cord is 1=
=72.5X 10-3 m and its length before stretching 10 =
==1-6.l=63XIO- 3 m=6.3 em.

2.127. 1=10.8 em.
Note. The potential energy of the lifted load is trans

formed into the work of stretching the cord and the
kinetic energy of the load.

2.128. The ball floats in equilibrium if its weight T
is equalized by the Archirnedean force. i. e., if G=
=FArch. or

mg=pouog (1)

where t.'o is the volume of the ball segment with the height h submerged in
the water in equilibrium. Po the water density t and m the mass of the ball.
Obviously H -i-h=r, i. e., the radius of the ball. If the ball is submerged into
the water to a depth of x, the Archimedean force will exceed the weight of the
ball. and the resulting force pushing the ball out of the water will be equal to

Fx=F~,ch -mg (2)

17-3574
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The work must be performed against the force Fx: Obviously,

F'Arch = PovtR (3)

(4)

that of ice.
2.J32. F= 1.86X 10-·· N. 2.133. E=- 3.8x 10- 10 J.

2.134. Y= 4;:R=6.7X IO-lJ mS/kg .s2,

2.135.

where Vt is the volume of the ball segment with the height (h + x). From Eqs.
(I), (2) and (3) we have FZ=POVlg-POV~=Pot(Vl-VO)=Polux, where Vx is
the volume of the layer of the ball with the height x. The volume of a spherical

segment with a height of I, as is well known, is equal to V= ~ nl2 (3r- l )

where , is the radius of the ball. Therefore the volume of the layer of the ball
1 1

vx=Vt-Vo = 3 n (X+h)2 [3r-(x+h))-3 nh2 (3r-h). Hence

Fx=PoRVx=Po::rt [3r {X+h)2_(x+h)3_h2 (3r-h)1

The work which must be performed against this force when the ball is submerged
to its diametral plane will be

H

w= ~ Fp (5)
o

After inserting Eq. (4) into Eq. (5), integrating and remembering that H +h = r,
we obtain, upon inserting the numerical data, W =0.74 J.

2.129. W = 0.17 J (see the solution to Problem 2.128).
2.130. W = 0.84 J (see the solution to Problem 2.128).

2.131. W Agh
2
~O-Pl)2 =7.84 J. Here Po is the density of water and PI

Po

Planet fl, Planet P.
kg/m' kg/m~

Mercury 5,500 Jupiter 1,320
Venus 4,800 Saturn 710
Earth 5,500 Uranus 1,260
Mars 3,900 Neptune 1,600

2.136. The rocket will be attracted by the Earth and the Moon with the
same force at a distance of 3.4 X 1()6 km from the Earth's surface.

2.137. gMoon = 0.165gear th ·
2.138. The period of oscillations of the mathematical pendulum will increase

2.46 times.
2.139. The force of attraction between the body and the Earth is equal to

F= ymR~ , where m is the mass of the body, M the mass of the Earth, and R

the distance between them. Near the Earth's surfac~R is equal to the Earth's
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radius and F = mg. Hence

mM
F=mg=YF (1)

When the body moves around the Earth in a circular orbit. the force of gravity
is centripetal Thus,

(2)

Therefore the velocity sought

0= VY: = YgR=7.9XI03 m/s=7.9 kmjs

2.140. For the body to depart from the Earth. its kinetic energy should be
sufficient to overcome the potential energy of the forces of gravity. i. e.•

mv2 mM
2~VR (1)

But near the Earth's surface ~~=g (see equation (I) of the solution to the

mv2

previous problem). Therefore, -2- ~ mgR, whence the velocity sought is

v~ Y2gR. Upon inserting the numerical data, we obtain u~ 11.2 krn/s.
2.141.

Planet
CI,.

krn/s Planet CI,.
km/s

Mercury 3.0 4.25 Jupiter 42.6 60.4
Venus 7.2 10.2 Saturn 25.7 36.4
Earth 7.9 11.2 Uranus 15.2 21.5
Mars 3.57 5.05 Neptune 16.6 23.5

2.142. u==30 krn/s.
2.143.

h. kIT!

o
200

7,000

CI. krn/s

7.91
7.79
5.46

T

1 h 25 min
1 h 28 min
4 h 16 min

,/31t
2.144. (1) T = V yp. where p is

V is the gravitational constant.

17*

the density of the central body and
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(2)

ANSWERS AND SOLUTIONS

Planet T. hours Planet' T. hours

Mercury 1.41 Jupiter 2.86
Venus 1.50 Saturn 3.90
Earth 1.41 Uranus 2.94
Mars t .66 Neptune 2.61

I

(2.145-2.153

(3)

(2)

(1)

2.145. an = 9.20 m/s2 • 2.146. T1=7.8 hours, T 2=31.2 hours.
2.147. At a distance of 35,800 km from the Earth's surface.
2.148. v=1.7 krn/s, T=l h 50 min.
2.149. VI = 1.7 km/s, V2 = 2.4 krn/s.
2.150. On the Earth's surface

mM
F=mg=v-W

where R is the Earth's radius. At the altitude h above the surface

mM
mg1 = v(R+h)2

From Eqs. (I) and (2) we obtain

it R2
g (R+h)2

Equation (3) gives the relationship between !L and the altitude h. Let us
g

denote g; =n. Hence, Irom Eq. (3) we have h2+ 2Rh+ ( R2- ~ ) =0. Upon

SO!vini this quadratic equation, we find that It= - R ± :", Since h must

be greater than zero, take the solution with the plus sign, l, e., It-=- -R+ :n
In this case h will always be positive, since n < 1. Upon inserting n= 0.25, we
find that h = R, i. e., gl = 0.25 i at an altitude equal to the Earth's radius
Let us note that if h< R, equation (3) may be written as

it R2 __ 2hv: (R+h)2 = I-R
2.151. At 8 distance of 13,600 km from the Earth's surface.
2.152. 2 times.
2.153. Assume that the mass ot the body at the distance h lrorn the Earth's

surface and at the distance r from its centre is m. According to the assumption

made In the Problem. we can write F1 =mg1 =Y m::1
• where M 1 is the mass 01

a sphere with the radius r and a density equal to that of the Earth Since

M1 = : nr·p, where p is the Earth's density, th~ mgl = ym ~ nrp. On the
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Earth's surface F=mg=y m:- =ym : nRp. Hence the relation between g. and
g

the depth h will be ~. = ~ = R R h • whence h = R ( 1- ~ ). If ~. = 0.25,

then h=O.75R.
2.154. h=2H.
2.155. According to Kepler's third law

T~ R~
T: = R: (I)

Since we are interested in the period of revolution of a planet of the solar
system, it will be good to take the Earth as a planet with known values of T t

and RI • (Let us note that if Kepler's law is applied to artificial satellites of the
Earth, it will be natural to take the Moon as a satellite with known values of
T! and R 2 . ) In our case T 2 = 12 months, R1 = 1.5x lOS km. According' to the
given condition, R\=1.5XI08 km+24XI08 km=1.74Xl08 km. From Eq. (1)

T1=T. V(.~: r= 15 months=450 days.

2.156. 0=\7.6 krn/s, T=450 days.
2.157. (I) Rs = 1.46 X IO' km, (2) T,=104 min.
2.158. T=88 min.
2.159 Let us take the ring element dl (Fig. 81) The attraction between this

element and the mass m at point A will be dF = 'V mpn~2dl The Iorce dE is
x

l1L

Fig. 81

directed along the 1ine x which connects the ring element dl to the mass m,
Obviously all the forces dF should be summed geometrically to find the force
of attraction by the entire ring. The force dF can be resolved into two compo
nents dFnand dFt . The components dF11 from each two diametral elements are

mutually cancelled and hence F= SdFto But dFt=dF cos a=dF : and

2nR

F = S~ dF vmp; r
2
L S dl ympn~L2nR (I)

o
But x= V R2+ L' and finally

F = 2n'ympr2RL (2)
(Ri+ L2)a/1

2.160 It can be seen from formula (2) of .the previous problem that if ~ = 0.
then F= o. It is easy to see that the function F first grows and then bet;pns to
diminish, with an increase in L. Let us find the maximum of the function F.
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Upon expressing the variable quantities x and L through the angle a., we have

x= --!5--, L =x cos (X=~ cos a.. Hence formula (2) of the previous problem
sin a, sin a

will become

(2)

3. Rotational Motion of Solids

Fig. 82

where

3. r, (1) 9.7X 1081 kg-m-, (2) 7X 1033 kg·m2/s.
3.2. (1) J1 = 63.5X 10-8 kg·m l , (2) J2~

=62.5X 10- 3 kg-rn", (3) 1)= 1.6 per cent.
-----------i~L 3.3. The resulting moment of the forces

under the action of which the disk rotates is

M=Fr-M/r (I)

According to the basic law of dynamics, this moment is related to the angular
acceleration of the body by the equation

M=Ja.

2 2 2 • 2

F n "imp' cos (J, sin a, C · 2= R =:::2 cos a. sin a.

To find the maximum of the function F let us take the derivative ~~ and equate

it 10 zero. We have :: =C(2cos2asina-sln8a)=O. whence tan'a=2. Con·

sequently. the distance L at which the force F is maximum is equal to

L~-!i- cos a=-tR = ,~ . (I) Figure 82 shows the nature of the relation-
51n a. an a, f 2

ship F = f (L) (it is convenient to plot L em along the axis of abscissas and
F F X 1011 N along the axis of ordinates),

(2) Lmax = 14.1 em, (3) Fmax=4.33XIO-uN.
2.161. 1.3. times

mr2

1=-2- (3)

(2)

is the moment of inertia of the disk. From Eqs. (1), (2) and (3) it is easy to

find the mass of the disk m = 2 (Fr-
2M/

r) . In our case F=98.1 N, r=0.2 rn,
a.r

a.= IOOrad/s2, and MJr=O.5 kgf-m=0.5X9.81 Nvrn. Upon inserting these values,
we obtain m=7.36 Kg. Thus, the weight of the disk 0=7.36 kgf=72N.

3.4. a,=2.35 rad/s", 3.5. F=4.0 N. 3.6. M=100 Nvm.
3.7. (1) a,= 7.8 rad/s 2 , (2) in 1 min 20 s.
3.8. \'=23.4 rev/so 3.9. (I) M=513 Nvrn, (2) N=600 rev.
3.10. The weight G} moves down under the action of two forces: GI-its own

weight (directed downwards) and Tt-the thread tension (directed upwards).
Therefore, for the weight a1 we have

m1a=mlg-T1 (I)

The weight O2 moves upwards with the same acceleration a under the action of
the following forces: G2-its own weight (down) and T2 "7'the thread tension
(up). Therefore, for the weight O2

m2a = T, - m,g
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The thread will be stretched on both sides of the pulley differently, and the
difference in the tensions T1-T 9 will create the moment rotating the pulley.
By using the basic law of dynamics. we obtain

a
(Tt-T,,)r=Ia-=J

r

where

Mr2

1=-2-

In formula (4), M is the mass of the pulley.
(1) Upon solving Eqs. (1), (2), (3) and (4) simultaneously, we find

(3)

(4)

(5)

Substitution of numerical values gives a=2.8 m/s2 • If in equation (5) we assume
M =0, i. e., the mass of the pulley is neglected. we shall obtain the solution
to Problem 2.30.

(2) By inserting Eq. (5) into Eqs. (I) and (2), we obtain, respectively,

G1(2m2 + :2 )
T 1 = J (6)

ml +m2 +-;2
and

(7)

(2)

If we assume that / = 0 (M =0) in Eqs. (6) and (7), we shall again get the
solution to Problem 2.30. Upon inserting the numerical values, we obtain
T1=14.0 Nand T 2=12.6 N.

3.11. The problem can be solved in two ways: (1) by using the basic law
of dynamics of rotational motion (see the solution to Problem 3.10), and (2) by
using the law of conservation of energy. The solution in the first way is to be

done independently; the answer is a= M2~~m 3 m/s 2 • Upon using the second

way, let us reason as follows; when the load is lowered, its potential energy
diminishes and passes into the kinetic energy of ·the load and the kinetic energy
of rotation of the drum. Thus,

mv2 /002

mgh=-2-+-2- (I)

Mr'J v
where J is the moment of inertia of the drum. But since J=-2- and 00=7'

where, is the radius of the drum, equation (1) may be written as

mv2 Mv~ u2
( M )

mgh=-2-+ 2X2 =2" m+T
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Since the load is lowered under the act ion of a constant force. the motion of
the load is uniformly accelerated and therefore

at'
h=2 (3)

and
(4)v=at

Upon inserting Eqs. (3) and (4) into (2), it is easy to obtain

2tng -3 I 2
a= M+2m - m s

3.12. 1===9.5 kg- mi.
3.t3. (1) In 1.1 seconds, (2) E~=O.81 J, (3) T=4.1 N.

1
3.14. T1-T2 = 7 (l a - M / r )= 1,080 N.

3.15. (I) a=3.53 mIs', (2) T 1 = 6.3 N, Tt=4.5 N.
Check whether Problem 2.31 can be solved by using the formulas giving the

solution to this problem.
3.16. The kinetic energy of the disk consists of the kinetic energies of trans

lational motion and rotational motion, i. e.,
mv2 1m2

Ek=T+T (I)

(I)

(2)

(3)
v

(1)=,

But since I = mt and CJ)= 7 I where mis the mass of the disk and , its ra

dius, equation (1) takes the lorm Ek= 3~V2 Substitution of the numerical va

lues gives Ek=24.0 J.
3.17. Ek=O.1 J. 3.18. E,=29.4J. 3.19. Q=2.5IXIO- 3 J .

~ £1-£2 H E E3.20. u=~=40%. ere 1= tr+Erot; E2 = Et r-

3.21. W=355J. 3.2~. 3.8 kg·m2/s. 3.23. £=253 J.

R ( m1 )3.24.4.1 m. 3.25. h=2R+2 I+m =7.56m.

3.26. W= 3.2n3r' pv2 =34.1 J. Here p is the density of the copper.
3.27. When a body slides down an inclined plane its potential energy is

transformed into kinetic energy. Thus,

mv2 /w 2

mgh=T+T

where I is the moment of inertia of the body and m is its mass. But

h=l sin a

Upon inserting Eqs. (2) and (3) into Eq. (I), we obtain

mgt sin a=~ ( m+:S) (4)

Since the bodies move under the action of a constant force. their motion is
uniformly accelerated, and therefore

1= at'~2" (5)



8.28-3.29)

and

PHYSICAL FUNDAMENTALS OF MECHANICS 265

(7)

(6)v=at
Upon solving Eqs. (4), (5) and (6) simultaneously, we obtain

mgsin a
a= I

m+,2
By inserting the expressions for the moment of inertia of various bodies in
equation (7), we find:

(I) for the ball a= ~ gsin Ct=3.50 m/s2;

(2) for the disk a= ~ g sin Ct=3.27 m/s2;

(3) for the hoop a=-} gsin Ct = 2.44 m/s2;

(4) for the body which slides off the inclined plane without friction we have
a=gsin a=4.9 m/s2 .

{
2mgh

3.28. v= --I· (1) 2.65 tnt», (2) 2.56 mts, (3) 2.21 tnl«, (4) 3.13 m/s.
m+r,

3.29. (1) The translational velocity of the cylinders at the base of the in
clined plane is determined from the formula

v=' / 2mg~ (I)

V m+ ,.
(see the previous problem). The aluminium cyl inder I whose moment of inertia
is smaller than that of the lead cylinder I will attain a higher velocity at the
base of the inclined rlane and will roll down it faster.

(2) The moment 0 inertia of the aluminium (solid) cylinder is
m,2'I=2 (2)

2+ 2
The moment or inertia of the lead (hollow) cylinder is /2= mY. Let us

find the internal radius '1 of the lead cylinder. According to the initial condi
tion, the masses of the two cylinders are the same, i, e., P1ln,2 = P2ln (,2 -,~),
where 1 is the length of the cyl inders, PI the density of aluminium and P2 that

of lead. Hence ': = r2 P2 -Pi. In this case the moment of inertia of the lead
P2

cylinder

/2= m,2 2p2 . P1 (3)
2 P:l

Substitution of the numerical values (see the tables in the Appendix) gives
11=9XIO-' kg-rn>, 12=15.9XIO-· kg.ml •

(3) Since the cylinders roll down under the action of a constant torce v = at
h at» h vi

and l==-.-=-2 . Hence -·-=-2 andSlna sin a

t=~ (4)
U sin a.
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Upon inserting Eq. (I) into Eq. (4), we finally obtain

t=_.I_V2h (m+~) (5)
sin ex mg

Upon inserting Eqs. (2) and (3) into Eq. (5), we obtain t =-.-'- .. / 3h = 0.78·
sin ex. V g

.. I"2h ( 1+ 2P2 - P1 )

second for the aluminium cylinder, and t=_._I_V 2p2 =0.88
sin a. g

second for the lead cylinder.
3.30. (1) a= -0.21 Tad/sl , (2) Mbr =0.42 N -rn, (3) W = 630 J, (4) N =240 rev.
3.31. (1) /=0.01 kg·m2 , (2) M br=9.4XlO- 2 Nvm.
3.32. (I) M/r=308 Nvrn, (2) t=loo seconds. 3.33. h=O.865 m.

apt: Ek
8.34. Ek= 2t

1
=490J. 3.35. flt=n'VM=5 seconds.

F2flt"
3.36. Ek =--= 1.92x 108 J=1.92kJ.

m
3.37. By the angle a.= 81°22'. 3.38. v = 7.1 mts.
3.39. 0>1 =0>2 = 14 rad/s: (1) VI = 1.05 tnl«, (2) VI = 2.10 m/s.
3.40. From the law of conservation of angular momentum we have

, 1001 = J2{J)2 (I)

where J1 is the moment of inertia of the platform with the man standing on
its edge, /2 the moment of inertia of the platform with the man standing in
its centre, (Ill and (02 are the angular velocities of the platform with the man
standing on the edge and in the centre, respectively. We have

I
ml,2 2

J=-2-+m2' (2)

and

I - ml,2 (3)
2- 2

where' Is the radius of the platform, ml the mass of the platform and ~ the
mass of the man. Upon inserting Eqs. (2) and (3) into Eq. (1) and remembe
ring that 00 = 21t'V, where 'V is the number of platform revolutions per second,
we obtain

whence
ml,2 +2m2,2 ml +2m2 •

V2 = 'VI 2 = 'VI = 22 rev/minm., m,

3.41. W=162J. 3.42. v=21 rev/min. 3.43.1.05 times.
8.44. 'V= 0.49 rev/rnin. 3.45. T = 1.16 S. 3.46. T = 1.07 s.

Tygd
3.47. 1=- --= 0.446 m. 3.48. T = 1.5 s.

n
8.49. The period ol small oscillations of a mathematical pendulum is

TJ = 2n V~ -, (1)
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and that of 8 physical pendulum T, = 2n { ~I ' where / Is the moment 01

inertia of the b~ll with respect to the axis of revolution, m the mass of the
ball and 1 the distance from the centre of the ball to the point of suspension.

In our case I = ~ mrs +ml' = ml' [ I + ~ (~ )'J =ml'x.
Hence

T,=2n Vi; (2)

From Eqs. (I) and (2) we have ~: = Yi". The error in assuming the suspended

ball to be a mathematical pendulum will be

T,,-T 1 T,. «r:
6=--=--1=" x-IT 1 T 1

Hence x= [I + ; ( TrJ =(1 +6)' or y= V ~ [(I +6)'- IJ (3)

In our case 6.:;; 0.01. Upon inserting it into Eq. (3), we get TE;;;;; 0.0224. Since

r = ~ =0.02 rn, the minimum distance from the centre of the ball to the point

of suspension 1=0.089 rn, and the minimum length of the thread L=l-r =
= 0.069 m=6.9 em.

3.50. 1.05 times.

4. Mechanics of Fluids

4.1. v= 0.12 m/s.
4.2. Let us denote the cross-sectional area of the vessel by At and the velo

city with which the water level drops in it by. Vb the cross..sectional area of
the hole by At and the velocity with which the water flows out of the hole
by VI. According to Bernoulli's theorem

pvl pVI
T+pgh=r

or
v~+2gh=v: (1)

With a view to continuity of the stream vtA. =vIA1 , or

VtAI (2)
VI = A';

By inserting Eq. (2) into Eq, (1) and solving with respect to V1' we obtain
A V2gh «t» nd' d2 V2gh .

0t = 2 Since At= - and AI= -. then V1 = SInce
VAl-A: 4 4 yot-d'

d' ~ lJ4, then approximately

v,=~ Y2gh (3)

Let us note that if a=D, then Vt= V2gh. When h=O.2 rn, vl==8XlO- t m/s.
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(1)

4.3. In both cases the jet of water falls onto the table at a distance of
0.4 m from the vessel.

4.4. (1) v=O mIs, (2) v= 1.04 mIs, (3) v= 1.25 m/s.
4.5. (1) The velocity with which the water level sinks in the tank

(I = VI r2gY (see the solution to Problem 4.2). Here y is the water level
A~-A:

(variable) in the tank. During the time dt the water level in the tank will
sink by

dy=vdt=C rydt (1)

A2 Y2R- dy 1 Sh dy
where C=v . From (I) dt= ~r- whence t=- --=-. It is sug·

A~-Ai CrY C ¥g
o

gested that integration be carried out to the end to obtain the answer

..r-V 2 2 y- 2h[(A t )2_1]
t= 2 y h At-All A; - =180 5=3 min

A,Y2g

(2) I t is easy to see that if the water level were kept constant in the tank
at a height of h = t m from the orifice, the time of outflow of the same amount
of water would be halved.

4.6. d= 1.4X 10- 2 m. 4.7. p=2.5X 106 N/m 2 = 2.5 at.
4.8. V= 1.4 m/s. 4.9. t!h= 1.6X 10-8 m = 1.6 mm.
4.10.3 times. 4.11. v=4.1 m/s. 4.12. "1=2 N·s/m2 •

4.13. 4 min. 4.14. 1\= 1.09 N.s/m2 , 'V = 1.21 X 10-8 m2/s.

4.15. The velocity with which the level of the castor oil sinks in the vessel
depends on the rate of flow of the oil through the capillary tube. The volume
of the oil flowing during the time t through the capi Ilary tube is determined
from Poiseuille's formula

v= nr·tfip
8/11

In our case the pressure difference at the ends of the capillary tube is due to
the hydrostatic pressure of the layer of the liquid, i. e.,

~p=pgh (2)

On the other hand

v= A tVII =nr2v
l ! (3)

where Vi is the velocity with which the oil flows through the capillary tube.
From Eqs. (1), (2) and (3) we have

r2pgh
VI = 81T) (4)

But since VtAI =vA, where v is the velocity with which the oil level sinks
in the vessel, and A is the cross-sectional area of the vessel, then finally

r·pgh
v=

8l
fJR2 . When h=26cm=O.26m, we have v=3xlO- 6"m/s.

4.16. t=1.5min. 4.17. At a distance of 1.1 em. 4.18. D=4.6mm.
4.19. In the conditions of the problem the Reynolds number is equal to

Re = 1,800, i. e., Re < 3,000 and motion is laminar,
4.20. D~ 0.085 m.



Chapter 2

MOLECULAR PHYSICS AND THERMODYNAMICS

5. Physical Fundamentals of the Molecular-Kinetic Theory and
Thermodynamics

5.1. T=280oK=7°C. 5.2. V=7.6xIO-3 m3.
5.3. M=1.13 kg. 5.4. T=364°K=9IoC. 5.5. V=3.1xlO- 2 m3.

M Ml~P 0 - 005.6. tJ. =--=7.5 kg. 5.7. M= .065 kg. 5.8. M=I,2 kg.
Pl

5.9. 1.1 times
M 5xlO-4

5.10. (I) pV=-;:t RT 1 = 2 x8.31 X I03x273 J =567 J (1)

M
(2, pV=-RT2=775J (2)

f.1
Take different values of V and use equations (I) and (2) to obtain the corres
ponding values of p,

5.11. See the solution to the previous problem. 5.12. M= 0.4 kmole
J.L

5.13. Pl = 1.08X 100 Nrrn", P2= 1.16X 10& N/m2•

5.14. When the capillary tube is in a horizontal position, each half contains
air having a volume Vo= Ah and a pressure Po, where A is the cross-sectional
area of the capillary tube. After the capillary tube is placed vertically, in its
upper half the volume of the air VI = A (h +AI) and the pressure is Pl' Accord
ing to Boyle-Mariotte's law, Vo Po= V1 Pl' or

hPo=(h+Al)p, (1)

Similarly tor the bottom half of the capillary tube

hpo = (h-~l) p (2)

In this case the pressure P2 in the bottom halt. of the tube is composed of the
pressure Pl and the pressure of the mercury column Pa, i. e..

P2=Pl +Pa

By solving equations (1), (2) and (3) simultaneously, we obtain

P3 (h- ~l) (h+ ~l)

Po= 2h~l

(3)

(4)

1n equation (4), Po will be expressed in the same units in which the pressure P3
is measured. Let us express the pressure Ps in millirnetres of mercury column,

L-l 0 1 B' t·In our case P3=200 mm Hg, h=-2-=0.4 m and AL=. rn. y mser mg

these values in Eq. (4), we get Po=375 mm Hg.
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5.15. According to Archimedes' law, the loss in weight of a body subrner
ged in gas is equal to the weight of this gas in the volume of the body. The

volume of lead with the mass M is VI= M, where PI is the density of lead.
PI

The air in this volume weighs mtg=f.1~~g=~~:. The volume of cork with

the mass M Is Vt = M , where PI Is the density of cork The air in this volume
PI

weighs mtR=~:~: The actual weight of the lead Gt=g(M+mt ) and that of

,..,pMg ( 1 I)the cork G2 = g (M + ml )' and AG=GI-Gt=g(ml-mt)=~ p, - PI =
= 58.6 N S!:: 6.0 kgf.

5.16. The resulting lifting force of the balloon is equal to the difference
between the weight of the air in the volume of the baltoon and the own weight
of the balloon (the weight of its envelope and the hydrogen contained inside).
Thus, F=Mse-(Mtg+x), where F is the resulting lifting force, M 2 the mass
of the air in the volume of the balloon I M1 the mass of the hydrogen in the
volume of the balloon, and x is the weight of the envelope. According to the

initial condition, F=O. and therefore x=g(M,-M.)=g ~~ (f.1,-f.1t) =

=4 nr' ~~ (J.L,-f.1t)=0.096 N=9.8xlO-8 kgf.

5.17. p= ~ = ~';. =0.083 kg/m8• 5.18. p=O.08I kg/ms.

5.19• ..,=4 kg/kmole. 5.20. p= 1.6XIO- 14 kg/m 8• 5.21. 1,4000 K.
5.22. The state of a gas is determined from the following equations:

before heating

(I)

and after heat ing

(2)

According to the given condition, PI = PI = P The Quantities sought can be
found from equations (l) and (2):

(I) Vt=MRT
t = 2.4X IO- S mS; (2) TI=~~=1.170oK;

~p .

(3) p\= :~, =4.14 kg/m s; (4) P2= ::, =1 kg/ms.

5.23. p= 1.55X 108 N/m2 , p=500 kg/mS.
P~ C5.24. p= RT When T=consC p= lP, f. e., p is directly proportional

to p. When p=const, p= c.; i. e., P is Inversely proportional to 1

5.25. According to Dalton's law, the pressure in the vessel after all the
water is evaporated will be p = Pl +P2, where PI ~ the pressure of the oxygen
and PI the pressure of the water vapours According- to Mendeleyev-Clapeyron's
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PI
MIRT 1.6X8.31XIOSX773

N/ 2 32
VJ.Ll 1X32 m = . X 1()6 N/m l

= M I RT 0.9XS.31 X l08X773 N-, 2 = 3 2 10' N/m 2P" V,..., 1X 18 m. X

and the total pressure p=6.4XIOl N/ml .
5.26. According to Dalton's law,

P=Pt +p" (I)

where PI and PI are the partial pressures. If the temperature is constant
PI (VI+VI) = P~Vl and PI (VI+VI) = p;VI' whence

p~ VI
PI = VI +V

2
(2)

and

p;V1
PS=V,+V,

Upon inserting Eqs. (2) and (3) into Eq. (I), we get

p= p~ Vl+P~VI =1.4XI06 N/m2

Vt+V,

(3)

5.27. p=4.15x 10' N/m~.

5.28. (1) J.I. ml+m, =4.6 kg/kmole, (2) V=11.7XlO-s mS•

~+m2

III 112
5.29. m=2.5XIO-s kg.
5.30. If the iodine molecules were not dissociated, the pressure in the vessel

would be

=MRT IO-SX8.31 X l03XI,273 N/m2 = 625 mm H
P,....V 254XO.5XIO-s g

If the degree of dissociation is a, the vessel contains 2a. M kilornoles 01 atomic
J.I.

Iodine 1 and (I-a.) M kilomoles of" molecular iodine 12 - The pressures they,...
create are equal, respectively, to

2aMRT and (I-a) MRT
Pt=,...V P,= flV

and the pressure of the mixture

MRT MRT
Omix=Pl + PI =~ (20.+ I-a)= (l +a.)~=P (1+a.)

l. e.,
Pmix 700 0 121+a =-P=625 = 1.12 and ex = .

5.31. 1!l = 1.25.o
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(5)

(4)

5.32. p=1.2 kg/mSt pt=O.2IXl06 N/m't PI=O.79XlQl N/m 2

5.33. p= 1.98 kg/rna.
5.34. (1) m= 1.67xlO- 2? kg, (2) m=6.65XlO- 2? kg.
5.35. 5.6X 10-2s N -s. 6.36. 3.3X 10-21 N -s,
5.37. 2X 10- 23 kg-mrs. 5.38. 3.3X 1022 5.39. 7.5X 101e em-3.

5.40. 2X 1027. 5.41. 3.4X to' em-I.
5.42. The gas pressure P in the vessel is related to the number of molecu

les n in a unit volume of this vessel by the ratio

NkT
p=nkT=--y (1)

where N is the total number of molecules in the volume V. Since these N mo
lecules form a monomolecular layer on the wall of the vessel,

N= ~1 (2)

where

Al =4nr2 (3)

is the surface of the vessel and A - the cross-sectional area of one molecule.
The volume of the vessel is

4
V=gnr

Upon inserting Eqs. (2), (3) and (4) into Eq. (I), we obtain

3kT
P=Af

or after inserting the numerical values in Eq. (5)

p=2.4 N/m'=1.8xtO- 2 mm Hg

5.43. If the degree of dissociation is a, the vessel contains 2a M kilomoles
f.L

of atomic iodine I and (I-a) M kilomoles of molecular iodine 12 The total
f.1

number of kilornoles in the vessel is equal to 2a ~ + (I-a) ~ and the number
U .1

of the particles sought will be

N= N Ar2cx~ +(l-cx) :J
Upon inserting the numerical values, we obtain N =3.56X 102 1

5.44. N=4.5xt028•

5.45.(1) V=3.2Xlo-a m3, (2) Pl=7.37XIO- t mm Hg, P2=2.63XlO-· mm
Hg, (3) n=2.6XI018cm-8•

V=. Vv~
5.46. v =500 m/s 5.47. ~=2.65.

-2
VI

5.48. Vij2=5XIOI m/s. 5.49.. n=42x10I I cm- 3

1-
5.50. P=3pv2=5XIOS N/rn 2• 5.51 1.44XI0'1 ttmes



5.52-5.73) MOLECULAR PHYSICS AND THERMODYNAMICS 273

5.52. m V(j2 = Y3kTm=6.3x 10- 2• kg-mrs

5.53. (I)j!v2 = 230 mIs, (2) N=1.9Xl023 , (3) p=5.0 kg/ms.

5.54. VV~=4.6XI0-3 mts. 5.55. p=O.74 kg/m3 •

V.:z5.56. (1) v = 1,900 mIs, (2) ,...,=2 kg/kmole. 5.57. N = 1.88X 1022 •

5.58. The energy of the thermal motion of gas molecules is determined from
the formula

Ml
E=-- RT

~ 2
(I)

t-or a biatomic gas ;=5, where ;=3 relates to translational motion of the
molecules, and i = 2 to rotational motion. Upon inserting the numerical values
into Eq. (1), 'we obtain E=3.7xt03 J, including Etr=2.2XIOs J and Eroi =
= 1.5X 1()3 J.

5.59. Ek=210 J. 5.60. Er ot=8.3X}0' J.. 5.61. £=750 J.
2£

5.62. (1) Ai= ""'=2=2.5X 10-3 kg
v

2£
(2) P=3V=J.67XI06 N/m2

5.63. (I) T=20,OoooK. (2) T=900oK.
iMp

5.64. E=2fJ=5Xl~ J. 5.85. N=1.3Xl019 , £=0.133 J.

5.66. (1) c{' = 650 J/kg· deg, (2) CP= 910 J/kg· deg.
5.67. (I) BuO J/kg·deg=O.19 cal/g·deg,

(2) 1,025 JIkg· deg = 0.245 cal/g- deg,
(3) 970 J/kg. deg = 0.23 calJg· deg,
(4) 1,040 Jjkg·deg=O.248 cal/g-deg,
(5) 103 J/kg·deg=0.025 cal/g-deg.

5.68. 1.4. 5.69. fJ. = 2 kg/kmole.
5.70. C'O = 650 J/kg.deg, cfJ =910 J/kg·deg.
5.71. C =693 J/kg·deg, cp = 970 J/kg.deg.
5.72. It can be seen from the equation 2H2 +02 = 2H20 that three kilomo

les of biatomic gases after reaction produce two kilomoles of a triatomic gas.
, 5 , 7 " 6

Therefore Cv = 3 X 2" Rand CtJ =3X2 R before combustion, and Cv = 2 X 2 R

and C;=2X ~ R after combustion. Hence.

C~ C~(1) -;;- = 1.25. (2) --;; = 1.3]
Co Cp

5.73. The quantity of heat needed to heat 2a ~ kilomoles of atomic oxygen
J1

and (I-a) Mki lomoles of molecular oxygen at a constant pressure is
f.L

M I M II M
Q = 2a. 'j1 CpAt +(l-a) j& Cptlt = il Cpllt

where C~ and C; are the molecular heat capacities of a monoa.t0mic an~ 8
biatomic gas. respectively, and Cp is the molecular heat of the mixture (with
p=const). Whence

2aC~+(l-a)C;=Cp

18--3G7·!
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(1)
cp-C;

0.= , "
2Cp-C p

Here, Cp = cp~ = 1,050X32 J/kmole·deg= 33.6X 103 J/kmole.deg, C~ =
=20.78x 103 J/kmole·deg, C;=29.08x 103 J/kmole.deg. Upon inserting these
values in Eq. (I), we obtain a=0.36.

5.74. Co =90 J/kg.deg, cp = 139 J/kg·deg. 5.75. a =23%_

5.76. cp = 685 J/kg.deg. 5.77. cp = 1.59. 5.78. M =60 kg.
Co

5.79. (1) The amount of heat received by the gas can be found from the formula

AQ= M Cp (T2-T .). To find T 2' let us write the equation ot state at the gas
~

before and after heating: pV1 = M RT 1 and pV2 = M RT 2' Hence T2 = T 1 V
V2

•
J.t J.L 1

But VI = M RT 1 and, therefore
J.1p

T =t-LV2E=32XIOXIO-3X3Xl()6°K~1156°K
2 MR lOx 10- 3x8.31 X 103 •

Thus,

and

i\Q=~Cp (T
2-T1

) 1O-2X29.0~Xl()3X873 J=7.9xI08 J

(2) The energy of the gas before heating can be found from the formula

Mi
E1=1J 2 RT. (1)

Since oxygen is a biatomic gas. i = 5. Upon inserting the numerical values into
formula (I), we find the energy of the Ras before heating: £,= 1.8X lOS J. The
energy of the gas after heating is

MlE:a=1J 2 RTg = 7.6 X 103 J

5.80. Q = 4.15 X lOS J.
M M

5.81. (1) At a constant pressure Q=-Cp6.T But pVt=-RT 1 and
t.t IJ

pV2 = : RT2• whence pi\V = ~ Ri\T or ~ st = P~V Hence, Q =

pl1V
=Cp--r=700 J.

M M M
(2) At a constant volume Q=-CfJ~T. But P1V=-RT. and P2V=- RT 2 t

~ ~ ~
M M Vl1p YAp

whence Vl1p=-Rl\T or -~T=~. Hence 'Q=CfJ -
R

=500 J.
IJ. 0 J.L

5.82. (I) T=I,500K, (2) V=12.4X 10-3 rn", (3) Q=12.4 kJ.
5.83. Q =545 J. -,
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M ~Q
5.84. Q=~Cxt1T, whence Cx=MXT=20.8XI03 J/kInole.deg~5cal/rnole x

X deg. Since oxygen is a biatomic gas, the value of ex obtained shows that
the gas was heated at a constant volume.

5.85. The amount of heat which should be imparted to the air can be deter
mined from the formula

(I)

To find t1T, let us write the equation ot state of the gas before and after
M M

heating. Since V1=V.=V, then P1V=-RT1 and P2V= - RT 2, whence
M ~ ~

VAp= - R&T, or
J.1

I1T= Vl\p~
MR (2)

(3)

Upon inserting Eq. (2) into Eq. (1), we rind

V~p i
Q=-C~-R-=2 Vl1p

Substitution of the numerical data in Eq. (3) gives Q= I~ J.
5.88. (1' M=3.7 X 10-3 kg, (2) l\E=3.3 X 10- 2J J.
5.87 Q= pVCoL\t 208 J.

~

5.88. (I) T,=2.5OO" K. (2) Q=C" v:p
=16.3 kJ.

5.89 i=6. 5.90. (1) Q=6.25 kJ, (2) T2=4T., (3) Ps=4Pto

5.91. (1) Q= ]02 J, (2) V v2 = 1.57 X loa mts, (3) P.= 1.33x 106 N/m2 •

(4) Pl=PI=O.164 kg/m 8, (5) E=4X 102 J
5.92. Q= 155 J.

5.93 (1) 0=579 mIs, (2) Vvl = 628 mts, (3) vpr=5]3 ttit«.
5.94. T = 83° K = - 190°C.
5.95. The molecules are distributed by velocities according to the formula

AN 4 ')
-=--e-ll'u 2 l1u
N yi (1)

where u Is the relative velocity In our case Q= 100 mls and ~f}"=]0 m/s. The
..12RT . v 100

most probable velocity 0p, = v- ==376 m/s. Hence u = v==376 and
~ F AN

u'=O.071. //-8
1 = 0.93 and ~u=;~6 Then, formula (I) gives us N ....

4 10- yi 0.93 X 0.071 X 376==0.004 ....0.4%. Thus. the number of molecules whose

velocities lie withIn this range is 0.4 per cent of the total number of molecules.

This problem can also be solved with the aid of a diagram ::u = f (u) (see

Fig. 83) plotted from the data in Table 9 on p. 62. In our case u:= 0.21 The

18*
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dl h h t!/'/ d t hi 1 f S· .iagram sows t at N~u ~ 0.16 correspon sot 15 va ue 0 u, mce In our

~Ncase ~u=O.027, then /V=O.16 X 0.027=0.004=0.4 per cent.

5.96. 6.~V = 2.8% 5.97 6.: =4.5%

0.8

0.6

Q4

0.2

fjN
NlJU )'r ~\..

V ,
j \

I ~

~ \
J r\.

/ "-
./ ~ "'-u
o Q4 Q8 1.2 1.6 2.0 2.4

Fig. 83

&N
5.98. ~N: = 1.1 for any gas at any temperature.

5.99. (1) 0,,=487 m/s and A: =3.4%. (2) 0p,=731 m/s and A:=2.2%.

In this way. as the temperature increases, the maximum of the distribution
curve shifts to the right. and its value diminishes.

tp

0.8

Q6

0.2

Nz"',
N "',,

\ ,
\
I\.

-,
"-
~ ......... u-o a4 0.8 .'.2 1.6 2.0 2..

Fig. 84

5.100. Since the range of velocities is great in this problem, Maxwell's for
mula cannot be used. To solve this problem, proceed as follows: find the
numbers of the molecules N1 and N 2 whose velocities are greater than VI and V2'
respectively. Obviously, the number of molecules sought will be N~=NI-N2'

The numbers N1 and Nt can be determined from~ diagram ~x =F (u) plotted
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according to the data in Table 10 on p. 62 (see Fig. 84) In our problem
.. /2RT 300 800

urr = V It = 500 m/s. Hence, Ut = 500 = 0.6 and Ua= 500= 1.6. From

Fig. 84 for these values of u we find !Jvl=0.87=87% and ~=0.17=17%.
respectively. The data obtained show that 87% of all the molecules have velo
cities exceeding 300 m/s. and only 17% of the molecules have velocities excee
ding 800 tn]«. Hence the relative number of molecules whose velocities range

from 300 mjs to 800 mjs is ~" = 87% - 17% = 70%.

5.101. (I) ~I =57%. (2) ~2 =43%. The results of the solution show that

the curve uf distribution of the molecules by velocities is asymmetrical.
5.102. N x = 1.9X 1022•
5.103. For a molecule to have a kinetic energy of translational motion equal

2

to Eo, it should have a velocity of VOl which satisfies the eqUationm;o = Eo

Hence Vo= (2;0 Since the most probable velocity ver = (2~T =

= (2:;, the relative velocity of this molecule is u=v:: =.;;;=1.73.
Let us use the diagram in Fig. 84 to find the relative number of molecules

~" whose relative velocity is greater than the velocity u= 1.73. The diagram

shows that tv; =0 12. Thus, 12% of the oxygen molecules at the given tem

perature have a kinetic energy which exceeds the energy Eo The total number

of oxygen molecules in the vessel N =.!!!. N A = 1.5 X 1029• Hence, the number of
Il

molecules sought N x=O.12N=1.8X 1022 •

5.104. (1) T=7,730oK. (2) According to the given condition. NN£=0.5.

The diagram in Fig. 84 shows that '; =0.5 and this corresponds to a relative

velocity of u = 1.1. But u = ( ;; (see the solution to the previous problem),

E
whence T= ku~=9.600oK.

5.105. T = 15,700° K.
5.106. The pressure of the gas p diminishes with the altitude h according

JJ.gh

to the law p = poe- RT, where Po is the gas pressure at the altitude h =0.
In our case ~=29 kg/krnole, h=3.25 X 103 m, R=8.31 X ]03 J/kmole·deg,

T=278° K hence Ilgh
=0.4. Since e- O•4 = 0 67 we finally obtain p=760 X• RT . ,

XO.67 mm Hg=510 mm Hg.
5.107. h==2.3 km.
5.108. PI = 0.354 atm. P2 = 0.713 atrn, L\p=0.36 atm.
5.109. 1.7 times. 5.110. (1) 1.28 kgf, (2) 0.78 kgf.
5.111. (1) h=5.5 krn, (2) h=80 km.
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5.112. The barometric formula is
Itgh

p=POe - RT (I)

(3)

or

nlog 1
e nl

!!!..=e
n,

The concentration (number of particles in a unit volume) is equal to n = kT '
whence

p=nkT (2)

By inserting Eq. (2) into Eq. (1). we obtain, respectively, lor the altitudes
Jj.gh1 ....gh!

---rrr -fiT hht and h,: nl = noe and nt = noe , W ence
J1g (hi - hi) ....g (h.- hd

RT =e RT

Thus,

Since the mass of a particle m= N....A' formula (3) can be written tog ~ =
p. n2

- N Amg (h2 -h1) whence taking into account the correction tor Archime-- RT • ,
des' law, we finally obtain

RT loge nt
NA - n, 6.1 X 1028 kmole- 1

- gV (p-p') (h2-hl )

where p is the density of gamboge and pi that of the liquid.
5.113.1=8.5 X 10-' m. 5.114.1=5.6 km. 5.115. T=9.3 X 10- 8 m.
5.116. z= 4.9X 10' 5- 1• 5.117. z= 2.47 X 10' 5-1.

5.118. Z =3 X 1031• 5.119. 2.3 times. 5.120. 1=10-8 m.
- ~ -

5.121 l Y 1.8 X 10- 8 rn, 5.122. l= 14.2 cm.
2 na2 NAP

5.123. The mean number of collisions per second of the oxygen molecules can

be found [rom the formula z=':: . where v= (8RT and i2=il PI.
I, nJ.L P2

(I)-z=

r
8RTV1tj1

[1 Pi
Pt

According to the Initial condition, Pl = 100. 11 = 9.5 X 10-'- m, and T = 2730 K.
P2

Upon inserting these data into EQ. (1). we obtain 2=4.5 X 101 5-1,

5.124. %=9.6 X 109 5-1 • 5.125. 7~2.3 X 10-8 rn.

5.126. (1= • I V J1 _ =3.5 X 10-10 m,
V 2 N Anlp

5.127 ~= 1.6 X 10- 7 S "-

6.128. p= 1.6 X 10- 9 kg/rna, n=3.3 X 1010 em-I, 1=16.0 rn,
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5.129. So that the molecules do not collide with each other, the mean free
path should not be smaller than the diameter of the vessel, l . e., 1~ D~

~.,r I . Hence n<;;.,r I . Upon introducing the numerical values we
2 na2n 2 na2D '

obtain n~ 1.7 X 1013 ern-3.

5.130. (1) 7 X 10-3 mm Hg, (2) 7 X 10-' mm Hg, (3) 7 X 10- 5 mm Hg.
5.131. p~ 3 X 10-3 rom Hg. 5.132. P < 9.4 X 10-1 kg/mS.

- v .. /8
5.133. z= y V 3n =9.2X 107 S-1

5.134. D=0.91 X 10- 4 m2/s. 5.135. D=8.4 X 10-1 m2/s.

5.136.· D=J.. or=.!.l(8RT kT At a constant pressure D=CT3
/ t

3 3 nJ.L Y2na2p
The diffusion coefficient versus the temperature at p = const is shown in Fig. 85.

-------L~TT,

'I

--------~~T
12

Fig. 85 Fig. 86

5.137. M =2 X 10- 6 kg. 5.138. M =9.1 X 10-8 kg.
5.139. T= 1.84 X 10- 7 m. 5.140. 11 = 1.78 X 10-6 N ·s/m 2 •

6.141. We have
1 -

11= '3 vip (I)

where v= ... /8RT is the arithmetic mean velocity of the molecules, 7 = .,r_~TV 1tJ.l 2 no 2p

Is the mean Iree path and p = ~ is the gas density. Substitution in

Eq. (I) gives 1J= 3~~9 Y ~~ .whence 0
9 = ::1J V ~~ =9 X 10-

90
m

9

and 0=3 X 10-10 m.
1 -- - -

5.142. '1= "3vip. Upon inserting here the expressions for o , land p, we

find 11 = cyTt where C is a certain constant. The coefficient of internal friction
T) versus the temperature T is shown in Fig. 86.

5.143. D= 1.48 X 10- 1 m2/s. T)= 1.85 X 10-6 kg/m·s.
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Fig. 87

'-------.......L....:~T

T,

5.144. 1.07 times. 5.145. n=~~=1.8 X 1025 m- 3•

5.146. (I) p= 1.6 kg/rn", (2) 1=8.35 X 10- 8 rn, (3) 0==440 rn/s.
5.147. v=2.72 tnl». 5.148. F=O.045 N.

F(R--r) 18 10-& N 2.A 5.149. "1=:. 4n 2vh Rr . X -s/ms,

5.150. A=O.090 W/m-deg.
5.151. A= 13.2X 10-3 W/m·deg=

=11.3X 10- 3 kcal/rn-h-deg.

5.152. A.= ~ ii ICflp, By inserting the expressions

for V. I and p, we find A=C vr. The nature of
the relation A= t (T) is shown in Fig. 87.

'A,VNA
5.153. D=-N =2XIO-&m2/s.

CV

D1 "11 3 }~t5.154. (1) D =0.8. (2) -== 1.25, () :t=O.96.
2 112 1\.2

5.155. p = 1.26 N/m 2 = 0.0096 rnm Hg.
5.156. (1) The thermal conductivity coefficient of the air will begin to depend

on the pressure when I= d. where d is the distance between the \\:a115 of the
- kT kT-

bottle. We have 1 V ' whence p = .r- when 1= d. Upon inserting
21to2p r 2na2 d

the numerical values, we get p=7.35X 10-3 mm Hg.
(2) (a) A= 13.1X 10-3 Wtm- deg. (b) If p = JO-' m.m Hg, the mean free path

- I -
I is greater than the distance between the walls of the bottle. Hence A= 3 dvpcv=

1 y8RT PJ.L Ri 1 . V 8R= - d ---- - =-dPI -= 1.78x 10-· W/m.deg.
3 nfJ. RT rfJ. 6 nJ.LT

sr '1+'2(3) In our case Q=A fix fiA~t. But ~A=2nrh, where r=-2- Hence

Q= )"~~ 2n rb At. Upon inserting the numerical values, we obtain: (a) Q = 188J=

= 45 cal, and (b) Q = 2.55 J = 0.61 cal The actual losses will be greater due
to convection.

5.157. Q =5.7 kcal, 5.158. Q =78 J.
M

5.169. (I) Q=J1C~T=7.92XI03J=I,890cal.

i
(2) se ="2 P~V=.;5,660 J = 1,350 cal,

(3) W=pAV=2.26XI03 J=540 cal.
Thus, as could be expected. Q = t1E+ W on the basis of the first law of thermo
dynamics.

5.160. (1) W=8.IXl03J, (2) l\E=20.2XI03J, (3) Q=28.3XI03 J (Q =
= t1E +.W).

5.161. se-: 1,000 J.
5.162. (l) dE=2,500 kJ, (2) W=830 kJ, (3) .Q=3.330 kJ.

5.163. W =600 J. 5.164. Q= W ( ~ + I ) =550 J.

5.165. fJ.t=57°C. 5.166. W=13.2 J, AE=39.6 ~
5.167. (1) Q=3.32XI06 J, (2) 6.E=2.49XIQ6 J, (3) W =8.31XI06 J.
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A

I
I

B

V..a

Fig. 88

--- c

I
---i--

I
I

p

pz

po

P,

( 1)

Whence

Wad [I-(~r-l]
~= V

IS (x-i) loge V2

1

In our case V1 = lO- 2 rn3, V2 = 2 X lO- 3 mS, x-l=0.4. Upon introducing these

data in Eq. (I), we obtain ~a.d = lA, i. e., isothermal compression is better.
o IS

5.186. By 7 . 5.187. l.15 times.
5.188. (1) P2=5 atm, T:a = 273° K, W=- 1,140 J,

(2) P2=9.5 atrn, T 2=520° K, W=-l,590 J.
5.189. (I) T2 = T 1 =313° K=40°C, P2=2.0X 10& ,N/m2 , W=- 1.800 J,

(2) T2=413°K=140°C, P2=2.6Xl06 N/m2 , W=-2,080J.
5.190. (1) 2 times, (2) 1.64 times.
5.191. The monoatomic gas will be heated more, -1.2 times.

5.192. (I) ~:=1.33. (2) T.=270oK=-3°C, (3) W=2.3xIOt J.

A B cp
5. t93. (1) P = V' (2) p = Vit' where x = co. The gas pressure p versus the

vol urne V is shown in Fig. 89 by curve I for isothermal expansion and by curve
2 for adiabatic expansion.

5.194. (1) Q=1.55 kJ, W=O.92 kJ, L\£=0.63 kJ,
(2) Q=l.B8 kJ, W=1.25 kJ. L\£=O.63 kJ.

5.195. The heat engine operating accord ing to the Carnot cycle pe~orms work
equal to W = Q1- Q2=~Qt, where Ql is t~e amount of heat received. by the
engine from the hot source, Q:a the amount 01 heat rejected to the cold sink and

5.168. (1) Q= 10.4 J, (2) ~h=2.8 em. 5.169. Q:=7360 J.
5.170. W =720 J. 5.171. 2.72 times. 5.172. yt2 = 500 m/s.
5.173. (I) W=70 J, (2) Q=W=70 J=16.8 cal.
5.174. W=2.2Xl06 J. 5.175. T=207°K=-66°C.
5.176. Pl=g.5Xl04 N/m 2 • 5.177. T=865°K=592°C.
5.178. i -=5. 5.179. t= 123°C, p=52.8X 10' N/m2 .

o cp .
5.180. T = 780 K. 5.181. - = 1.4.

Cv
5.182. (I) The diagram of the process is shown in Fig. 88. (2) V2=O.25 litre,

PI = 1.32 at.
cp

5.183. -= 1.4.
ct1

Mi
5.184. In the adiabatic process ~E=-W. (I) IlE=~2R(T2-Tl)' The

temperature T'1 can be found from Poisson's equation. After calculations
we find that IlE=-2.69XIQ8 J. (2) W=
=-i\E=2.69xI08 J.

5.185. The work in adiabatic compression

Wad=:(~h [I-(~:r-l]
and the work in isothermal compression

M Y2
W/s = - RT loge -Y

.... I



282 ANSWERS AND SOLUTIONS (5.196-5.199

T1-T2'1 the efficiency of the engine. In our case 1l=~=O.25. Hence W ="lQI =
= 150 cal =630 J, and Q2=QI-W=450 cal =-1,880 J.

5.196. '1= 18 per cent.
5.197. (I) 1}=26.8 per cent, (2) Ql=27.4XI04 J, (3) Q2=20.0Xl~ J.
5.198. (I) 11 == 20 per cent, (2) W = 1.26 X lOS J.

p p

p, A

pz

p,

1 P3 C

2 VV V, V. Vz V3

Fig. 89 Fig. 90

5.199. The equation of the isothermal line AB (Fig. 90) takes the form:
M

pV=- RT) (I)
JJ.

The coordinates of point A satisfy this equation, I. e.,
M

PtV.=-RT1
J.I.

whence
M_P1V1_7X1.013XI0&X2XIO-

S
k 1-0427 IO-3k 1

~ - RT] - 8.31 X losX400 rno e-. X mo e

and then equation (I) becomes

pV =O.427X IO-sX8.31 X 103X400 J = 1,420 J
For point B

(2)

PV I ,420 N 2 2 8 t
P2=V

2
=SXIO- 3 1m =. a m

Since the coordinates of points Band C satisfy the adiabatic line BC, then

PtV~=P3V~. whence Pa=P, (~:r=1.44 atm. The equation of the isothermal

line DC is pV=M RT=PaVa=1.44XI.OI3Xl06X8XIO-3 J=1,170 J. Hence
J1

T 2 = 3300 K. Since the coordinates of points D and A should satisfy the equation. (V )X-l T
of adiabatic line DA, then ~ =T~ t whence V.=3.22XIO-8 m3 and

1,170
P4= 3.22XlO-sx1.013Xloa atm=3.6 atm

(1) Thus, Vt=2 litres, Pl=7 atrn, V2=5 litres, '91=2.8 atrn, V,=8 litres,
Pa= 1.44 atrn, V.=3.22 litres, p,=3.6 atm.
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(2) The work in the isothermal process AB is

M V
W 1 ='"i1 RT1 loge V;=O.427X 10-3X8.31 X l03X400XO.916 J = 1.300 J

the work in the adiabatic process BC is

Wt=M RT 1 [1_(V1)X-l]=M RT} (1_T2)=z::620 J
f.1 (x-I) V2 f.1 x-I T 1

the work in the isothermal process CD

W3=M RT210gevV4=-1,070 J
lJ. 3

the work in the adiabatic process DA

M RT2 (T1 ) JW4 = - -- 1-- =-620
,.... ~-1 T?,

(3) The work during the entire cycle W =~ Wi = 230 J.
T 1-T'J.(4) The cycle efficiency 1\=-r-- =0.175= 17.5%

. 1
(5) The amount of heat received from the hot source per cycle is

W 230
Ql =1]=0.175 = 1.300 J =312 cal

(6) The amount of heat rejected to the cold sink per cycle is

Q2=Qt-W=I,070 J=256 cal

5.200. 2.1 times.
5.201. During the reverse cycle the external forces perform the work W. The

quantity of heat Q2 rejected from the cold body together with the work W done
is equal to the amount of heat Q imparted to the hot body.

Tt-T2(1) tl=--r;-=0.093.

(2) Qt=Ql-W=~ _W=l 1'\ 1'\W. Here W=37.000 J=37 kJ. Hence

Q'J. = 1-" W =360 kJ.
11

(3) Q1= Q2·f- W ==397 kJ. Thus, the refrigerator will transmit to the hot body
397 kJ per cycle, of which 37 kJ are due to the conversion of the work into
heat and 360 kJ are transferred from the cold body.

5,.202. The quantities 1')1. 112 and 113 are interrelated by the formulas 'h =
1 1-113 d

1 I and t'l2= . In our problem 1'11 = 1.09, Tl2 = 11.0, an '13=
-113 TJ3

= 0.083.
5.2.03. 4.94 kg.
5.204. The heat Qo can perform the work W == 1'12 Qo. where Tlg is the effici-

ency of the heat engine; 1]2 = T 1:;:TIThe refrigerator will impart to the
I T'-T'

room the heat QI =.!. , where 1]3 is the refrigerator efficiency. and 1]3 = 1T' t
113 1

Hence Ql=l')2Qo_l')2= (Tl-r2)T~ Upon inserting the numerical data. we
Qo 113Qo -113 (T; -T~) T.
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get ~~ =3, or g; == ~ , I. e., when firewood Is burned In the furnace the room

receives one..third of the heat received from the refrigerator consuming the sa me
amount of firewood.

6.205. A glance at Fig. 9 shows that .

P1Vl [ (Vl)X-t]W = 1', (VI - Yo)+x-I 1- V2 - Po(V2 - Vo)

Upon inserting numerical data, we get W = 1.920 J.
5.208. 'h = 20% and 112 = 30% 5.207. t04 cycles.

5.208. 'I = ~J ' where W is the total work during the entire cycle and QJ is

the amount of heat evolved during combustion of the fuel. Since W AB = WBA
and WCD= WBB=O, then

W=WBC-WDB=M R(To-Ts) [t_(Vt)"-l]
J.L x-I V,

But

therefore
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5.214. The work performed during a full cycle is

W=QI-Q2 (1)

where Q1 is the amount of heat evolved durlng !uel combustion (CD in Fig. II)
and Q2 the amount of heat received by the medium (BB). But since CD is an
isobaric line, then

M
Q1 =- Cp (T2-Tt>

fJ.
(2)

(5)

where T1 is the temperature at the beginning of isobaric expansion and T 2 at
its end. Since section EB is an isochoric line, then

M
Q,=- Cf1 (Ta-To) (3)

IJ

where T s is the temperature at the beginning of the lsochoric process and To at
its end. Hence, according to Eq. (I)

W=M c; Ix (T2-T1) - (Ts-To) ] (4)
J.l

and then the efficiency

W I T3-To
'1=(2;= 1 -X- T

2-T 1

Equation (5) may be written in another form. The temperatures To, T 1 and Ts
can be expressed through T s- For the isobaric line CD we have ~: =~;=p is

the degree of isobaric expansion and, consequently, T t = ~' Further, for the

adiabatic line DE, ~: = (~)x- I = ~X-l, where ~ Is the degree ot adiabatic

expansion, and therefore T8=~ For the adiabatic line Be we haveb)(-J

~~ = (~t)X-I = eX-I, where e is the degree of adiabatic compression, and,

consequently, To=~=~ Upon inserting the obtained values of To,
~)C-l ~e)(-J

8
T1.1 T8 in Eq. (5) and taking into account that ~=T' we finally obtain

5.215. We have

W Pt1')=-==- (I)
Q mqo

where m IS the mass of the fuel and qo its calori fic value. On the other hand,

~x-l

'l = 1- X8" - 1 (~_ 1)
(2)
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(I)

e 16 _
In our case ~=~ =6.4 =2.5, x= 1.3, ~x=3.29, p"-l =2.29, eX 1 = 2.30

and ~-I = 1.5. Upon inserting these data in formula (2), we obtain 11 =0.49 =
= 49%. Hence, m=5.9 kg.

5.216. The change in entropy is determined from the formula
2

82-81 = Sd~
1

where 8 1 and S2 are the entropies in the first and the second states. In the
given case the total change in the entropy is the sum of its changes in the se
parate processes.

(1) Heating of the mass m of ice from the temperature T l to the tempera
ture T 2' Since dQ = me,dT, where Cl is the specific heat of the ice, we get from
formula (I)

Ta
ASt = mCI loge T 1

(2) Melting of the mass m of ice at the temperature T". Since ~ dQ = m.H,
where H is the specific heat of fusion, then according to formula (I),

mH
~S2=--r;

(3) Heating of the mass m of water from T 2 to T8

T3f1S3 = mC2 loge-r
'1

where c2 is the specific heat of the water.
(4) Evaporating of the mass m of water at the temperature Ts

mr
AS4 = T

s
where r is the specific heat of vaporization.

The total change in the entropy

l\8=m (C110ge ~~ +~ +C210ge~: +;J (2)

In our case, m = 0.01 kg, Cl = 0.5 cal/g· deg = 2.1 X iQ3 J/kg· deg, T 1 = 2530 K,
T2=273°K, Ts=373°K, H=80 cal/g=3.35XIO& J/kg, c2=1 calfg·deg=4.19X
X 103 J/kg·deg and r=539 cal/g=2.26x 106 J/kg. Upon inserting these data in
Eq. (2), we obtain ~S= 88 J/deg = 21 cal/deg.

5.217. l\S = 7.4 J/deg. 5.218. l\S = 1.230 J/deg.
5.219. l\S =63 J/deg.

2

5.220. We have 8, - 8 1 = Sd$ . But dQ= ~ CfIdT + p dV and, in addition.

1
22M

M rM C dT r- RdV
pV =Ji RT Consequently, 8,-81 = J""i1-T- +J~. or 8,-81=

I 1

=M c; loge TT" +M R lOgev
V2= 5.4 J/deg. '"

f.L 1 fA. 1 "
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5.221. In the previous problem we found the entropy as a tunction of the
parameters T and V. In this problem let us express the entropy through the
parameters V and o. We have

(I)

But, from the Mendeleyev-Clapeyron equation

(2)

Upon inserting Eq. (2) into (I), we obtain

Insertion of the numerical data gives ~S= 71.0 J/deg. Express the entropy
through the parameters p and T to obtain the following formula

M P2._- R loge-
II P,

= M R tog PI
J.l e P'l
5.225. AS=2.9 J/deg.
5.226. (I) AS= 1.76 J/deg, (2) AS=2.46 J/deg.
5.227. (1) AS=8.5X 103 J/deg, (2) AS= 11.8X 103 J/deg.
5.228. the nitrogen was heated at a constant pressure. .
5.229. We propose that the students convince themselves that the change 10

entropy does not depend on how the transition of the gas from one state to
another takes place. In both cases the change in entropy will be equal to 5.45 J /deg.

5.230. AS e: 500 J/deg. 5.231. Q= 4.2X 10& J.

5.222. We have (see the solution to the previous problem) ~S = M Cf) logeP2+
J.1 Pt

M C V2 I th barl d S M V2 U+- plogeV-· n e iso anc process P.=P2 an ~ =-CplogeV- . pan
~ J ~ t

inserting the numerical data, we get AS = 66.3 J/deg = 15.8 cal/deg.
5.223. AS = 38.1 J /deg,

5.224. We have (see the solut ion to Problem 5.221) ~S = M Cp loge TT'
f.L 1

M P2
fn the isothermal process T 1 = T 2t and ~S = -- R loge - ==

~ P1

Upon inserting the numerical data, we get AS= 17.3 .l/deg,
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6. Real Gases

6.1. The constant b is expressed in m3Jkmole, and the constant a in N.m4/knlole2•

6.2.

Gas aXlo-t, I bxlO I •

N· m'/kmole l milkmole

Water vapour 5.56 3.00
Carbon dioxide 3.64 4.26
Oxygen 1.36 3.16
Argon 1.36 3.22
Nitrogen 1.36 3.85
Hydrogen 2.44 X 10-1 2.63
Helium 3.43XlO-2 2.34

6.3. (1) By solving the Mendeleyev-Clapeyron equation with respect to the
temperature, we find

T- JlPV
-MR (\)

In our case 1-'=28 kg/kmole, p=2atm=2Xl.013XI06 N/m~J V=8.2XIO-4 m3,
M=2xlO-3 kg. Upon inserting these data in Eq. (I), we get T=280° K.

(2) By solving the Van der Waals equation with respect to the temperature,
we find

T=L (p+ aM2) (v_ M b) (2)
MR J19 Vi J.L

Upon inserting the numerical data into Eq. (2), we shall obtain T = 2800 K with
an accuracy of three significant digits. Thus, the gas behaves as an ideal gas at
low pressures. At great pressures the gas parameters do not obey the Mendeleyev
Clapeyron equation (see the condition of and answer to the next problem).

6.4. (1) T=281°K, (2) T=28goK.
6.5. (I) T=482° K, (2) T=204° K.
6.6. (I) For the real gas: (a) p=2.87X 106 N/m~ and (b) p=2.73X 108 N/ma)

(2) for the ideal gas: (a) p=3.09X 106 N/m 2 and (b) p=6.18X 107 N/m2•

A comparison of the results obtained shows that when the pressures are not
too high, real gases are more compressible than idea1 ones (the effect of the forces
of attraction between the molecules); at high pressures, real gases are less com
pressible than ideal ones (the effect of the own volume of the molecules).

6.7. ~I = 2P++ p
/ = 1.85. Here Pj= ~a • where N is the number of kilomo-

1 P Pi T
les. If the gas obeys the Mendeleyev-Clapeyron equation, r: = 2.

6.8. A third-power equation has to be solved to find the volume from the
Van der Waals equation. One of the three roots of this equation which corresponds
to the gaseous state of a substance can be round by the method of approxima
tions. It follows from the Van der Waals equation that

V = RT +b=~ +b (I)
p+~ P+Pj

V
1

"
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(2)

As a first approximation let us take V= V.. which is the volume obtained. from
the Mendeleyev·Clapeyron equation

Vt=MRT
liP

M
In our case ji"=l krnole, R= 8.31Xl03 J/kmole.peg, T=300°1( and p=

= 107 Nrrn". Upon inserting these data into Eq. (2), we obtain VI =0.24 m3•

Hence, Pj=:~ 1.~~~~0' N/ms = O.24x 107 N/m2
• By inserting Pi into Eq. (1).

we get the second approximation

V 8.31 X I03X300 :I 3 16 10 2 S 0 232 a
1= 1.24X10' m +. X - m =. m .

Hence

a 1.36x 10'
p;=V~ = O.232a

and

2

Fig. 91
'---------~v

V (8.31 X I03X300 3 16 10-2 ) 3 0 231 :s
3=\ 1.253 X 10' + · X m =. m

In the same way we get the fourth, etc., approximations. It is easy to see that
already the fourth approximation practically coincides with the third one. Thus,
the volume sought is V = 0.231 rns= 231 litres.

6.9. V = 0.49 rn3 (see the solution to the previous problem) .
6. to. The constant b in the Van der Waals equation is approximately equal

to four times the own volume of the molecules. On the other hand b = T8crR
Pcr

RT 4 1 .
Hence the volume of one molecule V' 32 N,A;cr 3 nr3 =6 JtoJ

, where a IS

the effective diameter of the molecules. Since

~ =k is Boltzmann's constant, we finally ob- p

tain 0= V
1
3
6
kT cr . Substitution of the nu-
nPcr •

merieal data gives a=2.94XlO-lO m=2.94A.
This value of (J closely coincides with the one
obtained by other methods (see the solution to
Problem 5.141). .

6. 11. (I) a = 2.97 X 10- 10 m ;= 3.0 A, (2) o =
3.13X 10- 10 m :!! 3.1 A. Thus the results obtained
by the two difterent methods are in good agree
ment.

6.12.l=7.9XIO- 8 m.
6.13. D=3.5xlO- 6 m2/s.
6.14. Fig. 91 shows the rel ation p = f (V) plotted for 1 krnole ol carbon dio

xide at 0° C. Curve 1 corresponds to the equation of an ideal gas. and curve 2
to that of a real gas

6 27T;,p2 1 31 103 NI 2
.15. Pi == 64Pcr T2=. X m

19-3574



290 ANSWE~S AND SOLUTIONS (6.16-6.26

(
M \ M N-N' ph

6.16. (1) p V-Jib )=~ RT, (2) X~~= RT=O.33=33%. Here.

Nand N' are the numbers of kilomoles without and with account taken of the
own weight of the molecules.

6.17. (I) Pi =4.95%, (2) Vi =0.86%.
P V

6 .. 18. The work performed against the forces of interaction of the molecules is

Thus,

VI

W=SP;dV,
VI

M2a
where Pi == f.1:lV2

whence

(I)

(2)

where N is the number of kilomoles. Upon inserting the numerical data into
Eq. (2), we obtain a= l.36xlOi N·nl tjkmole2 •

~.19. I'J.T = aN~~V-:;%1)2 • where i is the number of degrees 01 freedom of the

gas molecules and N is the number of kilomoles of the gas. Substitution of the
numerical data gives /)T == 2.33°.

6.20 a=3.64xI0& N·m4/kmole2•

6.21. (1) (a) Since the temperature t == 31° C is the critical temperature of the
carbon dioxide gas, the required pressure p ==P"r = 73 atm. (b) Since the tempe
rature t = 50° C is higher than the critical temperature, CO2 cannot be liquefied
at 50°C under any pressure.

3b
(2) Vx = - = 2.9 X IO- 3 m3

Jl
(3) P= Per= 73 atm.

6.22. Pc, = :"= 196 kg/rn". 6.23. fla= :~:;R=57 kg/m3
•

6.24. From the Van der Waals equation in the transformed Iorrn we have

(n +~) (3ul-I)
't= 8 (1)

p 920 3T R
In our case n=-=50= 18.4. For oxygen Voox=3b= -8cr - 9.5 X

~r Po

X 10- 2 mS/kmole. 6)= ~:x = ~'.:~ =0.59. By inserting these values in Eq. (I),

we obtain 1'=2.6 and, therefore, T=-rTcr=2.6X 154" K=400° K, or t= 127°C.

6.25. p=2.7XlQ1 N/m 2• 6.28. n= L=2.45.
Pl." -,
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7. Saturated Vapours and Liquids

7.1. The amount of water vapours M can be found from the Mendeleyev..Cla
peyron formula

(I)

where p is the elasticity of the water vapours which saturate the space at the
temperature T. When T =50° C=323° K, the elasticity p=92.5 mm Hg=92.5X
X 133.3 N/m2 • Since 1-1 = 18 kg/kmole and V = 1 m3, then by inserting these data
in Eq. (1), we obtain M=8.2XlO- 2 kg=82g.

7.2. p=8.2X 10- 2 kg/m3 • 7.3. 74,000 times. 7.4. 12 times.

7.5. The relative humidity is determined from the formula w= ~, where p
Ps

is the pressure of the water vapours in the air, and Ps the pressure of the water
vapours saturating the space at the given temperature. The mass of the water
vapours in the volume V of the air at the temperature T is

M _pV,... _ WPsVJi
- RT - RT (1)

(I)

In our case w=0.75, lJ.= 18 kg/krnole, V=I m3 , T=30°C=303° K. At the tern..
perature t = 30° C the pressure of the saturated vapours is Ps = 31.8 mm Hg =
= 31.8x 133.3 N/m2 • Upon inserting these data into formula (I), we find
M = 22.5X 10- 3 kg. Thus, the weight of the water vapours in the conditions of
the problem is 22.5X 10-3 kgf.

7.6. M=6.9XI0-3kg. 7.7. t=7°C. 7.8. n=IOI8 em-s.
7.9. (1) W= 60.4 per cent, (2) M =86x 10-8 kg.
7.10. (I) Before expansion the saturated water vapours are at a temperature

of 20° C and therefore (see the tables) the pressure of these vapours is PI =
= 17.5 mm Hg= 17.5X 133.3 N/m2 .

(2) The amount of water vapours in the chamber before expansion is

M _PtJ.1Vl
1- RT.

Substitution of the numerical data in formula (1) gives M. = 17.2X 10-8 kg =
= 17.2 mg.

(3) PI = ~rl ±: (.72 X 10-2 kg/m3

(4) T 2=(~)~-J 268° K

(5) At a temperature of _5° C the pressure of the saturated water vapours Is
Pt = 3 mm Hg. The amount of vapours in the chamber which corresponds to this

pressure is M2=P:~2. where V2= l.25V I • Upon inserting the numerical data,

we find M2 = 4 mg. Therefore, the amount of condensed vapours &M=M1-M.=
= (17.2-4.0) mg= 13.2 mg.

(6) PI=~rl =3.2xlO- 3 kg/ml ,

19*
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(7) Since the density of the water vapours after expansion (but before conden..
sation) is

M 1 17.2XIO-
e

kg/m3=13.7XIO-S kg/m3
Pa= V2 1.25X 10-3

P 13.7X 10-3

the degree of supersaturation is s= P: = 3.2><: 10-3 4.3.

7.11. V,= 10-3 m3jkg= 1em8/g, Vt1 = 1.25 rn3/kg = 1.25X 103 em3/g.
7.12. During vaporization heat is spent not only to overcome the forces of

interaction of the molecules, but also for the work of expansion against the
external pressure. Thus, according to the first law of thermodynamics, we have

'o=AE+W (1)

where '0 is the molecular heat of vaporization, AE the change in the internal
energy of the forces of interaction during vaporization, and W the work perfor
med against the external pressure. We have

W = Ps(Vt - VI) (2)

where Ps is the pressure of the saturated vapour at the temperature of vaporiza
tion, VI the volume of one kilomole of the liquid and V2 the volume of one

kilomole of the vapour. Obviously, V1= E:. , where ~ is the mass of 1 kmole of
p

the water and p its density. In our case

V 18 kg/kmole 18x 10-8 rn3/k1nole.
1 1,000 kg/rn"

Since according to the condition M = 1 kmole, then from the Mendeleyev
J.I.

Clapeyron equation V2 = RT . When T = 2000 C= 4730 K we have (see Table VI):
Ps RT

Ps= 15.3 atm= 15.3X l.Ol3x 10& N/m~ and V2=-"-=2.5 rn3/kmole.

Ps
Assuming that the change in the internal energy of the forces of interaction

in vaporization corresponds to the Van der Waals equation (see Problem 6.18),
we have

AE=a(V2-V1 ) (3)
V1V2

27T~,R2
where a=-6-4--=5.56X 10& N·mt/kmole2 • Since V. ~ V2 , we obtain from

Per
Eqs. (1), (2) and (3)

'0 =V
a +pS V2 = a

p
+RT=(3.1-~O.4)XI07 Jjkmole=3.5XI01 J/kmole

I J.L

Hence, the specific heat of vaporization '=~=1.94xloe J/kg=465 cal/g.
JJ.

From Table VII we have, = 464 cal/g for a temperature of t = 2000 C. Thus,
despite the fact that the Van der Waals equation and, therefore, formula (3)
are approximate, the results are in good agreement.

AE '0- W RT 07.13. X=-=--=1--=92.4%.
TO To '0

7.14. L\E = 7.22X 103 J. -,
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7.15. From the Clausius-Clapeyron equation

dp '0
dT T (V,,- V,) (1)

Assuming that saturated vaPRTs obey the Mendeleyev-Clapeyron equation. we

have (for one kmole) Vo=p- Since (see Table VI) p=6.54 mm Hg at a

temperature of 5°C, it is easy to find that V.,=2.65XI03 m8/kmole. Besides,

V,=~= 18X 10-3 m3/kmole. Thus, we see that V,~ Vfl. and then equation (I)p
may be written as

dp 'oP
dT=RT'A

or

(2)

(4)

For a small temperature range T,,- Tit the heat of vaporization may be consi
dered constant and then, upon integrating equation (2), we get

log P2 '0 (T 2-T1)

e (J. RT1T 2 (3)

whence

TII-·T,

In formula (4), Pt and P2 are the pressures of the saturated vapours at the
temperatures T 1 and T2' respectively. Our task is to find the value of '0 at the
temperature t=5°C. For this reason the values t 1= 4° C and tz=6°C may be
taken for T 1 and T 2. Then, from the data In Table VI we have PI =6.10 mm Hg,

PI = 7.01 mm Hg and .E!..= 1.15. Upon tnsertlns the numerical data in Eq. (4).
PI

bt . - 8.31 X lOSX277X.279 log~ 1.15 J/k I - 45 l~ J/k 1-we 0 am '0 - 2 rno e - X rno e -

= lO.7x 103 kcal/kmole. Hence, the specific heat of vaporization 1=~ =595 eal/g.
f.1

After plotting the diagram r=1 (t) from the data in Table VII, it can easily be
seen that when t = 5° C, the value of , will be equal to 592 cal/g, which is in
good agreement with the determined value.

1.18. ,=72.2 cal/g. 7.17. p=650 mm Hg.
7 18 L1S=2.86 J/deg=O.683 cal/deg, 7.19. By 4.5 mm Hg.
7.20. To the pressure p=7X 10-' mm Hg, i. e., to a pressure equal to the

pressure of the saturated mercury vapours at 15°C.

7.21 In our case Po= ~ and p= ~ But since V=VD(I +Vi), then finally

p= 1:Oyt . Upon inserting the numerlca data, we obtain p= 1.29X 10· kg/m' =

= 12.9 g/cm8 •
7.22. t=22~C. 7.23. p= 1,055 kg/m'.
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vAt
7.24 t1P=-k- = 1.4X 106 N/mi = 13.8 atm.

7.25. k=3.9XlO- 8 atm- t . 7.28. Ah=16.4 mm.
h (1 +,\,/) 0

7.27 ~t= (H-h)y 56 7.28. M=0.884 kg.

7.29. Let us denote the coefficients of volume expansion of the mercury and
the glass by VI and 12' respectively. Heating increased the volume of the vessel
to V= Vo (1+Y2t), and the density of the mercury became equal to

M M
P=y-= VO( I + V2t)

On the other hand (see the solution of Problem 7.21)

Po ~o

P 1+'\'11 VO(l+'Vlt)

By comparing Eqs. (I) and (2). we find that

M = M o (1+V,I) 0.887 kg
1+"11

(1)

(2)

7.30. '\'x= 7X 10-& deg-t.

7.31. x= 'V-Y' =5%, where y and y' are the coefficients of volume expansion
V

of the oil found with and without account of the expansion of the glass, respectively.
7.32. 765 rom Hg.
7.33. (1) The force requirea to tear the ring away from the water surface

consists of the weight of the ring and the force of surface tension. i. e.,

F=F1 + F2 . The weight of the ring Fl=Ph~ (d:-d~)g==40.0XIO-3N. When

the ring is torn away. the surface film breaks along the external and internal
circumferences of the ring, and therefore the forceof surface tension Ft=nct(d1+d2)=
= 23.5X 10- 3 N. Thus, F =63.5X 10- 3 N.

(2) x= F; =37%.

1.34. a.=32.4X 10- 3 Nrrn. 7.35. (1) d= l.~ rnrn, (2) L=5 em.
7.36. The weight of a drop at the moment of fall should break the surface

film over the length l = 2nr, where' is the radius of the drop neck. Hence, the
weight of a drop G = 2nra == tuia. The number of drops of alcohol contained

in M grammes is N = ~g = Zt~ Substitution of the numerical data gives

N = 780 drops. According to the condition, the interval between drops is 1 second,
and therefore the alcohol will flow out in t = 7.8 X 103 s = 13 min.

7.37. a=59x 10- 3 NItTI 7.38 By ~4 em.

V3 3,a. .
7.39. R= 2pg =2.2X lo-a m=2.2 mm.

7.40. Upan the merging of two drops of mercury the energy evolved is IlE = al\ A,
where ~A is the change in the area of the surface (AA =4nr2X2-4nR2, where
, is the radius of the small drops, and R the radius of the large drop). The
radius R can be found by equating the volume of"t.he large drop to the sum of
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the volumes of the merged drops: 2 ~ nr3= : nR3, whence R =rV2. Hence

AA =411,2 (2- V4) and

L\E == aL\A = a,4nr2 (2 - V4) (1)

The energy evolved is used to heat the mercury drop, and therefore

4 8
AE = cmtst = cp "3nR3Ilt = cp 3"n,3~t (2)

By comparing Eqs. (I) and (2), we finally find

3a(2- V4)
~t= 2cp , (3)

(1)

Fig. 92

or after inserting the numerical data, I1t = 1.65 X 10-4 deg.
7.41. W = 1.47x 10- 6 J. 7.42. W =6.4X 10-& J. 7.43. W ==4.32x 10- 4 J.
7.44. The air pressure in the bubble will consist of the atmospheric pressure Ph

the hydrostatic pressure of the water P2==pgh and the additional pressure
~ ~ ~

PS=-==-d caused by the curvature of the surface. Thus, P=Pl+pgh+-., ,
In our case Pt =765 mm Hg, P2= 1.970N/m2 = 14.7 mm Hg and P3=2.92X 10· N/m 2

:=

=219 mm Hg, Thus. the air pressure in the bubble p =
=999mm Hg.

Ba
7.45. D=~=2.6X 10- 3 m=2.6 mm. 7.48. h=4.9 m.

7 47. 4.4 times.
7.48. The radius of the meniscus R is related to the tube

radius , as follows (Fig. 92): , = R cos q> = R cos (180° -8) =
=-R cos a, where a is the contact angle. The add itional pressure

caused by the curvature of the meniscus ~p= _ 2(% cos 0 Since,
for mercury 8 > ~ • i. e., cos 6 < 0. this additional pressure is

positive, and the mercury level in the capillary tube will be
lower than in the vessel. The difference in the levels I1h =
=_ 4a c~s 6. whence- cos 6= Iih

4
Pgd . Substitution of the

pg a
numerical values gives -cos a=0.740.' Hence the radius of curvature of the

mercury meniscus R= ---!--e=2X 10-3 m=2 rnrn.cos
7.49. (1) R=O.53 mrn, (2) L1h=2.98 em. 7.50. h= 13.9 mm,
7.51. (I) d= 1.5 rom. (2) d=8.8 mm. 7.52. ~h=7.5 mrn.
7.53. d=0.15 mm. 7.54. a=O.07 Njrn.

2a
7.55. P=Po+ -= 102.2X 108 N/m'A=767 mm Hg.

r
7.56. Let us denote the air pressure in the capillary tube before it is submerged

into the water by Po and the pressure after submergence by PI' Correspondingly,
Vo and VI are the volumes of the air in the tube before and after submergence.
According to Boyle-Mariotte's law,

POVO= PI Vl
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In equation (1) PI = Po+ 2a. and Vo= Aho, where A is the cross-sectional area
r

of the capillary tube and ho its length; VI = Ahtp where hi is the length or the
tube projecting above the liquid after submergence. Upon inserting these values

into Eq. (I). we obtain Poho=(po+ ~a) hi. whence

2a.h 1
r = Po (ho-Itt) (2)

According to the initial condition, hO-h hi =0.015, or -hh1h =67.5. Upon
o 0- 1

inserting the numerical data into Eq. (2), we get (= 10-& m=O.l mm.
7.57. (a) h=755 mrn, and (b) h=757 rnm. Thus, if the tube is narrow, the

atmospheric pressure cannot be determined directly from the height of the mercury
column h. since the pressure of the convex meniscus of the mercury in the tube
is added to the pressure of the column.

7.58. The height of the mercury column should be increased by 2 mm.
H-h H-h

7.59. (1) x=-h-=O.4%, (2) x=-h-~O.2%.

7.60. For the needle to remain on the water surface. the pressure exerted by
the weight of the needle on Its supporting surface should not exceed the pressure
caused by the curvature of the liquid surface in the recess under the needle and
directed upwards (the loss of weight according to Archimedes' law is neglected).

The pressure of the needle on the water Pl = ~: = Pi: = P~dg • where d is

•the needle diameter, l its length and V its volume. The pressure due to the
curvature of the liquid surface can be found from the Laplace formula

pz=a (-;1 + R
1
z

). In our case the surface of the liquid is cylindrical, i. e.,

Rl = 00 and Rz= r, which is the radius of the needle. Hence. pz = ~ = 2: .

Since it is necessary that Pi~ pg. then pn.:d.,;;;;; ~ • whence d e; V p~~ .

Insertion of the numerical data' gives d~ 1.6 mm.
7.61. It will not. 7.62. d =0.5 mm. 7.63. M = 1.22 kg. 7.64. 27.5X 10-6 kgf.
7.65. The surface of the wetting li:lUid between the plates is cylindrical in

shape with a radius of curvature R ="2' where d is the distance between the

plates (Fig. 93). Hence, the additional negative pressure under the cylindr ical

concave sur lace p ,"co ~ = 2; . The quantity p is the excess external pressure

acting on the area A. Hence, the force which should be applied to detach the
plates is .

F= A= 2a. A= 2XO.073X 1.08X 10- 2 N 315 N 32 k f
p d 5X 10-& =. ==. g

7.66. p=790 kg/rn3 • 7.67. a=0.5 Njrn.
7.68. When the capillary tube is in its vertical position, the upper meniscus

is concave and the pressure caused by the curvature of this meniscus is always

directed upwards and is equal to Pi = ;:. . where, R1 is the radius of curvature
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Fig. 93

of the upper meniscus. With complete wetting PI = 2a where r is the radius
r '

o~ the capillary tube. Th.e hydrostatic pressure 01 the liquid column is always
d!rected downward and IS equal to 1?2 = pgh. Jf P. > P2' the resulting pressure
directed upward makes the lower meniscus concave. Hence the pressure p caused
by the curvature of the lower meniscus is directed 3

;;~:~~~~~::; iSc:r::~r:o :;~h;:I~W::e:en::u:~r::::::I~[
Pl=P2+PS (I)

If PI < P2' the resulting pressure is directed down-

wards and the lower meniscus will be convex. Now the pressure Pa= ~ will be

directed upward, and I

If, finally,
PI +-P3=Pt (2)

Pt =P2 (3)

the lower meniscus is flat, and P3= O. Upon inserting the numerical data, it is
easy to find that:

(I) R1 =0.5 mm and R2,= -1.52 rnm,
(2) R1 = 0.5 mm and R2 = 1.46 rnm,
(3) R. =0.5 mm and R2 = ce,
7.69. M =2.2X 10-· kg.
7.70. (1) h = t 1.5 mrn, (2) h =:; 12.9 mrn, (3) h = 17.2 mm. (See the solution of

Problem 7.68.)
7.71. (1)~h=6.8nlm, (2)~h=8.5mm, (3)L\h=17mm, (4)L1h=23.8mm.

When 6.h > 23.8 mm the liquid will begin to flow out from tube a.
1.72. It the capillary tube were long enough it would be easy to see that the

water in it rises to the height h = 2.98 em. But the height of the capillary tube
is hI < h. Now, the meniscus is acted upon by the pressure PI caused by the

curvature of the meniscus, directed upward and equal to PI = ~ • and the

hydrostatic pressure P2= pgh1 . For any height hI

2a
pgh1= R

Upon inserting the numerical data we obtain R=O.75X 10- 3 m.
7.73. The aerometer floating in water is acted upon by its own weight G directed

downwards, the force of surface tension

ft = 2nra. = It da (I)

directed downward in case of complete wetting (with the complete absence of
wetting it is directed upwards), and the Archimedean force 12 directed upward
and equal to

f2 = pg (V + Ah) (2)
where p is the density of the liquid, V the volume of the non·cylindrical part
of the aerometer, A the cross-sectional area of the aerometer tube and h the
length of the cylindrical tube in the liquid. In equilibrium

G+/1 = Is (3)
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Since several drops of alcohol will not change the density of the water, we
can write from Eqs. (1), (2) and (3) for water

G+dna,t=pg(V+Aht ) (4)
and for alcohol

G+dnas = pg (V+Ah.) (5)
From Eqs, (4) and (5) it is easy to obtain that

_ 4~a 4X(73-20)XIO- 3 _ -3_
L1h- pgd 1~OOOx9.81 X9X 10-8 m-2.4X 10 m-2.4 mm.

7.74. The aerometer will rise by L\h=3.5 mm.
7.75. T=313°K=40°C. 7.76. 1,000 molecules. 7.77. p=2.9X 10' N/m3 •

7.78. M==2xlO- 3kg. 7.79 (1)a=55%, (2)4XI018 cm-s.
7.80. p=92.1 mm Hg. 7.81. p= 147.6 mm Hg. 7.82. 50 molecules.
7.83. Raoult's law can be used to determine the mass of 1 kmole of a sub

stance. Indeed, this law can be written as

~=';'+1
po-p z

or

Since z= M and,....
M'

z'=-"
JJ.

~-I=-P-=4
po-p po-p z

it is easy to obtain from Eq. (I)

(I)

(1)

(2)

, M' p
~ =fl--- (2)M po-p

Here M is the mass of sol vent, ,.... the mass of one kilomole of the solvent,
M' the mass of the dissolved substance and f1' is the mass of one kilomole of
the dissolved substance. Upon inserting the numerical data, we get fJr' = 92 kg/lunole.

7.84. P =9.25X lQi N/m2 •

8. Solids

8.1. We find from the Clauslus-Clapeyron equation that

L1T=~pT(V,-Vs)
qo

On the other hand, the change in entropy is

L1S=mHo =Nqo
T T

where Ho is the specific heat of melting and qo the molecular heat of melting;
m is the mass andN the number of kilomoles. From Eqs. (I) and (2) we have

AT=AP(V';sVs)N (3)

In our case Vl=~=-...-!!....mS = 18X 10-8 ml , Vs=~=~ m8= 2X 10-1 mS,
PI 1,000 PI 900

N=l kmole, L1S=22.2Xl03 J/deg and ~p=l()I N/ms. Insertion of the nume-
rieal data into Eq. (3) gives L1T=O.Q090. ~

8.2. ~S=15.8Xl()l J/deg. 8.3. By I.03XIO-s m.
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8.4. (1) 390 J/kg.deg, (2) 450 J/kg·deg, (3) 930 J/kg.deg.
8.5. the mass of. one kg-atom of the ball material is equal to 107kg/kg-atom.

Therefore the ball IS made of silver.
8.6. 7.2 times. 8.7. By 66°.
8.8. The amount of heat which passed through the copper and iron plates

put together can be determined from the formula

Q = Al It-t x At = AI tx-Is At
d, dt

whence

t - All Idt+A.st,dl

x - A.1dt+Atdl
Upon inserting the numerical data, we obtain Ix = 34.5°C.

8.9. A.=.1.28 W/m·deg= 1.1 kcal/m-h-deg.
8.10. Q=1.9XI06 J. 8.11. (I) 2 calls, (2) 60 g. 8.12. Q=11.7 J.
8.13. 106° C. 8.14. In 28.4 hours.
8.15. When heated from 00C to toC, the rod will expand by

~l = 1-10 = IrlJ,t (1)

J1lEA
To prevent expansion of the rod, the force F=-,

o
- should be applied to it,

whence

(2)

where E is Young's modulus of the rod material and A is the cross-sectional
area of the rod. From formulas (I) and (2) we have F= EAat. Upon inserting
the numerical data, we obtain F=7.1 X 10' N.

8.18. G= 149 N. 8.17. At 2QOC. 8.18. a= 1.8x 10-6 deg-i.
8.19. For the steel rod

' 1 = lOI (J +a.,i) = 10, + 'Otatt (J)

and for the copper rod
12 = lOI (1 +a,I)= lot+ I.At

According to the condition,

and

(2)

IOI-/ 02 = L (4~

where L =5 ern. Upon subtracting Eq. (2) from Eq. (I) and bearing In mind
the conditions of Eqs. (3) and (4). we obtain

IXllOt = a,lo, (5)

The length ot the rods at 0° C can be easily f~und from equations (4) and (5)

lo.=~=ll em, 101=lo,+L.. 16 em
a.,-al

8.20. 1.02 times. 8.21. 2.94xIO' N/m'l. 8.22. d=4.0XIO-a m.
8.23.1=2,900 m 8.24.1=180 m. 8.25. [=11.9 km. ..
8.28. (11 250 kgf, (2) by 4 ern, (3) there will not, since the SpeClftc load IS

less than he elastic limit.
8.27. )'= 75°30' 8.28. 3.4 rev/so
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8.29. The centrifugal force acting on the rod is

l

F= ~ rw~dm
o

where l is the rod length, CJ) the angular velocity of rotation, and, the distance
from the element of mass dm to the axis of rotation. For a homogeneous rod
dm= pA dr where p is the density of the rod material and A its cross section.
After integration we obtain

pAOO2/2.
F=-2-

whence the maximum number of revolutions per second is

I ./-F-
v=:;:r V 2pA =38 tevt»

8.30. p=5.7X 108 N/ml

111 l I F
8.31. According to Hooke's law, T=FPs=FA' whence

But for elastic forces

F=k111

By comparing Eqs. (1) and (2), we see that

k=AE
I

Then

(1)

(2)

(3)

(4)

(1)

Upon calculating the value of Al from formula (1) aad inserting the remaining
numerical data in equation (4), we finally obtain W=O.706 J.

8.32. E=2 94X lOG N/m l .
8.33. The hose can be stretched by t1l by the force

F=EA III
l

In this case the internal diameter 01 the hose will be reduced by I1d= ~do ~ •

F El1l E~l fJ'l.&l .
But from Eq. (I) jf=-l- Hence, t1d=pdo -/-=-1-' where JJ.=pE IS

Poisson's ratio. Upon inserting the numerical data, we get Ad= 1 mm, and
therefore dt=do-A d=9 mm.

8.34. x=O.3 rn. 8.35. M=2.26XlO- 7 Nvrn. "
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8.38. The twisting moment of the wire M = 1(2
G:14

: • and tan 2cp =~ . When Of

is small, we may assume that tan <p= cp and then cp=~= 32LM Hence
2D nOda •

M _lnGd' -1 96 10- 13 N-64DL -. X -rn.

8.3'7. To twist the wire through the angle dcp, it is necessary to do the work

dW=M dcp

where M is the twisting moment. Since M = 1(~~4CP. then

q>

S
"'Gracp 1t Gr4<pz

w= ---ud<P=4L
o

Upon inserting the numerical data, we find that W = 1.25 X 10- 12 J. This 'work
will be converted into the potential energy of the twisted wire.

8.38. Over 1.74x 10- 2 m.

8.39. Poisson's ratio fJ.= pE = 6; :1 ' where' is the radius of the wire and 1
is its length. Before expansion the volume of the wire is VI = nr21, and it is
V, after expansion

V2 = n (r-~r)2 (I + ~l)

1f during expansion the volume does not change, then nr'll = 11 (r - c1r)2 (1 + c11).
Upon opening the parentheses and neglecting the squares of the quantities &,
and &1, we find nr2d l = 2nrt1rl, whence Jl= 0.5.

8.40. When the rod is not compressed, its density is PI= ~l • where VI = wll.

m
The density of the compressed rod P2 = Vt' where V1= 1t (r +Ar)' (1-L11).

Therefore the change in densi ty is

(1 1) mL\V
~P=P2-Pt=m V:! -Vt =VaV

I

Since compression Is not considerable, it may be approximately assumed that

Vt Vl = V~t l. e., l\p = mL\V . Hence the relative change in density L\p = L\V
V

. Let
V~ PI 1

us find the change in the volume ~V = nr2l - n (r +£\r)2 (Iii- L1l). Upon opening
the parentheses and neglecting the squares of the quantities ~r and Sl, we obtain

f!l ... ~p AV hi
L\V=V1-(1-2J1) where fJ. IS POisson's ratio. Hence -=-v=-, (1-2~).

, PI 1

. L\l p Ap Ps
According to Hooke's law, 7= E. Then, finally p;= E (1-2,...). In our case

Ps=l03 kgf/cm2 = 9.81X I07 N/m2, E=1.1Bxl011 N/m' and JA.=O.34. Upon

inserting these data, we obtain ~p=O.027~~
PI

8.41. By 1 rom'.



Chapter 3

ELECTRICITY AND MAGNETISM

9. Electrostatics

9.1. F=9.23 X 10- 8 N. 9.2 ,=8.94 X 10- 2 m.
9.4. 1.25 X 103 8 times. 9.5. F= 0.7 N.

QJ
9.6. The electrostatic energy of the balls W~=-- and their mutual gra

4neoEr'

vitational energy Wsr = '\' ml~'. According to the condition of the problem,

Q2 vm
l
m

2 h I\A H Q 'If S b tituti f-4--=n-- , were n= lv-. ence = r nEo£r4nymlm2 U s 1 ulion 0
neoEr' ,

numerical data gives Q = 1.7x 10- 8 c.

9.7. (I) : " =4.l7x 1()I2, (2) W~.PT = 1.24X loa'.
gr IT

9.8. How the energy We of two point char-
ges depends on the distance , between them 0
is shown in Fig. 94.

9.9. E=5.04X l~ Vim.
9.10. Q=-2.23XIO- e C.

Fig. 94 Fig. 95

9.11. Depending on the arrangement or the charges: (I) £=0, (2) E=6X 10· VIm.
(:i) E=3xIO· Vim.

9.12. £=0. 9.13. £= 1.12X lOb Vrm.
9.14. Let us designate the angle between the threads by 2a (Fig. 95). Each

ball is acted upon by two forces: the weight of the, ball G and the force of Cou-
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lomb repulsion Fl' The resultant of these forces is F. But F1 = G tan (I=~
4n8 08 ,.r l

and ; =1 sin a. Hence finally

G =..fL QI
tan ex 4neo8,41B sin! a tan a.

Each ball carries the charge Q= ~o . Upon inserting the numerical data. we

find G =0.0157 N = 1.6X 10- 3 kgf.
9.15. Q=l.IXIO-oC.
9.18. For a ball in air the following equation is true (see the solution to

Problem 9.14)

QZ
G = 4n808' 1412sin' al tan al (I)

When the balls are immersed in kerosene, each ball is acted upon by the Archi
medean force GI . For a ball in kerosene

(2)

In equation (2)

0-G1 =(PI-P2) Vg (3)

where PI is the density of the ball material, PI is the density of kerosene, V is
the volume of the ball, g is the gravitational acceleration. From Eqs. (1), (2)
and (3) we have

whence

O-Ot
-0-

5io 2 at tao alert _ Pt - P.
sin' a, tan a,erl - -P-l-

PI= Pi sin' a, tan cxserz-sin' at tan CIlert

Upon inserting the numerical data. we obtain Pi = 2,550 kg/mi.

9.17. p = er P1
t

. 9.18. a= 13°.
Er -

9.19. a 2808, V;-at =7.8Xl0- 1 C/mll.

9.20. (1) 2X 10-i N, (2) 12.6X 10-i N, (3) 6.28X 10-8 N.
9.22. E=3.6X1010 V/m. 9.23. F=3.4N.

F W
9.24. (1) T=8.t Njrn, (2) 7=0.112 JIm.

"9.25. E=3.12X 108 VIm. The field is directed perpendicular to the plane passing
through both filaments.

9.28. ~ =5.1 X lOS Njmt .

9.27. The ball is acted upon by three forces: the force of the electric field F t

directed upwards, the force of gravity G directed downwards. and the Archime
dean Iorce Fa directed upwards. In equillbrlum

G=F,+F" (I)
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we know that

4NSWERS AND SOLUTIONS (9.28-9.32

4
G=mg=p'3 n,ag

where PI is the density of copper.

and

(2)

(3)

4
F, = 1>23 nrSg (4)

where PI is the density of oil. From Eqs. (1). (2), (3) and (4) we have

Q= 4n,ag ~~ - P,) I.l X 10-8 C

9.28. ,=4.4X 10-' m.
9.29. We have

£ = '( sin 8 (I)
2ntt.os,a

It can easily be seen from a drawing that

-2"
sin A= (2)

(at+(~r
where I Is the length of the filament and a is the distance from the point under
consideration to the filament. Upon inserting Eq, (2) Into (1). we obtain

E == -r1 (3)

4nsol!,a {at + (; r
(1) If a<l, then {Ol+ (i r~ ~. In thls case formula (3) gives

£=-2'f ,which Is the Intensity of an Infinitely long filament.
n£oe,a

(2) If a> I, then {al + ( ~r~ a. Besides, slnce '(I = Q, formula (3) gives

us E= 4 Q I' which Is the IntensIty of the t1eld of a poInt charge.
neoe,.a

a V 1-(1-~)2 -.. J • iT
9.30. I 2(1-6) = 1-6 V "2. When 6=0.05 and 1=0.25 m,

the maximum distance a =4.18X 10-2 m.
9.31. (I) 1=0.49 m, (2) E=I,350 V/cm, (3) -r=4.lXlO-' elm.
9.32. This problem IS similar to Problem 2;159. (I) Let us take the ring

element dl (see Fig. 81). This element carries the charge tfQ. The Intensity of

the electric field produced by this element at point A dE 4 dQ I' The Inten-
neoe,x

slty Is directed along line x connecting the rlng element dl to point A. Obviously,
the intensity of the entire ring can be found by ~eometrlcal summation of dE
produced by all the elements. The vector dE can be resolved Into two compo
nents dE, and dEn. The components dEn prodirsed by each two diametrally
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(1)

opposite elements are mutually cancelled, and then

E=SdEt~ but dEt=dE cosa=dE ~ IdQ
"" 4n8oE,X2

Hence E 1 SdQ lQ But x = Y R2 + [2 and finally
4:1£08,. x3 4n808,.XI

E lQ
41[e08, (Rt+ 12)8/ 1

is the intensity of the electric field on the ring axla,

If I~ R, then E= 4 Q II' l. e., the charged ring may be regarded as a point
nEo!,

charge at great distances. Upon inserting the numerical data into Eq. (1), we
obtain £=0; 1,600; 1,710; 1,600; and 1.150 VIm, respectively.

(2) Let us express the quantities x and I through the angle ct. We have
R=xsinex and l=xcosex. Now formula (I) becomes

E Q · 2
4nsos,R2 cos a sin a

To determine the maximum of E, let us take the derivative ~; and equate it

to zero:

d
dE 4 Q RI (cosla2slna-sln1a)=O

ex n808,.

or tan" a.= 2. Then the distance I from the centre of the rlng to point A where

the intensity of the electric field is maximum is equal to 1=-tR = .:- In
ana , 2

OlD' case R==O.I m and, hence,I=7.1xIO-l m.
9.33. t.3 times. Compare this problem with Problem 2.161.

9.34. (1) When (J 4( R. the quantity !i is very high, and
CJ

[1- v'~(fr]~1
Hence E = n_o t I. e., for points close to the dIsk the latter may be considered
, ~081'

• an Infinitely long plane.

(2) When a~ R, the quantity !i Is small, and
II

v I+(~r~ 1-:;,
Hence E ==-20 ~. But since 0 == ..5LR, • then E - 4 Q I ' I. e., for poInts

808, Q"j n JtSe8,o.
remote from the disk tbe latter may be considered 8S a point charge.

9.38.':' ~~8. When 8-0.05 and R=O.25 m, we have a=I.2X
I( Yl- I

X 10-~ m.
9.88. (1) R=2.5 m, (2) E==11.3XIQl VIm, (3) 1.1 Urnes.

20-3574
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9.37. (I) R=0.2 m, (2) 6= 10%.

9.38. m
2v

3

= 4
Q1Q1 , where m is the mass of the ball moving with the ve-
nS08,r

locity v, Q1 is the charge of this ball, Q2 is the point charge forming the field,
, is the distance between the charges. Upon inserting the numerical data, we
find r=6Xl0- 2 m.

9.39. r=5.IXl0- 10 m. 9.40. ,=6.1XlO- J• m.
9.41. (1) , ~ 6'>(10- 15 m, (2) Q= 1.6X 101 m/s. 9.42. W:z:: 1.2x 10-6 J.
9.44. (1) U = 11.3 V, (2) V =30 V. 9.45. W = 1.13x 10-· J.
9.46. VI:=: 16.7X 10- 2 tnt».
9.47. It is convenient to give the answer in the form of the following table:

u, V 5 to 100 1,000

0, m/s 5.93X 10' 1.33X 10' 1.87X 10· 5.93X loe 1.87X 10'

9.48. Ek=8.5XlO-
18 J=5.32 MeV, U=2.66XIO· V.

Tdr
9.49. We have dW = Q su, but dU = -Ed'=2--' and

11808,. '

'.
W = -5 Cftdr =~log~ 2-

2 neo!,' 2 tt!oe,. r.
'.

whence
21t2oe,W

T=--.;;.....;~

Q 10L!J.
r.

(1)

2
In our case eo=8.85X 10- 1t Plm, 8,= I, W =50X 10-1 J. Q= aX 10' C and

!.!.=2, Upon inserting these data in Eq. (I), we obtain l':=: 6x 10-1 elm.
'2 9.50. 't=3.7x 10- 8 elm. 9.51. [1=2.97>< 107 nits,

9 52 -- 2Weoe, --A-4t., lO-~C/ 2 9 3 d - 8 10- 3" .O--Q~r =u.vX rn ..5. -4.X m.
9.54. m=5.1 x 10- 18 kg.
9.55. In the absence of a field

In the presence of a field

mg- EQ = 61tTJrvs

We find from Eqs, (1) and (2) that mg- EQ= ~: .mg, or

Q = mg (I_~) == mgd (I_~) =4.1 X 10-18 C
E VI U V1

9.88. In the absence of an electric field

mg= 6n'l'Vl "

(1)

(2)

(I)
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In the presence of a field, the speck of dust is acted upon by the horizontal
force F =:= Q~. This fo~ce accel~rate~ the. speck of dust, but, owing to friction,
the motion In the hortzontal direction will also OCcur at 8 certain constant velo..
city Vi' and

QE = 6nT)fv. (2)

The resultant of the velocities VI and VI is directed at the angle a.
t

and
~ QE . v d

tana.=-=-. Obvl0usly,-!.=0.5-
1,

whence the sought distance I can be
VI mg ~

found from the formula

1=O.~ld= O.~~gd =2X 10-1 m

old
Further, v2=21= 10-2 m/s. The sought time can be found from the formula

d ~
1=2v2 ' or t =v; By Inserting the numerical data into any of these formu-

las, we obtain 1= 1 s.
9.57. 1=2XI0-2 m, t=6.4xIO-t s. 9.58. ,==10-' rn, Q=7.3XIO- 11 C.
9.59. Q=1.73xlO- t C. 9.60.22 kV.
9.81. 2.2X 10-1 m=O.022 mm. 9.82. 5x 10-9 m=0.5 em.
9.63. (1) U=2.8 V. (2) £=530 VIm. (3) o=4.7XlO- t C/m l .

.. / 2QU ('I-f2)
9.64. v= V md 2.53X Joe m/s.

9.65. (1) £=5.7 VIm, (2) U= 10' mts, (3) W=4.5XI0-I'J, U=2.8 V.
9.88. (I) F=9.6x 10-1' N, (2) Q= 1.05X 1017 rnls2, (3) v=3.24X 107 mIs,

(4) o=S.3X 10-8 C/m2 •

9.67 The electron will move in the plane capacitor along a parabola similar
to a body thrown horizontally in a gravitational field. Indeed. the electron in
the capacitor is acted upon by the constant torce F= eE and accelerated to

a= IE The electron covers the length I of the capacitor during the time
m

t =.!... and Is deflected over the distance
v

(1)

For the electron not to fly out of the capacitor, the distance 11 should be grea..

ter than or equal to ~. where d is the distance between the capacitor plates.

Hence v. <' V~ .Upon msertlng the numerical data, we obtain 101 the

electron vo=3.64X 10" m/s and for the a-particle uo=6X I()I m/s.
9.88. (I) In 4.8X 10- 7 S, (2) sxc:O.22 m=22 em.
9.69. a,= lS.7X 1014 mis', a,,=8X IOU m/s 2 , ato'= 17.6X 101

• mist.
9.70. Two times.
9.71. The deflection of the proton and the a-particle is the same.

9.72. u=V v~+v~=I.33XI01 mts. a=41020'.

1.73. U,= 2Uy(J, 28 V. 11.74. Over 0.01 m. 9.75. 2.24 times.

1('1 +2)
20*
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E BrlU k e,tEI 1 kV9.76. 1= d +d =60 VIm, E,.=--= 0 Im.
le'l 2£'1 e,l

9.77. C=7.1xlO-& F, l\U=1,400 V. 9.78. 2.5XlO- 20 kg.
9.79. The charge of n drops Qo= nQ. This charge will be on the big drop.

The radius of the big drop can be found from the condition n : nr3p =

= : nR3p, whence R = , V;;. Hence the potential of this drop will be U = ~o =

4 nQ R nQv;.' In our case n=8, Q= 10-10 C. e.=8.85X IO-n F/m.
nEo!, 4neoE" n

£,= I, ,=10-3 m. Upon inserting these data, we obtain U==3,600 V.
9.80. V = 19,500 V= 19.5 kV. 9.81. r=2.1 X 10- 2 m=2.l em.
9.82. (I) U =EoR is a linear relationship, (2) U = 1.5X loe V.
9.83. W e=26.6X 10-7 J. 9.84. C=5.9x 10- 1 F.
9.85. a=1.77xIO-e e/m2 • 9.86. D=O.03 m=3 em.
9.87. In this case QI = Q., where Q1 and Q1 are the charges on the capacitor

plates before and after they are tilled, respectively. Thus, Q = const. Therefore

the charge surface density on the plates is 0= ~ =const.

(1) Since E=.-!!.-= Ud ' then ad=U1B08,l before filling, and ad=U,8oB,.
Boe,

after filling. Since a = const and d= canst, then U18'1 = U,8'1' and

u.=U18, 1 = 115 V.
8r2

(2) C1=e
oed1A=1.77XIO-U F, C.=l!o8:tIA=4.6XIO-U F.

(3) 171=17.= ~ =c:=5.31XlO-1 C/m2.
9.88. In our case U1=Ui=U. (1) U1=z:U.=300 V, (2) C1 = 1.77XlO- ll F,

C.=4.6xIO-ll F, (3) 01=5.31xIO- 7 elm', (J.=l:38xIO-· elm'.
9.89. (1) Let us designate the intensity of the electric field in each layer by

E l and E., and the potential drop in each layer by VI and U. Hence
e,lE I =e,,£. (I)

U.+U.=U (2)

Equation (2) can be written as
Etd.+E3dl=U

From Eqs. (I) and (3) we have
UP, e lEI£1= ,,, 1.5XIQ& VIm and E'I.=-'-=4.5XlQ1 VIm

8,ld•+e,sdl e,a
(2) U 1 = 75 Vt U1= 225 V

1 1 1
(3) -=-+-C C. C.

where

(3)

(4)
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whence
mrfl.
-2-'

,
Q "1Uo loge~

Rlager

E

(~Jhe charge on one of the plates Q=aA=CtUt=C,U,=CU, whence

a=T=8X 10- 7 C/m2•

9.90. U=l,800 V. 9.91. 2.l4xlO-· fJF/rn.

9.92. We have E = -2" J where l' is the charge per unit length of the
n808,.X

cable. and x is the distance from the cable axis. The quantity 'f can be found
from the following relation

C 2n8oe,.1 Q 'tl h 2neOe,.Uo
=--R-=U

o
=U

o
t wence t' R

log~- lage-r r

where U0 is the potential difference between the core and the sheath. Hence the

intensity of the field E U. R' Insertion of the data gives E = 136 kV1m.
xlog,-

r
9.93. The work of the forces of the electric field is converted into the kinetic

energy of the electron, i. e., W= m;t . We have dW= QdU= -QEdx. Since

I.

Uo R' then W=- r QUod~
x log, -,- Jx log. -,

l&

Y2QU0 log, :~
v = R · Upon inserting the numerical data, we

mlog.--;-

V = 1.46X 10" m/s.
9.94. Inside the cylindrical capacitor the field intensity E

Hence the potential drop In the first layer will be

U
1
= - rEdx=- r U, R dx=U.log,;J J xlog_--;- log_--;-

r+tI. r+tl.

The potential drop in the second layer is
R

Uolog. +d
U1 = ' 1

R
log.,

obtain

u"

Whence

1 ,+dlog.--
--R~'- = 1.35

log. ,+d.
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9.95. C=9.6XI0-'lfiF . 9.96. (1) U=300V. (2) U=75V.
9.97. c-:1.17X 10- F. R=2.1 rn.
998£ URtR2
•• (R

2
_ R

1
) x2 = 44.5 kV/m.

Note. This problem is similar 'to Problem 9.92. but the field of 8 concentric
spherica1 capacitor is taken.

9.99. v= V/2QRIRIU ('1-'2) = 1.54X 107 m/s.
m (R2 - R1) '1'2

Note. This problem is similar to Problem 9.93. but the field of a concentric
spherical capacitor is taken.

9.100. C=O.33 f.LF 9.IOt. CJ:C1=3.
9.102. Ql=Q.,=8XI0-eC, U 1 = 4 V, U,,=2V.
9.103. From 1X 10-8 C to 1.7 X 10- 7 C when connected in parallel and irom

2.23X 10- 8 C to 3.27X 10-le when connected in series.
9.104. From 20 pF to 900 pF when connected in parallel and from 5 pF to

225 pF when connected in series
9.105. We=O.l J. 9.106 W e=O.05 J.
9.107. (I) R=7X 10-3 m, (2) Q=7.0X lo-ec, (3) C= 1.55 X 10-8 J1F, (4) W e=

=1.58X 10-6 J.
9.108. (1) 5X 10-6 J,
(2) the energy of each sphere is 1.25X 10-6 J and the work of discharge

during connection is 2.5X 10- 6 J,
(3) the energy of each sphere is 31.25 X 10- 7 J and the work of discharge is

62.5X 10- 7 J.

9.109. (I) U~=3kV, (2) Q;=2XIO-8 C, (3) W~~=1.5XIO-' J and

W~2=9XIO-6 J. (4)Q;=1.8XIO-8C and U;=5.4kV. (5) Q;=1.2XIO- 8C,

U;=5.4kV, (6) We=8.1XIO-
iJ, (7)W=2.4xI0-6J.

9.110. Q=2.7XIo-ac.
9.111. (I) Q = 1.77X 10-1C, (2) £=3,330 V/cro, (3) W~=2.94 J/ms.
9.112. p=26.5 N/m 2 • 9.113. U = 15 kV.
9.114. (1) E=560V/cm, (2) d=5xIO-3m~5mm, (3) v=10'lm/s. (4)W e ==

= 6.95X 10- 7 J, (5) C= 1.77x 10- 11 F, (6) 13.9X 10-6 N.
9.115. U =21.7 kV
9.118. E=6XlO'V/m, We,=2XIO-

6 J . W~2=O.8XI0-6J.

9.117 Et = E1=150kV/m, W~1=2XIO-6J. We2 = 5 X IO- 6 J .
9.118. (I) W eJ =4.43X 10- 7 J, W e2= 1.78x 10- 8 J, (2) W el = 4.43X 10- 7 J,

We2 = 1. I I X IO- i J .
9 119 e,=4.5.
9.120. (l) (a) The capacitance decreased by 1.1 pF, (b) the intensity flux

decreased by 750 V, (c) the volume density of the energy decreased by
4.8 X 10-2 JIm'.

(2) (a) As in the first case, the capacitance decreased by 1.1 pF, (b) the
intensity flux did not change (l!.N e= 0), (c) the volume density of the energy
also remained the same (L1 Wu = 0).

9.121. (I) W0 2 (J;;~ )•. where R is the radius of the ball and x is
8oe, - x

the distance to the point under consideration from the surface of the ball Upon

inserting the numerical data, we obtain W0= 9.7X 10-2 J/m3 , (2) W0=8 0 ' =
BoEr

t* ·
== 1.97 JIm', (3) W0 == 8 2 2 =0.05 J/m 3•

n Eotrx ~
9.122. Let us denote the surface density of the charge on the capacitor plates

without the dielectric by oJ, with the dielectric by ad, and the surface density
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of the bound (polarizing) charges by abo The joint action of the charges a and
(1b is such as if on the boundary between the conductor and the dielectric1here
is a charge distributed with the density

(1' =o,,-ob (I)
Thus, 0' is the surface density of the "effective" charges, i.e, t the charges which
determine the total resulting field in the dielectric. Obviously the quantities a
are related to the corresponding fields as follows: the field wit'hout the dlelectric

~=Z=~ ~
and the resulting field in the dielectric

E= Ott =0' =U.
eoer eo d (3)

From Eq. (I), 0b = 0tt-O', or from Eq. (3)

a" = eoe,E - eoE= eo(e,-I) E = eo(e, -1) ~I
(1) In this case U 1 = Ut = U, and thus

U 8.85X IO- 12X6X lOS
(a) 0b = £0 (£r- I) d 3X 10-1 C/m' = 1.77 X 10-6 elm l ,

(b) (Jtl- ao = eoe,E -eoEo. and since with the power source connected E = Eo=~,
then

U
0d-ao= EO(er-l) d = 0b= 1.77X 10-1 C/m'

Thus, the power source causes additional charges to appear on the capacitor
plates, which compensate for the drop in the charge due to polarization of the
dielectric.

(2) In this case Q =const and U.= erlU t (see the solution to Problem 9.87)
8r l

and hence
VI ) er1U 1

(8) °b=Eo(er-l) 7=£0(8,-1 torrJ

4X3.14XB.85X lO-13XO.08X4X lOS C/mt =
5X 10-8

=7.1xlO-·C/ml

Let us find the relative permittivity (dielectric constant). Since (Jb = ee (1',,-1) E
(see the solution to the previous problem), then 0b=4neoxE = e, (8r - l ) E ,

whence !,-1 =411'c, 01 e,= 1+411'c= 1+ ~, whence e,= 1+4nXO.08=2.

8.85X IO-12X6x 1X loaCI 1_

7X3XlO-a m -
=2.53XIo-eC/m l ,

(b) since Q = CORst, then O'b = ao, i.e., the surface density of the charge on
the capacitor plates does not change.

9.123. The polarization vector P numerically equal to the surface density of
the bound charges o~ is proportional to the. intensity of the field in the dielec
tric, i.e., P = 0" = 'X E. In the MKSA system the coefficient x' is not a dimen
sionless quantity, but is measured in F/m. It can be shown that x' = 4nE,x.
where x is a dimensionless quantity (the tabulated value of the electric suscep
tibility). Hence

U
(Jb = 41tBoxE = 4neox d
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U adHence E=-=- and the surface density of the charge on the capacitor
d £oer

plates is

=U£Ofr 4XI03X8.85XIO- 12X2

C/ 2=14XIO-&C/ 2
ad d 5x 10-3 m. m

9.124. (I) E=3-kV/cm, (2) 0d= 1.59X 10-1 C/m2 , (3) 0b= 1.33X 10-& C/m2•

a x'
(4) x'= Eb=4.44XIO- 1l F/m, x= 4neo=0.4.

9.125. U=1.750V. 9.126. o~=6XI0-'C/m2.
9.127. (1) E=7.52XlOI vt«, D=toerE=1.33XlO-

IC/m2, (2) 0b=67x
XIO- eC/m2, (3) 0d=1.33XIO-IC/m2• (4) Wo= 5 J/m3. (5) x ' = 8.9x IO- 12F/m,
x=0.08.

9.128. (1) ~1l:5.3XI0-~f/m2, (2) x'=1.77X_IO- n F/rn, )(=0.159.
9.129. (I) W'-1.97XlO J. (2) W=9.8XI0 IJ.

-----I~R

Fig. 96

..-.--_&
u

10. Electric Current

'r st.
10.1. (1) Q=J Idt= (4+2t)dt=48C, (2) 1= 12 A.

11 t.
10.2. (1) R = ro Q. (2) (a) 87.5 0, (b) 116.7 0, (e) 175 0, (d) 350 Q.
10.3. N=200 turns. 10.4.1=500 m, d=10- 8 m=1 rnrn.
10.5. R= 0.0018 Q. 10.6. 2.22 times.
10.7. R, = Ro (1 +at t ) . where Ro is the resistance at ooe (and not at the

initial temperature). Hence Ro= I :~/l =32.8 Q. Also Rt= ~ =364 Q, and

since Rt=Ro(\ +o./t ), then It=Rt;Ro 2200°C.
oa

10.8. 17.5 rnA. 10.9. To a temperature of t = 70°C.
10.10 U =5.4 V.
10.11. U.=12V, U2 = U3=4V. 12=2A, /3=IA.
10.12. (I) 1=0.11 A. (2) U1=O.99V, (3) U2 = O.11V,

(4) 11=O.9.

10.13 U= R~' R=I~IR R. The curve in Fig. 96 shows

how the potential drop U in the external circuit depends on
the external resistance R. The curve asymptotically appro
aches the straight line U = C= 1.1 V.

10.14 U=O.125V, R=7.5 O. 10.15. '1=25%
to.re. U =2.7 V, r=0.9 Q.

Un·
10.17. r:«: 1+n ; (1) %=9.1%, (2) x=50%t (3) x=91%.

10.18. '1= 80%.

10.19. In series connection of the elements /' = 2r~R' and in parallel con-

t · /" &nee 10n = 0.5, + R

2X2 2
(1) /' 0.6+0.2 A ===5 A, /" 0.15+0.2 A=5.7 A,

(2) /' O.6~ 16 A=O.24 A, r O.15~ 16 A="e.124A.
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Thus, when the external resistance is small, it will be good to connect the
elements in parallel. and when it is great - in series.

~R ~R &R /
10.20. (l)R=l%, (2)T=10%. (3)/f=lOO,o.

l1R AR ~R
10.21. (I)R=20%. (2)/f=2%. (3)T=O.2%.

10.22. /1=O.6A, 1..=O.4A, 1=/1 +/a= 1 A.
28 4

10.23. The intensity of the current in the circuit 1-R+ ==-3 A. The
'. +'1

potential difference across the terminals of the first element VI = C- /r 1=
= ; v, The potential difference across the terminals of the second element

U,,=8- l ri=0. Determine in the general form e
the relationship between R, 'I and '. with which ...........-------
the potential difference across the terminals of
one of the elements will be equal to zero.

10.24. R1 = 1.5 C2 , R2 = 2.5' Q. U1=7.5V and
U1 = 12.5 V.

10.25.8=2 V. ,=0.50. 40W
10.26. I=O.2A.
10.27. R1 =60 Q.
10.28. (1) I =0.4 A. (2) U=32 V.
10.29. R.=600.
10.30. (1) 1=2 A. (2) U=2V.
10.31. 80 V. Fig. 97
10.32. C= 170 V.
10.33. (I) O.22Aand 110 V. (2) 0.142 A and 53.2 V; (3) 0.57 A and 110 V.

(4) 0.089 A and 35.6 V.
10.34. 1=40 A.
10.35. (I) The resistance R =0.02 Q should be connected in parallel with the

ammeter, (2) the graduation of the ammeter will change and become 1 A/dfv
instead of 0.1 A/div.

10.38. (1) The resistance R = 3.000 Q should be connected in series with the
voltmeter. (2) the graduation of the voltmeter will change and become 0.5 V/d iv
instead of 0.2 V/div.

10.37. (1) The resistance R = 0.555 g is connected In parallel with the instru-
ment, (2) the resistance R = 9,950 g is connected in series with the instrument.

10.38. R = 300Q, 1=21.2 m.
10.39. See the diagram in Ftg. 97; /1=/2=0.365 A and /3=0.73 A.
10.40. By 6.8 V. 10.41.208 W. 10.42. A=7.2XlO-t m2•

10.43. (1) QQC=O.l7. (2) UUC=O.l7. 10.44. (1) QQt'=5.9, (2) ~t'=l.
s s s . s

10.45. Q = 1.08 kJ.
10.46. (1) 2.4 kW. (2) 2.3 kW, (3) 96%.
10.47. r= 10, fh =83.3%, 'Yl2= 16.7%.
10.48. Compile a table using the crosses on the curve in Fig. 34:

I, A \ 0 I I 2 1- 3 I 4 151 6 I 7 i 8 I 9 I 10

p, w I0 11.813.214.21408151408\402130211.81 0
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The power produced in the external circuit (net power) reaches its maximum
when the external resistance is equal to the internal resistance of the element.

The potential drop in the external circuit is U = : • where C is the e.m.I. 01

the element. Thus the efficiency of the element is 1')= 0.5. In our case Pmax =
P 5

=IU=5 W. Hence U= jax=s V=l V, and therefore the sought e.m.f.

of the element C= 2U = 2 V. Since 1=:' • the sought internal resistance of the

C ~ P
element r = 2/ = 0.2 Q. The potential drop in the external circuit U =7' and

the efficiency of the element 'I = ~ =~ .
10.49. By using the crosses on the curve in Fig. 34, we find (see the solution

to the previous problem) C= 2 V and r = O. 2 O. The values of C and r being known,
it is easy to determine the required quantities 1'), PI and P".

10.50. &=4 V, r= 1 Q.
10.51. For the dependence of U, PI and Pion R see the solutions to Problems

10.48 and 10.49.
10.52. 8=6 V, r= 1 Q. ie.ss. 60 W.
10.54. 1 A. 10.55. 16 W. 10.56. C= 100 V.
10.57. The potential difference across the lamp terminals changes from 30 to

54.5 V. The power consumed by the lamp changes from 30 to 9.9 W.
10.58. (1) QI =6.37 J, Q2=3.82 J, (2) Ql = 16.2 J, Q,,=27.2 J.
10.59. More power (1.5 times) is consumed by the lamp with the smaller

resistance.
10.80. By 36°. 10.61. 2.9 litres. 10.62. (1) 1.2 kW, (2) 12 Q.
10.83. Q=2.5xIO' J=60 kcal.
10.84. (1) 25 min, (2) 50 min, (3) 12.5 min.
10.85. (1) 45 min, (2) 10 min. 10.66. In 22 min.
10.87. (1) 5.40, (2) 2,100 J/kg·deg, (3) 49.60. 10.68. '1=80%.
10.69. (1) 14.40, (2) 11.3 m, (3) 1 kW. 10.70.. By 3°.
10.71. 133 kopeks, 10.72. In 49 min. 10.73. R =33 O.
10.74. The amount of heat liberated in the copper wire is

Q1 = m.cli\t = 6t l tA 1c.At (1)

where ~ is the density of copper, 11 the length of the wire, At its cross-sectional
area, CI the speci fie heat of copper, and ~t is the increase 'in the temperature
of the wire.

The amount of heat liberated in the lead fuse link is

Q2= 6,I"A. (CtAtl +r) (2)

where r is the specific heat of fusion of lead, 62 the density of lead, II the length
of the fuse link, AI its cross-sectional area, c. the specific heat of lead, and
At l =t,-to.

Since both wires are connected to the circuit in series, we have

I. = /1 and Ql = R1 = 'IA 2Pl (3)
Q" R2 IsAIPI.

where PI and PI are the resistivities of copper and lead, respectively. From Eqs.
(I). (2) and (3) we have

~IIIAICIAt PI/IAs'-
OlliA. (C14t1 +T) := P,IIA l
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whence the sought ternperature difference is

~t = P16t A: (CI~tl +r)
PI61A~cJ

In our case (see the relevant tables in the Appendix) PI = 1.7X 10-8 Q rn,
P2=2.2XIO- 7 Q· m, 61=8,600 kg/rna, 6.=11,300 kg/m3 , c1 = 395 J/kg deg,
C2 = 126.0 J/kg· deg, t,= 3270 C, r= 2.26X 10& J/kg, t,-to= 3270-17° =310°
Upon inserting these data, we obtain At = 1.8°.

10.75. 1.55 X 103 J/m3·s. 10.76. /1=/1=26.7 rnA, '3=1.=4 rnA.
10.77. Let us use Kirchhoff's law for the given branched circuit. First of all,

let us mark the direction of the currents with arrows in Fig. 98.
Assume that the currents flow in the direction of these arrows. According to

Kirchhoff's first law, for the junction C

13 = / 1+/1 (1)

(An identical equation is obtained for junction A.) According to Kirchhoff's
second law, for circuit ABC

13R3+/lR I = 8. (2)

and for circuit ACD

(3)

10.82. 2 A.

o

(Ia)
(2a)
(3a)

13 = / 1 +/2

10/a+451. = 2.1
45/.-1012=1.9

Upon solving these equations, we get
/1 =0.04 A, 11 = -0.01 A and /3 =0.03 A.
The negative sign of I, shows that the
direction of the current we have taken is ......f1L-
wrong, the current 12 will actually flow Iz
from D to C, and not vice versa, as was fig 98
assumed when compiling the equat ion. .

2
10.78. U=1.28 V. 10.79. R=3"Q, /2=0.5 A, IR=1.5 A.

10.80. R=0.75Q, 12=2 A, I R=4 A. 10.81. 1=0.4 A.
10.83. R1 = 20 Q. to.84. 1=0.45 rnA.
10.85. 1=0.001 A= 1 rnA.
10.86. 11 = 0.385 A, 12 = 0.077 A, 13 = 0.308 A.
10.87. 11=0.3 A, 12=0.5 A, /3=0.8 A, R3 = 7.5 O.
10.88. &2=35 V, 83=55 V. 10.89. / =9 A.
10.90. 8 1=24 v, &2= 12 V, /2= 1.2 A, /3=0.3 A.
10.91. (1) 2.22 At (2) 0.44 At (3) 1.78 A.
10.92. 8 J =82 = 4 V, '1 ='1= 1 Q. 10.93. 100 V.
10.94. Cl=l~2=200 V. 10.95. 75 rnA.
10.96. (1) U1=120 V, U2 = 80 V, (2) U1=U2=IOO V.

(Circuit ABeD could be taken instead of circuit ACD or ABC.)
Now, we have three equations for determining three unknown quantities lit

12 and /8. When problems are solved on the basis of Kirchhoff's laws, it is more
convenient to present equations (1), (2)
and (3) in their numerical form. In our
case these equations will take the form:
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10.97. In 2. hours. 10.98. (I) 10 min, (2) 4.6X 10-8 m.
10.99. J = 56 A/m2• 10.100. K= 1.04 X 10- 8 kg/C.
10.101. The ammeter shows 0.04 A less. 10.102. 53 mg.
10.103. (1) 149 h, (2) 1.49xlot kW·h. 10.104. We = 1,800 J.
10.105. The energy required to liberate a mass M of a substance in electro

lysis is

We=lUt=M~:F (I)

where F is Faraday's number, MA the mass of a kilogram-atom, Z the valency
and U the applied potential difference. To decompose 2 kmoles of water, i. e.,
to produce 4 kg of hydrogen. 5.75X 108 J of energy are required. Thus, in our
ease, M =4 kg, We=5.75X 108 J. Upon inserting the numerical data into Eq, (1),
we obtain U= 1.5 V.

10.106. In weak solutions a ~ 1. i. e., all the molecules are dissociated.
Therefore, the equivalent conductivity Aao=F(u++u_). In our case F=96.5x
xlQ6 C/kg-eq, u+=3.26XlO- 7 m2/V·s and u_=6.4XIO-s m2/V·s. Upon inser
ting these data, we get AfSJ =37.6 m2/C · kg-eq.

10.107. Q+=lOO C, Q_=20 C.
10.108. (1) ~=94%, (2) 11= 10-2 kg-eq/ml = lO-~ g-eq/l=O.Ol N, (3) u+ +

+u_=l.35XIO-oz mIN·s.
10.109. R= 1.8X 1()I Q. re.ne, R=5.2XI06 Q .
10.111. 3.9 m'/O·kg-eq. 10.112. 92%.
10.113. n+=n_=5.5XlOI I m-3 . 10.114. 10-1.

10.116. (1) J =2.4x 10-7 Alma, (2) 't=0.01 %. 10.118. I" = 10- 7 A.

10.117. The maximum possible number of Ionic pairs in I em' of the chamber
is obtained if the number of ions diminishes only due to their recombination.

In this case N=ana and n= V: =3.2XI07

I
10.118. R=3.4-xl01' Q . to.119. 1=3.3XIO-u A, T=3.3%.

s
10.120. The Ionization potential of an atom is the potential difference which

must be passed by an electron to ionize it when it colI ides with the atom. For
this reason the velocity of the electron can be found from the equation

m;a=eU. or v= Y2e":;. Upon inserting the nurnerk al data, we obtain

v=2.2X toe m/s.
10.121. At 80.0000 K. 10.122. 39.2X lO-lI~ J.
10.123. (I) 8.3X 10' mist (2) 1.4X 108 m/s.
10.124. At a temperature of T 1 the emissivity of tungsten is

w
11 = BTfe- kT, (1)

and at a tern perature of T I

W

11= BrIe- tT,

Upon dividing Eq. (2) by Eq. (1), we obtain

w (1 1\
~I =(T t )2,-. T2-Tal'
11 T1

(2)

(3)



10.125-10.126) ELECTRICITY AND MAGNETISM 317

!J'IO' I
~

I
I-- -- --t

:1

/!
/i

j' I
I

/ I

./ I t

x~
/" I 7X

18001600 1700
Fig. 99

WI

B2T~-kTlt=2.84 X 103 A/m2 (1) 2

Equat ion (1) can be solved in one of two
ways: (1) graphically, and (2) by the method
of successive approximations. Let us consider 1
each of them.

1. Graphical method. Let us plot the va
lues of T." on the axis of abscissas and

WI 0
those of y X 10- 3 = B2T.:e - kT IZ on the axis 1500
of ordinates (Fig. 99). The abscissa of the
point of intersection of this curve with the
horizontal straight line y = 2.84 X loa will give us the sought temperature. It
is convenient to tabulate the results of calculations 8S shown below.

In our case T1=2,400
0 K, Tg = 2,500o K, W=4.54 eV=4.54X1.6XlO- 19 J, and

k= 1.38X 10- 23 J/deg. Insertion of these data into Eq. (3) gives ~2 = 2.6.
11

10.125. 11,000 times. 5
10.126. The emissivity of pure tungsten

at a temperature of T 1 = 2,500 0 K is equal to
wt

jl=B1T~e-kTI=2.84XI03 A/m2 • The ernis- 4
sivity of thoriated tungsten at a temperature

WI

of Tx is equal to /2 = B2T~e - kT~. According 3
to the given .condition, it = i2t 1. e.,

Tz OK 2=-!:L e-' yX 10-'
kT~

1500 20.3 1.6X 10-9 0.11
1700 17.7 1.6X 10-8 1.38
1750 17.1 3. 7X 10- 8 2.54
1800 16.7 5.6X 10- 8 4.25

The diagram in Fig. 99 shows that the solution to equation (1) is Tx~ 1760oK.
(2) Method of successive approximations. Since the relation between the

emissivity and the temperature is mainly determined by the exponential
w

factor e- kT t and not by the factor T2, it may be assumed to a first approxi
mation that

w, w.
B2T~e- kT~= B1 (2500)2 e- kT~= 2.84X 103 A/m 2

W,
whence e-lIT-= 2.~4 ~Il()s = l.86x 10- 8 and Tx= 1690 0K is the first approxl

2 1
mation.
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To a second approximation
W.

8 2 (1690)2 e- kT:.=2.84X 103 AIms

whence Tx= 17700 K is the second approximation.
Further

w.
B

2
(1770)2 e- kT~=2.84X 103 A/m'a

whence Tx = 17500K is the third approximation.
Similarly,

W.
B2 (1750)2 e- itT z = 2.84 X loa Almt

whence Tx = 17600 K is the fourth approximation.
It is easy to see that the fifth approximation coincides with the fourth appro

ximation with an accuracy to the third digit. Hence. the solution sought is
Tx= 17600K.

11. Electromagnetism

11.1. H=39.8 AIm. 11.2. H =50 AIm.
11.3. H 1 = 120 AIm. H 2 = 159 AIm. H 3 = 135 AIm.
11.4. H1=199 AIm, H,=O, H3=183 AIm.
1l.5. The point at which the intensity of the magnetic field is zero lies bet

ween points I, and I? at a distance of 3.3 cm from A.
1J.6. The points at which the intensity of the

A magnetic field is zero lie to the right of point A
at distances of 1.8 cm and 6.96 cm from it.

11.7. H1=8 AIm, H,=55.8 AIm.
11.8. H1=35.6 AIm, H1=57.4 AIm.
11.9. H =8 AIm. The intensity of the mag-

C netic field is directed perpendicular to the plane
passing through both conductors.

11.10. The resulting field will be directed ver-
B tically upward if the field of the current compensa

tes for the horizontal component of the terrestrial
magnetic field. Since

/ J
fig. 100 H =Hh = 2- ' then r=2-H=0.08 m,

nr n h

11.11. The intensity of the magnetic field at point C will be (see Fig. 100)
e.
\ 1 sin edt a dO a

H =~. 4nr' · But I = a cot 0 and dl= - sin' 8· Further r= sin e Hence

2 8
1

If = - 4.!- \ sin 9 d8=4!- (cos 91 - cos 9.). According to the initial condition,
na~1 na

1=20 A, a::::5xI0- 2 m, 91 = 60°, and 8.=180°-60°=120°. Upon inserting
these data, we obtain H =31.8 AIm.

11..12. H =56.5 AIm. 11.13. a.-;5 em.
11.14. (I) l~O.245 m, (2) H=358 Aim. 11.15. H=77.3 Aim.

np/2
11.16. U=AH =0.12 V. 11.17. H=12.7 AIm.

'"
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11.18. H == 25.7 A/m. 11.19. (1) If == 12.2 A/m, (2) H = O.
11.20. (I) H = 62.2 A/m, (2) H ==38.2 AIm. 11.22. H == 177 AIm.
11.23. H=35.8 AIm. 11.24. U 2 = 4U I • 11.25. L=O.2 m.
11.26. r=8x 10- 2 m. 11.27. H =6,670 AIm. 11.28. H ==1,250 A/m.
11.29.4 layers. 11.30. (I) NJ=200 At, (2) 2.7 V.

L I-~ l-~ L
11.31. -D = Y ~ .r- ; when b";;;;:;O.05 we get -~3.

1-(1-~)2 ,,26 D
11.32. 6=3%.
11.33. The relation H = f (x) is shown in Fig. 101.
11.34. H h = 16 A/m.
Note. See the solution of a similar problem on p. 110.
11.35. n= 100 S-I. 11.36. (1)= 1.13XI0-' Wb. 11.37. <1>=0.157 Wb.
11.38. (1) <D = 1.6X 10-' cos (4nt + 6) Wb,

where a is the angle between a normal to the H ~x
frame and the direction of the magnetic field at
the initial moment of time, (2) <I>max = 1.6X
X 10-· Wb.

11.39. We have

(1)

B
Jir= H~o (1) Fig. 101

According to the condition, H=IO 0&=796 A/md!800 A/m. From the graph
B = f (H) given in the Appendix we find that B = 1.4 T corresponds to
H=O.8XI03 A/m. Upon inserting the values of flo, Hand B in Eq. (I), we
obtain f.Lr = 1,400.

11.40. 500 At. 11.41. 955 At. 11.42. f.Lr=440.
11.43. IN=5,OOO At. 11.44. B=1.8 T, f.Lr=2oo.
11.45. The magnetic induction is the same in the core and in the air-gap, i. e.,

(1) IN~(I
B2=B I = Jf= .!.l..+~

f.Lrt J.1rl
Since

(2)
then from Fq. (1)

11
8 1 - +J1oH112 = / NJlo (3)

J.Lrl
Equation (3) is an equation of a straight line in coordinate axes (H, B). But
the quantities Hand B are also related by a curve 8 = f (H). The ordinate of
the point of intersection of straight line (3) and the curve B = f (H) gives us
the magnetic induction 8, = 8 1, To plot .. the straight line according to equation
(3), we find: at H =0 ..

B = /NJ10Jtr l 0.84 T
11

and at B=O
J.N

H = I; == 2,000 AIm

The sought point of intersection gives us B2 = 8 1 = 0.78 T. Hence for the air-gap
Bwe have HI =-I-=6.2X 1()6 A/m.

J.&oJ.L, I he soluti . b1 )11.46. 1.9 times (see t e so U Ion to the prev10US pro em.
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11.48. p= 1 ml·A. 11.49. <1»= I.ax 10-1 Wb.

11.50. H = 2!-. Let us take element dA of the ring cross-sectional area equalnx
to dA = ndx. The magnetic flux through thls element will be d«I> = BdA =

= J1of.Lr 2!- hdx. The flux through the entire cross section of the ring Isnx
La

cD= ....ofJ.,.lh S~== ....o~rlh log ~
2n X 2n e l,

I.

After finding IJ.r and inserting the other data. we obtain (j) = 1.8X IO-f) Wb.
11.51. 1=620 A. t 1.52. 1= 60 A. 11.53. (1) 1= 11.3 At (2) 1-1,. = 457

11.54. (1) B= I I I ~,o I . whence the required number of ampere-turns
1 J.L,I 2 flrl

IN=!!... (11. +.2)=~+ H12• The curve B=f (H) shows that H =800 AIm
J.1o ....rl fJr2 fJ.of.L,J

corresponds to 8 = 14,000 Gs= 1.4 T Hence, IN = 1.14X 104 At Further,
C CA INpnD

I=R=pnDN' whence &=-A-=31 V.

(2) Since the wire diameter d= {4:= 1.13X 10-3 m, the solenoid will

40X 10-2 ••
accommodate N=I.13XIO- 3 354 turns. SInce I=JA=3 A and N=3.830

turns, the required number of layers will be 3~0~ II and, seeing that the

wire diameter is 1.13X 10-3 m, the 11 layers will occupy a thickness of
1.2xlO-1 m=1.2 em.

11.55. F=4.9 N.
XI .I.

1156 W - 5 Fdx - S tJ.OfJ.r / 1J2l d _fJ.OJA.,/l/.l, x. d th k.. - - x---- o'le- an e wor per unit211x 21t 0 x,
X. XI

length of the conductors WI =j.loj.l2/1/110ge~=8.3XI0-' Jim.
11 Xl

11.57./1 = 12 = 20 A. 11.58. (1) 3.53XlO-« Nvrn, (2) 4.5XIO-t Nvrn.
11.59. (1) 0.125%. (2) By 3.2x 10-6 N.
11.60. (1) M=2.4XlO- 8 Nvm, (2) M=1.2xl0-1 Nvm.
11.61. The rotating moment acting on the magnetic needle as M =pB sin a.,

where p is the magnetic moment of the needle and B= v.oJ1,.H = {2~oJ1" is the
na

induction of the magnetic field of the current. The rotating moment M turns

the thread through the angle q>=~~. where I is the length of the thread,

r its radius, and Q the shear modulus of the thread material. Since sin a = I,
I J.LofJ.,. fJ.oJ.trllp Ithen M=pB=p-2-. Thus q>==~G""". n our case 1=30 A, l=O.1 m,na an r :

p= 10- 2 A·m l , a=O.2 m, Q=600 kgf/mm2 = 5.9x 108 N/m2 and r=0.05 mm=
= 5x 10-6 m. Upon inserting these data, we obtain q> =0.52 rad, or q> = 30°.

11.62.1=10-7 A. 11.63. 5XlOJO N/m 2 • 11.64. A=5X10-« J.
11.65. (1) A=0.2 J, (2) P=2xl0- 3 w. ·
11.66. (I) The force acting on the rad ius ab (see ~ig. 51) is equal to F = BI,.

The work performed during one revolution of the diSk W == BI A, where A is the
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,

__ Flg•.- 102 n_

o

area described by the radius during one revolution, i. e., the area of the disk. The po

wer of such a motor is p= ~=vBlnr2 = 2.36 X 10-2 W. (2) The disk rotates

counterclockwise. (3) The force acting on an element with the radius dx is de
termined by the formula dF = Bldx. The rotational moment acting on this ele
ment dM = x dF:: BJx dx, where x is the distance to the element dx from the
axis of rotation. The rotational moment acting on the entire disk Is

r

5
BI,3

M= Blxdx=-2-. In our case 8=;0.2 1, J=5A, and r=5xlO- 2 m. Upon
o

inserting these data, we obtain M = 12.5X 10-' N-m,
11.67. 1=15.3 A. 11.68. <D=1 Wb.

2nR m»
11.69. (I) R=9XlO-2 m. (2) We have T=-, where R=-B. Thereforev e

T=2:: ' I. e., the period does not .depend on the velocity of the electron. Upon

inserting the numerical data, we find that T = 3X 10- 8 s. (3) 1.5X 10- 2• kg. mIls.
11.70. F=4XIO-16 N.
11.71. F=4.7XlO- l t N.
1J.72. at = 0 during the entire time of mo

tion, an=const = 7X lOll m/s3•
11.73. We = 17.3 MeV.

Rt ml 8 011.74. -R =--= I, 4 .
a ms

11.75. ;1.,; V".::.,;y 1,840=42.9.

11.76. l'e=88 keY.
11.77. Q=3.2X 10-1' C.
11.78. Two times.
11.79. (I) F=5X 10- 11 N, (2) R =3.2X

XlO- 2 rn=3.2cm, (3) T=1.3XIO-8s.
11.80. W.=5oo eV. tt.81. R1 = 0.195 rn, Rs= 0.200 m.
11.82. Q/m=4.8x 101 C/kg. For the electron Q/m= 1.76x 1011 C/kg, for the

proton Q/m=9.6Xl01 C/kg, and for the a-particle Q/m=4.8xl01 C/kg.
11.83. The total displacement of the electron is x = Xl +X,, where Xl is the

displacement. of the electron in the magnetic field (Fig. 102) In the magnetic

field the electron moves along a circle whose radius of curvature is R = ';;. the

displacement xi can be found from the relation Xt=DC=OC-OD. But OC=R
and OD=YOMI_DM3=YR'-ll Thus, x l = R- Y R2_ 12. The displace-

x DM 1
ment X2 can be found from the proportion 17= DO' whence JC2=/1 YR2-12.

--- IHence the total displacement will be x=R- Y Rt-13+l 1 '1r . In our
, R' -l2

case R=';;= i {2~m, where U Is the applied potential difference. Sub

stitution of the data gives R= 4X 10-1 m= 4cnl, x = 4.9X 10- 2 m= 4.9 em.

11.84. (1) an=0, a = at = eE= 1.76X 101• m/s2, (2) a, =0. a=an ==
m

= V(etI:Y+ (e:r=2.5X!Olt m/s2
•

21-3574
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11.85. (I) v==2XlOI mIs, (2) 'R=2.3XI0- 2 m.

11.86. The velocity of the electron flying into the magnetic field is (/= V~u ·
Let us resolve the velocity v into two components: Vt directed along the force
lines of the field, and Vn directed norma) to them. The projection of the electron
path onto a plane perpendicular to B ~ is a circle whose radius is equal to the
sought radius of the helix and can be determined from the formula

R=mvn=mvsina
eB eB

(1)

where (I is the angle between the direction of the electron velocity v and the

direction of the field. Since the period of electron rotation is T = 2~R =v Sin CI

= 2:; • the pitch of the helical trajectory of the electron will be

I=v,T = 2nmv cos (I (2)
eB

Upon Inserting the numerical data Into Eqs. (1) and (2), we get: (1) R =z
~ 10-1 m=l em, (2) l=11Xl0-1 m=ll cm.

11.87. W~=433 eVe 11.88. (1) R=5 mm, (2) 1=3.6 ern.
11.89. 1=3.94XIO-2 m=3.94 em.

IS - J I
11.90. (I) n=-U =8.IXl028 m-3, (2) v=-=A-=3.1XIO-t m/s.ea ne ne
11.91. U=2.7X 10-1 V. 11.92. "=0.65 ml/V -s.

d«D 1
11.93. 8=-(jf=- dt (Bldx)=-Blv=-0.15 V.

11.94. 1",=78.5 V. 11.9S. C= 165 mV.
11.98. Upon each revolution of the rod, the magnetic nux which it intersects

Is equal to cD = BA = Snl', where I is the length of the rod. If the rod makes

\' rev/s, then 8 = Bnis'V = Bnl2 ;n = Bll ; , where (a) is the angular veloci ty of

rotation. Upon inserting the numerical data, we obtain 8 = 0.5 V.
11.97.0=0.5 m/s. 11.98.1:".=1 V.
11.99. C",ax=(I)o(j)= BAN21t'V, where N is the number of coil turns and 'Y

Is the number of revolutions per second. Upon inserting the numerical data, we
get 8mtJ.¥ == 3.14 V.

11.100. '.tJ",=O.09 V. 11.101.8=4.7 mY. 11.102. At 6.4 rev/so
11.103. 1.=0.018 V. 11.104. cf,.=5.1 V. 11.105. 8",= 1.57 V.
11.108. 8I1Ja~=250 mY. 11.101. (1) L=O.9 mH, (2) L=O.36 H.
11.108. L=5.5XlO-1 H.
11.109. (I) L=7.l X 10-' H, (2) (1)=3.55X 10-6 Wb.
11.110. N==380 turns. 11.111. J.Lr=I,400. 11.112. At 1=1 A•
.11.113. N=500. 11.114. (1) 11,== 1,400, (2) I~ 1.6 A.
11.115. (I) p.,=640, (2) L =6.4X 10-1 H.
11.118. (1) L=9.0 H, (2) L=5.8 H, (3) L=O.83 H.
11.117. ~e have

and

(1)

(2)
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The mutual inductance of coils with a common core is

Lt , 1= fJof.'rntntlA (3)

(1)

Upon multiplying Eq, (1) by Eq. (2). we obtain LtL, = (J.1oJlr1A)l nl n: . whence

VLtL,
n1n, =-----.T1 (4)

J.loJ.&r I Jl

Upon inserting Eq. (4) into Eq. (3), we find that Ll •• = Y LlL. Since &1 =
= - Ll i dd

1
t1 , the mean current intensity .in the second coil I, = L1

,1 ~ ::::a
, R t1t

y-AI
= ~lL. tr- Upon inserting the numerical data, we obtain 1.=0.2 A.

Il.118. The quantity of electricity induced in the frame is

C!).

Q=_1.. Sd(1)=-1..(<Ds - «»t)
R R

G>.

where cD! is the magnetic flux through the frame in its first position. and (1)1
in its second position. In our case CD,==O and, besides.

pi p4a p4 Y AJ
R=-A=-A=-A., . . (2)

(2)

In equation (2) a is a side of the Irame, AI the area of the frame and
A. the cross-sectional area of the wire. Since cD J = SA /_ then finally

BA 17
Q= -; "/ 0.074 C.

11.119. Q= 1.5X 10-· C. 11.120. Q=2.5X 10-' C.
11.121. G;= 10-8 C/div. 11.122. 8=0.2 T.
11.123. The intensity of the magnetic field in the toroid Is

H=/~l (1)

If the direction of the current in the primary coil is reversed, the quantity of

electricity passing through the galvanometer wll\ be Q= 24>:a , where 4> is the

magnetic flux piercing the cross-sectional area of the toroid, and R is the

resistance of the secondary circuit. But 4> = BA = J!oJ!,HA = Jl.oJ!,A Yf1, hence

Q _ 2N1Jlol1r A1N
l and Il -- QRl But Q==C..a and we finally obtain

- RI ' r-' '2I1oN IN 't,AI "

CbaRl
,...,.=~~~~

21J,oN,N,AI

Upon inserting the various values of I and the corresponding values of (Z from
the table given in the problem into equations (1) and (2), we get the following
table:

21*
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I, A

H, AIm

0.1

133

1,440

0.2

266

2,190

0.3

400

2,050

0.4

533

1,790

0.5

667

1,520

11.124. IJ,= 1,200. 11.125. In 0.126 s. It.J26 In 2.5X 10-· s.
11.127. 1.5 times. 11.128. ln 0.01 s.
11.130. (1) cD= BoA sin wt =2.5x 10-6 sin 100 Itt Wb, <Dmax = 2 .5 X 10- 5 Wb,

(2) C=-7.85xIO-3 cos IOO~t V, Bmax=7.85XIo-a V,
(3) 1=-2.3cos loont A, I max=2.3 A.

11.131. (1) 8 = -33 cos loont V,
L/?

(2) We=T=O.263sin~ lOOnt J.

dJ
11.132. (I) C? = - L1,2 dt = - L1 , 7. /000 cos wt =-15.7 cos IOOnl V.

(2) Bmax = 15.7 V.



Chapter 4

OSCILLATIONS AND WAVES

J2. Harmonic Oscillatory Motion and Waves

12.1. X=5sin(5nt+~ ) em. 12.2. x=O.lsinO.5nt rn,

12.3. (I) x=50sin(~+~ )mm, (2) xl=35.2 rnm, x:a=O.

12.4. (I) x=5sin~tcm, (2)X=5sin(~+~)cm,(3)X=5sln(~t+n)cm,

(4) X=5sin(~t+3:)cm, (5) x=5sin~t em. :r

12.5. See Fig. 103. ~~
12.6. We have x=A sin (~t +cp ). Accor- (t)~ .. t

ding to the initial condition, IC= ~: in addl- :r

tion, T=24sand cp=0.Henceo.5=sin(~t), R¥
. (n) 0 n (2)..------...- • t
i.e., 12 t =30 = 6' whence t =2 s.

1
12.7. t=r;T. 12.8. In 1 second. zoo
12.9 vma x = 7 .85 X 10- 2 mIs, amax = 12.3X

X 10- 2 m/s2 • (3) ., t
12.10. (I) 4 S, (2) 3.14X 10-1 rn/s, (3) 4.93X

X 10- 2 mjs2.
12.11 According to the given condition x=

= sin ~ t. Hence the velocity u = ddx = (4) Bolh slnusolds caine/de
b t

= : cos (~ t). The velocity will be maxi- Fig. 103

mum if cos (~ t) = I, i.e., when ~ t = nn, where II = 0, I, 2, etc. Thus, the

maximum velocity is attained in t =0, 6, 12 s, and so on. The acceleration will

be maximum if Sin(~ t)=I, l.e., when ~ t=(2n+I)~-. Thus, the maximum

acceleration is attained in t =3, 9. 15 s, and so on.

12.12. u=0.136 rn/s. 12.13. x=5XIO-2xsin (nt + ~.~ m.

12.14. A=3.lxl0- 2 m, T=4.l s, 12.15 PIII Qx = 24.i x IO- r. N.
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12.18. Fmax = 19.7X IO- · N, Etot=4.93xlO-
e J.

12.17. The kinetic, potential and total energies of a point oscillating in
conformity with the equations given in the problem versus the time is ill ustrated
in Fig. 104. The diagram is given within the limits of one period and shows
that the period of oscillations of the energy is half that of the oscillatory
motion itself.

E~ Ek Ek 1
12.18. (1) £=3, (2) £=1. (2) £=3".

EP PE PE
12.19. (1) E"'=15, (2) E"=3, (3) E1c=O.

p . (I) P FAs
12..20. %=0.04 sin nt +3' m. 12.21. x=2£= 1.5x 10-1 m.

12.22. The period of oscillations of the ball T = 2n V ~ =2.8 s, With

lInall deflections from the position of equillbrlum, the amplitude of the
oscillations can be found as follows:

E A=l sina.=2XO.0698 m=O.l4 m. The
equation of motion of the ball can then be

Etot written as x=A sin C: t) = 0.14 sin ~~~ m

if the time is counted from the position of
equilibrium. When the ball passes through
the equilibrium position, its velocity will be

. 0,14X2n 2nt
maximum. Since (/ 2.8 cos 2.8 mIs,

~~_......~~....._ ......--t~t then v",,,,,= O.l:.~2n m/s=O.31 mls. This

Fig. 104 velocity can also be found from the rela-

tion mgh= ";'2, where h Is the height

which the ball is raised to. Hence [1= V2gh. It can easily be seen that h =
c:: I (1- cos a), where 1 is the length of the thread. Thus, v = V2g1 (I - cos a) ==
= 0.31 m/s. When the pendulum is greatly deflected from the equilibrium
position. its oscillations will no longer be harmonic.

12.23. 0.78 s. 12.24. k=805 N/m.
12.25. The period will be halved.
12.28. The period will be reduced to five-ninths.

12.27. We have T1=2n y ;
or

(I)

(2)

After more weights Am are added, we have

.. / m+4m t m+~m
T.=2n V--k- , or T.=4n2 --k-

I I Am F
By subtracting Eq. (1) from Eq. (2), we get TI-Tt=4n2T' But 'r sr:
-= I!.;:t, where F is the force causing the elongation \1. Thus, T= - T~ = 4n2 tt, or
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Al= 4~2 (T:-T~). Upon inserting the numerical data we obtain ~l=2.7X
X 10- 2 m=2.7 em.

12.28. T=0.93 s.
12.29. The floating aerometer is acted upon by the force of gravity (down

ward) and the Archimedean force (upward). Therefore. in equilibrium G=pg (V+Sh)
where (V+Sh) is the portion of the aerometer in the liquid. If the aerometer i~
submerged to the depth x, the resulting force of expulsion will be F = pg [V +
+ S (h+x») - a=pg(V +S (h+x)]-pg (V+Sh)=pgSx=kx, where k=pgS.

. .. 1m 4 .. /rmn 16nm
Thus. slnceT=2n V Ii. then T={{ V oe ' whence p= TZd~g=890kg/m8.

12.30. X=3.7XIO-tsin(~+·~)m.

12.31. A =4.6XIO- lm. cp = 62"46'. 12.32. Acp= 2; .

12.33. (1) A=5 em. q>=36°52'~O.2n, (2)x=5sin(nt+O.2n) em.
12.34. (1) From the spectrum of the complex oscillation (Fig. 61) it follows

that the first oscillation has an amplitude of At = 0.03 m and a frequency of
VI =0.2 5-1• the second A1=O.02 m and v.==0.5 S-I, and the third A,=O.Ol m
and V, == 1 S-1. Thus, the equations of these oscillations will be as follows:

x=0.03 sin 0.4nt m
x=0.02 sin n.t m
x=O.OI sin 2n.t m

(2) Qualitative diagrams of these oscillations are illustrated in Fig. 105.

Fig. 105

(3) Compile tables showing x = f (t) for all these oscillations and draw a di
agram of the complex oscillation by summation of the ordinates of the sine
curves for anumber of points on the axis of abscissas.

12.35. The spectrum of the complex oscillation is shown in Fig. 106.
12.36. We have

and

A = Ao(1+cos 2nv.t)

(I)

(2)
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Upon inserting Eq. (2) into (I), we obtain

%= Ao (1+cos 2nv.t) sin 2nvt l = Ao sin 2nvt t + Ao cos 2nvat sin 2nv 1t =
= Ao sin 21t'\/lt+~o sin (2n (VI - 'Il.) t) +~o sin (2n ('VI + Vt) tl

Thus, the oscillation being considered can be resolved into three harmonic oscil
latory motions with frequencies of Vi' (VI -Va) and (VI+va), and amplitudes,

0.06

0.05
QO't

0.03
0.02

0.01

o
Fig. 106

5
v,s-·

respectively, of Ao• ~o and ~o The amplitude of the complex oscillation will

vary with time. This kind of oscillation is no longer harmonic oscillatory motion
and is known 8S a modulated oscillation.

12.37. When two mutually perpendicular oscillations having the same period
are summated. the equation of the trajectory of the resulting oscillation is

t' y3 2xy- +- - -- cos (cp.-CPt) =sin2 (<<pt-CP.) (1)
A~ A: AlA.

Since in our case (CPI-q>.)=O, equation (1) may be written as

x' + yl _ 2xy =0 or (!... _.1L)2 =0
A~ A: AlA, t A, A2

whence If = ~: % is the equation of a straight line. In this way, the resulting

oscillation will take place along a straight line. The angle of inclination of this

line can be found from the equation tan ~= ~: =0.5, whence ~ = 26°34' The

period of the resulting oscillation is equal to the period of the constituent os

clltatlons, while the amplitude of the resulting oscillation A = V A~ +A:=
=:0.112 m. Hence, the equation of the resulting asci lIation takes the form

s= 0.112 sin (IOnt+;) m.

12.38. (1) 7 em, (2) 5 em.
x2 yS ..

12.39. T +T = 1. This IS the equation of 8 circle with a radius of 2 m.

12.40. We have
x,=cos tu (1)
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nt .. II +cos nt
y=coS"2= V 2

329

2y2- 1=cos ltt (2)

Upon dividing Eq. (2) by (I), we obtain 2y2-1=1, or 2yl-x=I, which is
x

the equation of a parabola.

t2.41.1~+ ~2 = 1. This is the equation of an ellipse.

12.42. Y= - O.75x, which is the equation of a straight line.
12.43. (I) The equation of damped oscillations is

%= Ae-~t sin (CJ>t +cp) (1)

In our case (j)=2;=; • q>=0 and 6=6; = 1;.6=0.4. The amplitude A can be

found from the condition %=4.5 em at t= ~ = 1 s. It car. be easily found

from Eq, (1) that A =6.1 em. Thus, equation (1) becomes

x= 6.7e-o.' t sin ; t (2)

(2) To plot the diagram let us find the moments of time tt, tt, ta, ••• which
correspond to the maximum displacements x, The maximum of x can be deter ..

mIned from the condition (/=~=0. From equation (I), when cp=O, we have

v= Aooe-8t cos wt-A&-8t sin (J)t :::::0. Hence

(I) 2n
tan 6>1 =Cf= 1JT (3)

It can be seen from equation (3) that only in the case of undamped oscillations.
n. 2n ~ T

when r,T=O, the value of tan(a)t=oo, or mt=2' 1. e., yt=2' or 1=4-
2n O.42ht

In our case tan ro/=6T=3.925,l.e.,cot=75°42'.O.421n, whence I=-w-=

T T-=0.842 s. Thus, X=Xmax at 1,=0.842 s, 11=/.+2=2.842 S, 18 = / 1 + -
= 4.842 s and I. = 11+3J = 6.842 s, etc. Upon inserting the found values of t

in equation (2), 'Woe can easily find the corresponding values of Xl' XI' X3' •••
12.44. See the solution to the previous problem.
12.45. v l =7.85 rn/s, v2=2.88 mIs, va=1.06 '!lIs,. v,=O.39 m/s and v&=O.~4t m/s.
12.46. From the formulas for damped oscillations we have At = Aoe ~ and

A2=Aoe-w+Tl, whence ~:=e3T. According to the condition 6T=0.2, whence

~:=1.22.
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12.47. ~T=O.023. 12.48. (1) 120 s, (2) 1.22 s.
12.49. 1.22 times. 12.50. Efghttimes. 12.51. t =6.4 s,

6r 6Tm
12.52. (1) 6==0.465-1,(2)6=105-1, (3) 6=-r=y 0

4n'+(6T)2
12.53. The equation of natural oscillations has the form

x= Ao'-at slnfiJot

6.9s-1

(I)

Let us find 6)0. According to the condition, the phase shift between the natural
and forced oscillations is -0.75n, and therefore

2&0
tan q>=-,--=t8n (-O.75n)= 1

IDo -cot

Hence

(2)

In our case 6>=10'1 and 6=1.6 S-I. Upon inserting these values in Eq.(2),we
obtain (a)0 = 33= lO.5n and thus the equation of natural oscillations takes the

form

F=Fosin 6>1

x=7e- 1•8t sin IO.5nt

(2) The equation of an external periodic
force is

Let us tlnd the maximum external perio
dic force Fo. We have

Fo=Am V (6)~- 6)1)2+ 462(1)I

Upon inserting the numerical data into this
equation, we obtain Fo~ 7.2 X 10-2 N,

of the external periodic force becomes F= 7.2 X

Fig. 107

!----......-----..... lAJ

.and then the equation
X 10-2 sin tOni N.

12.54. The nature of the relation between the amplitude A of the forced
oscillations and the frequency (J) of the external periodic force is illustrated in
Fig. 107.

12.55. The pram will begin to swing heavily if the time between two con
secutive jolts on the depressions is equal to the period of natural oscillations of

the pram, which can be found from the formula T ....2n ~. In our case

10 kg F 1 kg{
m=-2-=5 kg, which Is the mass per leaf spring; k=-!=-2-=490 N/m.

Xo em

and therefore T = 0.63 s. The time between two consecutive [olts t = .!.. , where
v

v Is the speed of the pram and I the distance between the depressions. In our
I I 0.3

case t~v==T. whence v==r=O.63 m/s=1.7 km/h,

12.58. ).=3X 10-8 m. 12.57. (1) 350 mIs, (2) O:i85 m/s.
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12.58. (1) In our case the equation of the wave takes the form

x= 10 sin (0.5nt-6 :~(4) em (I)

Thus, x=/ (I, I), i. e., the displacement of the points lying on the. ray depends
on the time t and the distance I from the point to the source of oscillations.

(2) For a point at a distance of 600 m from the source of oscillations, equa
tion (1) can be written as x= 10 sin (0.5nt-n) em, i. e., at 1=const we obtain
x = 11 (t), hence, the displacement of a fixed point lying on the ray changes
with time.

(3) When t =4 s, equation (I) becomes x= 10 sin (2n - 6X
n

1(4) em. In

this case t=const and x=fl (I), l. e., different points lying on the ray have
different displacements at a given moment of time.

12.59. x=0.04 m. 12.60. x=O, v=7.85xtO-1 mis, a=O.
12.81. ~q>= n - the points oscillate in opposite phases.
12.62. ~<p=4n-the points oscillate in the same phases.
12.63. x=O.025 m. 12.64. 1=0.48 m.
12.65. (1) The position of the nodes is determined by the coordinates

x = 3, 9, 15, ... em and that of the antinodes by the coordinates x = 0, 6, 12,
18, ... em. (2) The position of the nodes x=O, 6, 12, 18, ••. cm and that of
the antinodes x = 3. 9, 15, ... em.

12.66. A=O.l m.

13. Acoustics

13.1. A=O.78 m. 13.2. From ).1=17 mm to A.. = 17 m.
13.3. c=5,300 m/s. 13.4. c=3.7oo m/s.
13.5. Since Young's modulus E is related to the compression coefficient ~

by the formula p= £1 , then p= ~. Upon inserting the numerical data, we
pc

obtain ~=7.1XI0-10 mt/N ..
13.6. 1,810 m. 13.7. (1) 318 mls. (2) 330 mIs, (3) 343 m/s.
13.8. 1.12 times. 13.9. c=315 tnl». 13.10. c=33O m/s.
13.11. c=336 m/s. 13.12. t = _540 c.
13.13. n = 5. = 0.067. 13.14. 3°51 I.

e.
/

13.15. /: = 1.26 (see Example 2 In the introduction to this chapter).

flps 1 12 7 /113.18. ~=. . 13.1. 't: = 1,000.
UP! I

13.18. (1) AL=30 db, (2) ~PI =31.6.
uP.

13.19. (1) L= 100 phons, (2) Ap==2 N/m'.
13.20. (1) By 34.8 phons, (2) by 44.8 phons.
13.21. The groove pitch on 8 phonograph record can be found from the for-

mula I=~, where CJ) Is the angular velocity of the record in rotation. Upon
'V

inserting the numerical data we obtain: (1) 1=2.25X 10-1 m=2.25 mm,
(2) l=7.5xIO-' m=0.75 rom.

13.22. (1) 1=8.15 rnm, (2) 1=0.41 mm,
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13.23. When oscillations are generated in the steel bar, it will develop it

standing wave with nodes at the points of clamping and antinodes at the free
ends. The distance between adjacent antinodes in the standing wave of the air
column is equal to half the length of the generated sound wave. Denoting all
the values pertaining to the steel bar by the subscript 1 and those pertaining
to the air column by 2, we obtain

(1)

On this basis, the sought length I. of the air column can be found from the condition

At
RT=11 (2)

where n i4) the number of antinodes. From Eqs. (1) and (2) we have i, =
= n~:I. Hence (1) ),1=21 1 and '.=0.392 m, (2) ),1=411 and 1.=0.784 m,

13.24. 1=0.715 m.
13.26. Approximately up to 43;000 Hz-ultrasonic frequency.
13.26. (1) ,,' =666 Hz, (2) v' =542 Hz. 13.27. 10%.
13.28. (I) 28.3 kmjh, (2) 14.7 krn/h, 13.29. 4 times.
13.30. v= 71 krn/h, 13.31. "1= 4.50x 10' Hz and VI= 4.66X 106 Hz.
13.32. 1=0.63 m. 13.33. F=7.3 N. 13.34. v= 158 Hz.
13.35. We have

(1)

and

(2)

Upon solving Eqs. (1) and (2) simultaneously, we get

vl=252 Hz

13.36. 'V =-250 Hz or v = 254 Hz. 13.31. v = 250 Hz.
13.38. (1) A standing wave with antinodes at both ends is formed in an

open tube. Obviously, in this case n halfwaves can be accomrnodated over the

"-tube length L, where n = 1, 2, 3•.•.• I, e., 1= n 2 . The frequency of the sound

c nc
wave will thus be v =T = 2/ When n = I, the frequency 01 the fundamental

t
. c

one IS 'V= 21 •

(2) In a closed tube a standing wave has a node at one end and an antinode

l ~~ c nc W
at the other. Obviously, in this case = nT and 'V= A. .;;:41 hen n = I, the

I
. c

trequency of the fundamenta tone is 'V = 4T .
13.39. v=261 Hz, 1=0.65 m,
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14. Electromagnetic Oscillations and Waves

14.1. A.=2,500 m. 14.2. From At=700 m to Aa= 1,950 m.
14.3. L=12.7 MH. 14.4. 2,=6.
14.5. (I) U=IOO cos (2nXI03t) V, J=-15.7sJn(2nXI03t) mA, (2) U

1
=

= 70.7 V and 11 = - 11.1 rnA,U2=0 and 11 = - 15.7 rnA, U3=-IOOV and '3=0.
14.6. (1) E el = 12.5X 10- 6 X cos2 (2nX 108t ) J, Em= 12.5x 10-1 x sin! (2n X

X 103/ ) J, Et ot = consl = 12.5x I0- &J .
(2) E;,=6.25XIO-&J, E:n=6.25XIO- 6 J and Etot= 12.5 X IO- 6 J; £:,=0,

E~=12.5XIO-6J, Eiot=12.5XlO- 6 J; E;;=12.5XIO-6J, E;;=O and E'i~t=

= 12.5X 10- 6 J.
14.7. (I) T=2XI0-.s, (2) L=10.15MH, (3) J=-157sinl~ntmA,

(4) A=6X lOt m.
14.8. (1) T=5XlO-3s, (2) C=6.3XlO-7 F, (3) U max=25.2V, (4) Em ==

=2X 10-· J ..(5) Eel=2X 10-4 J.

14.9. We have U= Uo cos rot and / =C ~~=-CUo ro sin rot. Consequently,

Hence
Em Lero2 sin' rot LCwi tan~ wi
Eel cos2 wi

Y- V2
When t = ~ , the value of sin rot=-i- and of cos rot= -2-. Besides, since

T2 I Em sin4\ wl
LC=-42 = :r · then finally -E=--2-t=1.n (J) et cos 0)

14.10. (1) T =8X 10-3 s, (2) 6T =0.7, (3) U =8Oe- 81t cos 250nl V,
(4) U t = - 56.5 V , Us=40V, U3=-28V, U.=20V.

14.11. (1) Assuming the resistance to be sufficiently small, let us find the
period of oscillations from the formula T=2n VLC==2XIO-' s, Further we

have Ut=Uoe-&t. whence 6t=/)T+=loge ~f: According to the anitial con-

dition, U 1 = ~o or ~: = 3 when t = 10-8 s. Therefore,

T Uo
logeV lOPe 3X2X 10-'

tJT = t t 10- 8 0.22

(2) R= 11.1 O. It is easy to see that this value of R agrees with the con..
ditton for applying the formula T -= 2n V Le.

. 8p VnlC
14.12. 1.04 times. 14.13. 6T Vii;;i&, 0.018.

d2 JA-oJ.lo,
T loge 100 6 8 10-814.14. t= 26T . X s, 14.15. C:=0.7 ""F.

14.16. R::::4.10. 14.17. 300 Hz.
1418. (1) J=4.6mA, (2) U 1= 73.4 V , U.=146..6V.
14.19 <1> 74%, (2)' 68% .. 14.20. (I) 72.5%, (2) 68.5%.
14.21. L =3.74 ~F. 14.22. L=O.055 H.
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14.24. (1) 2=4,380 U. (2) 2=2,180 Q.
14.25. 1=1.34 At Uc=121 V. UR=134 V, and UL==295 V.
14.26. R= 12.3 Q. 14.27. R=40 0, L=O.074 H.
14.28. UR= 156 V.



Chapter 5

OPTICS

15. Geometrical Optics and Photometry
us. I. Through 2<1.
15.2. as= -15 em and y' = 5 mm, The Image Is real, inverse and. diminished.
15.3. t1s=O.l2 m, y' = -8 mm, The image Is virtual, erect and diminished.
15.4. Qs=7.5 em, y'=-1.5 em. The Image Is virtual, erect and diminished.
15.5. Ql=-O.6 m, Q.=-O.3 m,
15.8. (1) F=-lO em, (2) D=-lO diopters.
15.7. The total linear magnification of the system Is 6.

15.8. as = ~ ; the Image will be in the focus of the reflector; 11= 7.5 em.

IS.9. Let us denote the longitudinal aberration AF by x and the transverse
aberration FH by y. From the isosceles triangle DAM (see Fig. 62) we have

OA=-2R . But x=AF=OA-OF==OA- R
2

' I. e., ftnally
cos (%

%=!i(_1-1) (1)
2 cos <Z

If <z=O, then cos C&= 1 and x=O.
Further, y=FH=xtan L. HAF. But L HAF as an external angle of A ADM

Is equal to 2a.,and hence g= R
2

(_1__ 1 ) tan2a. If a.=O, then cos e ee l,
cos cz

tan 2a=0 and y=O.
15.10. %= 1.8 em, g= 1.5 em. 15.11. h=8 em.
15.12. d=O.l m. 15.13. t=5.8 mm, 15.14. tan l=n.
15.15. (1) 41°8', (2) 48045', (;3) 61°10'.
15.18. At an angle of 41°15' to the surface of the water.
15.17. 2.02X loa m/s.

15.18. We have s.in I == nit where nt Is the refractive index of glass. Total
sin r

internal reflection from the surface separating the water and the glass will occur

if the condition sin, = n. is satisfied. Hence, sin 1= nl sin r=nl n. = ns == 1.33,
nl nt

l.e., sin i > I, and the condi lions of the problem cannot be satisfied.
15.19. 0.114 m. 15.21. cp,==41"28' and cp =40049'.
1S.22. The violet rays are subjected to lotal internal reflection, and the red

rays emerge from the glass into the air.
11.23. 34OS1'. 15.24. 28°. 15.28. 602'.
15.28. lOOS'. 15.27. 77022'. 15.28. 4°47'.
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15.29. sin ~tv=n sfn ~ . In this case the deflection of the ray from the

Initial direction will be minimum.
15.30. ~r=30037' and ~f1=33°27/. 16.31. F=O.l46 rn,
15.32. (1) 0.188 m, (2) 0.30 m, (3) 0.75 m, (4) -0.188 m, (5) -0.30 m,

(6) -0.75 m.

15.33. (1) ~~= 1.4, (2) in this liquid the first lens wlli be a diverging, and

the second a converging one.
15.34. D=2 diopters. 15.35. as=O.3 m, y=4 em. 15.37. 1 m.
15.38. (1) 0.48 rn, (2) 2.65 m, (3) 0.864 m. 15.39. F=O.47 m.
15.40. F=-O.75 m; the lens will be a diverging one.
15.41. F=O.59 m. 15.42. at=-90 em, 02=180 em.
15.43. Fr - Fv=3 em. 15.44. (1) 10 em. (2) 5.7 em.
15.46. (1) 12.0, (2) 7.5. 15.47. I Rtl = I R2 1=25 mm. 15.48. 5 mrn,
15.49. k=562. 15.50. F=O.112 m. 15.51. ~45'.

15.52. (I) The diameter of the image d=2F tan ~ =4.6 mm. (2) A beam of

rays impinging onto the surface of a lens with the area n~2 Is concentrated in

. .. nd l E' 4nD2 D2
the Sun's Image with an area T' Hence £= 4nd 2 = d 2 = 383.

15.53. (1) 1 rn, (2) 0.71 m. 15.54. en =8.34 lm.
15.55. When a drawing whose dimensions are much greater than those of the

plate is photographed completely. the image is obtained approximately in the
principal focus of the lens. When parts of the drawing are photographed. a full
size image is obtained if the object is placed at a double focal length from the
lens (the image on the plate Is obtained at the same distance). In this case the

area of the image increases c:r=4 times. The illumination of the plate

will decrease the same number of times. Therefore, the exposure should be Increa
sed four times.

Ui.58. 5.7 times. Thus, 8 standing man will become suntanned better than
one lying down.

15.57. Two times.
15.58. The illumination tn the corners of the room

I
£ =--;t cos (X (1)

The distance from the lamp to a corner r, the quantity a (half the diagonal of
the square Door), the side of the square floor b and the height of the lamp
above the floor h are related by the obvious equation

a=f sin e:t= :2 =h tan e:t (2)

From formula (2), the Illumination may be expressed as E=-!r-<cos a sin 2 a).
a

To find the maximum of E, let us take the derivative :; and equate it to zero

dE I
d
- =-, (2 cos"a sin a-sin l a)=Oa. a \.:



15.60-18.10) OPTICS 337

whence tan' a=2, and the sought height h will be

h= a
tan ex

b

Y2 tana

b

2
2.5 m

15.60. When the desk lamp is burning. the illumination of the table edge is
1.2 times greater.

15.61. 2.25 times. 15.82. E ~ 8X }Q4lx.
15.83. (1) M 1 = 1.6 X 10' lrn/rn", L1 =5.1 X 10& nt,

(2) Ms=4X lOt Im/m l , Lz= 1.27x 10' nt.
15.64. (I) 1.2Xl07 nt, (2) 3XI04 nt.
15.65. the iJlumination will be the same with both the transparent and the

frosted bulb: E1 = £ 2= 3.4 lx.
15.66. E=2xlOS lx, M=1.5Xl03 lm/rn", L=480 nt.
15.67. E=4.2Xl04 Ix. 15.68. E=210 lx.
15.69. (I) 1.61X 10-8 W/1m, (2} approximately 2%.

16. Wave Optics

t6.1. When one edge of the solar disk is photographed (the light source moves
towards the observer)

, vc
v=--

c-v (1)

and when the other edge is photographed (the light source moves away from the
observer)

'V"=~ (2)
c+v

. c 2vA CAA .
Since v=T ,from Eqs. (1) and (2) we find ~'A=-c-. Hencev=2A=2X 103 m/s.

me2 (~),,)2
16.2. U= 2),,2Q 2,500 V.

16.3. The displacement of the spectral lines towards short wavelengths indi
cates that the star is moving towards the observer. The radial velocity of its
motion (i .e., the velocity along a llne connecting the star and the Earth) can

be found from the equation u= c~A= 103 krn/s.

16.4. 1.3 times. 16.5. Yt= 1.8 rnm, YI = 3.6 rnm, Ys = 5.4 mm.
16.6. A=5X 10- 7 rn.
16.7. The glass plate causes the difference in pat hs between the interfering

rays to change by A = nh-h = h (n -I), where h is the plate thickness -and n
is the refractive index of the plate material On the other hand, as a result of
the introduction of the glass plate a displacement by k bands took place. Hence,
the additional difference in paths due" to the plate is k'A Thus, h (n-I) = kA.

whence h=~1=6XIo-8m.
n-

16.8. An<:5 X 10-&. 16.9. h=O.13 Ji.
16.10. Let us denote the thicknesses of the film corresponding to adjacent

A
bands by hI and hi. Hence Ah=ha-h1 = 2n. Let us denote the distance be-

22-3574
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tween adjacent bands by I (Fig. 108). It may be assumed that Ah:al tan cz,

where CI is the wedge angle. Hence tanCl=2~ =5.13XIO- 1 and CI=dl'.

18.11. 1.9 mm. 18.12. 5 bands per em.
18.13. k-5, ·k+ 1=6, A=-5X 10- 7 m. 18.14. A~5,890 A.
18.16. (I) '.== 'Y4R1} =2.8X 10- 1 m=2.8 mm, (2) '.= Y3RX1-==3.1X 10- 8 m=

~3.1 mm. It can easily be seen that the third red ring is farther than the
fotirth dark-blue ring. This is why Newton's rings can be
observed in white light only If the air layer is thin, other
wise various colours wilt be superimposed on the same spot.

18.18. A=6,750 A. 18.17. 3.6 mm. 18.18. k=275.
18.19. When Newton's rlnp are observed In transmitted

light, the condition of the maximum of light is determined
by the formula

2hn=k)' (1)

The thickness of the layer h between the lens and the plate
Is related to the corresponding radius of the ring being ob
served as follows:

Fig. 108 ,,_;~ (2)

Upon inserting Eq. (2) into (I), we obtain nRr~-kA, whence n= kA:. Insertion
r,

of the numerical daU. gives n= 1.33.
18.20. 1.2 fie 18.21. 4.7X 10-1 m, 18.22. n == 1.66.

18.23. A shift L of the mirror over a distance of ; corresponds to a change

In the path difference of A, i. e., a displacement of the interference pattern by

one band. Thus, L=k} where k is the number of bands passed in the field of

vision. Hence A=~=6.44XIO-7 m.

kA
18.24. n-l=21=3.8XlO-t , whence nz::=l.OOO38.

18.25. In contrast to a Michelson interferometer, in this case the fay passes
through the tube with chlorine only once (see Fig. 63). Therefore the path diffe
rence of the rays passing through the chlorine and through the vacuum is eral

to In-I=I{n-l)=kA, where I is the length of the tube. Hence n-l=k, =

== 7.73X 10-. and 11= 1.000773.
18.28. A=4.8Xl0-1 m. 18.27. d=1.15Xl0- 1 m.
18.28. (I) S- zones, (2) bright.

18.29. The radius- of the k·th lone '11= {k ~d' where a Is the distance

from the source of light to the wave surface and d is the distance from the wave
surface to the point of observation. Upon inserting the numerical data, Wt; find
that '1 =0.50 mm, ,.=0.71 mm, '3=0.86 mm, '.= 1.0 mm and '.= 1.12 rnm,

18.30. '1=0.71 rnm, '1=1.0 rom, '8=1.23 mm, ,,=1.42 rom, ,.=1.59mm.
18.31. 167 m.
18.32. Assume that the aperture in the diaphragm lets k Fresnel zones through.

The radius of the k-th zone will therefore be the radius of the aperture, equal

-,



to rll= Vk ::d' The minimum illumination of the centre of the rings obser
ved on the screen corresponds to two zones.(k =2). Upon lnsertlnz the nu · 1
data, we find that r= 10- 1 m= 1 rom. amerIca

16.33. At 0.8 m. 16.34. cpt=17°B', CI'.=36°5', <1'3=620.
16.35.5 em. 16.36. cp=30. 16.37. d=2.8XIo-e m N -3570 cm-1
16.38. No=600 mm- I . 18.39.1==4,099 A, No= s06 m~-:l' •

O I . klAl kiA,,, . k )., 6 563
16.4. n our case sm <P=T=7' or k1"'1= k 2A 2• Hence..:!=--!=_'_~

= 1.6. Since k1 and kl must be integers, then obviously the :~lue~lkl !;JO:nd

kl=8 satisfy the condition that ~= 1.6. Thus

d= ~lAI 5X6,563XlO-10 -5 10- 8
81n q> 0.656 m- X m

16.41. A=6,600 A in the second-order spectrum.
16.42. 1 = 4,470 a; the dark-blue line of the helium spectrum.
16.43. A=7.05X 10- 7 m.
16.44. The maximum order of a spectrum obtained with the aid of this grating

is 3.
16.45. d = 5A. 16.46. Ten maxima, not counting the central one.
16.47. d = 3.9 fl. 16.48. d = 2.2 X 10-3 em.
16.49. d=2.54X 10- 1 mm. 18.50. L\A=0.24 A.
16.51. We have

(a+ b) sin cp = kA (1)

Upon dift'erentiatlng Eq. (l), we obtain (a+b) cos lpdq> = kd'A or ~! (a + b~ cos q> •
By inserting the numerical data, we find from Eq. (1) that sin cp = 0.236, whence

q>= 13°38'. Hence cos q>=O.972 and ~!=4.1 X 10& rad/rn.

18.62. d = 5 X 10-8 m. 16.53. D1 = 8.1 X 10-3 mm/A
18.54. D1 = 0.031 mm/A, x=O.65 mm.
16.55•. (I) A=4.75f!.f. (2) No=460 mrn r ", (3) D=2.76~I()l rad/cm,
18.56. 1=5.1XI0 mrn. 18.57. F=0.65 m. 18.58. Sr>30.
18.59. 54°44'. 18.80. 37°. 16.61. n= 1.73.
18.82. (I) n = 1.63, (2) i = 66°56'.
18.63. Ao = 3.55X 10- 7 m, "'e=3.95X 10- 7 m,
18.64. Let us denote the intensity of natural light by 10• After passing through

the polarizer, the ray has an intensity of JJ = 0.5. 10 , After t~~ analyzer. its
Intensity will be 11 = 11 cos' ex = 0.5 locos' ex. According to the initial condition,
I, 1 0·25 1 d 450
/=0.25 and then cos cx==0.SO=2 an a= ·

o 18.85. 62°32'.
J

18.86. The reflection factor of incident light k' =t, where /, = J.L+J ... Here

sin' (l-r) tanS (i -r)
1.1=0.5/0 sinl (i +r)' and / II =0.5/0tanS (i +r)

In our case, when the light falls at the a~gle <;>f complete polarizatl~n.
tan i = n = 1.54 and, therefore, i = sr. Further, since ,+, = goof the refraction

22*
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angle , = 90°- 57°= 33°, and i - r = 24° Thus,

sin' 24° tan2 24°
11.=0.5/ 0 sin' 900=0.08310' and 1u =0.510 t802 900=0

L e., in reflected light t when the angle of incidence is equal to the angle of
complete polarization, oscillations occur only in a plane perpendicular to the

plane of incidence. In this case k' = ~:=Ii till 0.083. In other words, only

8.3 per cent of the energy of the incident natural rays is reflected from the
glass. These will be rays· with oscillations perpendicular to the plane of inci
dence. Hence, the energy of the oscillations perpendicular to the plane of inci
dence and which have passed into the second medium will be 41.7 per cent of
the total energy of the rays falling upon the boundary, while the energy of the
oscillations in the plane of incidence will be 50 per cent. The degree of polari
zation of the rays that have passed into the second medium will be

P _ / I1 - / -l _ 0 . 08.~ _ 0 09 1 _ 9 1 ~ '
-III +11. -0.917-· -. 10

16.67. When a natural ray falls upon a glass plate at the angle of complete
polarization, the refracted ray has an intensity of /1 = 0.917J0 (see the solution
to the previous problem). In this refracted ray the oscillations perpendicular to
the plane of incidence are responsible for 0.417/0' and those parallel to the plane
of incidence- for 0.5/0• The intensity of the ray reflected from the second face
of the plate is /~=0.083XO.9171o=0.076/o. Hence, the intensity of the ray
emerging from the plate into the air will be '3=OJH7/u-O.076/0 = O.841/ 0 .

Here the rays with oscillations parallel to the plane of incidence are responsible
for 0.510 and those with oscillations perpendicular to the plane of incidence
for 0.341/ 0 , The degree of polarization will thus be

p= 111-11 = 0.159 = 18.9%
t « +/1. 0.841

i. e., it will increase. This permits the use of a pile of plane-parallel plates
("Stoletov's pile") as a polarizer.

16.88. (I) k'={;=S.OO per cent, P=83 per cent, (2) 4.42 per cent

17. Elements of the Theory of Relativity
17.1. We have

i' = 10 Yl-~i (1)

io-I' I' I'
According to the initial condition, -1-= 1-,=0.25. Hence -,=0.75, or

o 10 0

t' = 0.751(, (2)

Upon inserting Eq. (2) into (I), we obtain VI-~2=Q.75, or I-pl=(0.75)2=

=0.5625 and ~2=O.4375 Thus, ~=~=YO.4375=O.6615, and finallyc
v=Ik=0.662X3X 108 m/s= 198,000 km/s

17.2. l/=2.6X 108 m/s. 17.3. 10"4l' =68.8% 17.,7.1 times.
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17.5. A1'=3.2 s. 17.8. By 8.6X 10- 27 kg.

17.7. Figure 109 shows how the mass of an electron m and the ratio

depend on the quantity ~.
c

17.8. At v=2.6X loa m/s.
17.9. We have

E" =m~l( 1 _I) =.c' ( mo -mo) =.;c'(m-tno)
YI-P3 VI-P'

e
m

whence

Fig. 109

v
--------.1~7f

(2)E,=moc2

Hence, the total energy is

and

Ek c2 (m-mo)
1no mo

let m momO=:k. Hence E" = moe'k. According to the initial condition, k=0.05.

(1) E/l=2.56XlO-1MeV, (2) £~_=47MeVt (3) e, =94 MeV.
17.10. U=1.IXl08V. 17.11. U=510 kV.
17.12. The total energy of the meson consists of

its kinetic energy £1 and its own energy £1 (the
energy of rest). We have

E..= m c:a( 1 1) (I)
o Yl-~2

moc2

E=E1+E2 Yl-pa

According to the initial condition, i = 10, i. e., V 1 10. Hence~=~==
~ I-p2 C

= 0.995 and v= 2.985X lOS rn/s
10-l'17.13. ~=86.6%. 17.14. p=99.6%. 17.15. -/

0
- = 91.5%.

17.16. ~=O.9. 17.18. E,,=8.2XIO- 1• J. 17.19. Am=4.6xlO-17 kg.
17.20. ~E=931 MeV. 17.21. AE=8.2XIO- 1.J=0.51MeV.

17.22. L\m=3.2X 10-1 kg/kmole. Thus, the reaction yields not 18 kg of wa
ter, but 3.2x 10- 9 kg less. This amount is beyond the sensitivity of the most
accurate scales. The mass also changes in the same way during other chemical
reactions. In nuclear reactions the change in mass is appreciable (see the next
problem).

17.23. Am=0.217 kg/kmole. 17.24. In 7Xl01 2 years.

18. Thermal Radiation

18.1. T= rooo-x. 18.2. Qe=6.5X to» kW-h. 18.3. Qe=O.46 J.
18.4. T= 100ooK. 18.5. (1) Qe=1.33X lOs J. (2) k=O.3.
18.6. T=2500oK. 18.7. S=4XlO-6 m2 •

18.8. q = 1.37X 103 W/m2 = 8.21 J/min·cm2 = 1.96 cal/min-emf.
18.9. N=3.1XI03 kW. 18.10. Qe=O.85 cal/rnin·cm2

•
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18.11. Qe=7.35X 103 J. 18.12. 8=6 eml •
18.13. (1) Alll ax = 1 .... -the ipfrared r~fon, (2) A_u ==5 X 10-& em-the vi·

sible light region. (3) Amax ~ 3A- the X-ray region.
18.14. (1) We find from the curve in Fig. 64 that the wavelength of the

maximum energy density of the body is·approximately 1.2 JoL. From Wien's law
we o.btain T=2400oK.

(2) The percentage of the radiant energy falling to the share of the visible
spectrum is obviously determined by the part of the area limited by the curve
M,l= f (A) which is cut off by the ordinates erected at the. edges of the interval
interesting us. The visible spectrum extends approximately from 0.4 to 0.75 J.L.
Upon plotting the curve of Fig. 64 on millimetre graph paper, we can find that
about 3-5% of the total radiation falls to the share of the visible radiation at
the given temperature.

18.15. 3.6 times. 18.18. ).,=9.3 .....
18.17. (1) 81 times, (2) from ).,1=2.9 to ).,1=0.971-1. (3) 243 times.

IUB. T1= AA~l~+C1 290
o
K.

18.19. It will grow 1.06 times. 18.20. 0.84 W. 18.21. By 0.2 .....

18.22. (1) Am = A~6 = 1.4X 1011 kg. (2) 't = 7X 1012 years.
c



Chapter 6

ATOMIC AND NUCLEAR PHYSICS

19. Quantum Nature of LIght and Wave Properties of Particles

19.1. (I) 3.2X 10-" kg, (2) 8.8X 10-32 kg, (3) 1.8X 10-10 kg.
19.2. 2= 1.15X 10-18 J, m= 1.38X 10-10 kg, PPh:c:4.IX 10-11 kg·m/s.
19.3. (I) 6.2X 1018 quanta, (2) 1.2X 101• quanta, (3) 1.1X 101• quanta.

(4) 5.9X 1018 quanta. (5) 4.6X 1018 quanta, (6) 5.1 X 1018 quanta.
19.4. v=9.2x 106 m/s. 19.5. v= 1,400 m/s. 19.1. 0.51 MeV.

is.r, E= p~~= 150 J/m'·s. 19.8. T=98OO"K.

19.9. ).~ 4.1 X 10-1 A.. 19.10. m= 2.1 X 10-12 kg.
mv'

19.11. We have h~=W+T' For the photoeffect to appear, it is neces-

sary that h» > W. i. e., v > ~ . But v = ~ • and therefore the wavelength 01

the incident light should satisfy the inequality A <~ . In Stoletov'sexperiments,

A<;2.95xI0- t rnm, whence W=4.2 eVe
19.12. 5.17XIO- 7 m, 5.4XIO- 7 rn, 6.2XlO- 1 m, 6.6xlO-1 m.
19.13. 2=4.5 eVe
19.14. (I) W=4.5 eV, (2) vmax = 9.1X I05 tnt«, (3) Ek'm~=3.8XIO-I' J.
19.15. Since the photoeffect commences at vo=6X 101 5- 1, the work of

emission of an electron is

6.62X 10-3 • x6X 101•
W =hvu = 1.6x 10- 18 eV = 2.48 eV

I
Further, we have bv = W +m; To retard escaping electrons. 8 retarding elec-

mvl W +eU 1trlc field is applied, and eUt=y Thus, hv=W+eU 1, whence v h

Upon Inserting the numerical data, we obtain 'Y= 13.2X IOu 5-1-.
19.18. U = 1.75 V. 19.17. (1) 2,040 A., (2) 2,340 A..
19.18.3 45XlO-16 kg·m/s. 19.19. h=6.6xIO-u J·s.

hv-W
19.20. (1) U1t=-e-+Uo= 1.5 V,

(2) (1= y ~(hV-W +eU.)=7.3X lOt m/s.

19.21. At A~ 2,540A.
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19.22. (I) We have p= ~ , where p is the pressure of light, and F is the

lorce exerted by this pressure on the surface S of a disk. But F = ~ =~ ,
where M is the twisting moment, 1 the distance from the centre of the" disk to
the axis of rotation, and a the angle through which the disk turns. For the
mirror light spot reflected onto the scale at a distance y from the mirror to de
flect by x, the angle through which the mirror turns should satisfy the condi-

tion that tan 2a=~ or, if the angles are small, tan 2a~2a=~. Thus a:::::
y y

= ;y' Then, finally, P=2~S Insertion of the data gives p=3.85X 10- 8 Njm3,

(2) E =7.7X 10-2 J/cml·s.
19.23. (I) p=3.55Xl0- 7 N/m2 , (2) P=2.IXlO-3 W.
19.24. (1) 1.2X 1017 l/cm2·s, (2) (a) 1.42X 10- 6 N/m2• (b) 2.13X 10- 8 N/m2,

(c) 2.84X 10- 8 N/m2 •

19.25. (I) p=4.5XI0-8 N/m2 , (2) m=7.8XlO-18 kg.
19.28. p= 1.04X 10- 6 N/m'.
19.27. (1) p=7X 10- 7 N/m 2 , (2) p=3.5X 10- 7 N/m'.
19.28. 2.9X 1021 quanta. •
19.29. <.I> &A=0.024A and A=AO+L\).=O.732A, (2) L\A=O.048A and

".=0.756A. .
19.30. AO= 0.242 A.

hc&A
19.31. (I) &A = 0.024 A., (2) E(!= AoA =6.6X 103 eV, (3) Pe=4.4X

X 10- 23 kg-rn/s.
19.32. E=2.6X loa eV, pph=9.3X lO-~~ kg-rn/s.
19.33. £=0.1 MeV. 19.34. (1) A= 12.3 A, (2) A=1.23A.
19.35. (1) A=o.29.A, (2) A=0.029 t\.
19.36. (I) A=7.3A, (2) A= 1.44A, (3) A=6.6X 10- 27 em, i. e., it is im..

possibIe to detect the wave propert ies of the ba11.
19.37. 0.122 A, 0.0087 A. 19.38. m = 1.67 X 10- 21 kg.
19.39.

v·IO- 8
, mjs 1 2.0 I 2.2 I2.4 I2.6 I 2.8

A.. \0 12
, m 1 2 .70 12.2511.8211.391 0.925

19.40. A=O.l A. 19.41. A= 1.8 A

20. Bohr's Atom. X- Rays

20.1. (I) '1 =O.53X 10- 10 m, '2=2.12X 10- 10 rn, 'a=4.77X 10- 10 rn,
(2) Vi = 2.19X 106 mIs, Vs = 1.1X 106 mls, Va= 7.3X 106 tnl».

me4

20.2. E,,= 8e~h2k2=13.6 eV, £p=-2E,,=-27.2 eV. Etot=Ek+Ep=

=-13.6 eVe
20.3. E 1=2.18XIO-18 J=13.6 eV, E2=5.44XlO-

19 J=:3.40 eV,
Ea= 2.42X I0- 1D J=1.51 eVt Ej=O. \..

20.4. (1) T == 1.43X 10-18 S. (~) W = 4.4 X 1018 rad/s.
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( 1)

20.5. The wavelengths of the hydrogen spectral lines of all series are deter-
mined by the formula .

2.._ R ( ~_-!.)
'" - k' n'

Various integral values of k and n give a number of spectral series:

I
2
3
4
5

II

2, 3, 4,
3, 4, 5.
4, 5, 6.
5, 6, 7,
6, 7, 8,

Series

Lyman in the ultraviolet region
Balmer in the visible region
Paschen }
Brackett in the infrared region
Pfund

Thus, the series in the visible region of the spectrum corresponds to k = 2
and n = 3, 4, 5, ... . The wavelength of the spectral lines of this series will

obviously be minimum when n = QO. Hence from Eq. (I) we have+= ~ , or

Al= ~ =3.65X 10-7 m (with an accuracy to the third significant figure). The

maximum wavelength corresponds to n=3; i. e., A.2 = 6.56X 10- 7 m. Thus. the
visible hydrogen spectrum lies within the wavelength range from At = 3,650 A to
A2 = 6,560 A.

20.6. (1) A= 1.21 X 10-7 m, (2) v= 1.90 X 108 m/s.
20.7. The ionization potential Ui of an atom is determined by the equation

eUi = Wi, where Wi is the work of removing an electron from a normal orbit

into infinity. For a hydrogen atom WI=hv=hcR (i2 - ~2J' When k=1 and

n = co, the work Wi = heR and the ionization potential Ui = _i= heR = 13.6 V.e e
20.8. 10.2 V.
20.9. (1) All the lines of all the series of the hydrogen spectrum appear when

the hydrogen atom is ionized. This will occur if the energy of the electrons is
13.6 eV (see Problem 20.7),

(2) Vmin= {~1=2.2X loe tnt».
20.10. The energy needed to transfer an atom to the first excited state

£. = 10.2 eV (see Problem 20.8). It is easy to see that the energy required to
transfer an atom to the second excited state (k= 1, n=3) is £'1.= 12.1 eVe Thus
the hydrogen spectrum will have only one spectral line if the energy of the
bombarding electrons is within 10.2<E~12.1 eV.

20.11. Eml n=12.1 eV, A,t=1.21XIO- 7 m, A2 = 1.03X lO- 7 m, A,=6.56X
X 10- 7 m. .

20.12. 973A<;A~ 1,026A. 20.13. By 2.56 eVe
20.14. 973A~A~1,026A.. 20.15. From n=3 to k=2.
20.16. A=3.3 A 20.17. (I) '1 =2.66X 10- 11 m, (2) VI =4.37X loe mts.
20.18. (1) U = 408 V, (2) U =91.8 V. 20.19. (I) U:=54 V. (2) U = 122· V.
20.20. A=304 A. 20.21. A= 135 A.. 20.22. A=5,890 A.
20.23. At 2.1 V. 20.24. A=2,540 A.
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20.25. The minimum angle corresponds to the first-order spectrum, l. e.. A==
=2dsinO, whence sin 0.= ~ =0.033, or 0=1°54'.

20.28. The volume of one kilornole of rock salt V= 2... This volume contains
p

2NA ions, where NA is Avogadro's number. Hence the volume per ion is V' ~

=2P~A • Consequently, the distance d between ions (I. e., the lattice constant)

can be found from the condition V' ==d3, in other words

V-
d= VV'= -11.-=2.81 X 10-10 m=2.81 A.

2pNA
20.27. When the potential difference U applied to the electrodes of the X-ray

tube is increased, a spectral line appears in the first-order spectrum whose wave
length A satisfies the equation

c
eU=hv=h T

But according to Bragg's formula
A=2dsin a

We find from Eqs. (1) and (2) that
h eV).. eV 2dsin 9

c c

(1)

(2)

(3)

(1)

Insertion of the numerical data into Eq. (3) gives
h=6.6X 10-a• J·s

20.28. h=6.6XIO- M J·s.
20.29. (1) 0.413 A, (2) 0.310 At (3) 0.248 A.
20.30. 0.27 A. 20.31. 770 kV.
20.32. All the lines of the K-series (as well as those of other series) appear

simultaneously as soon as an electron is removed from the K-orbit of the atom.
For this purpose a potential difference U should be applied which satisfies the

equation ell = h'Y. = 1: ' where ).1 Is the wavelength corresponding to the tran

sition of an infinitely removed electron to the K-orbit, I. e., the wavelength de
termining the boundary of the J(-series. In our case, this boundary is equal (see
Table XVII of the Appendix) to (1) 1.38 A, (2) 0.484 A, (3) 0.178 A, (4) 0.158 A.
The sought p~tential di1Terence can be found from the formula U = ~. Upon

e"'t
inserting the numerical data, we obtain (1) 9 kV, (2) 25.3 kV, (3) 69 kV, (4) 79 kV.

20.33. We have

1 ( 1 I )-=R (Z-b)2 ---
A kt n"

The maximum wavelength of the K-series corresponds to the line J(., and It
should be assumed in formula (1) that b=l, k=l, and n=2. Upon solving
formula (1) with respect to A and inserting the numerical data, we obtain
(1) 1.94 A, (2) 1.55 A, (3) 0.720 A., (4) 0.574 A, (5) 0.234 A, (6) 0.228 A, and
(7) 0.205 A. The wavelengths of the line 1(<< found experimentally are as follows:
(1) 1.94 A. (2) 1.54 A. (3) 0.712 A, (4) 0.563 A,'(5) 0.220 A, (6) 0.214 A.
(7) 0.190 A..
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20.34. The transfer of an electron from the M... layer to the L·layer corresponds
to k=2 and n=3. The atomic number of tungsten in the Meodeleyev Table
Z= 74. Upon inserting these numerical data into Moseley's formula, we find that
b=5.5.

20.35. Z=40 (Zirconium). 20.38. ~1 = ~~: =3.SX 10- 1°.
20.37. 1.6XlOll pairs. 20.38. 1,=2.7XIO- 11 A.
20.39. x=5XlO-' m=O.5 mm, 20.40.3.7 times. 20.41. %=0.08 rom.
20.42. (1)

Material Water Aluminium Iron

J.L, m-I 6.7 16 44

J.L,.X 103 , m2/kg 6.7 6.2 5.6

(2) A=0.0124 A.

20.43. 11= loge 80=6.35.
loge ~

Lead

77

G.M

21. Radioactivity
21.1 and 21.2. The number of atoms of a radioactive substance which disin

tegrate during the time dt is determined by the formula

dN = -AN dt (1)

Obviously, this formula can be used for the final time interval A.t only when
the number of available atoms N is constant during the time A.t, i. e., when At
is mueh smaller than the hall-life T. It can easily be seen (seethe tables in the
Appendix) that when solving Problem 21.1 the number of polonium atoms which
disintegrate during twenty-four hours can be found from the formula

IANI=~N At=I~2 Nlit (2)

Upon inserting the numerical data of Problem 21.1, we obtain
0.693

~N=a138Xl()8 days-l=5,025 days-l

This approximate formula cannot be used for the solution of Problem 21.2,
however, since the half-life of radon (see the tables) is only 3.82 days. The
number of radon atoms which disintegrate during twenty-four hours can be found
from the formula N = N le-At • The sought number will thus be

!!.N= Nt--N == N1-Nte-)..'= Nt (l-e-~f)
Upon inserting the numerical data of Problem 21.2, we find

!!.N= toe (1-0.833)= 167,000 days-l

If we try to find AN from approximate formula (2), we get AN= 192,000 days-I,
l. e., an error of about 10% will be made.
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Prove that the same answer with an accuracy to the third significant figure is
obtained when Problem 21.1 is solved by formulas (I) and (2).

21.3. 3.7X 1010 dIs= I curie. 21.4. m=6.5X 10-' kg.
21.5. m=2.2xlO- 1 kg=0.22 mg. 21.8. A=2.1XIO-·S-l.
21.7. (1) 7.9X 107 dis· kg, (2) 5.7X 1018 d/s·kg.
21.8. m=3.5X 10-20 kg. 21.9. 53. 21.10. In 40 days.
21.11. The share of radioactivity in per cent introduced by each isotope into

the total radioactivity of natural uranium can obviously be determined by the
ratio of the number of disintegrations per second of each isotope to the total
number of disintegrations per second of natural uranium. Let us denote the mass
of natural uranium by M. The masses of the isotopes will thus be equal to
M1 = 6x lO- i M, M2 = 7.l X lO- aM and Md = 99.28 X lO- 2M, respectively. The
number of disintegrations per second produced by each isotope will be

AN _ log, 2 N At_ loge2NAM1fit
u 1- T

1
t U

- TIA)

l!AN
2
= loge 2N AM, At

T IA2

ANa log.,2NAMs b.t
TaAa

where NA=Avogadro's number, Ti=half-life of the isotope, Al=atomic weight
of the isotope. Hence the sought ratio for each isotope will be

MI
ss, AiT:

%/= ~----~~-~ .
!iNt+!iN1+l!ANs M t + M , + Ma

AlT. AIT, AaTs
Upon Inserting the numerical data, it is easy to see that all the radioactivity of
natural uranium is due to the isotope esU118, while that of e,U'SI and ••U234 is
vanishingly small.

21.12. (1) v= 1.52X 10' mls.
(2) The total energy evolved during the escape of the a-particle is equal to

the sum of the kinetic energy of the a.-particle E1 and the kinetic energy E, of
the residual nucleus. Thus,

Ex=Et+E1 (1)

Besides, account should be taken of the law of conservation of momentum.
Since the momentum of the system before disintegration is zero, then after it
PI = P2' whence

~ -I
PI =DI (2)

-2 m v'But P. = (m.vt)'=2m 1 --f-!-=2mtEt and, correspondingly, p~=2mIEI

From Eq. (2) we have 2mtEt=2m,E" whence £1= m1E1 .m,
E mlEl ml+ ml

Now from q. (I) we get E-"=£1 +--=£1 . Upon inserting them. m,
numerical data, we obtain E =4.87 MeV.

21.13. (1) Q= 120 J, (2) Q= 1.6X 10' J. 21.,14. Q=5.2X 1012 J.
21.15. 2.8XI08 dIs. 21.18. NA=6xlOte kmole- 1 • 21.17. m=4.8XIo.. e kg.

21.18. (I) In 12.6 days. (2) The relation -Nr=I~) Is shown in Fig. BO. ·
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21.19. (1) The relation ;, =f (t) is shown in Fig. 111. (2) The half-life will

be found as the abscissa of the point on the. curve whose ordinate is 0.5. In our

case from the curve ;, = f (I) with the scale indicated on the axes we get

T=3.8 days.

----------~t '-----------.....t
Fig. 110 Fig. III

21.20. T = 4 h. 21.21. In 10.4 days.

(
0.693t)

21.22. We have N,=Ntz l-e---:r;;- or

~= MtJ (l-e _O.~:3t)
A, . Au

Hence t = 3 X 108 years.
21.23. 2.8x 108 atoms. 21.24. From 7X 1()3 kg of ore.
21.25. 1.1 X 10-7 cd. 21.26. 63.2%. 21.27. 1.67 X 108 dIs.
21.28. 5.25X 1016 d/s- kg.
21.29. Before mixing, the specific activity of the preparation was equal to

(I)

After mixing

(2)loge 2N,Aml
TAt (ml +m2)

Aa

AN
a2=----

(m. +m2) ~t

It follows from Eqs. (1) and (2) that

loge 2NA (1 mt ) loge 2N Am2 =
TAl mt+m:a TA 1(mt+ m,)
= 4.9X 1017 d/s·kg= 1.32X 107 c/kg

21.30. II rnJ' 21.31. 8tP021e. 21.32. 88Ra221.
21.33. 81Ut . 21.34. tHe4. 21.35. laCs133.
21.36. (1) v=1.92XI07 mIs, (2) E=7.83 MeV (see the solution to Problem

21.12), (3) n==2.26xlO' ion pairs, (4) I s = 1.33x IO- ' A.
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22. Nuclear Reactions

22.1. (1) 12 protons and 12 neutrons, (2) 12 protons and 13 neutrons, (3) 12
protons and 14 neutrons.

22.2. We have AM=ZMt Hl + (M - Z) M -MA. In our case (see the tables
in the Appendix)AM=3Xl.OO814+4Xl.OO899-7.01823 amu=O.04215 amu.
Since an energy of 931 MeV corresponds to the atomic mass unit (see Problem
17.20), the nuclear binding energy of ali7 will finally be equal to E =O.04215X
X931 MeV =39.3 MeV. This energy must be spent to split the ali? nucleus into
nucleons.

22.3. £=28.3 MeV. 22.4. 225 MeV.
22.5. (I) £=8.5 MeV, (2) E=7.7 MeV. The nucleus lH3 is more stable than

.Hel .
22.8. Eo= 7.97 MeV. 22.7. £=2.2 MeV.
22.8. (1) 5.6 MeV, (2) 7.5 MeV. (3) 8.35 MeV, (4) 8.55 MeV, (5) 8.75 MeV,

(6) 8.5 MeV, (7) 7.9 MeV, (8) 7.6 MeV.
22.9. We have E =cl (~ M1- ~ M I ) . In our case the sum of the masses of

the initial particles ~M~7~OI823+1.00814=8.02637.The sum of the masses
of the formed particles ~ MI = 4.00388+ 4.00388=8.00776. Thus, the mass
defect AM = 0.01861 amu. Hence, the energy evolved during the reaction is
E=0.Ol861X931 MeV = 17.3 MeV.

22.10. 1.18 MeV. 22.11. (I) 4.04 MeV. (2) 3.26 MeV.
22.12. (1) 18.3 MeV, (2) 22..4 MeV, (3) 4.02 MeV.
22.13. M=5.7XI0' kg. 22.15. 15 MeV. 22.16. 4.35 MeV.
22.17. ,Nit + onl --+ ,Cit + IHI; ,Cit --+ _ leo+ ,Nit.
22.18. 1.1 X 1021 d/s·kg. 22.19. T=15 h.
22.20. (I) E 1 =5.35X 1021 MeV, (2) E,,=3.6X 1021 MeV.

Thus, ~: S!! 7X 1()8, i. e., to effect this transformation, about seven million

times more energy must be spent than is released during this reaction.
22.21. 6.017 amu.
22.22. As a result of this cycle, Iour hydrogen nuclei are transformed into one

helium nucleus. The carbon, performing as a chemical catalyst, can be used
anew. It is easy to find that this cycle releases energy equal' to' 4.3XIO-12 J .

. On the other hand, we can firid the radiation of the Sun per second, knowing
the solar constant and the distance from the Earth to the Sun. I t is E = 3.8 X
X 101' J. If the transformation of four hydrogen atoms produces energy equal to
4.3X 10- 12 J, it is obvious that M =5.9x 1011 kg of hydrogen must be used per
second for radiating energy equal to 3.8X 1026 J. Since the mass of the Sun is
2X 1010 kg, the amount of hydrogen in it is 2X 1030XO.35 kg=7X 1021 kg. This
will be sufficient for 4 X 1010 years.

22.23. m= 1.00899 amu.
22.25. According to the definition,

(I)

(2)

where N I is the number of atoms formed during a certain time, and Nt is the
number of particles which bombard the target during this time. On the other
hand, since the activity of a preparation is determined by the number of disin
tegrations a second, it is obvious that

k _ 'AN1 _ 10L 2N1

1- NI - TN a "
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where T is the half-life of the radioactive isotope formed. Thus, it follows from

Eqs. (I) and (2) that k.=I~ 2 kl •

I
22.28. k1 =2X 10-3 = 500' i. e., only one proton of 500 will cause the reaction.

22.27. k1 = 1.2X 10- 1 0

22.28. (2) The initial number of disintegrations per second of the source is

al = (~) 1 =;"N1• The number of disintegrations per second after the time t has

elapsed is a.=(~~)I=;"N•• where N.=N1e-At .. Slnce only one Ct-particle out

of n = 4,000 induces a reaction, we can find the number of radon atoms intro
duced into the source:

N' nNI N)j=nNl =----r, = n Ie
e:"

The radon mass will thus be

AN' A 'A.t
M= NA -= NA nN,e (1)

log. 21

In our case A = 222 kg/kg..atom; n=4x 103 ; ;t=e-T -=2.45; a,=1.2X loe 5- 1;

and NA=6.02X 102a kg-atom'<t. Upon inserting these data into Eq. (I), we
obtain M =2.1 X10-' kg=2.l lIg.

22.29. 9.3X loe S-I.

22.30. (I) E=6.9 MeV, (2) 5X77XIO-12 dIs.

E?/
-~0~----

c;:)
~

'"Fig. 112

22.31. Let us denote (Fig. 112) the mass numbers of a bombarding ex-particle,
proton and recoil nucleus (in our case an oxygen nucteus) by ml' mI. and m"
and their kinetic energies by E I _ E. and Ea- If the nucleus M of nitrogen IS

immobile, the law of conservation of energy will be

E1+Q=E.+E3 (1)

where Q is the energy of the nuclear reaction. The law of conservation of rno
mentum in the vector form is

PI =PI + P, (2)

From Eq. (2) for the numerical values of the momenta (see Fig. 112) we have

p:=p~+p=-2p;P2 cos cp (3)
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Since
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- mv'
pi = (mv)' ==-2- 2m= E2m

122.32-23.8

(4)

(6)

(5)

equation (3) becomes

2maEs=2m1Et+2m.E.-2 cos q> V2m1E12ml EI

or
m m. 2 cos q> ..r

E.=_1 £1+-E,--- ,. m1maE I E•
m. ma ma

From Eq. (1) we have Ea=E1+Q-E.o Upon substituting this expression for
Ea in Eq. (5), we obtain the final formula relating the kinetic energy of the
bombarding particles to that of the particles obtained:

E (
ma- ml ) + Q E (ml+ma) 2cosq> ..r EE1 = I --- ,. mlm2 I I

ma ma ma
Here Q= -LIS MeV. Upon solving Eq. (6) with respect to cos q> and inserting
the numerical data, we find that

m,+m• .. /--e;- ma-ml"/~ msQ
cos cp 2 V mtm•El ~ V mlml EI - 2 YmtmtEtE•

= 0.59 and cp eE 54°

22.32. (1) E,,=8.75 MeV, (2) cp-S7°.
22.33. (2) Q=-0.78 MeV: the reaction proceedswith the absorption of energy,

(3) Ex = IQ IM ; m= l. 04 MeV, where M is the mass of a nucleus at rest, and

m is the mass of a bombarding particle.
22.34. Ex = 1.52 MeV. 22.35. Ex = 1.89MeV.
22.38. (2) Q=-O.30MeV, (3) Ex = 0.35 MeV, (4) E=Ex+Q=0.05MeV.
22.37. (I) Q=2.8MeV, (2) v=9.3X 108 mls, E CI= 1.8 MeV.
22.38. E=IMeV. 22.39. hv=2.2MeV. 22.40. h'V=16.6MeV
22.41. 2.3X 10· kW-h. 22.42. M = 31 g.
22.43. (2) Q=17.6MeV, (3) E=II.8XIOtkW-h.

23. Elementary Particles. Particle Accelerators

23.1. (I) N =2.2X 101e, (2) N = 1.1X 101e
23.2. M = 12amu (graphite). 23.3. 92°/0 ,

23.4. (I) about 100% , (2) 1.9%' 1. e., the neutrons are retarded in the layer
of lead much slower than in the material containing hydrogen (paraffin, for
example).

23.5. The direction of the velocity v of the neutron colliding with an im
mobile proton is the bisectrix of the right angle at which .the particles diverge.

The velocities of these particles are the same and equal \0 o' = v ~2 . Hence,

the energy will be equally distributed between the neutron and the proton.
23.6. Upon each collision the kinetic energy of the neutron is halved (see the

previous problem). Therefore, after n 'Coli isions the energy of the neutron

will be E = ~ ~ rEo. Hence, n 10&10 2= IOg10 ~o = log10 (2X107) and

n log10 (2X 10) 24 collisions.
lOgl02 "
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23.7. q=2e=3.2XlO- 1t C. 23.3. ~ =4.8X 107 C/kg.

23.9. (1) m=l.23XlO- 80 kg, o=2.02Xl08 m/s. E=1.8XI01 eV, .!.==
m= l.3x 1011 C/kg, (2) v= 2.52X loa m/s.

23.10. According to the initial condition, : = y 1 30 whence 0-
o I-pi '

= 2.998X IQ8 tn]«. The lifetime of a moving meson as registered by a laboratory

clock is 'I' V To 30 To. In this time the meson will cover the distance
I-p2

1= vt' = fJ 3O-t'o =- 18,000m= 18 km.
23.11. Eight times.
23.12. (I) The energy of each photon £0=0.51 MeV, (2) A=0.024A.
23.13. 1f a v-quantum with the energy hv is converted into a couple of

particles, then according to the law of conservation of energy

hV~2moc2+El+EI

where mocj Is the rest energy of each particle, and E1 and E1 the kinetic ener
gies of the particles at the moment of formation. In our case moes = 0.51 MeV,
and therefore 2moc2 = 1.02 MeV. Hence E1+E. = (2.62-1.02) MeV= 1.60 MeV.

mot mv.
23.14. The Lorentz force Bqv=T' whence B= qR' According to the for-

mulas of the theory of relativity, the impulse of a particle p= mv is related to

its kinetic energy E. by the expression p=1.. y E.(E" +2moet), where ;"0 isc
the rest miss of the particle. Hence

B=..!-R y E" (E,,+ 2moc2) (1)cq

It can easily be shown (see the solution to the previous problem) that the kinetic
energy of each particle E" = 2.34 MeV. Upon inserting the numerical data into
J:q. (1), we obtail\ B=0.31 T.

23.15. E=67.5 MeV. 23.18. 940 MeV.
23.17. (1) m= 273mo, where mo is the rest mass of an electron, (2) v=-=

=2.48XlO·m/s.

23.18. (1) 'V== 2
Bq

, (2) (a) 'V=9.7X 10' Hz=9.7 MHz, (b) V= 19.4 MH'z.nm
(c) v=9.7 MHz.

23.19. (1) E=2n2m'V2R"J, (2) (a) E= 13.8 MeV, (b) £=6.9 MeV, (c) E=-
=27.6 MeV.

23.20. (1) B=0.9 T, (2) E=4.8 MeV.
23.21. (I) B= 1.8 T, £=9.6 MeV, (2) B= 1.8 T, E= 19.2 MeV.
23.~2. One gramme of radium emits 3:7X 1010 a-particles a second. A cur~ent

of 15f.LA correspond~ to a flux of 4•.7X 1013 a-particles per secon~. Thus the grven
cyclotron is 1,000 times more efficIent than one gramme of radium.

R282q
23.23. U=2"1'1l=1.2XI01V. 23.24. R=O.36 m.

23.25. (1) B = 1.3 Wb/m2 for deuterons and es-parttcles. and B =0.66 Wb/ma

~~~~ .
(~) v=3.13X 107 m/s for deuterons, protons .and a-partIcles. The energy of

p.articles flying out from the cyclotron will be different: E = 10.2 MeV for deute
rons, E = 5.1 MeV for protons and E = 20.4 MeV for ~-particles.

23-3574
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(3) Upon each complete revolution a charged particle passes through the
space between the dees twice and therefore receives an additional impulse t\VQ
times. For this reason a charged particle after N revolutions will acquire an
energy equivalent to the accelerating potential U' ==2NU I where U is the poten-

tial difference applied between the dees. Hence, N = ~~. For deuterons and (X

particles N = 68, and for protons N = 34.
23.26. E= 188 MeV.

M v
23.27. (I) Mo=l.l, (2) P=c=O.44 and v=1.32Xl08 m/s.

23.28. (1) B == 2Jtmovo= 2nm\' == 1.62 T. (2) Since
q q

'Vo=- m I
'V 111.0 VI-p2

then

E - 2( 1 l)_moc'J.('vo-V) 300MeV
k - moc V I _ ~2 -- -- v

T T
23.29. (I) To =1.7, (2) T

o=1.9.
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INDUCTION B VERSUS INTENSITY H OF A MAGNETIC FIELD
FOR A CERTAIN GRADE OF IRON

1.5

0..5

18,T -----l---------~~.----- ............
(~

(

N&10-~J"

o 2 3

Fig. 113

6 1 8

RELATIONSHIP BETWEEN RATIONALIZED AND NON-RATIONALIZED
EQUATIONS OF AN ELECTROMAGNETIC FIELD

Rationalized equations of an electromagnetic field can be obtained
from the non-rationalized ones by means of the following transforma
tions:

1. The relative permittivity (dielectric constant) e, in the non
rationalized equations is replaced by the quantity 4ne=4neOB,., where
Eo is the absolute permittivity in a vacuum and e, the relative per
mittivity of the medium with respect to a vacuum, i. e.• the usual
tabulated value of ere

2. The relative permeability u, in the non-ratlonallzed equations
is replaced by

23*



356 APPENDIX

where J.to is the permeability in a vacuum and u, the relative permeabi
lity of the medium with respect to a vacuum. i. e.• the usual tabula
ted value of f!,..

3. The electric displacement (induction) D= eE in the non-ratio
nalized equations is replaced by the quantity

4nD = 4n808,,£

4. The intensity of a magnetic field H =~ in the non-rationa-
JL,.

lized equations is replaced by the quantity

41tH= 4n_B_
J10~"

All the equations in which the quantities E", u,, D and H are absent
have the same form both in the non-rationalized and in the rationall
zed systems.

The most important equations of Sections 9 and II of Chapter 3 in
the non..rationalized and rationalized form are compared in the fol
lowing table.
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Non-rationalized form
(Gaussian system)

Rat lonaltzed Iorm
(51)

357

dU
E=-T

U
E=. -7
Q=CU

F= QIQ!
4neoe,.rl

E=!..
Q-

E= Q
4neoe,rl

NB=~Q
eoe,.

ND=~Q
E=...,,--_T_

2ne08,.,

C- 808,.A
- d

c= 4n£e 8, rR
R-r

C=4n808r'

1
W.=yQU=-

1
=tcU1::a

1 QI
=Tc

Coulomb law

Intensity of an electric field

Intensity of the field of a point
charge

Gauss theorem

Intensity of the field produced
by a charged filament

lntensi ty of the field produced
by a charged plane

Field of a plane capacitor

Difference of potentials

Potential of the field of a point
charge

Dependence between field inten
sity and the potential

Oi t to for a homogeneous field

Relation between the capaci
tance, charge and potential of
a conductor

Capacitance of 8 plane capa
citor

Capacitance of a spherical capa
citor

Capacitance of a sphere

Energy of a cnarged conductor

F= Q1Q 2
Er r 2

F
E=Q

E=-!L
£,.r'j

N
Ii
=4n~Q

e,.
ND=4n~Q

£=.!!..
err

£= 2na
8,

E= 4no
8,

W
U=(f

U=.E...
e,r

£=_dU
dr

E= _!!-.
d

Q=CU

C=8,.A
4nd

c= e,.rR
R-r

c.::. err
1

W_=2: QU =

=.!-cUI=2
1 Qi

=2"c

u

E=_O_
2808,

£=_0_
808,-

W
U=([

Q



358

Energy of the field of a plane
capacitor

Volume energy density of an
electric field

Force of attraction of plates in
8 plane capacitor

Ampere's law

Intensity of a magnetic field in
the centre of 8 circular cur
rent

Intensity of the magnetic field
of a direct current

Intensity of the magnetic field
inside a solenoid

Relationship between the inten
sity of a magnetic field and
magnetic induct ion

Density of the energy of a mag..
netic field

Ampere force

Lorentz force

Force of interaction of parallel
currents

Inductance of a solenoid

APPENDIX

Non ..rat ionallzed form
(Gaussian system)

W,= erAU" =
8nd

£,.E2Ad
8n

= 2Jta~ Ad
Pr

W
o

= £,£2
8n

F - E,.E2A_- an -
trAU'

== 8nd' =
2no2A

f,

dH =..!.. lsinadl
, ,2

Hz:~ 2nl
c R

H=.!.~
c a

1
H=- Anln

c

HB
W o= 8n

dF =..!.. et sioadlc

F=..!.. 8Qvsina
c

F= 1 2~ r /l/. l
c2 d

L= 4nJ1,n 2l A

(ContinLUd)

Rationalized form
(81)

F "o..,£2A
2

_ ,.oe,AUJ
- 2lf2

alA
= 2£0£'

dH = Isina,dl
4wt

I
H=2R

H=_I
2na

H=ln

8= J.1oJ1'4nH =
4n

=J1o....,.H

HB
WO=T

dF = BJ sina.dl

F=BQvsina.

F J1ofl,./ 1Jzl
2nd

L= ~oJ1,n21A
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By making the transformations indicated above supplement this
table with the formulas from Sections 9 and 11 of' Chapter 3 which
have. not been included in it. It can easily be seen that all the equati
ons In Sec. 10 of Chapter 3 have the same form in the rationalized
and non-rat ional ized systems.

TABLE I. BASIC PHYSiCAL QUANTITIES

Quantity

Gravity constant y
Number of molecules in I krnole (Avo

gadro's number) N A
Volurne of 1 kmole of an ideal gas

under standard conditions Vo
Universal gas constant R
Boltzmann's constant k
Faraday's number F
Stefan-Boltzmann's constant 0
Planck's constant h
Electron charge e
Rest mass of an electron me
Rest mass of a proton m p
Rest mass of a neutron m n
Velocity of light propagation in a va

cuum

Numerical value

6.67 X 10-11 rn3/kg·s2

6.02SX 1026 kmole- t

22.4 rn3

8.31 X 103 J/kmole·deg
1.38x 10- 23 J/deg
9.65x 107 C/kg·eq
5.67x 10-8 W/m2.de~

6.62SX 10- 34 J·s
1.602XlO- 19 C
9.1IXIO- 31 kg=5.49XIO- t amu
1.672X 10- 27 kg = 1.00759 amu
1.675X 10- 2 7 kg= 1.00899 amu
3.00x 108 mls

rABLE II ASTRONOMIC QUANTITIES

Mean radius of the Earth
Mean density of the Earth
Mass of the Earth
Radius of the Sun

"Mass of the Sun
Radius of the Moon
Mass of the Moon
Mean distance between the centres of the Moon

and the Earth
Mean distance between the centres of the Earth

and the Sun
Period of revolution of the Moon about the

Earth
Mean density of the Sun

6.37x 10" m
5,500 k£!/m3

5 .96 X 102& kg
6.95Xl08 m
1.97 X 1030 kg
1.74XI08 m

7 .ax 1022 kg
3.84x 108 m

1.5x 1011 m

27 days 7h 43 min

1,400 kg/m3



TABLE Ill. DATA ON THE PLANETS OF THE SOLAR SYSTEM

IMercu~ I I I
I

I Saturn I Uranus Neptune IVenus Earth Mars I Jupiter Pluto

l\\ean distance from the Sun, 57.9 108.0 149.5 227.8 7n.8 1,426.1 2.869.1 4,495.6 5.229
million km

Period of revolution around 0.24 0.62 1.0 1.88 11.86 29.46 84.02 164.~ 249.7
the Sun, terrestrial year

Equatorial diameter, km 4,840 12.400 12,742 6,780 139,760 115,100 51.000 50,000 -

Volume with respect to that 0.055 0.92 1.0 0.150 1.345 767 73.5 59.5 -
of Earth

/
Mass with respect to that of 0.054 0.81 1.0 0.107 318.4 95.2 14.58 17.26 -

Earth

Gravity acceleration with re- 0.38 0.85 1.0 0.38 2.64 1.17 0.92 1.14 -
spect to that on Earth's
surface (g = 980.7 m/s2)

~
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TABLE IV. DIAMETERS OF ATOMS AND
MOLECULES

361

Helium (He)
Hydrogen (Hi)
Oxygen (02)

Nitrogen (N 2)

2X 10- 10 m
2.3x 10-10 m

3XlO- 10 m
3Xl0- 10 m

TABLE v. CRITICAL VALUES Of Tet AND Per

Substane.. TM' oK Po,.. atm Oor'! 0- '.
N/m'

Steam (water vapour) 647 217 22.0
Carbon dioxide 304 73 7.4
Oxygen 154 50 5.07
Argon 151 48 4.87
Nitrogen 126 33.6 3.4
Hydrogen 33 12.8 1.3
Helium 5.2 2.25 0.23

TABLE VI PRESSURE OF WATER VAPOUR SATURATING A SPACE AT VARIOUS
TEMPERATURES

t. -c IP,. mm Hg II I P,. mm He

-5 3.01 8 8.05 30 31.8
0 4.58 9 8.61 40 55.3
1 4.93 10 9.21 50 92.5
2 5.29 12 10.5 60 149
3 5.69 14 12.0 70 234
4 6.10 16 13.6 80 355
5 6.54 18 15.5 90 526
6 7.01 20 17.5 100 760
7 7.71 25 23.8 150 4.8 atrn

200 15.3 atm

TABLE Vll SPECIFIC HEAT OF VAPORIZATION OF WATER !AT
VARIOUS TEMPERATURES

t. ·C 0 I 50 100 I 200

" caljg 595 I 568 539 I 464

,.10-1 , Jjkg 24.91 23.81 22.6 r 19.4

24-3574
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TABLE VIII. PROPERTIES OF SOME LIQUIDS

Specific heat at 20° C
Coefficient of

Liquid Density,

I
surface tensi·

kg/rna on at 20° C.J/kg·deg cal/g. deg N/m

Alcohol 790 2,510 0.6 0.02
Benzene 880 1,720 0.41 0.03
Castor oil 900 1,BOO 0.43 0,035
Glycerine 1,200 2,430 0.58 0.064
Kerosene 800 2,140 0.051 0.03
Mercury 13,600 138 0.033 0,5
Water 1,000 4,190 1.0 0.073

TABLE IX. PROPERTIES OF SOME SOLIDS

Mel-
Specific heat

Coefficlen t of
Density, ting

J/kll·de, I Specific heat 1i near thermal
Material kg/rna point. of Iuslon. expansion.

°c kcal,tkg. deg J/kg deg- 1

Aluminium 2,600 659 896 0.214 3.22X lQ6 2,3x 10- 6

Brass 8,400 900 386 0.092 - 1.9xIO-1

Copper 8,600 1,100 395 0.094 1.76X 10' 1.6x 10-'
Cork 200 - 2,050 0.49 - -
Ice 900 0 2,100 0.5 3.35x 106 -
Iron 7,900 1,530 500 0.119 2. 72X 10' 1.2xI0-6

Lead 11,300 327 126 0.030 2.26Xl~ 2.9x 1(,-'
Platinum 21,400 1,770 117 0.028 1.13XIO' 0.89x 10-6

Silver 10,500 960 234 0.056 8.8 X loa 1.9x 10-6

Steel 7,700 1,300 460 0.11 - 1.06X 10-1

Tin 7,200 232 230 0.055 5.86x 10· 2. t« 10-1

Zinc 7,000 • 420 391 0.093 1.17x 10. 2.9X 10-6

lABLE X ELASTIC PROPERTIES OF TABLE Xl. THERMAL CON DUC·
SOME SOLI DS TIVITY OF SOME SOLIDS

().. W/m.deg)

Ultimate Young's
strength modulus

Materi&l
Aluminium 210

N/m l N/m' Copper 390
Cork 0.050

6. 9X 1010
Dry sand 0.325

Aluminium 1.IXIOS Ebonite 0.174Copper 2.45X lOS II.aX 1010

Iron 2.94 X 1()8 19.6X 1010 Felt 0.046
Lead O.2X 10e 1.57X 1010 Fused quartz 1.37
Silver 2.9xIQ8 7.4x101O Iron 58.7
Steel 7.85x lOS 21.6 X 1010

Silver 460
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TABLE x n, DIELECTRIC CONSTANT
(RELATIVE PERMITTIVITY) OF

DIELECTR ICS

TABLE XIII. RESISTIVITY OF
CONDUCTORS U~·m 8t O· C)

363

Ebonite
Glass
Kerosene
Mica
Oil
Paraffine
Paraf fined paper
Porcelain
Water
Wax

TABLE XIV MOBILITY
OF IONS IN

ELECTROLYTES (ml/V -s)

2.6
6
2
6
5
2
2
6

81
7.8

Aluminium
Copper
Graphite
Iron
Lead
Mercury
Nichrome
Steel

2.53X 10-8

• 1.7XIO-1

3.9X 1~-7

8.7XIO-1

2.2x ]0- 7

9.4X 10- 7

I.Ox 10-.
I.OX 10-7

TABLE XV. WORK OF
EXIT OF EI..ECTRONS FROM

METALS (tV)

NOa
H+
K+
o
Ag+

6.4X 10- 8

3.26x 10- 7

6. t« 10-1

6.8x 10- 8

5.6x 10-8

W
W+Cs
W+Th
Pt+Cs
Pt
Ag
Li
Na
K
Cs

4.5
1.6
2.63
1.40
5.3
4.74
2.4
2.3
2.0
1.9

TABLE XVI. REFRACTIVE INDICES TABLE XVIJ.BOUNDARYOFK-SERIES
OF X-RAYS FOR VARIO.lJS

MATERIALS OF THE ANTICATHODB
(1)Carbon bisulphide

Diamond
Glass
Ice
Turpentine
Water

1.63
2.42

1.5·1.9
1.31
1.48
1.33

Copper
Gold
Platinum
Silver
Tungsten

1.38
0.153
0.158
0.484
0.178

TABLE X V111. SPECTRAL LI HES OF
MERCURY ARC

(A)

24*

2537
3650
3655

4047
4358
5235

5461
5770
5791

6128
6908
7082
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TABLE XIX. MASSES OF SOME ISOTOPES
(emu)

Isotope Mass Isotope Mess Isotope Mass

I H1 1.00814 aBel 9.01505 1.SilO 29.98325
IH~ 2.01474 8 10 10.01612 .Caeo 39.97542
I Hs 3.01700 z- 12.00380 "'<;0" 55.95769
2Hes 3.01699 :NII 13.00987 .CuI S 62.94962
tHee 4.00388 7NI~ 14.00752 ..CdllS 112.94206
aLi' 6.01703 ,017 17.00453 8OHg~OO 200.02800
ali" 7.01823 12Mgtl 23.00145 h UW 235.11750
cBe? 7.01916 Mgt. 23.99267 IIUa' 8 238.12376
.8e8 8.00785 ~:Alt7 26.99010

TABLE XX. HALF-LIVES OF SOME
RADIOACTIVE ELEMENTS

164 days
28 years

138 days
3.82 days

1,590 years
7.1.108 years
4.5· 10' years



TABLE XXI COMMON LOGARITHMS

~

7891
0 1'121314151617/819/1' 231456

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374 4 8 12 17 21 25 29 33 3711 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 4 8 II 15 19 23 26 30 3412 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106 3 7 10 14 17 21 24 28 3113 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 3 6 10 13 16 19 23 26 2914 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 3 6 9 12 15 18 21 24 27

15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 3 6 8 II 14 17 20 22 2516 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 3 5 8 II 13 16 18 21 2417 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529 2 5 7 10 12 15 17 20 2218 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765 2 5 7 9 12 14 16 19 2119 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989 2 4 7 9 11 13 16 18 20

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201 2 4 6 8 11 13 15 17 1921 3222 3243 3263 3284 3304 3324 3345 3365 3385 3404 2 4 6 8 10 12 14 16 1822 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598 2 4 6 8 10 12 14 15 1723 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784 2 4 6 7 9 11 13 15 1724 3802 3820 3838 3856 3874 3892 3909 3927 3945 3962 2 4 5 7 9 11 12 14 16

25 3979 3997 4014 4031 4048 4065 4082 4099 4116 4133 2 3 5 7 9 10 12 14 1526 4150 4166 4183 4200 4216 4232 4249 4265 4281 4298 2 3 5 7 8 10 11 13 15Z7 4314 4330 4346 4362 4378 4393 4409 4425 4440 4456 2 3 5 6 8 9 II 13 1428 4472 4487 4502 4518 4533 4548 4564 4579 4594 4609 2 3 5 6 8 9 11 12 1429 4624 4639 4654 4669 4683 4698 4713 4728 4742 4757 I 3 4 6 7 9 10 12 13

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 1 3 4 6 7 9 10 11 1331 4914 4928 4942 4955 4969 4983 4997 5011 5024 5038 1 3 4 6 7 8 10 11 1232 5051 5065 5079 5092 5105 5119 5132 5145 5159 5172 1 3 4 5 7 8 9 II 1233 5185 5198 5211 5224 5237 5250 5263 5276 5289 5302 1 3 4 5 6 8 9. 10 1234 5315 5328 5340 5353 5366 5378 5391 5403 5416 5428 1 2 4 5 e 8 9 10 11



789

Table XXI (continued) ~

12\314151-6-171819111231456I 0 I
35 5441 5453 5465 5478 5490 5502 5514 5527 5539 5551 1 2 4 5 6 7 9 10 11
36 5563 5575 5587 5599 5611 5623 5635 5647 5658 5670 I 2 4 5 6 7 8 10 11
37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786 1 2 3 5 6 7 8 9 10
38 5798 5809 5821 5832 5843 5855 5866 5877 5888 5899 1 2 3 5 6 7 8 9 10
39 5911 5922 5933 5944 5955 5966 5971 5988 5999 6010 1 2 3 4 5 7 8 9 10

40 6021 6031 6042 6053 6064 6075 6085 6096 6101 6117 1 2 3 4 5 6 8 9 10
41 6128 6138 6149 6160 6110 6180 619.1 6201 6212 6222 I 2 3 4 5 6 7 8 9
42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325 1 2 3 4 5 6 1 8 9
43 6335 6345 6355 6365 6375 6385 6395 6405 6415 6425 I 5 3 4 5 6 7 8 9
44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522 1 2 3 4 5 6 7 8 9

45 6532 6542 6551 6561 6571 6580 6590 6599 6609 6618 1 2 3 4 5 6 7 8 9
46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712 1 2 3 4 5 6 7 7 8
47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803 1 2 3 4 5 5 6 7 8
48 6812 6821 6830 6839 6848 6857 6866 6875 6884 6893 1 2 3 4 4 5 6 7 8
4iY 6902 6911 6920 6928 6937 6941 6955 6964 6912 6981 I 2 3 4 4 5 6 7 8

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067 1 2 3 3 4 5 6 7 8
51 7076 7084 7093 7101 7110 7118 7126 7135 7143 7152 I 2 2 3 4 5 6 7 8
52 7160 7168 7177 7185 7193 7202 7210 7218 7226 7235 1 2 2 3 4 5 6 7 7
53 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316 1 2 2 3 4 5 6 6 7
54 7324 7332 7340 7348 7356 7364 7372 7380 7388 7396 1 2 2 3 4 5 6 6 7

55 7404 7412 7419 7427 1435 7443 7451 7459 7467 7474 1 2 2 3 4 5 5 6 7
56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 1 2 2 3 4 5 5 6 7
57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 I 2 2 3 4 5 5 6 7
58

1

7634 7642 764917657 7664 7672 7679 7686 7694 7701 1 1 2 3 4 4 5 6 7
59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 1 1 2 3 4 4 5 6 7



60 7782 7789 7796 7803 7810 7818 7825 7832 7839 78461 1 1 2 3 4
61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917 1 1 2 3 4
62 7924 7931 7938 7945 7952 7959 7966 7973 7980 7987 1 I 2 3 3
63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055 1 1 2 3 3
64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122 l" 1 2 3 3

65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189 1 1 2 3 3
66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254 1 1 2 3 3
67 8261 8267 8274 8280 8287 8293 8299 8306 8212 8319 1 I 2 3 3
68 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382 1 1 2 3 3
69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445 1 1 2 2 3

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506 I 1 2 2 3
71 8513 8519 8525 8531 8537 8543 8549 8555 8561 8567 1 1 2 2 3
72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627 1 1 2 2 3
73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686 1 1 2 2 3
74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745 1 1 2 2 3

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802 1 1 2 2 3
76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859 I 1 2 2 3
77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915 1 1 2 2 3
i8 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971 1 1 2 2 3
79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9025 1 1 2 2 3

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 I I 2 2 3
81 9085 9090 9096 9101 9106 9112 9117 9122 9128 9133 1 1 2 2 3
82 9138 9143 9149 9154 9159 9165 9170 9175 9180 9186 1 1 2 2 3
83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238 I I 2 2 3
84 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289 1 1 2 2 3

4 566
4 566
4 566
4 556
4 556

4 556
4 556
4 556
4 556
4 456

4 456
4 455
4 4 5 5
4 455
4 455

3 455
3 455
3 445
3 445
3 445

3 445
3 445
3 4 4 5
3 445
3 .4 4 5

~.....,



Table XXI (concluded) ~
co

1

0
1

I 2 I 3 L4 I 5 I 6 I 7 '-8-r~-I 1 2 3 I 4 5 6 789

85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340 L 1 2 233 4 4 5
86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390 1 I 2 233 445
87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 0 1 I 223 344
88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489 0 I 1 223 344
89 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538 0 I 1 223 344

90 9542 9547 9552 9557 9562 9566 9571 9516 9581 9586 0 I I 223 344
91 9590 9595 9600 9605 9609 9614 9619 9624 9628 9638 0 I I 223 344
92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680 0 I I 223 3 4 4
93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727 0 I 1 223 3 4 4
94 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773 0 I 1 223 344

95 9n7 9782 9786 9791 9795 9800 9805 9809 9814 9818 0 I I 223 344
96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 0 I I 223 344
97 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908 0 I 1 223 344
98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952 0 I 1 223 344
99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996 0 t I 223 334
/

I



Degrees I 0' 6'

TABLE XXII. SINES

12' I 18' I 24' I 30' I 36' I 42' I 48' I 54' 60'

0 0.0000 0.0017 0.0035 0.0052 I O.OIOS 0.0122 0.0140 0.0157 0.0175 890.0070 0.0087
1 0.0175 0.0192 0.0209 0.0227 0.0244 0.0262 0.0279 0.0297 0.0314 0.0332 0.0349 88
2 0.0349 0.0366 0.0384 0.0401 0.0419 0.0436 0.0454 0.0471 0.0488 0.0506 0.0523 87
3 0.0523 0.0541 0.0558 0.0576 0.0593 0.0610 0.0628 0.0645 0.0663 0.0680 0.0698 86
4 0.0698 0.0715 0.0732 0.0750 0.0767 0.0785 0.0802 0.0819 0.0837 0.0854 0.0872 8S

5 0.0872 0.0889 0.0906 0.0924 0.0941 0.0958 0.0976 0.0993 0.1011 0.1028 0.1045 84
6 0.1045 0.1063 0.10BO 0.1097 0.1115 0.1132 0.1149 0.1167 0.1184 0.1201 0.1219 83
7 0.1219 0.1236 0.1253 0.1271 0.1288 0.1305 0.1323 0.1340 0.1357 0.1374 0.1392 82
8 0.1392 0.1409 0.1426 0.1444 0.1461 0.1478 0.1495 0.1513 0.1530 0.1547 0.1564 81
9 0.1564 0.1~2 0.1599 0.1616 0.1633 0.1650 0.1668 0.1685 0.1702 0.1719 0.1736 80

10 0.1736 0.1754 0.1771 0.1788 0.1805 0.1822 0.1840 0.1857 0.1874 0.1891 0.1908 79
11 0.1908 0.1925 0.1942 0.1959 0.1977 0 . .1994 0.2011 0.2028 0.2045 0.2062 0.2079 78
12 0.2079 0.2096 0.2113 0.2130 0.2147 0.2164 0.2181 0.2198 0.2215 0.2233 0.2250 77
13 0.2250 0.2267 0.2284 0.2300 0.2317 0.2334 0.2351 0.2368 0.2385 0.2402 0.2419 76
14 0.2419 0.2436 0.2453 0.2470 0.2487 0.2504 0.2521 0.2538 0.2554 0.257\ 0.2588 75

\5 \ 0.2588 0.2605 0.2.622 0.2639 0.2656 0.2672 0.2689 0.2706 0.2723 0.2140 0.2756 74
16 0.2756 0.2773 0.2790 0.2807 0.2823 0.2840 0.2857 0.2874 0.2890 0.2907 0.2924 73
17 0.2924 0.2940 0.2957 0.2974 0.2990 0.3007 0.3024 0.3040 0.3057 0.3074 0.3090 72
18 0.3090 0.3107 0.3123 0.3140 0.3156 0.3173 0.3190 0.3206 0.3223 0.3239 0.3256 71
19 0.3256 0.3272 0.3289 0.3305 0.3322 0.3338 0.3355 0.3371 0.3387 0.3404 0.3420 70

I 60' I 54' I 4~ LJ 36' I 3~ I 24' I 18' I 12' I 6' I 0' IDegrea

COSI NBS
~
CD



Table XX IJ (continued)

Degrees I 0'

SINES

6' '" 12' I 18' I 24' I 30' I 36' I 42' I 48' I 54' 60'

CJ,)
-..Jo

20 0.3420 0.3437 0.3453 0.3469 0.3486 0.3502 0.3518 0.3535 0.3551 0.3567 0.3584 69
21 0.3584 0.3600 0.3616 0.3633 0.3649 0.3665 0.3681 0.3697 0.3714 0.3730 0.3746 68
22 0.3746 0.3762 0.3778 0.3795 0.3811 0.3827 0.3843 0.3859· 0.3875 0.3891 0.3907 67
23 0.3907 0.3923 0.3939 0.3955 0.3971 0.3987 0.4003 0.4019 0.4035 0.4051 0.4067 66
24 0.4067 0.4083 0.4099 0.4115 0.4131 0.4147 0.4163 0.4179 0.4195 0.4210 0.4226 65

25 0.4226 0.4242 0.4258 0.4274 0.4289 0.4305 0.4321 0.4337 0.4352 0.4368 0.4384 64
26 0.4384 0.4399 0.4415 0.4431 0.4446 0.4462 0.4478 0.4493 0.4509 0.4524 0.4540 63
27 0.4540 0.4555 0.4571 0.4586 0.4602 0.4617 0.4633 0.4648 0.4664 0.4679 0.4695 62
'28 0.4695 0.4710 0.4726 0.4741 0.4756 0.4772 0.4787 0.4802 0.4818 0.4833 0.4848 61
29 0.4848 0.4863 0.4879 0.4894 0.4909 0.4924 0.4939 0.4955 0.4970 0.4985 0.5000 60

30 0.5000 0.5015 0.5030 0.5045 0.5060 0.5075 0.5090 0.5105 0.5120 0.5135 0.5150 59
31 0.5150 0.5165 0.5180 0.5195 0.5210 0.5225 0.5240 0.5255 0.5270 0.5284 0.5299 58
32 0.5299 0.5314 0.5329 0.5344 0.5358 0.5373 0.5388 0.5402 0.5417 0.5432 0.5446 57
33 0.5446 0.5461 0.5476 0.5490 0.5505 0.5519 0.5534 0.5548 0.5563 0.5877 0.5592 56
34 0.5592 0.5606 0.5621 0.5635 0.5650 0.-5664 . 0.5678 0.5693 0.5707 0.5721 0.5736 55

/
35 0.5736 0.5750 0.5764 0.5779 0.5793 0.5807 0.5821 0.5835 0.5850 0.5864 0.5878 54
36 0.5878 0.5892 0.5906 0.5920 0.5934 0.5948 0.5962 0.5976 0.5990 0.6004 0.6018 53
31 0.6018 0.6032 0.6046 0.6060 0.6074 0.6088 0.6101 0.6115 0.6129 0.6143 0.6157 52
38 0.6157 0.6170 0.6184 0.6198 0.6211 0.6225 0.6239 0.6252 0.6266 0.6280 0.6293 51
39 0.6293 0.6307 0.6320 0.6334 0.6347 0.6361 0.6374 0.6388 0.6401 0.6414 0.6428 50

40 0.6428 0.6441 0.6455 0.6468 0.6481 0.6494 0.6508 0.6521 0.6534 0.6547 O.f\561 49
41 0.6561 0.6574 0.6587 0.6600 0.6613 0.6626 0.6639 0.6652 0.6665 0.6678 0.6691" 48
42 0.6691 0.6704 0.6717 0.6730 0.6743 0.6756 0.6769 0.6782 0.6794 0.6807 0.6820 47
43 0.6820 0.6833 0.6845 0.6858 0.6871 0.6884 0.6896 0.6909 0.6921 0.6934 0.6947 46
44 0.6947 0.6959 0.6972 0.6984 0.6997 0.7009 0.7022 0.7034 0.7046 0.7059 0.7071 45



45 0.7071 0.7083 0.7096 0.7108 0.7120 0.7133 0.7145 0.7157 0.7169 0.7181 0.7193 44
46 0.7193 0.7206 0.7218 0.7230 0.7242 0.7254 0.7266 0.7278 0.7290 0.7302 0.7314 43
47 0.7314 0.7325 0.7337 0.7349 0.7361 0.7373 0.7385 0.7396 0.7408 0.7420 0.7431 42
48 0.7431 0.7443 0.7455 0.7406 0.7478 0.7490 0.7501 0.7513 0.7524 0.7536 0.7547 41
49 0.7547 0.7559 0.7570 0.7581 0.7593 0.7604 0.7615 0.7627 0.7638 0.7649 0.7660 40

50 0.7660 0.7672 0.7683 0.7694 0.7705 0.7716 0.7727 0.7738 0.7749 0.7760 0.7771 39
51 0.7771 0.7782 0~7793 0.7804 0.7815 0.7826 0.7837 0.7848 0.7859 0.7869 0.7880 38
52 0.7880 0.7891 0.7902 0.7912 0.7923 0.7934 0.7944 0.7955 0.7965 0.7976 0.7986 37
53 0.7986 0.7997 0.8007 0.8018 0.8028 0.8039 0.8049 0.8059 0.8070 0.8080 0.8090 36
54 0.8090 0.8100 0.8111 0.8121 0.8131 0.8141 0.8151 0.8161 0.8171 0.8181 0.8192 35

55 0.8192 0.8202 0.8211 0.8221 0.8231 0.8241 0.8251 0.8261 0.8271 0.8281 0.8290 34
56 0.8290 0.8300 0.8310 0.8320 0.8329 0.8339 0.8348 0.8358 0.8368 0.8377 0.8387 33
57 0.8387 0.8396 0.8406 0.8415 0.8425 0.8434 0.8443 0.8453 0.8462 0.8471 0.8480 32
58 0.8480 0.8490 0.8499 0.8508 0.8517 0.8526 0.8536 0.8545 0.8554 0.8563 0.8572 31
59 0.8572 0.8581 0.8590 0.8599 0.8607 0.8616 0.8625 0.8634 0.8643 0.8652 0.8660 30

60 0.8660 0.8669 0.8678 0.8686 0.8695 0.8704 0.8712 0.8721 0.8729 0.8738 0.8746 29
61 0.8746 0.8755 0.8763 0.8771 0.8780 0.8788 0.8796 0.8805 0.8813 0.8821 0.8829 28
62 0.8829 0.8838 0.8846 0.8854 0.8862 0.8870 0.8878 0.8886 0.8894 0.8902 0.8910 27
63 0.8910 0.8918 0.8926 0.8934 0.8942 0.8949 0.8957 0.8965 0.8973 0.8980 0.8988 26
64 0.8988 0.8996 0.9003 0.9011 0.9018 0.9026 0.9033 0.9041 0.9048 0.9056 0.9063 25

85 0.9063 0.9070 0.9078 0.9085 0.9092 0.9100 0.9107 0.9114 0.9121 0.9128 0.9135 24
66 0.9135 0.9143 0.9150 0.9157 0.9164 0.9171 0.9178 0.9184 0.9191 0.9198 0.9205 23
67 0.9205 0.9212 0.9219 0.9225 0.9232 0.9239 0.9245 0.9252 0.9259 0.9265 0.9272 22
68 0.9272 0.9278 0.9285 0.9291 0.9298 0.9304 0.9311 0.9317 0.9323 0.9330 0.9336 21
69 0.9336 0.9342 0.9348 0.9354 0.9361 0.9367 0.9373 0.9379 0~9385 0.9391 0.9397 20

I 60' 54' I 48' I 42' I 36' I 30' I 24' I 18' I 12' I 6' I 0' IDegrees

COSINES
~

~



w......
N>

0' I Degrees

60'

Table X X IJ (concluded)SINES

IS' I 24' I 30' I 36' I 42' I 4S' I 54'12'6'

I 60' I 54' I 4S' I 42' I 36' I 30' I 24' I IS' I 12' I 6'

Degrees I 0

70 0.9397 0.9403 0.9409 0.9415 0.9421 0.9426 0.9433 0.9438 0.9444 0.9449 0.9455 19
71 0.9455 0.9461 . 0.9466 0.9472 0.9478 0.9483 0.9489 0.9494 0.9500 0.9505 0.9511 18
72 0.9511 0.9516 0.9521 0.9527 0.9532 0.9537 0.9542 0.9548 0.9553 0.9558 0.9563 17
73 0.9563 0.9568 0~9573 0.9578 0.9583 0.9588 0.9593 0.9598 0.9603 0.9608 0.9613 16
74 0.9613 0.9617 0.9622 0.9627 0.9632 0.9636 0.9641 0.9646 0.9650 0.9655 ·0.9659 15

75 0.9659 0.9664 0.9668 0.9673 0.9677 0.9681 0.9686 0.9690 0.9694 0.9699 0.9703 14
76 0.9703 0.9707 0.9711 0.9715 0.9720 0.9724 0.9728 0.9732 0.9736 0.9740 0.9744 13
77 0.9744 0.9748 O.97St 0.9755 0.9759 0.9763 0.9767 0.9770 0.9774 0.9778 0.9781 12
78 0.9781 0.9785 0.9789 0.9792 0.9796 0.9799 0.9803 0.9806 0.9810 0.9813 0.9816 11
79 0.9816 0.9820 0.9823 '0.9826 0.9829 0.9833 0.9836 0.9839 0.9842 0.9845 0.9848 10

80 0.9848 0.9851 0.9854 0..9857 0.9860 0.9863 0.9866 0.9869 0.9871 0.9874 0.9877 9
81 O.98n 0.9880 0.9882 0.9885 0.9888 0.9890 0.9893 0.9895 0.9898 0.9900 0.9903 8
82 0.9903 0.9905 0.9907 0.9910 0.9912 0.9914 0.9917 0.9919 0.9921 0.9923 0.9925 783 0.9925 0.9928 0.9930 0.9932 0.9934 0.9936 0.9938 0.9940 0.9942 0.9943 0.9945 6
a" 0.9945 0.9947 0.9949 0.9951 0.9952 0.9954 0.9956 0.9957 0.9959 0.9960 0.9962 5

85 0.9962 0.9963 0.9965 0.9966 0.9968 0.9969 0.9971 0.9972 0.9973 0.9974 0.9976 4
86 0.9976 0.9977 0.9978 0.9979 0.9980 0.9981 0.9982 0.9983 0.9984 0.9985 0.9986 3
87 0.9986 0.9987 0.9988 0.9989 0.9990 0.9990 0.9991 0.9992 0.9993 0.9993 0.9994 288 0.9994 0.9995 - 0.9995 0.9996 0.9996 0.9997 0.9997 0.9997 0.9998 0.9998 0.9998 189 0.9998 0.9999 0.9999 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 I.0000 I I.0000 0

COSINES



TABLE XXIII. TANGENTS

~

IDegrea
COTANOENTS

I 6~' ... ,.. 40l 30' I 20' I 10' I 0'

I

I I I I ~ I 2' I 3' I I 5' IDeIl"t!Cs 0' 10' 20' 30' 40' 50' 60' I' 4'

0 0.0000 0.0029 0.0058 0.0087 0.0116 0.0145 0.0175 3 6 9 12 14 89
1 0.'0175 0.0204 0.0233 0.0262 0.0291 0.0320 0.0349 3 6 9 12 15 88
2 0.0349 0.0378 0.0407 0.0437 0.0466 0.0495 0.0524 3 6 9 12 15 I 87
3 0.0524 0.0553 0.0682 0.0612 0.0641 0.0670 0.0699 3 6 9 12 15 86
4 0.0699 0.0729 0.0758 0.crt87 0.0816 0.0846 0.0875 3 6 9 12 15 85

& 0.0875 0.0904 0.0934 0.0963 0.0992 0.1022 0.1051 3 6 9 12 15 84
6 0.1051 0.1080 0.1110 0.1139 0.1169 0.1198 0.1228 3 6 9 12 15 83
7 0.1228 0.1257 0.1287 0.1317 0.1346 0.1376 0.1405 3 6 9 12 15 82
8 0.1405 0.1435 0.1465 0.1495 0.1524 0.1554 0.1584 3 6 9 12 15 81
9 0.1584 0.1614 0.1644 0.1673 0.1703 0.1733 0.1763 3 6 9 12 15 80

10 0.1763 0.1793 0.1823 0.1853 0.1883 0.1914 0.1944 3 6 9 12 15 79
11 0.1944 0.1974 0.2004 0.2035 0.2065 0.2095 0.2126 3 6 9 12 15 78
12 0.2126 .. 0.2156 0.2186 0.2217 0.2247 0.2278 0.2309 3 6 9 12 15 77
13 0.2309 0.2339 0.2370 0.2401 0.2432 0.2462 0.2493 3 6 9 12 15 76
14 0.2493 0~2524 0.2555 0.2586 0.2617 0.2648 0.2679 3 6 9 12 16 75

1& 0.2679 0.2711 0.2742 0.2773 0.2805 0.2836 0.2867 3 6 9 13 16 74
16 0.2867 0.2899 0.2931 0.2962 0.2994 .0.3026 0.3057 3 6 9 13 16 73
17 0.3057 0.3089 0.3121 0.3153 0.3185 0.3217 0.3249 3 6 10 13 16 72
18 0.3249 0~3281 0.3314 0.3346 0.3378 0.3411 0.3443 3 6 10 13 16 71
19 0.3443 0.3476 0.3508 0.3541 0.3574 0.3607 0.,3640 3 6 10 13 17 70, I

i



TANGENTS Table XXIII (continued) ~
.0.

Degrees f 0' ( 10' ( 20' I 30'

1
"0' t

50' I
60'

II
J'

J
2' ) 3' ) 4' ) 5' J

20 0.3640 0.3673 0.3106 0.3739 0.3772 0.3805 0.3839 3 7 10 13 17 69
21 0.3839 0.3872 0.3906 0.3939 0.3973 0.4006 0.4040 3 7 10 13 17 68
22 0.4040 0.4074 0.4108 0.4142 0.4176 0.4210 0.4245 3 7 10 14 17 67
23 0.4245 0.4279 0.4314 0.4348 0.4383 0.4417 0.4452 3 7 10 14 17 66

24 0.4452 0.4487 0.4522 0.4557 0.4592 0.4628 0.4663 4 7 10 14 18 65

25 0.4663 0.4899 0.4734 0.4770 0.4806 0.4841 0.4877 4 7 11 14 18 64
26 0.4877 0.4913 0.4950 0.4986 0.5022 0.5059 0.5095 4 7 11 15 18 63
27 0.5095 0.5132 0.5169 0.5206 0.5243 0.5280 0.5317 4 7 11 1'5 18 62
28 0.5317 0.5354 0.5392 0.5430 0.5467 0.5505 0.5543 4 8 11 15 19 61
29 0.5543 0.5581 0.5619 0.5658 0.5696 0.5735 0.5774 4 8 12 15 19 60

30 0.5174 0.5812 0.5851 0.5890 0.5930 0.5969 0.6009 4 8 12 16 20 59
31 0.6009 0.6048 0.6088 0.6128 0.6168 0.6208 0.6249 4 8 12 16 20 58
32 0.6249 0.6289 0.6330 0.6371 0.6412 0.6453 0.6494 4 8 12 16 20 57
3S 0.6494 0.6536 0.6577 0.6619 0.6661 0.6703 0.6745 4 8 13 17 21 56

3~ 0.6745 0.6787 0.6830 0.6873 0.6916 0.6959 0.7002 4 9 13 17 21 55

35 0.7002 0.7046 0.7089 0.7133 0.7177 0.7221 0.7265 4 9 13 18 22 54
36 0.7265 .0.7310 0.7355 0.7400 0.7445 0.7490 0.7536 5 9 14 18 23 53
37 0.7536 0.7581 0.7627 0.7673 0.7720 0.7766 0.7813 5 9 14 18 23 52
38 0.7813 0.7860 0.1907 0.7954 0.8002 0.8050 0.8098 5 10 14 19 24 51
39 0.8098 0.8146 0.8195 0.8243 0.8292 0.8342 0.8391 5 10 15 20 24 50

4J 0.8391 0.8441 0.8491 0.8541 0.8591 0.8642 0.8693 5 10 15 20 25 49
41 0.8693 0.8744 0.8796 0.8847 0.8899 0.8952 0.9004 5 10 16 21 26 48
42 0.9004 0.9057 0.91 to 0.9163 0.9217 0.9271 0.9325 5 11 16 21 27 47
43 0.9325 0.9280 0.9435 0.9490 0.9545 0.9601 0.9657 6 ]) 17 22 28 46
44 0.9657 0.9713 0.9770 0.9827 0.9884 0.9942 1.0000 6 11 17 32 29 45



W
-....Ic.n

IDegrees10' I o·

COTANGENTS

I 6 O' . I 5~ I 40' I 3 O' I 2O'

4S 1.0000 1.0060 1.0117 0.0176 t .0237 1.0295 1.0355 6 12 18 25 30 44

46 1.0355 1.0417 1.0477 1.0528 1.0600 1.0661 1.0724 6 12 18 25 31 43

47 1.0724 1.0786 1.0850 1.0913 1.0976 1.1041 1.1106 6 13 19 25 32 42
48 1.1106 1.1171 1.1237 1.1303 1.1369 1.1436 1.1504 7 13 20 26 33 41

49 1.1504 1.1571 1.1640 1.1708 1.1778 1.1847 1.1918 7 14 21 27 34 40

30 1.1918 1.1989 1.2059 1.2131 1.2203 1.2275 1.2349 7 14 22 29 36 39

51 1.2349 1.2423 1.2497 1.2572 1.2647 1.2723 1.2799 8 15 23 30 38 38
52 1.2799 1.2877 1.2954 1.3032 1.3110 1.3191 1.3270 8 16 23 31 39 37

53 1.3270 1.3352 1.3432 1.3514 1.3597 1.3680 1.3764 8 16 25 33 41 36

54 1.3764 1.3848 1.3933 1.4019 1.4105 1.4193 1. 4281 9 17 26 34 43 35

55 1.4281 1.4371 1.4460 1.4550 1.4641 1.4733 1.4826 9 18 27 36 45 34
56 1.4826 1.4920 1.5012 1.5108 1.5204 1.5301 1.5399 10 19 29 38 48 33
57 1.5399 1.5498 1.5597 1.5697 1.5797 1.5900 1.6003 10 20 30 40 50 32
58 1.6003 1.6107 1.6213 1.6319 1.6426 1.6533 1.6643 11 21 32 43 53 31
59 1,'6643 1.6754 1.6865 1.6977 1.7090 1.7205 1.7311 11 23 34 45 56 30

I

60 1.7321 1.7439 1.7556 1.7675 1.7795 1.7917 1.8040 12 24 36 48 60 29
61 1.8040. 1.8166 1.8291 1.8418 1.8546 1.8676 1.8807 13 26 38 51 64 28
62 1.8807 1.8942 1.9074 1.9210 1.9347 1.9485 1.9626 14 27 41 55 68 27
63 1.9626 1.9769 1.9912 2.0057 2.0203 2.0352 2.0503 15 29 44 58 73 26
64 2.0503 2.0657 2.0809 2.0965 2.1123 2.1282 2.1445 16 31 47 63 77 25

85 2.1445 2.1611 2.1776 2.1943 2.2113 2.2285 2.2460 17 34 51 68 85 24
66 2.2460 2.2640 2.2818 2.2998 2.3183 2.3369 2.3559 18 37 55 74 92 23
67 2.3559 2.3752 2.3946 2.4142 2.2421 2.4544 2 .• 4751 20 40 60 79 99 22
68 2.4751 2.4963 2,5172 2.5386 2.5604 2.5825 2.6051 22 43 65 87 108 21
69 2.6051 2.6282 2.6511 2.6746 2.6984 2.7226 2.7475 24 47 71 95 118 20



50' I 60' I " I 2' I 3' I 4' I 5' IDegrees I 0' 10' 20' I 30' I 40'

TANGENTS Table XXI I J (concluded] ~

70 2.7475 2.7729 2.7981 2.8239 2.8501 2.8768 2.9042 26 25 78 IO( 130 19
71 2.9042 2.9323 2.9602 2.9887 3.0176 3.0473 3.0777 29 58 87 115 144 18
72 3.0777 3. lOBO 3.1398 3.1716 3~2039 3.2369 3.2709 32 64 96 129 161 17
73 3.2709 3.3058 3.3404 3.3759 3.4121 3.A492 3.4874 36 72 108 144 180 16
74 3.4874 3.5267 3.5658 3.6059 3.6467 3.6888 3.7321 41 82 122 162 203 15

75 3.7321 3.7769 3.8219 3.8667 3.9133 3.9614 4.0108 46. 94 139 186 232 14
76 4.0108 4.0622 4.1129 4.1653 4.2190 4.2742 4.3315 53 107 160 214 267 13
77 4.3315 4.391 4.4497 4.5107 4.5731 4.6376 4.7046 62 124 186 248 310 12
78 4.7046 4.7745 4.8434 4.9152 4.9886 5.0650 5.1446 73 1.46 219 292 365 11
79 5.1446 5.2279 5.3099 5.3955 5.4836 5.5753 5.6713 87 175 262 350 437 10

80 5.671 5.769 5.871 5.976 6.084 6.197 6.314 9
81 6.314 6.435 6.561 6.691 6.827 6.968 7.115 8
82 7.115 7.269 7.429 7.596 7.770 7.953 8.144 7

:} 8.144 8.345 8.556 8.777 9.010 9.255 9.514 6
9.514 9.788 10.078 fO.385 10.712 11.059 11.430 5
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