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PROBLEMS

CHAPTER 1
MECHANICS

1-1. Kinematics of Uniform Rectilinear Motion

1. A motor-boat travelling up: met rafts foating down-
stream. One hour after this the engine of the boat stalled.
It took 30 minutes to repair it, and during this time the boat
freely floated downstream. When the engine was repaired, the
boat travelled downstream with the same speed relative to the
current as before and overtook the rafts at a distance of s =7.5 km
from the point where they had met the first time. Determine
the velocity of the river current, considering it constant.

2. A man walking with a speed v constant in magnitude and
direction J)asses under a lantern hanging at a height H above
the ground. Find the velocity which the edge of the shadow of
the man’s head moves over the ground with if his height is A.

3. The distance between a town and a mill is 30 km. A man
started to walk from the mill to the town at 6:30 a. m., while
a cyclist left the town for the mill at 6:40 a.m., riding at a
speed of 18 km/h. The man met the cyclist after walking 6 km.
Determine at what time they met and the man’s speed.

Also find the place where the man was when he met the
twelfth bus coming from the town and the number of buses
which overtook the cyclist if bus traffic begins at 6 a. m. The
buses leave their terminals every 15 minutes and their speed
is 45 km/h.

4. Two trains left Moscow for Pushkino at an interval of
t=10 minutes and with a speed of v=30 km/h. What was the
speed u of a train bound for Moscow if it met these two trains
at an interval of t=4 minutes?

5. An engineer works at a plant out-of-town. A car is sent
for him from the plant every day that arrives at the railway
station at the same time as the train he takes. One day the
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engineer arrived at the station one hour before his usual time
and, without waiting for the car, started walking to work.
On his way he met the car and reached his plant 10 minutes
before the usual time. How long did the engineer walk before
he met the car? Give a graphical solution.

8. Two landing-stages M and K are served by launches that
all travel at the same speed relative to the water. The distance
between the landing-stages is 20 km. It is covered by each
launch from M to lI‘(gm one hour and from K to M in two hours.
The launches leave the two landing-stages at the same time at
an interval of 20 minutes and stop at each of them also for
20 minutes.

Determine: (1) the number of launches in service, (2) the num-
ber of launches met by a launch travelling from M to K, (3)
the number of launches met by a launch travelling from K to M.

7. Two tourists who are at a distance of 40 km from their
camp must reach it together in the shortest possible time. They
have one bicycle which they decide to use in turn. One of them
started walking at a speed of v,=5 km/h and the other rode
off on the bicycle at a speed of v, =15 km/h. The tourists agreed
to leave the bicycle at intermediate points between which one
walks and the other rides. What will the mean speed of the
tourists be? How long will the bicycle remain unused?

8. Two candles of equal height & at the initial moment are
at a distance of a from each other. The distance between each
candle and the nearest wall is also a (Fig. 1). With what speed
will the shadows of the candles move along the walls if one
candle‘ ;)urns down during the time ¢, and the other during the
time ¢,

9. A bus is running along a highway at a speed of v, =16 m/s.
A man is at a distance of a=60 metres from the highway and
b=400 metres from the bus. In what direction should the man
run to reach any point of the highway at the same time as
the bus or before it? The man can run at a speed of v, =4 m/s.

10. At what minimum speed should the man run (see Problem 9)
to be able to meet the bus, and in what direction?

11. A man is on the shore of a lake at point A, and has
to get to point B on the lake in the shortest possible time
(Fig. 2). The distance from point B to the shore BC=d and
the distance AC=s. The man can swim in the water with
a speed of v, and run along the shore with a speed of v,, greater
than v,. Which way should he use —swim from point A straight
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to B or run a certain distance along the shore and then swim
to point B?

12. A motor-ship travelling upstream meets rafts floating
downstream. Forty-five minutes (¢,) later the ship stops at a
landing-stage for f,=1 hour. Then the ship travels downstream
and overtakes the rafts in ¢, =1 hour. The speed of the ship
relative to the water is constant and equal to v, =10 km/h.
Determine the river current velocity v,, considering it constant.
Consider both graphical and analytical methods of solution.

13. Mail is carried between landing-stages M and K by two
launches. At the appointed time the launches leave their landing-
stages, meet each other, exchange the mail and return. 1f the
launches leave their respective landing-stages at the same time,
the launch departing from M spends 3 hours both ways and that
from K—1.5 hours. The speeds of both launches are the same
relative to the water. Determine graphically how much later
should the launch depart from M after the other one leaves K
for the two to travel the same time.

14. Use the conditions of the previous problem to determine
the speed of the launches with respect to the water, the velo-
city of the river current and the point where the launches will
meet if they leave their respective landing-stages simultaneously.
The distance between the stages is 30 km.

15. A rowboat travels from landing-stage C to T at a specd
of v, = 3 km/h with respect to the water. At the same time a launch
leaves T for C at a speed of v,=10 km/h. While the boat moves
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» a & between the landing-stages the launch
———t—————— covers this distance four times and
reaches 7 at the same time as the
- boat. Find the direction of the cur-
3 % rent.
16. A man in a rowboat must get
from point A to point B on the op-
posite bank of the river (Fig 3). The
dist BC=a. The width of the ri-
4 ver AC=b. At what minimum speed
Fig. 3 u relative to the water should the
boat travel to reach point B? The

current velocity is v,.

17. A man must get from point A on one bank of a river to
point B on the other bank moving along straight line AB (Fig. 4).
The width of the river AC=1 km, the distance BC =2 km, the
maximum speed of the boat relative to the water u=5 km/h
and the river current velocity v=2 km/h. Can the distance AB
be covered in 30 minutes?

18. A launch travels across a river from point A to point B
on the opposite bank along a straight line AB forming an angle &
with the gank (Fig. 5). The wind blows with a velocity of u at
right angles to the bank. The fiag on the mast of the launch forms
an angle p with the direction of its motion. Determine the speed
of the launch with respect to the bank. Can the data in this
problem be used to find the river current velocity?

19. To find the speed of an airplane it is necessary to de-
termine how long it takes it to fly around a closed loop of a
known length. How long will it take a plane to fiy around a square
with a side a, with the wind blowing at a velocity 4, in two cases:
(1) the direction of the wind coincides with one of the sides of

V'3 4 g

Fig 4 Fig. 5
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the square, (2) the direction of the wind coincides with the dia-
gonal of the square? With no wind the speed of the plane is v,
greater than u.

20. Two motor vehicles run at constant speeds v, and v, along
highways intersecting at an angle a. Find the magnitude and
direction of the speed of one vehicle with respect to the other.
In what time after they meet at the intersection will the distance
between the vehicles be s?

21. Two intersecting straight lines move translationally in oppo-
site directions with velocities v, and v, perpendicular to the
corresponding lines. The angle between the lines is @. Find the
speed of the point of intersection of these lines.

1-2. Kinematics of Non-Uniform and Uniformly
Variable Rectilinear Motion

22. A motor vehicle travelled the first third of a distance s at
a speed of v, = 10 km/h, the second third at a speed of v, =20km/h
and the last third at a speed of v,=60 km/h. Determine the
mean speed of the vehicle over the entire distance s.

23. Determine the mean velocity and the mean acceleration
of a point in 5 and 10 seconds if it moves as shown in Fig. 6.

24. A man stands on a steep shore of a lake and pulls a boat
in the water by a rope which he takes up at a constant speed of v.
What will the speed of the boat be at the moment when the
angle between the rope and the surface of the water is a?

25. A point source of light S is at a distance / from a vertical
screen AB. An opaque object with a height & moves translatio-
nally at a constant speed v from the source to the screen along

yemfs
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straight line SA. Determine the instantaneous velocity with which
the upper edge of the shadow of the object moves along the
screen (Fig. 7

26. The coordinate of a point moving rectilinearly along the
x-axis changes in time according to the law x=114-35¢ 4418
(x is in centimetres and ¢ is in seconds). Find the velocity and
acceleration of the point.

27. Figures 8 and 9 show the velocity of a body and the change
in its coordinate (parabola) with time. The origin of time reading
coincides on both charts. Are the motions shown in the charts
the same?

28. Two motor vehicles left point A simultaneously and reached
point B in f{,=2 hours. The first vehicle travelled half of the
distance at a speed of v, =30 km/h and the other half at a speed
of v,=45 km/h. The second vehicle covered the entire distance
with a constant acceleration. At what moment of time were the
speeds of both the vehicles the same? Will one of them overtake
the other en route?

t, wcads Fig. 8
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29. A ball freely drops from a height H onto an elastic hori-
zontal support. Plot charts showing the change in the coordinate
and velocity of the ball versus the time neglecting the duration
of the collision. The impact is absolutely elastic.

30. Two steel balls freely drop onto an elastic plate, the first
one from a height of A, =44 cm and the second in T > 0 seconds
after the first from a height of A, =11 cm. After a certain time
the velocities of the balls coincide in magnitude and direction.
Find the time < and the interval during which the velocities of
the two balls remain the same. The balls do not collide.

31. How long will a body freely falling without any initial
velocity pass the n-th centimetre of its path?

32. Two bodies are thrown one after the other with the same
velocities v, from a high tower. The first body is thrown verti-
cally upward, and the second one vertically downward after the
time v. Determine the velocities of the bodies with respect to
each other and the distance between them at the moment of
time ¢ > 1.

33. At the initial moment three points A, B and C are on a
horizontal straight line at equal distances from one another.
Point A begins to move vertically upward with a constant ve-
locity v and point C vertically downward without any initial
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velocity at a constant acceleration a. How should point B move
vertically for all the three points to constantly be on one straight
line? The points begin to move simultaneously.

34. Two trucks tow a third one by means of a pulley tied
to it (Fig. 10). The accelerations of the trucks are g, and a,.
Find the acceleration a, of the truck being towed.

35. A lift moves with an acceleration a. A passenger in the
lift drops a book. What is the acceleration of the book with
respect to the lift floor if: (1) the lift is going up, (2) the lift
is going down?

36. A railway carriage moves over a straight level track with
an acceleration @. A passenger in the carriage drops a stone.
What is the acceleration of the stone with respect to the car-
riage and the Earth?

37. A man in a lift moving with an acceleration a drops
a ball from a height H above the floor. In ¢ seconds the accele-
ration of the lift is reversed, and in 2¢ seconds becomes equal
to zero. Directly after this the ball touches the floor. What
height from the floor of the lift will the ball jump to after the
impact? Consider the impact to be absolutely elastic.

38. An overhead travelling crane lifts a load from the ground
with an upward acceleration of a,. At the same time the hook
of the crane carrying the load moves in a horizontal direction

with an acceleration a, relative to the crane. Besi-
des, the crane runs on its rails with a constant speed
v, (Fig. 11). The initial speed of the hook relative
to the crane is zero. Find the speed of the load
with respect to the ground when it reaches the
height h.

39. Body A is placed on a wedge forming an
angle @ with the horizon (Fig. 12). What accele-

Fig 10 Fig. 11
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Fig. 12 Fig. 18

ration should e imparted to the wedge in a horizontal direction
for body A to freely fall vertically?

1-3. Dynamics of Rectilinear Motion

40. A force F is applied to the centre of a homogeneous
spheré (Fig. 13). In what direction will the sphere move?

41. Six forces lying in one plane and forming angles of 60°
relative to one another are applied to the centre of a homoge-
neous sphere with a mass of m =4 kg. These forces are consecu-
tively 1, 2, 3, 4, 5 and 6 kgf (Fig. 14). In what direction and
with what acceleration will the sphere move?

42. How much does a body with a mass of one kilogram
weigh?

43. The resistance of the air causes a body thrown at a cer-
tain angle to the horizon to fly along a ballistic curve. At what
angle to the horizon is the acceleration of the body directed at

kg

Skor /‘ \

2k Jhgr

N

Jhgp
Fig. 14 Fig. 1§
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the highest point of the trajectory A, if the mass of the body
is m and the resistance of the air at this point is F?

44. A disk arranged. in a vertical plane has several grooves
directed along chords drawn from point A (Fig. 15). Several bo-
dies begin to slide down the respective grooves from point A
simultaneously. In what time will each body reach the edge of
the disk? Disregard friction and the resistance of the air (Gali-
leo’s problem).

45. What is the minimum force of air resistance acting on a
parachutist and his parachute when the latter is completely ope-
ned? The two weigh 75 kef.

46. What is the pressure force N exerted by a load weighing
G kgf on the floor of a lift if the acceleration of the lift is a?
What is this force equal to upon free falling of the lift?

47. A puck with an initial velocity of 5 my/s travels over
a distance of 10 metres and strikes the boards. After the impact
which may be considered as absolutely elastic, the puck travelled
another 2.5 metres and stopped. Find the coefficient of friction
between the puck and the ice. Consider the force of sliding
friction in this and subsequent problems to be equal to the
maximum force of friction of rest.

48. The path travelled by a motor vehicle from the moment
the brakes are applied until it stops is known as the braking
distance. For the types of tyres in common use in the USSR
and a normal air pressure in the tubes, the dependence of the
braking distance on the speed of the vehicle at the beginning
of braking and on the state and type of the pavement can be
tabulated (see Table 1).

Find the coefficient of friction for the various kinds of pave-
ment surface to an accuracy of the first digit after the decimal
point, using the data in this table.

49. Determine the diflerence in the pressure of petrol on the
opposite walls of a fuel tank when a motor vehicle travels over
a horizontal road if its speed increases uniformly from v,=0
to o during ¢ seconds. The distance between the tank walls is I.
The tank has the form of a parallelepiped and its side walls are
velrlical. It is completely filled with petrol. The density of pet-
rol_is p.

50. A homogeneous rod with a length L is acted upon by
two forces F, and F, applied to its ends and directed oppositely
(Fig. 16). With what force F will the rod be stretched in the
cross section at a distance / from one of the ends?
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Table 1. Braking Distance In Metres

Speed, km/h
Pavement
surface 10| 20 [ 30 | 40 [ 50 | 60 70 0 90 | 100
Ice 3.9 |15.6|35.3(62.998.1|141.4|192.6(251.6)318.2| 393.0

Dry snow 1.9 | 7.8(17.6|31.4]49.0( 70.7| 96.3125.8|159.1| 196.6

Wet wood
block 1.3 5.2[11.7{20.9|32.7 47.1| 64.2 83.8 |106.0 131 0

Dry wood
block 078 3.1 7.0{12.5(19.6| 28.2( 38.5 50.3| 63.6| 78.6

Wet
asphalt 0.97) 3.9| 8.8(15.7|24.5| 35.3| 48.1| 62.9( 79.5| 98.2

Dry asphalt |0.65( 2.6] 5.8)10.4/16.3| 23.5| 32.1| 41.9| 53.0| 65.5

Dry concrete(0.56( 2.2( 5.0 9.0]14.0( 20.2| 27.5] 35.9 45.4] 56.1

51. A light ball is dropped in air and photographed after it
covers a distance of 20 metres. A camera with a focal length
of 10 cm is placed 15 metres away from the plane which the
ball is falling in. A disk with eight equally spaced holes arran-
ged along its circumference rotates with a speed of 3 rev/s in
front of the open lens of the camera. As a result a number of
images of the ball spaced 3 mm apart are produced on the film.
Describe the motion of the ball. What is the final velocity of
another ball of the same radius, but with a mass four times
greater than that of the first one? Determine the coefficient of

4

2 -2042
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friction if the weight of the first ball is 4.5 gf. At high velo
cities of falling, the resistance of the air is proportional to the
square of the velocity.

52. Two weights with masses m, =100 g and m,=200 g are
suspended from the ends of a string passed over a stationary
pulley at a height of H=2 metres from the floor (Fig. 17).
At the initial moment the weights are at rest. Find the tension
of the string when the weights move and the time during which
the weight m, reaches the floor. Disregard the mass of the pul-
ley and the string.

53. A weight G is attached to the axis of a moving pulley
(Fig. 18). What force F should be applied to the end of the
rope passed around the second pulley for the weight G to move
upwards with an acceleration of a? For the weight G to be at
rest? Disregard the mass of the pulleys and the rope.

54. Two weights are suspended from a string thrown over
a stationary pulley. The mass of one weight is 200 g. The
string will not break if a very heavy weight is attached to its
other end. What tension is the string designed for? Disregard
the mass of the pulley and the string.

55. Two pans with weights each equal to G=3 kgf are sus-
pended from the ends of a string passed over two stationary
pulleys. The string between the pulleys is cut and the free ends
are connected to a dynamometer (Fig. 19). What will the dyna-
mometer show? What weight G, should be added to one of the
pans for the reading of the dynamometer not to change after
a weight G,=1 kgf is taken ofi the other pan? Disregard the
masses of the pans, pulleys, thread and dynamometer.

"; L]

Fig. 17 Fig. 18 Fig. 19
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Fig. 20

56. A heavy sphere with a mass m is suspended on a thin
rope. Another rope as strong as the first one 1s attached to the
bottom of the sphere. When the lower rope is sharply pulled
it breaks. What acceleration will be imparted to the sphere?

57. Two weights with masses m, and m, are connected by
a string passing over a pulle{ The surfaces on which they rest
form angles @ and B with the horizontal (Fig. 20). The right-
hand weight is h metres below the left-hand one. Both weights
will be at the same height in v seconds after motion begins.
The coefficients of frietion between the weights and the sur-
faces are k. Determine the relation between the masses of the
weights,

58. A slide forms an angle of a=30° with the horizon.
A stone is thrown upward along it and covers a di~t nu of
1=16 metres in /, =2 seconds, alter which it slides dowr What
time ¢, is required for the return motion? What is the coeffi-
cient of friction between the slide and the stone?

59. A cart with a mass of M =500 g is connected by a string
to a weight having a mass m=200 g. At the initial moment
the cart moves to the left along a horizontal plane at a speed
of v,=7 s (Fig. 21). Find the magnitude and direction of

3
-

Fig 1 Fig. 22
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the speed of the cart, the place it will be at and the distance
it covers in £=35 seconds.

60. Can an ice-boat travel over a level surface faster than
the wind which it is propelled by?

81. The fuel supply of a rocket is m=8 tons and its mass
(including the fuel) is M =15 tons. The fuel burns in 40 seconds.
The consumption of fuel and the thrust F=20,000 kgf are constant.

(1) The rocket is placed horizontally on a trolley. Find its
acceleration at the moment of launching. Find how the accele-
ration of the rocket depends on the duration of its motion
and show the relation graphically. Use the graph to find the
velocity acquired by the rocket in 20 seconds after it begins
to move. Disregard friction.

(2) The rocket is launched vertically upward. Measurements
show that in 20 seconds the acceleration of the rocket is 0.8 g.
Calculate "the force of air resistance which acts on the rocket
at this moment. Consider the acceleration g to be constant.

(3) The acceleration of the rocket is measured by an instru-
ment having the form of a spring secured in a vertical tube.
When at rest, the spring is stretched a distance of /,=1 cm
by a weight secured to its end. Determine the relation between
the stretching of the spring and the acceleration of the rocket.
Draw the scale of the instrument.

62. A bead of mass m is fitted onto a rod with a length of
2/, and can move on it without friction. At the initial mo-
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ment the bead is in the middle of the rod. The rod moves
translationally in a horizontal plane with an acceleration a in
a direction forming an angle a with the rod (Fig. 22). Find
the acceleration of the bead relative to the rod, the reaction
force exerted by the rod on the bead, and the time when the
bead will leave the rod.

63. Solve the previous problem, assuming that the moving
bead is acted upon by a friction force. The coefficient of fric-
tion 'lt)ekween the bead and the rod is k. Disregard the force of
gravity.

64. A block with the mass M rests on a smooth horizenfal
surface over which it can move without friction. A body with
the mass m lies on the block (Fig. 23). The coefficient of fric-
tion between the body and the block is k. At what force F
applied to the block in a horizontal direction will the body
begin to slide over the block? In what time will the body fall
from the block if the length of the latter is /?

65. A wagon with the mass M moves without friction over
horizontal rails at a speed of v,. A body with the mass m is
placed on the front edge of the wagon. The initial speed of
the body is zero. At what length of the wagon will the body
not slip off it? Disregard the dimensions of the body as com-
pared with the length [ of the wagon. The coeificient of friction
between the body and the wagon is &.

66. A weightless string thrown over a stationary pulley is
passed through a slit (Fig. 24). As the string moves it is acted
upon by a constant friction force F on the side of the slit. The
ends o{ the string carry two weights with masses m, and m,,
respectively. Find the acceleration a of the weights.

67. A stationary pulley is secured to the end of a light bar.
The bar is placed onto a balance pan and secured in a vertical
direction. Different weights are attached to the ends of a string
passed over the pulley. One of the weights slides over the bar
with friction and therefore both weights move uniformly
(Fig. 25). Determine the force which the pulley acts on the bar
with and the readings of the balance when the weights move.
Disregard the masses of the pulley, bar, string and the friction
in the pulley axis. Consider two cases: (1) m,=1 kg, m,=3 kg,
and (2) m,=3 kg, m,=1 kg.

68. A system consists of two stationary and one movable
pulleys (Fig. 26). A string thrown over them carries at its ends
weights with masses m, and m,, while a weight with a mass



PROBLEMS

Fig. 77

Fig. %6

m, is attached to the axis of the movable
pulley. The parts of the string that are
not on the pulleys are vertical. Find the
acceleration of each weight, neglecting
the masses of the pulleys and the string,
and also friction.

69. Two monkeys of the same weight
are hanging at the ends of a rope thrown
over a stationary pulley. One monkey
begins to climb the rope and the other
stays where it is. Where will the second

5]

Fig. 28
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monkey be when the first one reaches the pulley? At the initial
moment both monkeys were at the same height from the foor.
Disregard the mass of the pulley and rope, and also friction.

70. Determine the accelerations of the weights in the pulley
system depicted in Fig. 27. Disregard the masses of the pulleys
and string, and also friction. In what direction will the pulleys
rotate when the weights move?

71. A table with a weight of G, =15 kgf can move without
friction over a level floor. A weight of G,=10" kgf is placed
on the table, and a rope passed over two pulleys fastened
to the table is attached to it (Fig. 28). The coefficient of fric-
tion between the weight and the table #=0.6. What acceleration
will the table move with if a constant force of 8 kgf is applied
to the free end of the rope? Consider two cases: (1) the force
is directed horizontally, (2) the force is directed vertically upward.

72. An old cannon without a counter-recoil device rests on
a horizontal platform. A ball with a mass m and an initial
velocity v, is fired at an angle of a to the horizon. What velo-
city v, will be imparted to the canmon directly after the shot
if the mass of the cannon is M and the acceleration of the ball
in the barrel is much greater than that of free fall> The coeffi-
cient of friction between the cannon and the platform is .

1-4. The Law of Conservation of Momentum

73. A meteorite burns in the atmosphere before it reaches the
Earth’s surface. What happens to its momentum?

74. Does a homogeneous disk revolving about its axis have
any momentum? The axis of the disk is stationary.

75. The horizontal propeller of a helicopter can be driven by
an engine mounted inside its fuselage or by the reactive forces
of the gases ejected from special nozzles at the ends of the
propeller blades. Why does a propeller-engine helicopter need
a tail rotor while a jet helicopter does not need it?

76. A hunter discharges his gun from a light inflated boat.
What velocity will be imparted to the boat when the gun is
fired if the mass of the hunter and the boat is M =70 kg, the
mass of the shot m=235 g and the mean initial velocity of the
shot v, =320 m/s? The barrel of the gun is directed at an angle
of a=60° to the horizon.

77. A rocket launched vertically upward explodes at the highest
point it reaches. The losion prod three f ts. Prove




24 PROBLEMS

that the vectors of the initial velocities of all three fragments
are in one plane.

78. A man in a boat facing the bank with its stern walks to
the bow. How will the distance between the man and the bank
change?

79. A boat on a lake is perpendicular to the shore and faces
it with its bow. The distance between the bow and the shore is
0.75 metre. At the initial moment the boat was stationary. A man
in the boat steps from its bow to its stern. Will the boat reach
the shore if it is 2 metres long? The mass of the boat M =140 kg
and that of the man m=60 kg.

80. Two identical weights are connected by a spring. At the
initial moment the spring is so compressed that the first weight
is tightly pressed against a wall (Fig. 29) and the second weight
is reti.ned by a stop. How will the weights move if the stop is
rem. ved?

81. A massive homogeneous cylinder that can revolve without
friction around a horizontal axis is secured on a cart standing on
a smooth level surface (Fig. 30). A bullet flying horizontally
with a velocity v strikes the cylinder and drops onto the cart.
Does the speed of the cart that it acquires after the impact
depend on the point where the bullet strikes the cylinder?

82. At the initial moment a rocket with a mass M had a
velocity v,. At the end of each second the rocket ejects a portion
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of gas with a mass m. The velocity of a portion of gas differs
from that of the rocket before the given portion of gas burns by
a constant value u, i.e., the velocity of gas outflow is constant.
Determine the velocity of the rocket in n seconds, disregarding
the force of gravity. .

83. Will the velocity of a rocket increase if the outflow velo-
city of the gases with respect tc the rocket is smaller than the
velocity of the rocket itself, so that the gases ejected from the
nozzle follow the rocket?

84, Two boats move towards each other along parallel paths
‘with the same velocities. When they meet, a sack is thrown from
one boat onto the other and then an identical sack is thrown from
the second onto the first. The next time this is done simultane-
ously. When will the velocity of the boats be greater after the
sacks are thrown?

85. A hoop is placed on an_absolutely smooth level surface.

A beetle alights on the hoop. What trajectory will be described
by the beetle and the centre of the hoop if the beetle begins to
move along the hoop? The radius of the hoop is R, its mass is
M and the mass of the beetle m.
. 86. A wedge with an angle @ at the base can move without
friction over a smooth level surface (Fig. 31). At what ratio
between the masses m, and m, of the weights, that are connected
by a string passed over a pulley, will the wedge remain statio-
nary; and at what ratio will it begin to move to the right or
left? The coefficient of friction between the weight of mass m,
and the wedge is &.

1-5. Statics

87. A homogeneous chain with a length [ lies on a table. What
is the maximum length [, of the part of the chain hanging over
the table if the coefficient of friction between the chain and the
table is k?

88. Two identical weights are suspended from the ends of a
string thrown over two pulleys (Fig. 32). Over what distance
will a third weight of the same mass lower if it is attached to
the middle of the string? The distance between the axes of the
pulleys is 2/. The friction in the axes of the pulleys is negligible.

89. An isosceles wedge with an acute angle @ is driven into
a slit. At what angle a will the wedge not be forced out of the
slit if the coefficient of friction between the wedge and the slit is k?
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80. What is the ratio between the weights G, and G, if the
system shown in Fig. 33 is in equilibrium. Bars AD, BC, CH,

/ and arm 0O, of the lever are twice as long as bars AE, EB,
1J, JH and arm FO, respectively. Disregard the weight of the
bars and the arm.

91. A horizontal force F is aﬂp]ied perpendicularly to an upper
edge of a rectangular box with a length / and a height & to
move it. What should the coefficient of friction # between the
box and the floor be so that the box moves without overturning?

92. A homogeneous beam whose weight is G lies on a floor.
The coefficient of friction between the beam and the floor is &.
What is easier for two men to do—turn the beam about its
centre or move it translationally?

93. An overhead travelling crane (see Fig. 11) weighing G=2
tonf has a span of L=26 metres. The wire rope carrying a load
is at a distance of /=10 metres from one oiP the rails. Deter-
mine the force of pressure of the crane on the rails if it lifts a
load of Gy=1 tont with an acceleration of a=9.8 mys*.

94 A lever is so bent that its sides AB, BC and CD are
equal and form right angles with one another (Fig. 34). The axis
of the lever is at point B. A force of G=1 kgf is applied at
point A at right angles to arm AB. Find the minimum force that
should be applied at D for the lever to be in equillbrium.
Disregard the weight of the lever.

95. A rod not reaching the floor is inserted between two iden-
tical boxes (Fig. 35). A horizontal force F is applied to the
upper end of the rod. Which of the boxes will move first?
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96. A heavy h sphere is suspended from a stri
whose end is attached to a vertical wall. The point at which the
string is fastened to the sphere lies on the same vertical as the
centre of the sphere. What should the coefficient of friction
between the sphere and the wall be for the sphere to remain in
equilibrium?

97. A homogeneous rectangular brick lies on an inclined plane
(Fig. 36). What half of the brick (left or right) exerts a greater
pressure on it?

98. A horizontally directed force equal to the weight of a heavy
cylindrical roller with a radius R is applied to its axis to lift it
onto a rectangular step. Find the maximum height of the step.

99. A sphere weighing G=3 kgf lies on two inclined planes
forming angles a, =30° and a, =60° with the horizon. Determine
the pressure exerted by the sphere on each plane if there is no
friction between the sphere and one of the planes.

100. The front wall of a drawer in a cabinet is provided with
two symmetrical handles. The distance between the handles is /
and the length of the drawer a. The coefficient of friction bet-
ween the drawer and the cabinet is k. Can the drawer always be
pulled out by applying a force perpendicular to the wall of the
drawer only to one handle?

101. A homogeneous board is balanced on a rough horizontal
log (Fig. 37). After a weight has been added to one of the ends

£

Fig. 36 Fig. %
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of the board, equilibrium can be obtained when the board forms
an angle @ with the horizon. What is the coefficient of friction
between the board and the log?

102. The upper end of a ladder rests against a smooth vertical
wall and its bottom end stands on a rough floor. The coefficient
of friction between the ladder and the fioor is k. Determine the
angle @ between the ladder and the wall at which the former
will be in equilibrium.

103. Solve the previous problem, assuming that the wall is
rough and the coefficient of friction between the ladder and the
wall is also equal to k.

104. A homogeneous thin rod AB with a length [ is placed
onto the horizontal surface of a table. A string with a length of
2l is attached to end B of the rod (Fig. 38). How will the rod
move if the other end C of the string is slowly lifted up a sta-
tionary vertical straight line DO passing through end A of the
rod. Disregard the weight of the string.

105. At what coefficient of friction will a man not slip when
he runs along a straight hard path? The maximum angle between
a vertical line and the line connecting the man’s centre of gravity
with the point of support is a.

106. A ladder leans against a smooth vertical wall of a house.
The angle between the ladder and the horizontal surface of the
Earth is @ =60° The length of the ladder is [, and its centre of
gravity is at its middle. How is the force acting on the ladder
from the Earth directed?

107. A ladder with its centre of gravity at the middle stands
on an absolutely smooth floor and leans against a smooth wall
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(Fig. 39). What should the tension of a rope tied to the middle
of the ladder be to prevent its falling down?

108. A man climbs up a ladder leaning against a smooth
vertical wall. The ladder begins to slip only when the man
reaches a certain height. Why?

109. A picture is attached to a vertical wall by means of string
AC with a length I forming an angle @ with the wall. The height
of the picture BC=d (Fig. 40). The bottom of the picture is
not fastened. At what coefficient of friction between the picture
and the wall will the picture be m equilibrium?

110. Four 1 rods ted to one another
at points B, C and D (Flg 41) The two extreme rods AB and
DE can lreely revolve with respect to stationary points A and
E on a horizontal straight line. The lengths of the rod AB=ED
and BC=CD. The masses of the rods are the same. Show that
the angles @ and B are related by the ratio tan @=3 tan § when
in equilibrium.

111. What is the coe!ﬁcnent of friction between a floor and
a box one t if a force of 600 kgf is
required to start the box moving?

112. A weightless unstretchable string is wound around a cy-
linder with a mass m (Fig. 42). With what minimum force Fn,
and at what angle @, to the horizon should the string be pulled

Fig. 89
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for the rotating cylinder to remain in place? The coefficient of
friction between the cylinder and the floor is k.

113. Figure 43 shows a simplified diagram of the steam engine
and crank gear of a steam locomotive. Fig. 43a and & correspond
to the moments when steam has been admitted into the left-
and right-hand parts of the cylinder, respectively. Calculate the
tractive effort for these cases when point C is on one vertical
line with the axis of the driving wheel. The pressure of the
steam in the cylinder is p, the area of the piston is A, the
radius of the driving wheel is R and the distance OC =r. Disre-
ga;:d the masses of the crank gear, the piston and the driving
wheel.

114. Bricks are so laid without a binder that a part of each
following brick extends over the one below (Fig. 44). Over what
maximum distance can the right-hand edge of the upper brick
extend over the right-hand edge of the lowermost brick that
serves as the base for the entire brickwork? The length of each
brick is L.

115. Find the centre of gravity of a thin homogeneous wire
bent to a semicircle with a radius r.
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118. Determine the centre of gravity of a homogeneous thin
semicircle with a radius r.

117. Determine the centre of gravity of a thm homogeneous
wire bent over an arc with a radius r (Fig. 45).

118. Determine the centre of gravity of a thin homogeneous
plate cut in the form of a sector with a radius r and a central
angle a (Fig. 46).

119. Determine the centre of gravity of a thin homogeneous
plate having the form of a rectangle with sides r and 2r which
a semicircle with a radius r is cut out of (Fig. 47).

1-6, Work and Energy

120. What work will be performed if a force of 3 kef is used
to lift a load of 1 kgf to a height of 5 metres?

121. In the formula for work W =kFs, the coefficient k=1
if all the quantities are given in the same system of units.
What is the coefficient & if the work is measured in joules, the
force in kgf and the distance in centimetres?
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122. In Guericke's experiment two copper hemispheres were
tightlv fitted to each other to form a hollow sphere from which
the air was fumped out. The hemispheres were held so tightly
together by the atmospheric pressure that they could be pulled
apart only with the aid of horses. How many horses are requi-
red to do this if each horse pulled with a force F? The radius
of each hemisphere was R and the atmospheric pressure p.

123. How do you explain the fact that when a stone is
dropped onto the ground, the change in the momentum of the
Earth is equal to that of the stone, while the change in the
kinetic energy of the Earth is neglected?

124. A pile with a weight of 100 kgf is forced into the ground
by a pile driver weighing 400 kgf. The latter freely drops from
a height of 5 metres and drives the pile to a depth of 5 cm
upon each impact. Determine the resistance of the soil, assuming
it to be constant.

125. A box with sand having the mass M is suspended from
a rope with a length L. The length of the rope is much greater
than the linear dimensions of the box. A bullet with a mass m
flies in a horizontal direction, strikes the box and gets stuck in
it. After this the rope is deflected by angle a from the vertical.
Determine the velocity of the bullet.

126. Two carts are pushed apart by an explosion of a powder
charge Q placed between them (Fig. 48). The cart weighing
100 gf travels a distance of 18 metres and stops. What distance
will be covered by the other cart weighing 300 gf? The coeffi-
cients of friction & between the ground and the carts are the
same.

127. Solve Problem 65 using the law of conservation of mo-
mentum and taking into account the change in the kinetic
energy of the wagon and the body.

128. A rocket launched vertically upward ejects hot gases
consecutively in two equal portions. The outflow velocity of the
gases relative to the rocket is constant and equal to u. What
should the time interval between combustion of the portions be
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for the rocket to reach a maximum altitude? The fuel burns
instantaneously. Disregard the resistance of the air.

120. The fuel in a rocket bums in equal portions with a
mass m. Combustion takes place imtantaneously. ill the outflow
velocity of the gases be constant with respect to the rocket if
the mechanical energy of the system changes the same amount
upon the combustion of each portion?

130. A body is first lifted to the top of a mountain over the
path ADC, and again over the path ABC (Fig. 49). Prove that
the work done will be the same provided the body is lifted
slowly 1f the coefficient of friction is the same on both slopes.

181. What force should be applied to the handle of a screw
jack to hold in equilibrium the load G lifted by the jack? The
pitch of the screw is & and the length of the handle is R. There
is no friction.

132. Find the maximum efficiency of a screw jack having no
special device to prevent back travel.

133. A rope ladder with a length I carrying a man with a
mass m at its end is attached to the basket of a balloon with
a mass M. The entire system is in equilibrium in the air. Find
the work the man should do to climb into the basket. What is
the velocity of the balloon if the man climbs the ladder with a
velocity o with respect to it?

134. How should the power of a pump motor change for the
pump to deliver twice as much waler in a unit of time through
a narrow orifice? Disregard friction.

135. A rectangular pif with an area at its base A and a depth
H Is half filled with wate:. A pump forces the water up onto
the surface through a cylindrical pipe *ith a radius R.

32042
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(1) What work is done by the pump if it pumps out all the
water during the time ?

(2) What work is done by the pump during the same time if a
rectangular stone slab with an area at its base A, and a height
h lies at the bottom of the pit? The depth of the water in the
pit is H/2 as before.

138. What work should a man do to walk up a subway esca-
lator moving down? The height of the escalator is A, its speed is cons-
tant and equal to v, and it is inclined at an angle @ to the horizon.

137. Calculate the potential energy of a deformed spring if
its elastic force F=kx, where & is the coefficient of spring elas-
ticity, and x is the deformation.

138, A man acting with a force F upon a stretched spring
stands in a railway carriage of a uniformly moving train (Fig. 50).
The train covered a distance L. What work will be done by the
man in a coordinate system related to the Earth?

139. A man stretches a spring attached to the front wall
of a rallway carriage over a distance / in a uniformly moving
train. During this time the train covered the distance L. What
work will be performed by the man in a coordinate system rela-
ted to the Earth? What will this work be in a system related
to the train? When the man stretches the spring he moves in
a direction opposite to that of the train.

140. Two absolutely elastic spheres with masses m, and m,
collide. Their initial velocities are v, and v,. Find the velocities
of the spheres after collision.

Consider the collision as central, the velocities of the spheres
being directed along the line connecting their centres. Apalyse
two cases: (1) the velocity of the second sphere before colli-
sion is zero, (2) the masses of the spheres are the same.

141. Two elastic blocks of equal mass m and connected by a
spring with a length I rest on an absolutely smooth horizontal
surface (Fig. 51). The coefficient of elasticity of the spring is .
A third block of the same mass m strikes the left-hand block
with a velocity v. Prove that the blocks connected by the
spring will always move in the same direction.

Determine the velocities of the blocks when the spring is
stretched as much as possible.

142, Two plates whose masses are m, and m,, respectively,
are connected by a spring (Fig. 52). What force should be ap-
plied to the upper plate for it to raise the lower one after the
pressure is removed? Disregard the mass of the spring.
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143. A ball moving with a velocity v strikes a wall moving
toward the ball with a velocity u (Fig. 53). An elastic impact
oceurs.

Determine the velocity of the ball after the impact. What is
the cause of the change in the kinetic energy of the ball?

Consider the mass of the wall to be infinitely great.

144. Two stones identical in mass and connected by a rope
with a length of [=239.2 metres are dropped from a height of
h=73.5 metres with an initial velocity of zero. The first stone
begins to fall T=2 seconds before the second one. In what
time will the stones reach the ground?

(1) Consider the rope to be absolutely elastic.

(2) Consider the rope to be absolutely inelastic.

145. Several identical elastic balls are so suspended in a row
on strings of equal length (Fig. 54) that the distances between
adjacent balls are very small. How will the balls behave if an
extreme ball is moved aside and then released; two, three, etc.,
balls are moved aside and released at the same time?

146. A row of balls of identical size are placed at small
intervals on a level surface (Fig. 55). The middle ball is made
.of steel and the others of ivory (the mass of the steel ball is
greater). An ivory ball (of the same mass) strikes the balls from
the right along the line of centres. How will the balls move
after the impact?

147. Equal weights of mass m are suspended from the ends
of a very long string thrown over two small stationary pulleys
at a distance of 2/ from each other (Fig. 56). Find the velo-

Fig. 53
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city of the weights after
a sufficiently long time if
a weight with a mass 2m
is attached to the middle
of the string.

148. A weight of mass
m, =536 g first kept near
the ceiling between points
A and B begins to lower
(FII;F 57). At what angle
ANB wili s velocity
equal in absolute value to
the velocity of a weight
with a mass m,=1,000 g?
How vill the weights move afterward?

149. A heavy board forming an angle a with the horizon
rests on two rollers of different radii. Determine how the board
will move if it does not slip. Disregard the mass of the rollers.

160. A homogeneous chain with a length 2/ and mass M
lies on an absolutelly smooth table. A small part of the chain
hangs from the table. At the initial moment of time the part
of the chain lying on the table is held and then released, after
which the chain begins to slide off the table under the weight
of the hanging end. Find the velocity of the chain when the
length of the hnn%ing part is equal to x (x </).

Determine (for the sarie moment of time) the acceleration of
th;lchaln and the force with which it acts on the edge of the

e

161. A wagon with a mass M can move without friction along
horizontal rails. A matiematical pendulum (a sphere with a
mass m susp-nded from a long string I) is fastened on the wa-
gon (Fig. 58) At ihe initial moment the wagon and the pendu-
lum were at rest and the string was deflected through an angle
a from the vertical. What will the velocity of the wagon be
when the pendulum string forms ar angle B (B < a) with the
vertical?

162, A wedge with a mass M rests on an absolutely smooth
horizontal surface. A block with a mass m is placed on the
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wedge. The block can slide along the wedge without friction
under the force of gravity. Assuming that the system was at
rest at the initial moment of time, find the velocity of the
wedge when the block lowers vertically through a height A.

153. A rod secured between two couplings can travel freely
in a vertical direction (Fig. 59). The lower tip of the rod
bears against a smooth wedge lying on a horizontal surface.
The mass of the rod is m and that of the wedge is M. There
is no friction. At the initiai moment the rod and the wedge
were at rest. ’

Find: the velocity v of the wedge at the moment the rod
lowers through the height A, the velocity u,,, of the rod relative
to the moving wedge and the acceleration a of the rod.

1-7. Kinematics of Curvilinear Motion

154, Two shaits A and B are joined by an endless belt that
transmits rotation from A to B. The speed of the driving shaft
is n,=3,000 rpm. A pulley with a diameter of D,=500 mm
is fitted onto the driven shait which should rotate at n, =600 rpm.
s\:llh‘ag is the diameter of the pulley to be fitted onto the driving

aft

155. The crawler of a tractor consists of n links, each with a
length of a. The radii of the wheels which the crawler is placed
on are R. The tractor moves at a speed v. It is assumed that
the crawler does not sag.

(1) What number of links move at this moment translationally,
how many of them are at rest (relative to the Earth) and how
many rotate on the wheels?

(2) The tractor covered a distance s>na. How much time
did each link of the crawler move translationally, remain at rest
and participate in rotational motion?

156. The following device is used to determine the velocities
of molecutes. A silver-coated wire heated by current is arran-
ged on a common axis of two cylinders fastened to each other
and rotating with an angular velocity o (Fig. 60). The internal
cylinder is provided with a slit which the molecules evapora-
ting from the wire fly into. The entire device is placed in a
vacuum. If the cylinders are at rest, the trace of the deposited
silver molecules appears at point A. If the cylinders rotate,
the trace appears at point B at a distance ! from A. Find




MECHANICS 29

the velocity of the molecules. The
radii of the cylinders are r and R.
167. To turn a tractor moving
at a speed of y,=18 km/h the
8 driver so brakes one of the craw-
lers that the axle of its driving
wheel begins to move forward at a
speed of v, = 14 km/h. The distance
between the crawlers d=1.5 met-
res. An arc of what radius will be
described by the centre of the trac-

Fig. 60 tor?

158. In mountains the following
phenomenon can be observed: a star being watched quickly disap-
pears behind a remote summit. (The sdime phenomenon can also
be observed on a plain if there is a sufficiently remote tall stru-
cture.) At what speed should the observer run to constantly
see the star at the same angular distance from the mountain?
The distance between the observer and the summit is
10 km. Assume that observations are being made at the

B

pole.

159. The current velocity of a river grows in proportion to
the distance from its bank and reaches its maximum v, in the
middle. Near the banks the velocity is zero. A boat is so moving
on the river that its velocity u relative to the water s
constant and perpendicular to the current. Find the distance
through which the boat crossing the river will be carried away
by the current if the width of the river is c. Also determine
the trajectory of the boat.

160. Four tortoises are at the four corners of a square with
a side a. They begin to move at the same time with a constant
speed v, the first one always moving in a direction toward the
second, the second toward the third, the third toward the fourth
and the fourth toward the first. Will the tortoises meet, and if
they do, in what time?

181. Two ships A and B originally at a distance of a=3 km
from each other depart at the same time from a straight coast-
lin2. Ship A moves along a straight line perpendicular to the
shore while ship B constantly heads for ship A, having at each
moment the sanie speed as the lailer. After a sufficiently great
interval of time the second ship will obviously follow the first
one at a ce:tain distance. Find this distance.
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162. A body is thrown with an initial velocity v, at an ang-
le @ to the horizon. How long will the body fly? At what
distance from the spot where it was thrown will the body fall
to the ground? At what angle a will the distance of the flight
be maximum? At what height will the body be in the time
after the motion begins? What will the veloclty of the body be
in magnitude and direction at the given moment of time?

Consiler © to be greater than the time during which the body
reacl- . the i height. Disreg: the resist of the air.

165 Fiad the trajectory of the body thrown at an angle to
e hoi'zon (see Problem 162).

164. A rubber ball is to be thrown from .the ground over
a vertical wall with a height & from a distance s (Fig. 61). At
what minimum initial velocity is this possible? At what angle @
to the horizon should the velocity be directed in this case?

)
g
RS

Fig. 64
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165. A body is thrown into a river from a steep bank with
a height H. The initial velocity of the body forms an angle ¢
with the horizon and is equal to v,. At what distance from the
bank will the body fall? In how many seconds will the body
be at a height i above the water after motion begins? What is
the velocity of the body when it falls into the water?

166. At what angle to the horizon should a stone be thrown
from a steep bank for it to fall into the water as far as pos-
sible from the bank? The height of the bank h, =20 metres and
the initial velocity of the stone v, =14 my/s.

187. Two bodies are thrown at the same time and with an
equal initial velocity v, from point x=y =0 at various angles &,
and a, to the horizon (Fig. 62). What is the velocity with which
the bodies move relative to each other? What will the distance
between the bodies be after the time t elapses?

168. A dive-bomber droEs a bomb from a height A at a dis-
tance [ from the target. The speed of the bomber is v. At what
angle to the horizon should it dive?

169. A passenger car is driving over a level highway behind
a truck. stone got stuck between double tyres of the rear
wheels of the truck. At what distance should the car follow the
truck so that the stone will not strike it if it flies out from
between the tyres? Both vehicles have a speed of 50 km/h.

170. A ball freely falls from a height & onto an inclined plane
forming an angle ¢ with the horizon (Fig. 63). Find the ratio
of the distances between the points at which the jumping ball
strikes the inclined plane. Consider the impacts between the ball
and the plane to be absolutely elastic.

171. Find the acceleration of body A which slides without
initial velocity down a helical groove with a pitch & and a ra-
dius R at the end of the n-th turn (Fig. 64). Disregard friction.

172. Two stecl slabs M and N with a height & are placed on
sand (Fig. 65). The distance between the slabs /=20 cm. A ball
whose velocity has not been determined exactly moves over
slab M. It is only known that this velocity ranges between
200 cm/s and 267 cm/s.

(1) At what height & is it impossible to predict the horizontal
direction of the velocity of the ball at the moment when it
falls onto the sand? (Before it touches the sand, the ball strikes
slab N at least once.)

(2) At what minimum height of the slabs is it impossible to
predict the spot on section ! which the ball will strike? Disre-
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gard the duration of the impact between the ball and the slab,
and consider the impact to be absolutely elastic.

173. A solid homogeneous disk rolls without slipping over
a horizontal path with a constant velocity v (Fig. 66).

(1) Prove that the linear velocity of rotation of any point of
the disk on its rim with respect to the centre O is equal to the
translational velocity of the disk.

(2) Find the magnitude and direction of the velocities of
points A, B, C and D on the rim of the disk with respect to
a standing observer.

(3) What points of the disk have the same absolute velocity
as the centre of the disk relative to a standing observer?

174. A moving cart is shown on a cinema screen. The radius
of the front wheels of the cart r=0.35 metre and that of the
rear ones R=1.5 r. The front wheels have N, =6 spokes. The

A

G

N

Fig. 67 Fig. 68
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film in the cinema camera moves with
a speed of 24 frames per second.

Assuming that the wheels of the cart
do not slip, find the minimum speed
with which the cart should move for
its front wheels to seem stationary on
the screen. What minimum number of
spokes N, should the rear wheels have
for them also to seem stationary?

176. At what speeds of the cart mo-
ving from the left to the right (see Prob-
lem 174) will it seem to the audience
that: (1) the spokes of the wheels rotate
counterclockwise? (2) the spokes of the front and rear wheels
rotate in opposite directions? There are six spokes on each front
and rear wheel.

178. A spool consists of a cylindrical core and two identical
solid heads. The core rolls without slipping along a rough hori-
zontal block with a constant velocity v (Fig. 67). The radius
of the core is r and that of the heads is R.

What instantaneous velocity will points A and B on the rim
of one of the heads have? What points on the heads have an
instantaneous velocity equal in magnitude to the velocity of the
spool core?

177. Draw the trajectories of points A, B and C of a spool
(Fig. 68) rolling with its cylindrical core without slipping along
a block (see Problem 176).

Fig. 69

Fig 70
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178. A ball bearing suEpoﬂs the end of a shaft rotating with
an angular velocity o. The diameter of the shaft axis is d and
that of the race is D (Fig. 69). Find the linear velocity of
motion of the centre of one of the balls if the race is statio-
nar{ or rotates with an angular velocity of Q. Assume that in

cases the balls do not slip hen they roll over the shaft.

179. A cone rolls without slipping along a plane. The axis of
the cone rotates with a velocity @ around a vertical line passing
through its apex. The height of the cone 1s & and the angle
between the axis and the generatrix of the cone is a. What is
the angular velocity with which the cone rotates around its axis?
Also determine the linear velocity of an arbitrary point on the
diameter of the cone base lymg m a vertlcal plane

180. Figure 70 shows lly a tr
of a motor vehicle that does not allow the driving wheels ol the
vehicle to slip when negotiating a curve. (In this case the wheels
should revolve at different speeds.)

The engine rotates wheel B rigidly mounted on axle A around
which a pair of bevel gears E can freely rotate. These gears
mesh with another pair of bevel gears along which they run when
axle A rotates. The axle of the driving wheels (usually the rear
ones) is divided into two halves that carry on their ends gears C
and D. These halves can rotate with various angular velocities,
remaining connected by the differential transmission.

Find the relationship between the angular velocities 2, o,
o, and ©, of the differential transmission if the radii of gears E
are equal to r and the radii of gears D and C are r,.

1-8. Dynamics of Curvilinear Motion

181. Determine the tension of the rope of a ballistic pendulum
(see Problem 125) at the moment when it is struck by a bullet.
182. Four identical weights are secured on a flexible un-
stretchable string whose weight may be neglected (Fig. 71). The
entire system rotates with an angular velocity © aound a ver-
tical axis passing through point O. The weights move over
a smooth level surface. Determine the tension of the string in
vanous sections.
. Masses m, and m, are fastened to the ends of a weight-
Icss md with a length l. The velocities of these masses are in
one plane and are equal to v, and v,, respectively (Fig. 72).
Find the velocity which the centre of gravity of the system
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moves with and the angular velocity which the rod rotates with
relative to an axis passing through the centre of gravity.

184. A cannon is at the centre of a platform freely rotating
around a vertical axis. The axis of rotation passes through the
breech of the cannon. A she!l is fired in a horizontal dlrection
along the radius of the platform. Will the velocity of rotation
change in this case?

185. A small body begins to slide without Initial velocity
down an inclined plane with a height H (Fig. 73). Assuming
that there is no friction and the impact of the body against
horizontal plane AB is absolutely elastic, determine the nature
of motion of the body after it leaves the inclined plane. Answer
the same question if the impact is absolutely inelastic.

186. What is the minimum radius of an arc that can be nego-
tiated by a motor-cyclist if his speed is v=21 m/s and the
coefficient of friction between the tyres and the ground £=0.3?

To what angle @ to the horizon should the motor-cycle be
inclined in this case?

187. A massive sphere is fitted onto a light rod (Fig. 74).
When will the rod fall faster: if it is placed vertically on
end A or on end B? The end of the rod on the ground does
not slip.

183. A massive sphere is secured on the end of a light rod
placed vertically on a floor. The rod begins to fall without any
initial velocity. At what angle @ betwéen the rod and a ver-
tical will the end of the rod no longer press on the floor?

At what coefficient of friction will the end of the rod not
slip up to this moment?

o° Vi
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Fig. 72
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189. At what distance from the bottom of the rod will the
sphere (see Problem 188) fall if the coefficient of friction
® 5

>3-

190. A wire is bent along an arc with a radius R (Fig. 75).
A bead is placed on the wire that can move along it without
friction. At the initial moment the bead was at point 0. What
horizontal velocity should be imparted to the bead for it to
get onto the wire again at point B after flying a certain di-
stance (AB) through the air?

191. A small body slides down an inclined surface passing
into a loop from the minimum height ensuring that the body
does not leave the surface of the loop (Fig. 76). What symmet-
rical segment with an angle @ < 90° can be cut out of the loop
for the body to reach point B after travelling a certain distance
in the air?
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How will the body move if the angle @ is greater or smaller
than the found one? Disregard friction and the resistance of
the air.

192. Three weights moving circularly are attached to the ends
of a string passing over two nails (Fig. 77). Two weights with
a mass m each hang on the left and one weight with a mass
2m on the right. Will this system be in equilibrium?

193. A ball is suspended from a very thin string. The latter
is brought into a horizontal position and is then released. At
what points of the trajectory is the acceleration of the ball
directed vertically downward, vertically upward and horizon-
tally? The string is not tensioned at the initial moment.

194. A weightless rod can rotate in a vertical plane with
respect to point 0. The rod carries masses m, and m, at distan-

4
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ces r, and r, from O (Fig. 78). The rod is released without any
initlal velocity from a position forming an angle @ with the
vertical. Determine the linear velocities of masses m, and m,
when the rod reaches a vertical position.

195. A plumb to which a small bal! is attached by means
of a string with a length of /=12.5 cm is secured on the axis
of a centrifugal machine. Find the angle @ through which the
string deflects from the vertical if the machine makes one revo-
lution per second, two revolutions per second.

198. A rigid rod bent as shown in Fig. 79 rotates with an
angular velocity  around axis 00’. A weight with a mass m
is attached to the end of the rod. Find the force which the
rod acts with on the mass m.

197. A rigid rod AOO’ bent as shown in Fig. 80 rotates with
an angular velocity © around axis 00'. A bead is fitted onto

A
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the rod. Find the distance / from point O at which the bead
will be in equilibrium if the coefficient of friction between the
bead and the rod is k.

198. A weight with a mass m is attached to the end of
a string with a length | fastened to a vertical rod rotating
with an angular velocity ©. Another string of the same length
as the first and carrying on its end another weight with a mass
m is secured to the first weight.

Prove that during rotation the angle between the first string
and the vertical will be smaller than the angle between the
vertical and the second string. Disregard the weight of the
string.

199. A weightless rod carries two weights of mass m and M.
The rod is hinge-jointed to vertical axis 00’ (Fig. 81), which
rotates with an angular velocity . Determine the angle ¢ for-
med by the rod and the vertical.

200. A horizontal straight bar rotates with a constant angular
velocity around a vertical axis. A body can move without friction
over the bar. Initially, the body is retained in equilibrium by
a spring (Fig. 82). What will happen 1o the body if an initial
velocity is imparted to it along the bar? The length of the spring
in an d state can be neglected

201. A metallic chain with a length of / =62.8 cm and whose
ends are joined together is fitted onto a wooden disk (Fig. 83).
The disk rotates with a speed of n=60 rps. Find the tension
of the chain T if its mass is m=40 g.

202. Water flows with a velocity v along a rubber tube havir%
the form of a ring (Fig. 84). The radius of the ring is R an
the diameter of the tube d<€R. Wnat force is the rubber tube
stretched with?

203. A homogeneous rod with a length / and a mass m rotates
with an angular velocity ® in a horizontal plane around an axis
passing through its end. Find the tension of the rod at a distance x
from its axis of rotation.

204. A ball with the mass m secured on a weightless rod ro
tates with a constant velocity v in a horizontal plane (Fig. 85).
Its kinetic energy in a coordinate system that is stationary with
respect to the axis of rotation is constant and equal to muv?/2.

The kinetic energy changes with time from zero to 4muv?/2 with
respect to a reading system that moves rectilinearly in a hori-
zontal plane with a velccity v relative lo the axis Wit is the
reasd)n for this change in the energy?

4—2042
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205. A thin homogeneous hoop rolls over a horizontal surface
with a constant velocity v. How and under the action of what
forces does the total energy of a small section AB that is at the
highest xoint of the loop at the given moment change?

208. A heavy spool with a thread wound on it lies on a rough
horizontal surface over which it can roll without slipping. If the
thread is pulled to the left in a horizontal direction, the spool
will also move to the left. If the direction of the thread is changed
(Fig. 86), the spool will begin to roll to the right at a certaip
angle @ between the direction of the thread and a vertical line.

Determine this angle. What will happen to the spool at the
given value of this angle? The radius of the spool heads is R
and that of its core is r.

207. Find the kinetic energy of a hoop with a mass M and a
radius R if it moves uniformly with a velocity v and rotates
with an angular velocity ©
around an axis passing through
its centre.

208. Find the kinetic energy
of the crawler of a tractor mo-

L)
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Fig. 88 Fig. 89

ving with a speed v. The distance between the centres of the
wheels which the crawler is placed onto is I. The radius of the
wheels is 7. A unit of crawler length weighs G.

209. Two cylinders of equal mass and size are made of unknown
materials of different density. How is it possible to tell which
of the two is hollow?

210. A flexible cable is wound in one row around a drum
with a radius R (Fig. 87). The weight of a unit of cable length
is p. The entire cable weighs G. The drum moves by inertia
without slipping along a horizontal surface, and the cable is
wound off onto it.

At the initial moment, when the cable was completely wound
on the drum, the velocity of the drum centre was v.

Appraise the velocity of the drum centre at the moment of
time when a part of the cable with a length x lies on the sur-
face, neglecting the radius of the cable cross section (in compa-
rison with R) and the mass of the drum.

What force changes the momentum of the cable?

211. A friction force f is applied to a pulley with a radius r
rotating around a stationary axis (Fig. 88). Determine the change
in the angular velocity of the pulley with time if this velocity
is @, at the initial moment. The mass of the pulley is m and
the mass of the spokes can be neglected.

212. A hoop of radius 7 rotating with an angular velocity o,
is placed on a rough horizontal surface. Determine the velocity v
of the centre of the hoop when the hoop ceases to slip. At the
initial moment the velocity of the centre of the hoop is zero.

213. A translational velocity v, is imparted in a horizontal
direction to a hoop with a radius  placed on a rough horizontal

4
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surface. Find the angular veloclty o of rotation of the hoop
after it stops slipping.

214. A hoop with a radius r rotating with an angular veloci-
ty @, is placed on a rough horizontal surface. A translational
velocity v, is imparted to the hoop (Fig. 89). Determine the
nature of the motion of the hoop, assuming that the force of
sliding friction is f.

215. A cylindrical tube with a radius 7 is connected by means
of spokes to two hoops with a radius R. The mass of both the
hoops is M. The mass of the tube and the spokes in comparison
with the mass M can be neglected. A string passed over a weight-
less pulley is wound around the tube. A weight with a mass m
is attached to the end of the string (Fig. 90).

Find the acceleration of the weight, the tensicn of the string
and the force of friction acting between the hoops and the sur-
face. (Assume that the hoops do not slip.) Also determine the
coefficient of friction at which the hoops will- slip.

216. A spool lies on an inclined plane. A thread is wound on
the spool and its free end carrying a weight having a mass m is
thrown over a weightless pulley (Fig. 91). It is assumed that the
mass of the spool M is uniformly distributed over a circle with
a radius R and there is no friction. Determine the angle of in-
clination @ at which the centre of gravity of the spool will be
at rest.

217. A board with a mass M is placed on two identical cy-
lindrical rolls with a radius R. The rolls rest on a horizontal
surface. At the initial moment the system is at rest. Then, a
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% force Q is applied to the board in a hori-
zontal direction. Find the acceleration of
the board and the forces of friction acting
between the rolls and the board and also
between the rolls and the horizontal sur-
face. The rolls have the form of thin-walled
cylinders with a mass m each and do not
slip.

218. A double-step pulley consists of two

rigidly connected thin hoops with radii R

and r and masses M, and M,, respectively.

Strings carrying weights m, and m, at

their ends are passed around each step

7% (Fig. 92).
Find the acceleration of the weights m,
7 and m,, the tension of the strings and the
force with which the system acts on the
Fig. 92 axis of the pulley.

219. A homogeneous thin-walled cylinder.
with a radius R and a mass M rolls without slipping under the
force of gravity down an inclined plane forming an angle @ with
the horizon.

Using the law of conservation of energy, determine the velo-
city of the centre of gravity and the angular velocity of cylin-
der rotation when the time ¢ elapses aiter motion begins. (Itis
assumed that the cylinder is at rest at the initial moment.) Also
find the acccleration of the centre of gravity of the cylinder.

1-9. The Law of Gravitation

220. Why does the Earth impart to all bodies the same ac-
celeration irrespective of tneir mass?

221. Find the magnitude and dimension of the gravitational
constant in the CGS system, bearing in mind that the mean ra-
dius of the Earth is R =6.4x 10® cm and its mass M =6x 10* g.

222. 'n what conditions will bodies inside a spaceship be
we;;l’;tless, i.e., cease to exert any pressure on the walls of the
cabin

223. A hght pendulum consisting of a rod and a disk (Fig. 93)
:s attached to a wooden block which can freely fall along guid-
ng wires.
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The pendulum is brought out of equilibrium through an angle @
and released. At the moment when the pendulum passed through
its lowermost position, the block was released andp began to fall
freely. How will the pendulum move with respect to the block?
Disregard friction and the resistance of the air.

. A |Elanet moves along an ellipse having the Sun in its
focus. Taking into account the work of the force of gravity,
indicate the roints on the trajectory at which the velocity of
the planet will be maximum and minimum.

225. An artificial satellite of the Earth moves at an altitude
of k=670 km along a circular orbit. Find the velocity of the
safellite.

228. How will the velocity of an artificial satellite of the
Earth change with time when it moves in the upper layers of
the atmosphere?

227. Two satellites move along a circular orbit in the same
direction at a small distance from each other. A container has
to be thrown from the first satellite onto the second one. When
will the container reach the second satellite faster: if it is
thrown in the direction of motion of the first satellite or in
the opposite direction? The velocity of the container with re-
spect to the satellite u is much less than that of the satellite v.

228. Determine the mass of the Sun M if the mean radius of
the Earth’s orbit is R=149x10¢ km.

229. Determine the minimum distance & from the first Soviet
artificial satellite launched on October 4, 1957, to the Earth's
surface if the following data are known: the maximum distance
between the satellite and the Earth H =900 km, the period
of revolution around the Earth 7 =96 minutes, the major se-
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miaxis of the Moon’s orbit R =384,400 km, the period of ro-
tation of the Moon around the Earth T =27.3 days and the
Earth’s radius R,=6,370 km.

230. An air bubble with a radius r and an iron ball with the
same radius are present in water. Will they be attracted or
repulsed from each other? What is the force of interaction bet-
ween them? The distance between the centre of the ball and the
bubble is R. R

231. Two air bubbles with a radius r are present in water.
Are the bubbles attracted or repulsed? What is the force of in-
teraction between them? The distance between the bubbles is R.

232. A lead ball with a radius of R=>50 cm has inside a
spherical space with a radius r=>5 cm whose centre is at a
distance of d=40 cm from the centre of the ball (Fig. 94).

With what force will a material particle with a mass of
m=10 g at a distance of /=80 cm from the centre of the
ball be attracted to it if the line connecting the centres of the
ball and the space forms an angle @ =60° with the line conne-
cting the centre of the ball and the material particle?

233. A body whose dimensions may be neglected is placed
inside a thin homogeneous sphere. Prove that the force of at-
traction acting from the sphere on the body is zero irrespective
of its position in the sphere.

234. What is the force with which a body with a mass m
in a deep mine will be attracted to the centre of the Earth
if the distance between the body and the Earth's centre is r?
The density of the Earth is the same everywhere and equal to p.

1-10. Hydro- and Aerostatics

235. A block floats vertically in a glass filled with water. How
will the level of the water in the glass change if the block as-
sumes a horizontal position?

238. A vessel filled with water
is placed on the edge of a board
(Fig. 95). Will equilibrium be vio-
lated if a small board carrying a
weight is placed on the surface of
the water?

237. A plece of ice floats in a
glass filled with water. How will
the level of the water in the
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glass change when the ice melts? Consider the following ca-

(1) the ice is absolutely homogeneous;

(2) a stone is frozen in the ice;

‘3) the ice contains an air bubble.

258. A solid homogeneous body submerged into a liquid with

specific weight of y, weighs G,, and in a liquid with a spe-
ciﬁchweight of v, it weighs G,. Determine the specific weight v
of the .

239. A hole is cut in the ice in the middle of a large lake.
The ice is 10 metres thick. What length of rope is required to
scoop up a bucketfu! of water?

240. A match-box with a sinall stone on its bottom floats in
a cup filled with water. Will the level of the water in the cup
change if the stone is taken out of the box and dropped into
the water?

241. A ship passing through a lock rises to a higher level in
a chamber of the lock into which water is pumped from the
side of the lower level (Fig. 96). When will the pumps perform
more work: when a large ship is in the chamber, or a small boat?

242. A square with a side a and a rectangle with sides a and
2a are cut out from two plates of equal thickness with specific
welghts of 3.5 gf/em® and 2 gf/em®, the square being cut out of
the heavier materiai. The square and the rectangle are fastened
together in the form of the letter L and placed upside down on
the bottom of an empty vessei (Fig. 97). What will occur if the
vessel is filled with water?

®
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243. A tube floats vertically in water (Fig. 98). The portion
of the tube ﬁrotrudlng from the water is A=5 cm. Oil with a
specific weight of y=0.9 gf/cm® is poured into the tube. What
le;; th ‘lc‘:n the tube have so that it can be completely filled
with oil

244. A vessel wiih water falls with an acceleration a < g.
How does the pressure p in the vessel changé with depth?

245. A vessel with a body floating in it falls with an accele-
ration a < g. Will the body rise to the surface?

246. A cart supports a cubic tank filled with water up to its
top (Fig. 99). The cart moves with a constant acceleration a.
Determine the pressure at point A which is at a depth & and a
distance [ from the front wall, if the tank Is tightly closed with
a lid. In uniform motion the lid does not exert any pressure on
the water.

247. A rubber ball with a mass m and a radius R is submer-
ged into water to a depth 4 and released. What height will the
ball jump up to above the surface of the water? Disregard the
resistance of the water and the air.

248, Mercury is poured into two communicating cylindrical
vessels, and water is poured inl above it. The level of the water
is the same in both vessels. Will the level of the water and the
mercury be the same if a plece of wood is dropped inio one
vessel and some water equal in weight to this piece is added to
the other? Consider cases when the cross sections of the vessels
are the same or different.

Fig. 97
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Fig. 9

249. Mercury is poured into cylindrical communicating vessels
with different cross sections. An iron block with a volume V, is
dropped into the broad vessel, and as a result the level of the
mercury in it rises. Then water is poured into the vessel until
the mercury reaches the previous level. Find the. height of the
water column h if the cross section of the narrow vessel is A,.

250. One end of a board with a length / is placed on top of
a stone Erotruding from water. Part a is above the point of
support (Fig. 100). What part of the board is below the surface
of the water if the specific weight of wood is y?

251. A conical vessel without 'a bottom tightly stands on a
table. A liquid is poured into the vessel and as soon as its level
reaches the height A, the pressure of the liquid raises the vessel.
The radius of the bottom greater base of the vessel is R, the
angle between the cone generatrix and a vertical is a, and the
weight of the vessel is G. What is the density of the liquid?

252. Can water be pumped over a
wall 20 metres high with the aid of
a syphon?

Fig 101 Fig. 102



MECHANICS 59

S

7
Fig. 103 Fig. 104

253. The vessel shown in Fig. 101 is entirely filled with wa-
ter. What will happen if plug A is removed? The radius of the
hole is about 0.5 cm.

254. Four piston pumps are made of pipe sections with a large
and a small diameters. The chmps lifted water to the same
height H+h (Fig. 102). Which of the pistons should be pulled
with a greater force to keep it in equilibrium? Disregard the
weight of the pistons.

255. A piston weighing G=3 kgf has the form of a circular
disk with a radius R=4 cm. The disk has a hole into which a
thin-walled pipe with a radius r=1 cm is inserted. The piston
can enter a cylinder tightly and without friction, and is initially
at the bottom of the cylinder. What height H_will the piston
rise to if m=700 g of water is poured into thé pipe?

256. A vessel with a hole in its bottom is fastened on a cart.
The mass of the vessel and the cart is M and- the area of the
vessel base is A. What force F should the cart be pulled with
so that a maximum amount of water remains in the vessel? The
dimensions of the vessel are shown in Fig. 103. There is no
friction.

257. The following design of a perpetuum mobile was suggested
(Fig. 104). A hermetic vessel is divided into two halves by an
air-tight partition through which a tube and a water turbine of
a special design are passed. The turbine is provided with cham-
bers having covers which close and open automatically. The
pressure p, in the lower part of the vessel is greater than the
pressure p, in the upper part, and the water rises along the tube
filling an open chamber of the turbine. After this the chamber
closes and the disk turns. In the lower part of the vessel the
chamber opens automatically and returns the water. After this
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the chamber closes hermetically, etc. Why will this machine not
function perpetually?

258. The following alternative of the machine described in
Problem 257 was suggested. Air-tight chambers (Fig. 105) are
filled with water in the right-hand side of the disk and lower.
At the bottom the chambers open and, in contrast to the ma-
chine in Problem 257, the walls of the chambers are automati-
cally retracted into the disk. In the upper portion of the vessel
the walls are automatically pushed out and the chambers are
filled with water. Otherwise this perpetuum mobile is designed
on the same lines as the previous one. Why will it also fail
to work? .

259. Three vessels with attached bottoms are submerged into
water to the same depth (Fig. 106). Each bottom will fall
off if the respective vessel is filled with 1 kgf of water. Will
the bottom fall off if the vessels are filled with 1 kgf of oil?
1 kgf of mercury? or if a weight of 1 kgf is placed into each
vessel?

260. A body is weighed on an accurate analytical balance
placed under a glass hood. Will the reading of the balance
change if the air is pumped out from the hood?

261. A man carries a tyre tube and decides to make it light-
er by using the expulsive force of air (according to Archi-
medes’ principle). For this purpose he inflates the tube, thus
increasing its volume. Will his aim be achieved?

262. What error is made in weighing a body with a volume
of V=1 litre if when weighed in the air copper weights weigh-
ing G,=800 gf are placed on the pan of the palance. The
specific weight of copper y, = 8.8 gf/em? and cf air y, = 1.29gf/litre.
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263. A cup and a U-shaped mercury barometers are brought
into equilibrium on a very sensitive balance (Fig. 107). The
barometers are made of the same material, have tubes of the
same diameter and contain the same amount of mercury. The
distance between the scldered ends of the tubes and the upper
levels of the mercury in them is also the same. How will the
equilibrium of the balance change if the atmospheric pressure
grows?

264. Appraise the weight of the Earth’s atmosphere.

265. An air mattress is filled with air to a certain pressure
exceeding the atmospheric pressure. When will the air pressure
in the mattress be greater: when a man stands on 1t or when
he lies on it?

266. A wheel of a motor vehicle is designed as follows.
A rubber tube enclosed in a tyre casing is placed onto a me-
tallic rim. The tube is then inflated with air. The air pressure
in the top and the bottom of the tube is the same. Besides
the air pressure, the rim is acted upon by the force of gravits
(Fi%. 108). Why does the rim not lower? What holds 1t in a
state of equilibrium?

267. A steam boiler consists of a cylindrical portion and two
hemispherical heads (Fig. 109), all of the same radius. The cy-
linder walls are 0.5 cm thick. All the parts of the Coiler are
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made of the same material. How thick should the walls of the
heads be for the strength of all the parts of the boiler to be
identical?

268. What shape should a steam boiler be given to obtain
the maximum strength with the given wall thickness?

269. Why is ballast always taken on a stratosphere balloon,
although extra weight inevitably decreases its ceiling?

1-11. Hydro- and Aerodynamics

270. Two holes with an area of A=0.2 cm?® each are drilled
one above the other in the wall of a vessel filled with water.
The distance between the holes H =250 cm. Every second
Q =140 cm® of water is poured into the vessel. Find the point
where the streams flowing out of the holes intersect.

271. A broad vessel with water stands on a smooth surface.
The level of the water in the vessel is h. The vessel together
with the water weighs G. The side wall of the vesselhas at the
bottom a plugged hole (with rounded edges) with an area A. At
what coefficient of friction between the bottom and the surface
will the vessel begin to move if the plug is removed?

272. When a stream of liquid flows out of a vessel through
a hole with an area A,, the force that acts on the wall with
the hole is 2pA, smaller than the force acting on the opposite
wall (see Problem 271).

If a tube is inserted into the hole as shown in Fig. 110, the
difference between the forces acting on the opposite walls will
approximately equal pA,, since the tube will prevent the motion
o? the liquid near the walls.

On the other hand, the change in the momentum of the lj-
quid flowing out of the vessel in a unit of time is always 2pA4,

Fig. 108 Fig. 109
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Fig. 110 Fig. 111

where A is the cross-sectional area of the stream. How can these
two facts be brought into agreement?

273. A stream of water flowing out of a pipe with a diameter
of d=1 cm at a velocity of v=1 m/s strikes a vertical wall.
Determine the force acting on the wall, assuming that the pipe
is perpendicular to it and neglecting splashing of the water.

274. A gas flows with a velocity v along a pipe with a cross
section A bent through 90 degrees. The density of the gas is p.
What force does the gas act on the pipe with? Disregard the
compression of the gas and friction.

275. Find the force acting on the blade of an undershot wheel
(Fig. 111) if the stream after impinging on the blade continues
to move with the velocity of the blade.

The height of the water head is h, the radius of the wheel
is R, the angular velocity of the wheel is @ and the cross-sec-
tional area of the stream is A.

Fig 112 Fig 113
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Fig. 114 Fig. 115

276. A ship gets a large hole in its underwater portion
(l:ig.ll?l2)‘ In what direction will it begin to move as a result
of thlsi

277. A liquid flows out of a broad vessel through a narrow
pipe (Fig. 113). How are the pressure and velocity of the liquid
in the vessel and in the pipe distributed along a vertical?

278. The vessel with water described in the previous problem
is suspended from a spring balance. The lower end of the pipe
is closed with a plug. How will the reading of the balance
change at the first moment after the plug is removed and the
liquid begins to flow out?

279. A vessel with water is placed on one pan of a balance
in equilibrium (Fig. 114). Will the equilibrium change if the
cock is opened? The outflowing water gets onto the same pan
on which the vessel is placed.

280. Figure 115 shows a self-acting water lifting device cal-
led a hydraulic ram. The principle of its operation is based on
the phenomenon of a hydraulic impact —a sharp increase in the
pressure of a llquid flowing along a tube when its flow is sud-
denly stopped, for example, by the shutting of a valve that
discharges the water from the tube.

A tube with a length of /=2 metres and a diameter of
d=20 cm is lowered into a brook with a current velocity of
v=400 cm/s.
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Fig. 116 Fig. 117

First let valve V, be open and valve V, be shut. A sharp
increase in pressure will cause valve V, to open (valve V, will
close at the same time) and the water will flow up into ves-
sel A. The pressure drops, valve V, shuts and V, opens. The
water in thehetube assumes its course and the phenomenon is

peated in the previ

Find the amount of water raised by the ram in one hour to
a height of h=30 metres if each valve opens thirty times a
minute.

281. During storms, when the velocity of the wind is very
high, it tears off the roofs of buildings. Two cases can be dis-
tinguished: (1) if the roof is fastened more firmly at points A
and B than at ridge C, the wind will break the roof along
ridge C and raise both halves up (Fig. 116a); (2) if the roof is
secured more firmly at the ridge and less firmly at points A
and B, the wind will first lift the roof up and then carry it
aside (Fé}. 116b). How do you explain this phenomenon?

282. Why will a light celluloid ball placed in a stream of
a gas or water issuing at a high velocity from a tube with a
narrow neck freely hover in this stream (Fig. 117)?

283. The demonstration device shown in Fig. 118 consists of
two disks A and B. The hole in the centre of disk A is con-
nected by a pipe to a cylinder containing compressed air. Disk
B hangs on three pins along which it can move freely up and
down. If a stream of compressed air is passed through the pipe,
the lower disk will begin to knock against the upper one.
Explain the cause of this phenomenon.

5—2042
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Fig. 118 Fig. 119

284. The bottom of a broad vessel is provided with a narrow
tube through which the water can flow out of the vessel
(Fig. 119). A screen is placed between the vessel and the tube.

If a light ball is submerged to the bottom of the vessel the
water flows out of it, and the ball will not rise to the surface.

If the outflow of the water is stopped, the ball will imme-
diately rise to the surface. Why?

(This experiment can easily be conducted in a sink with a
ping pong ball.)

285. A pump is designed as a horizontal cylinder with a pis-
ton having an area of A and an outlet orifice having an area
of a arranged near the cylinder axis. Determine the velocity of
outflow of a liquid from the.pump if the piston moves with a
constant velocity under the ‘action of a force F. The density of
the liquid is p.

Fig 121
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286. In Problem 285, the velocity v may become infinitely
high even with a small force F when a— A. Explain this pa-
radoxical phenomenon.

287. A water clock (clepsydra) used in ancient Greece is de-
signed as a vessel with a small orifice O (Fig. 120). The time
is determined according to the level of the water in the vessel.
What should the shape of the vessel be for the time scale to
be uniform?

288. A cylindrical vessel with a liquid rotates with an angu-
lar velocity © around a vertical axis (Fig. 121). Determine the
change of pressure in the horizontal cross section of the vessel
dependlni on the distance to the axis of rotation.

Note. Apply the method described in solving Problem 203.

289. Find the shape of the surface of a liquid in a cylindri-
cal vessel rotating with an angular velocity ® around a vertical
axis (i.e., the height of the liquid level depending on the dis-
tance to the axis of rotation).

290. Why do the tea leaves gather in the middle of a glass
after stirring?



CHAPTER 2
HEAT.
MOLECULAR PHYSICS

2-1. Thermal Expansion of Solids and Liquids

291. An iron tyre is to be fitted ontoa wooden wheel 100 cm
in diameter. The diameter of the tyre is 5 mm smaller than
that of the wheel. How much should the temperature of the
tyre be increased for this purpose? The coefficient of linear ex-
pansion of iron a@,=12x10"* deg™!.

292. Why is only iron or steel used as reinforcement in con-
crete structures, while other metals, duralumin for example, are
never employed?

293. Why is a greater time required to measure the tempera-
ture of a human body with a thermometer than to shake it down?

204. The height of a mercury column measured with a brass
scale at a temperature of f, is H,. What height H, will the
mercury column have at #,=0°C? The coefficients of linear ex-
tansion of brass @ and of volume expansion of mercury y are

nown.

295. How can the temperature of a human body be measured
with a thermometer if the temperature of the ambient air is

?

296. Determine the lengths of an iron and a copper ruler [, and
I; at t=0°C if the difference in their lengths at ¢,=50°C and
t,=450°C is the same in magnitude and equal to /=2 cm. The
coefficient of linear expansion of iron @, =12x10"* deg~* and
of copper @,=17x10"* deg™*.

297. The period of oscillations of a pendulum depends on the
length, which changes with the temperature. How should the
l)enrlulum be suspended so that its length does not change with
he temperature?

298. A glass cylinder can contain m,=100 g of mercury at
a temperature of #,=0°C. When f,=20°C, the cylinder cancon-
tain m,=99.7 g of mercury. In both cases the temperature of
the mercury is assumed to be equal to that of the cylinder. Use
these data to find the coefficient of linear expansion of glass a,
bearing in mind that the coefficient of vorume expansion of
mercury y,=18x10"% deg™*
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299. A clock with a metallic pendulum is v, =5 seconds fast
each day at a temperature of ¢,= +15°C and v,=10 seconds
slow at a temperature of ¢,== 4+30°C. Find the coefficient & of
thermal expansion of the pendulum metal, remembering that the

period of oscillations of a pendulum T=2n‘/;, where 1 is
the length of the pendulum and g is the gravity acceleration.

2-2, The Law of Conservation of Energy.
Thermal Conductivity

300. A brick with a mass m is lowered onto a cart with a
mass M that moves rectilinearly with a constant velocity of v,.
Find the amount of heat liberated in this case.

301. An iron washer slides down a weightless rubber cord
with a length [/, (Fig. 122). The force of friction between the
cord and the washer is constant and equal to f. The coefficient

of elasticity of the cord k is known.

% Find the amount of heat Q evolved.
What part of the work produced by fric-
tion on the cord will be converted in-

to heat?

302. A refrigerator consuming P watts
converts g litres of water into ice in ©
minutes at a temperature £.

G—rt—d,

N
N

A Ae

Fig. 122 Fig. 128
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What quantity of heat will be liberated by the refrigerator
in a room during this time if the heat capacity of the refrige-
rator can be neglected? .

303. Will the temperature in a room drop if the door of a
working refrigerator is opened?

304. It is easiest to heat premises by means of electric ap-
pliances. Is this method the most advantageous from the ener-
getic point of view?

305. Equal quantities of salt are dissolved in two identical
vessels filled with water. In one case the salt is one large crystal
and in the other— powder.

In which case will the temperature of the solution be higher
after the salt is completely dissolved, if in both cases the salt
and the water originally had the same temperatures?

308. It is known that if water is heated or cooled with cer-
tain care it can retain its liquid state at temperatures below
0°C and higher than + 100°C.

A calorimeter with a heat capacity of ¢=400 cal/deg con-
tains m, =1 kg of water cooled to f,=—10°C. Next m,=100g
of water overheated to ¢, = +120°C is added to it.

What is the temperature in the calorimeter?

307. An incandescent lamp consuming P =54 watts is immer-
sed into a transparent calorimeter containing V=650 cm® of
water. During 1=3 minutes the water is heated by ¢#=3.4°C.
What part Q of the energy consumed by the lamp passes out
of the calorimeter in the form of radiant energy?

308. The area of a brick wall facing a street is A=12 m?
and its thickness d=1 metre. The temperature of the outside
air T,=—15°C and that of the air in the room T = 4 15°C.
What amount of heat is lost from the room in 24 hours? The
coefficient of thermal conductivity of brick is A =0.003 cal/em X
Xs-deg.

309. A wall consists of two adjoining panels made of diffe-
rent materials. The coefficients of thermal conductivity and the
thicknesses of the panels are A,, d, and 1,, d,, respectively
(Fig. 123). The temperatures of the external surfaces of the
wall are T, and T, (where T,>T, and are kept con-
sh}nt, Find the temperature T, on the plane between the pa-
nels.

310. Assuming in Problem 309 that the panels have the same
tl‘-nii‘l:ness ﬁ. determine the coefficient of thermal conductivity
of the wall.
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311. A wall consists of alternating blocks with a length d
and coefficients of thermal conductivity A, and A, (Fig. 124).
The cross-sectional areas of the blocks are the same. Determine
the coefficient of thermal conductivity of the wall.

312. Two walls / and // of the same thickness are made of
heterogeneous metals, as shown in Figs. 125 and 126. In what
case will the coefficient of thermal conductivity be greater?

313. During one second m grammes of water boils away ina
pan. Assuming that heat is received by the water only through
the bottom of the pan and neglecting the transfer of heat from
the pan walls and the water surface to the ambiént air, deter-
mine the temperature T of the pan bottom in contact with the
heater. The area of the pan bottom is A and its thickness d.
The coefficient of thermal conductivity is A.

2-3. Properties of Gases
314. The cap of a fountain-pen is usually provided with a

small orifice. If it is clogged, the ink begins to leak out of the
pen. What is the cause of this phenomenon?
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315. A barometer gives wrong readings because some air is
present above the mercury column. At a pressure of p,, =755 mm
Hg the barometer shows p, =748 mm, and at p,, =740 mm it
shows p, =736 mm. Fin "the length I of the barometer tube
(Fig. 127).

316. A glass tube with a length of /=50 cm and a cross sec-
tion of A=0.5 cm?* is soldered at one end and is submerged
into water as shown in Fig. 128.

What force F should be applied to hold the tube under the
water if the distance from the surface of the water to the sol-
dered end is h = 10cm and the atmospheric pressure p, = 760 mm Hg?
The weight of the tube G=15 gf.

317. A narrow tube open at both ends is passed through the
cork of a vessel filled with water. The tube does not reach the
bottom of the vessel (Mariotte’s vessel shown in Fig. 129). Draw
a diagram showing how the pressure p of the air in the vessel
depends on the quantity of water Q that has flowed out.

318. Upon each double stroke a piston pump sucks in a vo-
lume v, of air. When this pump is used to evacuate the air
frem a vessel with a volume V it performs n double strokes.

Fig 177 Fig 128 Fig 129
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The initial pressure inside the vessel p, is equal to atmospheric
pressure.

After that, another pump with the same active volume v,
begins to suck in the atmospheric air, also making n double
strokes. What will the pressure in the vessel be?

319. A mercury column with a length [ is in the middle of
a horizontal tube with a length L closed at both ends. If the
tube is placed vertically, the mercury column will shift through
the distance Al from its initial position.

At what distance will the centre of the column be from the
middle of the tube if one end of the tube placed horizontally
is opened? if the upper end of the tube placed vertically is
opened? if the lower end of the tube placed vertically is
opened?

The atmospheric pressure is H cm Hg. The temperature remains
he same.

320. Bearing in mind that, according to Avogadro’s law, the
volume of one gramme-molecule of any gas under standard con-
ditions (temperature 0°C and pressure 1 atm) is 22.4 litres,
find the constant in the equation of state of an ideal gas (the
Clapeyron-Mendeleyev equation) for a quantity of a gas equal
to one mole and prove that this constant is the same for all

gases.

321. Write the equation of state for an arbitrary mass of an
ideal gas whose molecular weight p is known.

322. How would the pressure inside a fluid change if the
forces of attraction between the molecules suddenly disappeared?

323. A vessel contains one litre of water at a temperature of
27°C. What would the pressure in the vessel be if the forces
of interaction between the water molecules suddenly disapp d

324. Is the pressure the same inside a gas and at the wall
of the vessel containing this gas?

325. Is the concentration of gas molecules inside a vessel and
at its wall the same?

326. Find the temperature of a gas contained in a closed ves-
sel if its pressure increases by 0.4 per cent of the initial pres-
sure when it is heated by 1°C.

327. A thin-walled rubber sphere weighing G=50 gf is filled
with nitrogen and submerged into a lake to a depth of =100
metres.

Find the mass of the nitrogen m if the sphere is in a position
of equilibrium. Will equilibrium be stable? The atmospheric
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pressure p, =760 mm Hg. The temperature in the lake = 44°C.
Disregard the tension of the rubber.

328. Two hollow glass balls are connected by a tube with a
drop of mercury in the middle. Can the temperature of the am-
bient air be appraised from the position of the drop?

329. A cylinder closed at’ both ends is separated into two
equal (42 cm each) parts by a piston impermeable to heat. Both
the parts contain the same masses of gas at a temperature of
27°C and a pressure ofl atm.

How much should the gas be heated in one part of the cylin-
der to shift the piston by 2 em?-Find the pressure p of the gas
after shifting of the piston.

330. Dry atmospheric air consists of nitrogen (78.09 per cent
by volume), oxygen (20.95 per cent), argon (0.93 per cent) and
carbon dioxide (0.03 per cent). Disregarding the negligible ad-
mixtures of other gases (helium, neon, krypton, xenon), deter-
mine the composition of the air (in per cent) by weight.

331. Find the mean (effective) molecular weight of dry at-
mospheric air if the composition of the air in per cent is known
(see Problem 330).

332. The density of the vapour of a compound of carbon and
hydrogen is 3 g/lit at 43°C and 820 mm Hg. What is the mo-
lecular formula of this compound?

333. When will the change in the pressure of a gas be grea-
ter—if it is compressed to a certain extent in a heat-imperme-
able envelope or upon isothermal compression?

334. A gas that occupies a volume of V,=1 lit at a pressure
of p,=1 atm expands isothermally to a volume of V,=2 lit.
Then, the pressure of the gas is halved at the same volume.
Next the gas expands at a constant pressure to V,=4 litres.

Draw a diagram of p versus V and use it to determine the
process in which the gas performs the greatest work. How does
the temperature change?

335. A cyclic process 1-2-3-1 depicted on a V-¢ diagram
(Fig. 130) is performed with a certain amount of an ideal gas.

how the same process on a p-V diagram and indicate the
stages when the gas received and when it rejected heat.

336. A gas heated gelx.'lser consumes V,=1.8 m* of methane
(CH,) an hour. Find the temperature f, of the water heated
by the geyser if the water flows out at a rate of v=>50 cmys.
The diameter of the stream D=1 cm, the initial temperature
of the water and the gas £,=11°C and the calorific value of
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methane g, =13,000 cal/g. The gas in the tube is under a pres-
sure of p=1.2 atm. The efficiency of the heater n=:60 per cent.

337. A closed vessel impermeable to heat contains ozone (O, )
at a temperature of #,=>527°C. After some time the ozone is
completely converted mto oxygen (O,).

Find the increase of the pressure in the vessel if g = 34,000
cal have to be spent to form one gramme-molecule of ozone
from oxygen.

Assume that the heat capacity of one gramme-molecule of
oxygen at a constant volume is equal to Cy=>5 cal/deg-mole.

338. Twenty grammes of helium in a cylinder under a piston
are transferred infinitely slowly from a state with a volume of

=32 lit and a pressure of p,=
41 atm to a state with V,=9 lit and
p,=15.5 atm. What maximum tem-
perature will the gas reach in this
process if it is depicted on the p-V
diagram as a straight line (Fig. 131)?

339. Will the energy of the air in
a room increase if a stove is heated
in it?

Note. Assume the energy of a unit
of mass of the air u to be proportio-
nal to the absolute temperature, i.e.,
u=cT.

- - - - 340. The temperature in a room
with a volume of 30 m® rose from
Fig. 152 15°C to 25°C. How much will the mass
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of the air in the room change if the atmosphere pressure p=1
atm? The molecular (mean) weight of the air is p=28.9 g/mole.

341. A small tube filled with air and open at the hottom is
placed into a water-filled open vessel with a screen on the top
(Fig. 132). The tube cannot be turned over. Draw a diagram
showing how the depth of submergence of the tube depends on
the temperature of the water if the temperature first slowly
increases and then gradually decreases.

342. A cylinder contains m=20 g of carbon dioxide under
a heavy piston. The gas is heated from the temperature ¢, =20° C

t,=108°C. What work is performed by the gas?

343. What quantity of heat should be imparted to carbon
dioxide (see Problem 342) expanding at a constant pressure as
a result of heating? The molar heat of the carbon dioxide (heat
capacity of one gramme-molecule) at a constant volume is

=6.864 cal/mole - deg.

2-4. Properties of Liquids

344. Is it more difficult to compress a litre of air to three
atmospheres, or a litre of water?

345. How can a mini and a ther
made using the phenomena oi wet(ablhty and unwettability?

346. The surface layer of a liquid is frequently likened to a
stretched rubber film. In what respect does this analogy disagree
with reality?

347. To remove a grease spot from a fabric it is good to
appl{ some petrol to the edges of the spot, while the spot itself
should never be wetted with petrol immediately. Why not?

348. Why is moisture retained longer in soil if it is harrowed?

349. Skiing boots are usually warmed up to ensure that they
absorb grease better. Should the boots be warmed up outside
or inside?

350. Why can an_iron be used to remove greasy spots from
clothing?

351. Why do drops of water appear at the end of a piece
of firewood in the shade when it is being dried in the sun?

352. A vessel whose bottom has round holes with a diameter
of d=0.1 mm is filled with water. Find the maximum height
of the water level & at which the water does not flow out. The
water does not wet the bottom of the vessel.
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353. A soapy film is stretched over a rectangular vertical wire
frame (Fig. 153). What forces hold section abcd in equilibrium?

354. A cube with a mass m=20g wettable by water floats
on the surface of water. Each face of the cube a is 3 cm long.
What is the distance between the lower face of the cube and
the surface of the water?

355. The end of a capillary tube with a radius r is immersed
into water. What amount of heat will be evolved when the
water rises in the tube?

356. A capillary tube is lowered into a vessel with a liquid
whose vapour pressure may be neglected. The density of the
liquid is p. The vessel and the tube are in a vacuum under the
bell of an air pump (Fig. 134). Find the pressure inside the
liquid in the capillary tube at a height h above the level of
the liquid in the vessel.

357. The course of reasoning given below is usually followed
to prove that the molecules of the surface layer of a liquid have
surplus potential energy. A molecule inside the liquid is acted
upon by the forces of attraction from the other molecules which
compensate each other on the average. If a molecule is singled
out on the surface, the resulting force of attraction from the
other molecule is directed into the liquid. For this reason the
molecule tends to move into the liquid, and definite work should

»

Fig 133 rig 134
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Fig. 135 Fig. 136

be done to bring it to the surface. Therefore, each molecule of
the surface layer has excess potential energy equal to this work.

The average force that acts on any molecule from the side of
all the others, however, is always equal to zero if the liquid is
in equilibrium. This is why the work done to move the liquid
from a depth to the surface should also be zero. What is the
origin, in this case, of the surface energy?

358. One end of a glass capillary tube with a radius r =0.05 cm
is immersed into water to a depth of A=2cm. What pressure
is required to blow an air bubble out of the lower end of
the tube?

359. A glass capillary tube with an internal diameter of 0.5 mm
is immersed into water. The top end of the tube projects by
2cm above the surface of the water. What is the shape of
the meniscus?

360. Water rises to a height & in a capillary tube lowered
vertically into water to a depth ! (Fig. 135). The lower end
of the tube is closed, the tube is then taken out of the water
and opened again. Determine the length of the water column
remaining in the tube.

361. Two capillary tubes of the same cross section are lowered
into a vessel with water (Fig. 136). The water in the straight
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Fig. 137 Fig. 138

tube rises to a height &. What will the level of the water be
in the bent tube and what form will the meniscus take? The
lower end.of the bent tube is at a depth H below the level of
the water in the vessel.

Consider the following five cases:

() H>h

@ H=h

@B)O<H<h

4) H=0

(5) H <O (the end of the bent tube is above the level of the
water in the vessel).

362. A soap-bubble with a radius r is placed on another
bubble with a radius R (Fig. 137). What will the form of the
soapy film separating the two bubbles be? What angles will be
formed between the films at the points of contact?

363. A wooden cross floats in water. Each arm of the cross
is coated on one side with vamish (Fig. 138). The water will
rise to different heights on both sides of each arm owing to the
different wettability of the wood and the varnish. The wetting
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angle will be different, and therefore the horizontal component
of the force of surface tension F will also be different on each
side of an arm (Fig. 139). Will this cause the cross to rotate?

364. Light bodies wetted by water (for example, two matches)
and floating on its surface are mutually attracted. This also
occurs if bodies are not wetted (matches coated with a thin
layer of paraffine). If one body is wetted and the other not,
“:1)' wili be repulsed. How can these phenomena be explai-
ned?

2-5. Mutual Conversion of Liquids and Solids

365. Water in a glass freezes at 0°C. If this water is sepa-
rated into fine drops, the water in them can be overcooled
to —40°C. For example, water drops which clouds are composed
of usually begin to freeze at a temperature below —17°C. How
can these facts be explained?

366. A vessel with 100 5 of water at a temperature of 0°C

is suspended in the middle of a room. In 15 minutes the tem-
erature of the water rises to 2°C. When ice equal in weight
o the water is placed into the vessel, it melts during ten hours.
May these data be used to appraise the specific heat of fusion
of ice H?

387. Two identical pieces of ice fly toward each other with
equal velocities and are converted into vapour upon impact.
Find the minimum possible velocities of the pieces before the
impact if their temperature is —12°C.

368. A calorimeter contains ice. Determine the heal capacity
of the calorimeter if Q, =500 cal are required to heat it together
with its contents from 270 to 272°K, and Q,=16,600 cal from
272 to 27T4°K.

369. A calorimeter contains 400 g of water at a temperature
of -L5°C. Then, 200 g of water at a temperature of +10°C are
added and 400 g of ice at a temperature of —60°C are put in.
What is the temperature in the calorimeter?

370. Ice with a mass of m,=600g and at a temperature of
t,=—10°C is placed into a copper vessel heated to f,=350°C.
As a result, the vessel now contains m,=2550g of ice mixed
with water. Find the mass of the vessel. The specific heat of
copper ¢, =0.1 cal/deg-g.

371. When a small ice crystal is placed into overcooled water
it begins to freeze instantaneously.
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(1) What amount of ice is formed from M=1kg of water
overcooled to ‘=—8°C?

(2) What should the temperature of the overcooled water be
for all of it to be converted into ice?

Disregard the relation between the heat capacity of the water
and the temperature.

372. One hundred grammes of ice at a temperature of 0°C
are placed into a heat-impermeable envelope and compressed to
p=1,200 atm. Find the mass of the melted part of the ice if
the melting point decreases in direct proportion to the pressure,
and if it lowers by 1°C when the pressure is increased by 138 atm.

2-6. Elasticity and Strength

373. A copper ring with a radius of r=100cm and a cross-
sectional area of A=4mm® is fitted onto a steel rod with
a radius R=100.125cm. With what force F-will the ring be
expanded if the modulus of elasticity of copper E = 12,000 kgf/mm?®*?
Disregard the deformation of the rod.

374. What work can be performed by a steel rod with a
length ! and a cross-sectional area A when heated by ¢ degrees?

375. A wire with a length of 2/ is stretched between two
posts. A lantern with a mass M is suspended exactly from the
middle of the wire. The cross-sectional area of the wire is A
and its modulus of elasticity E. Determine the angle a of
sagging of the wire, considering it to be small (Fig. 140).

376. A steel rod with a cross section A=1cm? is tightly
fitted between two stationary absolutely rigid walls. What

2

Fig. 140

6 -2042
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force F will the rod act with on the walls if it is heated
by At=5°C?

The coefficient of linear thermal expansion of steel
a=1.1x10"%deg™* and its modulus of elasticity E=
= 20,000 kgf/mm®.

377. Two rods made of different materials are placed between
massive walls (Fig. 141). The cross section of the rods is 4
and their respective lengths I, and I,. The rods are heated by ¢

legrees. .

Find the force with which the rods act on each other if their
coefficients of linear thermal expansion a, and @, and the moduli
of elasticity of their materials E, and E, are known. Disre-
gard the deformation of the walls.

%

Fig. 142
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378. A homogeneous block with a mass m =100 kg hangs on
three vertical wires of equal length arranged symmetrically
(Fig. 142). Find the tension of the wires if the middle wire
is of steel and the other two are of copper. All the wires have
the same cross section. Consider the modulus of elasticity of
steel to be double that of copper

379. A reinforced-concrete column is subjected to compression
by a certain load. Assuming that the modulus of elasticity of
concrete E, is one-tenth of that of iron E;, and the cross-
sectional area of the iron is one-twentieth of that of concrete,
find the portlon of the load acting on the concrete.

380. A bolt is inserted into a copper tube as shown
in Fig. 143 Fmd the forces induced in the bolt and in the

-

A 8

e Fig. 145
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tube when the nut is turned through one revolution if the
length of the tube is I, the pitch of the bolt thread is A and
the cross-sectional areas of the bolt and the tube are 4, and
A,, respectively.

381. A copper plate is soldered to two steel plates as shown
in Fig. 144. What tensions will arise in the plates if the
temperature is increased by #°C? All three plates have the same
cross sections.

382. Find the maximum permissible linear velocity of a
rotating thin lead ring if the ultimate strength of lead
0, =200 kgf/cm® and its density go= 11.3 g/em®.

383. An iron block AB has h ends fixed. Hook H s
fastened with two nuts in a hole in the middle of the block
(Fig. 145). The block is clamped by the nuts with a force F,.

&hat forces will act on the upper and lower nuts from the
side of the block if the hook carries a load whose weight can
¢ from zero to G=2F,? Disregard sagging of the block
and the weight of the hook.

2-7. Properties of Vapeurs

384, Water vapour amounting to 150 g at a temperature of
+100°C is admitted into a calorimeter containing 100 g of ice
at a temperature of —20°C. What will the temperature inside
the calorimeter be if its heat capacity Is 75 cal/deg?

385. Why does a strong jet of steam burst out from a
boiling kettle when the gas burner is switched off, while no
steam was visible before?

388. Prove that the density of water vapour at a temperature
near room temperature, expressed in g/m®, is approximately
e?ual to the pressure of water vapour expressed in millimetres
of mercury.

387. The pressure of saturated water vapours in a hermetic
vessel increases with the temperature as shown in Fif. 146.
The pressure of an ideal gas at constant volume is directly
proportional to the temperature.

sing a table of the properties of saturating water vapours
(Table 2), find whether the eguation of state of an ideal gas
can be used to calculate the density or the specific volume of
saturated water vapours. Explain the result obtained.

388. Nine grammes of water vapour at a temperature of 30°C
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Table 2. Propertise of Saturating Water Vapowrs

Specific
cco |GG | ol vepeer reo (eirem | of vepaer

(m3/kg) (m#/kg)
17.2 0.02 68.3 151.1 5 0.3818
45.4 0.1 14.96 158.1 6 0.3214
59.7 0.2 7.8 164.2 7 0.2778
75.4 0.4 4.071 169.6 8 0.2448
85.45 0.6 2.785 174.5 9 0.2189
930 0.8 2,127 179.0 10 0.1980
96.2 0.9 1.905 187.1 12 0.1663
99.1 1 1.726 194.1 14 0.1434
100 1.0333 1.674 200.4 16 0.1261
116.3 1.8 0.99% 206.2 18 0.1125
119.6 2 0.902 211.4 20 0.1015
132.9 3 0.617 232.8 30 0.0679
142.9 4 0.4708 249.2 40 0.0506

are compressed isothermally in a cylinder under a piston. At
what volume will the vapour begin to condense?

Note. Use Table 2.

389. The relative humidity in a room is 10 per cent at a tem-
perature of 15°C. How will the relative humidity change if the
temperature in the room gradually increases by 10°C?

390. A cold autumn drizzle settled down for the day. Washing
is hung up to dry in a room. Will it dry faster if the window
is opened?

391. Two vessels connected by tubes with cocks are filled
with water to different levels (Fig. 147). The air has been pumped
out of the vessels. What will occur if the vessels are connected
(1) by opening the cock in the lower tube, (2) by opening the
cock in the upper tube?

392. What is the relative humidity of air at a temperature of
t,=10°C if the moisture from this air, when the latter has been
heated to ¢,=30°C, begins to condense after isothermal compres-
sion from 1 to 10 at.

Note. Use Table 2.

383. A porous body is placed for drying under the bell of a
vacuum pump. The pressure under the bell is maintained at 6.5 mm
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Fig. 146

Hg for one hour, after which it sharply drops. The capacity of
the pump is 60 lit/min. The temperature under the pump bell
is ¢=5°C. What amount of water did the body contain?

394. Water with a mass of m=30g at a temperature of 0°C
is in a heat-insulated cylinder under a weightless piston. The
area of the piston A =512 cm? and the external pressure p=1 atm.
What height will the piston rise to if an electric heater conta-
ined in the cylinder supplies Q = 5,760 cal?



CHAPTER 3
ELECTRICITY
AND MAGNETISM

3-1. Electrostatics

395. What is the force of interaction between point charges
of one coulomb at a distance of 1 km from each other?

Can a small (several centimetres) body have an electrostatic
charge of one coulomb?

396. Three identical small balls, each weighing 0.1 gf, are

suspended at one point on silk threads having a length of /=20 cm.
What charges should be imparted to the balls for each thread to
form an angle of @=230° with the vertical?
- 397. Two identical balls are suspended on threads at a distance
from each other. The balls are given equal charges and immersed
in kerosene. Determine the density of the material of the balls
if the threads do not deflect from the vertical in a vacuum or
in kerosene. The density of kerosene p,=0.8 g/cm® and its per-
mittivity (dielectric constant) e=2.

398. Two small balls with equal but opposite charges are secured
in a horizontal plane at a distance a from each other. A third
charged ball is suspended on a string. The point of suspension
is first so moved that the third ball, when in a state of equili-
brium, is precisely above the first ball at a distance a from it,
and then it is so moved that the third ball is above the second
one. Find the angles through which the string is deflected from
the vertical if the angle of deflection above one of the balls is
twice that above the other.

399. In classical experiments performed to measure the charge
of an electron, a charged drop of oil is placed between the hori-
zontal plates of a plane capacitor. Under the action of an electro-
static field, the drop moves uniformly upward, covering a certain
distance during the time ¢,, or downward, when the sign of the
:]I:arge on the plates changes, covering the same distance during

e time ¢,.

Assumin'g the force of friction between the drop and the air
to be proportional to the velocity of the drop, find the time ¢
during which the drop travels the same distance after the field
is switched off.
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400. If only one charged body is available, can it be used to ob-
tain a charge exceeding many times in absolute magnitude that
which it itself has?

401. A charged body has some energy. What is the source of
the energy in a body which receives a charge as a result of the
process described in the solution to Problem 400?

u:lﬂ_; Can two likelycharged balls be attracted to each
other:

- 403. A thin wire ring with a radius R carries an_electric
charge q. The centre of the ring contains a charge Q of the
same sign as ¢, and Q>>¢. Find the force which the ring is
stretched with.

404. Two point charges Q, and Q, are at a distance d from
each other. Find the intensity of the electric field at a point at
a distance r, from the charge Q, and r, from the charge Q,.
Consider the cases of opposite ana like ciurg&.

405. Three identical positive charges Q are arranged at the
vertices of an equilateral triangle. The side of the triangle is a.
Find t'.e intensity of the field at the vertex of a regular tetra-
hed: 1 of which the triangle is the base.

405. A positive charge Q is uniformly distributed over a thin
wire *1g with a radius R. Find the intensity of the electric
field at points on the axis of the ring at a distance r from its
centre.

J 407. Find the points on the axis of the charged ring (see
Problem 406) at which the intensity of the electric field is ma-
ximum. Determine the intensity of the field at these points.

408. Two parallel metal plates, each with an area A, carry
the charges 3, and Q,. The distance between the plates is much
less than their linear dimenslons. Determine the intensity of the
electric field at points A, B, and C (Fig. 148).

409. Two large current-conducting plates are arranged parallel
to each other. The distance between them is much less than their
dimensions. One of the plates is given a charge + Q. What are
the charges induced on tfle surfaces of the other plate?

410. A molecule is at a distance r from the axis of a charged
infinitely long metallic cylinder. Find the force acting on the
molecule if the intensity of the cylinder field is expressed by

the formula E=2,—° (g is the charge per unit of cylinder length)

and the molecule has the form of a “dumb-bell” with a length
| and with charges +Q and —Q at its ends.



ELECTRICITY AND MAGNETISM 89

- 411. Two molecules of equal mass are at a certain distance
from the axis of a charged cylinder. One molecule has a constant
electric moment p= QI (see Problem 410). An “elastic” force
acts between the charges of the other molecule, i.e., the dis-
tance I is determined from the expression QE =#!/, where E is
the mean intensity of the field acting on the molecule and & is
a ;roporhonah(y factor.

the electric moments of the molecules are the same and
their velocities are zero.

Which molecule will reach the surface of the cylinder quicker
under the action of the force of attraction?

412, A charge + Q is imparted to a rectangular metal plate
with sides a and b. The thickness ¢ of the plate is much smal-
ler than a and b. Find the intensity of the field created by this
charged plate at points in space close to the centre of the plate.

413. A point electric charge +Q is at a distance d from a
large current-conducting plate. Find the force with which the
plate acts on the point charge.

414. A point charge -+ Q, is brought up to a dlshnce d from
the centre of the metal plate described in Problem 412. The
distance d is much smaller than sides a and b of !he plate.
Determine the force with which the plate acts on the charge

+Q,. When will a positively charged plate attract a positive
pomt charge?

416. What potential can an isolated metal sphere with a ra-
dius R in the air be chnrged to if the intensity of the electnc
field that causes a puncture in the air is E,= 30,000 V/cm

416. A body with a charge —gq is introduced through a small
orifice into a hollow current—cnnduc(ing sphere with a radius R
carrying a charge + Q. What is the potential of a point in space
at a distance of R > r from the centre of the sphere?

Fig. 148 Fig. 149 Fig 150
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417. A metal leaf is attached to the internal wall of an electro-
meter insulated irom the earth (Fig. 149) The rod and the
housing of the are and
then a certain charge is imparted to the housing. Will the leaves
of the electrometer defiect? What will happen to the leaves if
the conductor is removed and the rod is then earthed?

418. The housing of the electrometer described in Problem 417
is given a charge (the conductor is absent). Will the leaves of
the electrometer deflect in this case? Will the angle of deflection
of the leaves change if the rod is earthed?

419. By touching different points on a metal bucket having
a narrow hottom with a test ball connected by a wire to an
earthed electrometer (Fig. 150), we can observe an identical
deflection of the leaves of the electrometer at any position of
the ball. If the wire is removed, the deflection of the leaves of
the electrometer, whose rod the ball is made to contact, will
depend on what point of the bucket surface (external or inter-
nal) we touched previously. Why?

420. Why does ar electrometer connected by a wire to the
metal body shown in Fig. 151 make it possible to measure the
potentinl of the body? Why do the leaves deflect in proportion
to the density of the charge on separate portions of the body
when the charge is transferred from the body to the electrometer
with the aid of an insulated current-conducting ball?

421. An uncharged current-conducting sphere with a radius R
is at a distance d from a point charge Q. What is the poten-
tial of the sphere?

422. An isolated current -conducting sphere with a radius R
carries a charge + Q. What is the energy of the sphere?

423. A metal sphere two metres in diameter is in the centre
of a large room and charged to a potential of 100,000 V. What
quantity of heat will be liberated if the sphere is connected to
the earth with a conductor?

424. Two metal balls with radii of r,=1cm and r,=2cm
at a distance of R=100 cm from each other are connected to
a battery with an electromotive force of &=3,000 V. Find the
force of interaction of the balls, disregarding the interaction of
the connecting wires.

425. Two small balls carry charges different in magnitude and
identical in sign. One of the balls is secured. If the second ball
is released, it can perform the mechanical work W, as it moves
away under the action of the electrostatic forces of repulsion.
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Fig. 151 Fig. 152

If before the sefond ball is released, the balls are connected
by a conductor for a certain time, the second ball upon moving
away can perform the mechanical work W,.

Calculate the quantity of heat liberated in the conductor when
the balls are connected, and find the energy at the expense of
which this heat is liberated and the mechanical work changed.

428. A spherical envelope with a radius R is charged uniformly
with a charge Q. Find the expanding force per unit of envelope
area.

427. There are three charges on a straight line: a positive one
¢ and two negative ones Q. At what ratio between the charges
can they be so arranged that the entire system is in equilibri-
um? Will this equilibrium be stable?

Draw the relation between the potential energy for each charge
and jts position on the straight line, assuming that the other
two charges are stationary.

428. An electric charge Q moves from infinity toward a me-
tallic plate. Find the kinetic energy of the charge when it is
at a distance d from the plate. The initial velocity of the charge
is zero. The dimensions of the plate are infinitely great.

429. Charges are so arranged on the surface of an infinitely
long cylinder that the right-hand half of the cylinder surface
from section 00’ is charged positively, and the left-hand half
negatively (Fig. 152). The density of the charges increases in
?oth. ggections directly proportional to the distance from sec-
ion 00".

Prove that the intensity of the electric field at all points
inside the cylinder will be the same everywhere and directed
along the axis of the cylinder as shown in the figure by the
arrow.

430. An analogy is frequently drawn between capacitance and
the capacity of a vessel. How should the vessel be shaped for
this analogy to be true?
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431. Appraise the capacitance of a human body in the order
of its magnitude.

432. Will the readings of an electrometer joined to a galva-
nic cell change if a capacitor is connected in parallel with it?
Will the capacitance of the capacitor have any significance?

433. Four identical plane capacitors with an air dielectric are
connected in series. The intensity of the field at which the air
is punctured is E,=3x10* V/em. The distance between the
plates d=0.7 cm.

(1) What maximum voltage can be fed to this battery of ca-
pacitors?

(2) What will this maximum voltage be if one of the capa-
citors is replaced by a similar one in which glass is used as a
dielectric?

The permittivity of glass e=7 and the puncturing field inten-
sity for glass E,=9x10* V/em.

434. Determine the voltages U, and U, on the capacitors
(Fig. 153) if &,=12kV and &, =13 kV, C,=3uF and C, == TpF.
Disregard the conductivity of the dielectrics.

YA
4
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Fig. 155
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435. Find the capacitance C, of the battery of identical capa-
citors shown in Fig. 154.

436. Each edge of a cube made of wire contains a capacitor
C (Fig. 155). Find the capacitance of this battery if it is con-
nected to the circuit by means of conductors joined to the oppo-
site apices 4 and B of the cube.

437. The spark-capacitor transformer designed by Arkadyev can
be used to obtain short-time high voltages. A diagram of the
device is shown in Fig. 156.

A group of capacitors connected in parallel by conductors AB
and CD having a very high resistance is joined to a high-vol-
tage source.

The uﬁper plate of each capacitor is connected through a spark
gap to the lower plate of the following capacitor (gaps 1, 2, 3
and 4). Each following gap is greater than the preceding one.

A discharge occurs when the potential difference between the

lates attains the puncturing voltage of the first gap. After this

e second, third, etc., gaps wiil be punctured. at will the
potential difference be when the last gap is punctured if there
are n capacitors and the voltage applied is V,?

438. The plates of a charged plane capacitor are alternately
earthed. Will the capacitor be discharged?

439. A plane capacitor is charged to a potential difference U.
Both plates are arranged symmetrically with respect to the earth
so that their potentials relative to it are 4+ U/2 and —U/2,
respectively.

How will the potentials of the plates change relative to the
earth if the first plate is earthed, then disconnected from the
earth, after which the second plate is earthed?

440. One of the plates of a capacitor connected to a battery
with an em.f. of & is earthed (Fig. 157). Will the potentials
of the capacitor plates change with respect to the earth if the
earthing wire is removed?

441. Two plane capacitors with capacitances C, and C, are
charged to potential differences U, and U, (U, % U,).
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m‘l;{ovg l{lat if these capaci.tm.s are connected in parallel, their

tatic energy d Explain the drop in the

energy.

442, A dielectric in the form of a sphere is introduced intoa
homogeneous electric field. How will the intensity of the field
change at points A, B and C (Fig. 158).

443. One of the plates of a plane capacitor with a mica die-
lectric _carries a positive charge of Q =1.4x10*CGSy. The other
plate isolated from earth is not charged. The area of each plate
A=2,500.cm*. The permittivity of mica e,=7.

Find the intensity of the field in the space between the plates.

444. What is _the force of interaction of the balls connected
to the battery (Problem 424) if they are immeised in kerosene?
The permittivity of kerosene e, =2.

445. The plates of a plane capacitor are connected to a storage
battery whose e.m.f. is &. Calculate the mechanical work per-
formed by the electric field when the plates are moved if the
initial distance between the plates is d,, the final distance is d,,
and d, < d,. Disregard the evélution of heat in the battery and
the feeding conductors.

446. Elongated pieces of a dielectric are usually placed along
the force lines of an electric field. 1t wauld seem that the se-

arate molecules of a non-polar dielectrid only stretch along
he field, and never rotate. In a dielectric consisting of dipole
molecules the average number of molecules that rotate clockwise
when the field is switched on is equal to the number of mole-
cules rotating in the opposite direction. Why dces the entire
piece of dielectric rotate?

447. The space between the plates of a plane capacitor is
filled with a dielectric as shown in Fig. 159. The area of each

&

‘N

Fig. 167 Fig. 158
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plate is A and the permittivity of the dielectric ise,. Find the
capacitance of the capacitor in both cases.

448. Determine the energy of a plane capacitor having the
space between its plates filled with a dielectric.

449. A plane capacitor is filled with a dielectric whose per-
mittivity is e,. The intensity of the field in the dielectric is E.

at is the intensity of the field in a space made inside the
dielectric and having the form of a long thin cylinder directed
along the field or the formi of a parallelepiped one side of
which is much smaller than the other two? The smaller side is
directed along the field.

450. Two rectangular plates with a length / and an area A
are arranged parallel to each other at a distance d. They are
charged to a potential difference U (plane capacitor). A dielect-
ric with a permittivity e, whose thickness is d and whose width
is equal to that of the pfates is drawn into the space between
the: latter. The length of the dielectric is greater than I
(Fig. 160). Find the resuiting force F acting on the dielectric
from the side of the field depending on the distance x.

451. Solve Problem 450 if the
capacitor is connected to a battery
whose e.m.f. is U. Disregard the re-
sistance of the connecting wires.

452. The following design of a per-
petuum mobile has been suggested.

Kerosene is poured into commu-
nicating vessels (Fig. 161). One part

p—t—

d

(2
Fig. 160 Fig. 161
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of the vessel is placed into a strong electric field between
the plates of a capacitor owing to which the level of the kero-
sene in this part is higher than in the other. A chain of balls
is #assed over two pulleys.

he specific weight of the material of the balls is less than
that of the kerosene.

The lifting force acting on the balls will be greater in the
left-hand part than in the right-hand one because more balls
are immersed in the kerosene in the left-hand part. For this
reason the inventor believes that the chain should start rotating
clockwise. Why will there actually be no rotation?

453. The space between the plates of a plane capacitor is
filled with a dielectric whose Eermitlivily is e,. One plate is
given a charge +Q and the other —Q. Determine the density
of the bound electric charges that appear on the surface of the
dielectric and the forces that are exerted by the field on the
dielectric. .

454. The space between the plates of a plane capacitor is
filled with a dielectric. Each molecule of the dielectric is assu-
med to have the form of a “dumb-bell” with a length / whose
ends carry charges +Q and —Q. The number of molecules in
a unit of volume (I cm®) is n.

Let us assume further that all the molecules have turned along
the electric field under its action. Find the intensity E of the
field inside the capacitor filled with the dielectric if before fill-
ing it the intensity of the field was E,.

455. A dielectric consists of molecules each of which can be
represented as two charges +Q and —Q between which an
“elastic force” acts. The latter term should be understood to mean
that x (the distance between the charges +Q and —Q) can be
found from the equality kx=QE, where E is the intensity
?I tt‘;le field acting on the charges, and % is a proportionality
actor.

Assume that a unit of volume (1 cm?) of the dielectric con-
tains n molecules. Solve Problem 454, assuming that the space
between the plates of the plane capacitor is filled with a die-
lectric of this type.

Determine the permittivity of the dielectric.

456. A capacitor is filled with the dielectric whose properties
are_described in Problem 455.

Find the energy stored in the dielectric owing to its polari-
zation.
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Fig. 162 Fig. 163

3-2, Direct Current

457. Is there an electric field near the surface of a conductor
carrying direct current?

458. Draw approximately the arrangement of the force lines
of an electric field around a homogeneous conductor bent to
form an arc (Fig. 162). The conductor carries direct current.

459. Determine the resistance r if an ammeter shows a cur-
rent of /=5 A and a voltmeter 100V (Fig. 163). The internal
resistance of the voltmeter R =2,500

460. What resistance r should "be used to shunt a galvanome-
der with an internal resistance of R=10,000 ohm to reduce its
sensitivity n=50 times?

481. Determine the voltage across a résistance R using a volt-
meter connected to its ends. What relative error will be made
if the readings of the voltmeter are taken as the voltage applied
before it was switched on? The current intensity in the circuit
is constant.

482. An ammeter is connected to measure the current inten-
sity in a circuit with a resistance R. What relative error will
be made if connection of the ammeter does not change the cur-
rent intensity in the cir- 7
cuit? The voltage across Z
the ends of the circuit is
kept constant.

N
Y

Fig. 165
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463. Two conductors with temperature éoefficients of resist-
ance a, and a, have resistances R,, and R,, at 0°C. Find the
temperature coefficient of a circuit consisting of these conduc-
tors if they are connected in series and in parallel.

464. Find the resistance of the circuit shown in Fig. 164. Dis-
regard the resistance of the connecting wires AC'C and BC'D.

. Find the resistance of the hexagon shown in Fig. 165 if
it is connected to a circuit between points A and B. The resis-
tance of each conductor in the diagram is R

466. Find the resistance of a wire cube when it is connected
to a circuit between points A and B (Flg 166). The resistance
of each edge of the cube is R.

467. Resistances R, and R,, each 60Q, are connected in se-
ries (Fig. 167). The polential difference between points A and
B is U=120V. Find the reading U, of a voltmeter connected
to points C and D if its internal resistance r=120Q.

468. Wires identical in cross section A and resistivity p are
soldered into a rectangle ADBC (Fig. 168) with the diagonal
AB of the same cross section and material. Find the resistance
between points 4 and
B and between C and
D if AD=BC=a
and AC=BD=b.

y/ 8
a
A c

Fig. 168 Fig. 169
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469. Figure 169 shows the diagram of a2 Wheatstone bridge
used to measure resistances. Here R, is the unknown resistance,
R, a standard resist: G a gal d by a slid-
ing contact D to a homogeneous conductor AB with a hlgh re-
sistance (a slide wire).

Prove that the equation Rs —'—ls true when no current flows
through the galvanometer. lSisregard the resistance of the con-
necting wires,

470. What resistance should be connected between points C
and D (Fig. 170) so that the resistance of the entire circuit
(between points A and B) does not depend on the number of
elementary cells?

471. The output voltage can be reduced in the output circuits
of generators as desired by means of an attenuator designed as
the voltage divider shown in Fig. 171.

A special selector switch makes it possible to connect the
output terminal either to the point with a potential U, produ-
ced by the generator, or to any of the points U,, » Unh
each having a potential k times smaller (& > l) than the pre-
vious one. The second output terminal and the lower ends of
the resistances are earthed.

Find the ratio between the resistances R,:R,:R, with any
number of cells in the attenuator.

472. What devices are needed to verify Ohm’s law experimen-
tally, i.e., to show that the current intensity is directly pro-
portional to the potential difference?

473. A charge Q is imparted to two identical plane capaci-
tors connected in parallel.

bt o Uy
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R At the moment of time {=0 the distan-
ce between the plates of the first capacitor
begins to increase uniformly according to
the law d,=d,+vf, and the distance bet-

§ ween the plates of the second capacitor to

g | decrease uniformly according to the law

r d, =d,—vt. Neglecting the resistance of

Fig. 172 the feeding wires, find the intensity of the

current in the circuit when the plates of

the capacitors move.
474. Find the work performed by an electrostatic field (see
Problem 473) when the distance between the plates of the first
capacuor increases and that between the plates of the second

by a

475. A curious phenomencm was observed by an experimenter
working with a very sensitive galvanometer while sitting on
a chair at a table. (The galvanometer was secured on a wall
and the ends of its winding connected to an open key on the
table.) Upon rising from the chair and touching the table with
his hand, the experimenter observed an appreciable deflection
of the galvanometer pointer. If he touched the table while sit-
ting on the chair there was no deflection. Also, the galvanome-
ter showed no deflection when he touched the table without
first sitting down. Explain this phenomenon.

476. The following effect was observed in a very sensitive
galvanometer when the circuit was opened. If a charged body
is brought up to one end of the winding of the galvanometer,
its pointer deflects. If the body is brought up to the other end
of the winding, the deflection is in the same direction. Explain
this phenomenon.

477. How is the potential distributed in a Daniell cell when
the external circuit is opened?

goca i o B
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Fig. 178
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478. Show graphically the distribution of a potential along
the closed circuit illustrated in Fig. 172 and on this basis de-
duce Ohm’s law for a closed circuit.

479. Show graphically the approximate distribution of a po-
tential along the closed circuits depicted in Fig. 173.

Determine the current intensity for each circuit and the po-
tential difference between points A and B. Disregard the resis-
tance of the connecting wires.

480. Prove that an electromotive force in a circuit contain-
ing a galvanic cell is equal to the work of forces of non-elec-
trostatic . origin when a single positive charge moves along a
closed circuit.

481. About 106,000 calories are evolved when one mole of
zinc combines with sulphuric acid and about 56,000 calories are
consumed when a mole of copper is liberated from blue vitriol.
Use these data to find the e.m.f. of a Daniell cell.

482. Two Daniell cells with internal resistances of r,=0.8Q
and r,=1.3Q and the same e.m. f.s are connected in parallel
and across an external resistance R. Find the ratio between the
quantities of the zinc dissolved in these elements during a de-
finite interval of time.

483. A Daniell cell is made of absolutely pure materials.
Find the consumption of zinc and crystals of blue vitriol
CuSO,-5H,0 if the cell produces a current of 0.1 A in eight hours.

484. In a Daniell cell, copper is replaced by wax coated
with a layer of graphite. Describe the phenomena that will
occur in such a cell if the zinc is connected to the graphite
layer by a wire.

485. How will the e.m.f of the battery shown in Fig. 174
change if the partition between the vessels is removed? A solu-
tion of sulphuric acid is used as the electrolyte.

486. A homogeneous carbon rod lies on the bottom of a
vessel filled with electrolyte. A voltmeter with a high resistance
is connected to the ends of the rod. A zinc rod bears against
the middle of the carbon rod (Fig. 175).

What will the voltmeter show if the zinc rod is placed ver-
tically? How will the readings of the voltmeter change if the
zinc rod is inclined to the right or the left?

487. A hollow current-conducting sphere with a radius of
R=5cm is placed into an electrolytic bath filled with a solu-
tion of blue vitriol. The surface of the sphere has an orifice
with a radius of r=0.5 mm.
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How much will the weight ‘of the sphere increase if the
copper is deposited during =230 min with a current density
in the electrolyte of j=0.01 A/cm?.

488. If a capacitor carrying a charge Q is discharged through
an_electrolytic bath with acidified water, m grammes of deto-
nating gas will be liberated. According to Faraday's law, the
quantity of substance evolved during electrolysis depends only
on the amount of electricity passed through the electrolyte.
This means that if the capacitor is discharged through N se-
ries-connected baths, then mN grammes of detonating gas will
be liberated. N' can be made as great as required to obtain any
quantity of the gas. Combustion of this gas can produce any
amount of energy, which is obviously inconsistent with the law
of conservation of energy, since the initial energy of a charged
capacitor is not infinitely great. Explain this fact.

489. When detonating gas explodes, 34,500 cal are liberated
per gramme of reacted hydrogen. Use these data to find the
minimum e.m.{. of a battery at which the electrolysis of water
is possible.

490. In electrolysis, positive and negative ions are continu-
ously neutralized on the respective electrodes. What maintains
the concentration of the ions in the electrolytes at a constant
level? In what sections of the electrolyte is the reduction in the
number of the ions compensated?

491. The total density of the current in electrolytes is deter-
mined as the sum of the current of the positive ions and that
of the negative ions:

i=e(ww.t+n.v)
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where ¢ is the charge of an ion, and n and v are the concentra-
tions and velocities of the posmve and negative ions.

Why is the amount of evolved, for
the cathode considered to be proportional to the full cnrrent
and not to the current en,v,?

492. What minimum change in temperature can be deter-
mined with the aid of an iron-constantan thermocouple, if the
measuring instrument (galvanometer) has a sensitivity of 10-*A
and a resistance of R=20Q? The e.m.f{. of the thermocouple
is 55(;) microvolts (50X 10-*V) per degree and its resistance
r= .

493. The temperature of the hot joints of a thermoelectric
battery ¢, =127°C and of the cold ones f,=27°C. The e.m.f{.
of the battery #=4V. Two calories of heat are supplied to the
hetated joints in a unit of time to maintain a constant tempe-
rature

An electrolytic bath with a solution of blue vitriol is connec-
ted to the battery. What maximum (theoretlcal) amount of
copper can be deposited on the cathode in a unit of time?

494. A current with an intensity of / flows through a sto-
rage battery with an internal resistance of r and an e.m.f.
of & What is the potential difference across the terminals of
the battery?

495. A voltmeter with a resistance of R,=100Q connected
to the terminals of a cell shows a potential difference of 2 V.
When this cell is connected across a resistance of R=15Q, an
ammeter connected to the circuit shows a current intensity of
I1=0.1 A. Find the e.m.f. of the cell if the resistance of the
ammeter R,=1Q.

496. Why can a galvanic cell with an e.m.f. of several
volts produce a large current, while an electrostatic machine
having an e.m.f. rated at dozens of thousands of volts gene-
rates a negligible current?

497. In the circuit shown in Fig. 176, the capacitor C, is
punctured and the resistance between its plates is finite. What
is the potential difference between the plates of each of the
capacitors if the key K is closed?

498. When will two series-connected galvanic cells connected
to an external resistance give a lower current than one of these
cells connected to the same resistance?

499. A storage battery with an e.m.f. of §=24 V was con-
nected to one end of a two-conductor telephone line with a
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length of L=5.6 km to find an insulation breakdown between
the wires. It was found that if the conductors at the other end
of the line were opened, the current flowing through the battery
was [,=1.5 A, and if short-circuited the current was /,=2 A.
The short-circuit current of the battery /,=96 A and the resi-
stance of each conductor of the line r=7%. Find the resistance
of the insulation R at the point of breakdown.

500. Galvanic cells with e.m.f.s of =2V and §,=15V
are connected as shown in Fig. 177a. A voltmeter with zero in
the middle of the scale shows a voltage of u,=1 V and its

ointer deflects in the same direction as when key K is open.

hat will the voltmeter show if the cells are connected as shown
in Fig. 177b? Disregard the current branched off into the volt-
meter.

501. Solve Problem 500 if, with key K closed (Fig. 177a),
the pointer of the voltmeter deflects in the direction opposite
to the one in which it deflects with the key open.

502. Two cells with e.m.f.s of &, =2V and &,=1V are
connected as shown in Fig. 178. The resistance R =0.5Q. The
internal resistances of the cells are the same and equal to 1Q
eac. Determine the currents flowing through the cells and the
resistan.e R. Disregard the resistance of the feeding wires.

505 At what resistance R in the circuit of Problem 502 will
the current not flow through a galvanic cell with an e.m.f. &,?

At what values of R will the current through this cell be
directed against the e.m.{. of the cell?

504. Can a resistance of R=0.2Q and a current of /=21A
be obtained in an external circuit with the aid of 24 storage
battery cells, each with an e.m.f. of §,=2 V and an internal
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resistance of r=0.3Q by connecting them into separate iden-
tical groups?

505. An electric stove designed for 220 V is to be adapted
for 110 V without changing or shortening the coil so that its
power remains the same. at should be done for this?

506. A lamp the resistance of whose filament in a heated
state is R=2.9Q is placed into a calorimeter containing a mix-
ture of water and ice. In what time will the amount of water
in the calorimeter increase by m=15 g if the lamp is connec-
ted to mains with a voltage of u=22g V? The specific heat of
fusion of ice H=80 cal/g.

507. An electric lamp with a tungsten filament consumes
50 watts. When the lamp burns, the temperature of its fila-
ment is 2,500°C. What power will be consumed by the lamp
at the first moment after it is switched on? The temperature
coeflicient of resistance of tungsten a=4.5x10-3deg-*.

508. Why does the incandescence of the lamps in a room
noticeably drop as soon as a high-power device (for example,
an electric iron) is switched on, and after a brief inter-
}/al of time increase, reaching about the same value as be-
ore?

509. The wires leading from the mains into a building have
a resistance of R,=0.5Q. The voltage in the mains is constant
and equal to U,=127 V. What is the maximum permissible
power of the electric energy consumed in the building if the
voltage across the devices connected to the mains should not
drop below U =120 V?

510. An electric tea-kettle has two windings. When one of
them is switched on the kettle begins to boil in ¢, minutes,
and when the other is switched on—in f, minutes. In what
time will the kettle begin to boil if both windings are switched
on simultaneously in series and in parallel?

511. An electric heater has three windings. If two windings
are connected in parallel and the third is connected to them
in series, then with various combinations of the windings the
water in the tank will begin to boil in 20, 40 and 16 minu-
tes, respectively.

In what time will the water begin to boil if all the win-
dings are connected (1) in series? (2) in parallel?

512. When a direct current flows through a conductor, the
amount of energy liberated is QU, where Q is the charge pas-
sing through the conductor and U the potential difference, while



106 PROBLEMS

an el;l;ll']gy? of QU/2 is liberated when a capacitor is dischar-

513. When electric energy is transmitted over great distan-
ces, a transformer is used to so increase the voltage as to reduce
the current intensity at the same power. According to the Joule-
Lenz law, the amount of heat evolved in the wires Q =
= 0.24/*R¢, and therefore the losses due to heat evolution will
be small with small currents.

On the other hand, Q=0.24£§1, i.e., the amount of heat

evolved grows with an increase in the voltage. Explain why an
increase in the voltage saves electric energy when it is trans-
mitted over great distances.

514. When two identical lamps are connected in series to the
circuit of a battery, the voltage drop across the internal resi-
stance is k% of the e.m.f. The rated voltage of the lamp is
U volts and the rated power p watts. Determine the internal
resistance r of the battery.

515. A storage battery with an e.m.f. of =10V and an
internal resistance of r=1Q is connected across an external
resistance R and liberates in it a power P =9 watts. Find the
potential difference U across the terminals of the battery. What
is the cause of the ambiguity of the result? -

516. What maximum useful power (evolved on an external
resistance) can be produced by a storage battery with an e.m. f.
of =10V and an internal resistance of r=19Q? What is the
resistance of the external circuit?

517. Determine the efficiency n of the storage battery in
Problems 515 and 516. How does the efficiency depend on the
external resistance with a constant internal resistance? How
does the useful power change in this case? Can n be equal to
unity?

518. The efficiency of a source of current connected to an
external resistance R is 1,=60 per cent. What will the
efficiency 7, be if the external resistance is increased six
times?

519. A storage battery with an initial e.m.f. of & is char-
ged from a station rated at U volts. The internal resistance of
the battery is r. Find the useful power spent to charge the
battery and the power used to liberate the heat in it.

520. Does the useful power spent to charge a storage battery
exceed the heat evolved in it?
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521. A conductor carries a current of /=10 A.
The cross-sectional area of the conductor A=5 cm?®
and the number of free electrons in 1 cm® of the
conductor n=10%. Find the directed velocity of
the electrons v assuming it to be the same for all

a

a4 the electrons.
G 522. A melal rectangular parallelepiped with
Fig 179 sides d, b, ¢ (d>c, b>c) moves with an acce-

leration a in the direction shown by the arrow
in Fig. 179. Find the intensity of the electric field produced by
the accelerated motion of the metal block and the density of
the electric charges on its surfaces that are perpendicular to the
direction of motion. .

523. A solid metal cylinder whose radius is R rotates with
a constant angular velocity . Find how the field intensity
depends on the distance to the axis of the cylinder and deter-
mine the potential diflerence between the surface of the cylin-
der and the axis.

3-3. Electric Current in Gases and a Vacuum

524. Will a glow discharge occur if an anode is placed into
a cathode dark space (the region of the cathode drop)?

525. Figure 180 shows a diagram of an X-ray tube with a
cold cathode: C is the cathode, A the anode and A, the anti-
cathode. A high voltage is created between the anode and the
cathode. The electrons accelerated near the cathode (region of
the cathode drop) bombard the anticathode with a high velocity
and initiate X-rays. Why is the tube provided with two electro-
des, an anode and an anticathode, instead of one?

Fig. 180 Fig. 181
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526. Why are the anode and the anticathode of an X-ray
tube connected by a wire (see Problem 525)> What will occur
if the anticathode is isolated?

527. Figure 181 shows a Geiger-Miiller counter of elementary

rticles. A high voltage is produced between the housing of
r:be A and a thin wire ab that is only slightly smaller than
the critical voltage necessary to ignite the charge.

hen a fast charged particle enters the counter, the molecu-
les of the gas are ionized and a discharge begins. The flow of
current through the circuit is accompanied by a drop of vol-
tage across the large resistance R. This voltage drop is recorded
after amplification by corresponding instruments.

For the counter to answer its purpose, the discharge caused
by the particle should be quickly extinguished. What extingui-
shes the discharge in the circuit in Fig. 181?

528. A capacitor with a capacitance C=8 cm and a distance
between the plates of d=3 mm is connected to a high-voltage
source through a resistance of R=10°Q (Fig. 182).

The air in the space between the plates of the capacitor is
ionized by X-rays so that n=10¢ jonic pairs form in one cubic
centimetre per second. The charge of each ion is equal to that
of an electron.

Find the voltage drop across the resistance R assuming that
all the ions reach the plates before they recombine.

529. What will occur to a burning electric arc if the negative
carbon is intensively cooled? What will occur if the positive
carbon is cooled?

530. Why is an electric iron with a thermocontroller used
only with alternating current?

631. What energy in ergs will an electron acquire after pass-
ing through a potential difference of 1 V in a vacuum? (In ato-
mic physics this energy is taken as the unit “electron-volt”.)
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532. Does the trajectory of a charged particle in an electro-
static field coincide with a force line?

533. A broad metal plate is connected to earth through a
galvanometer. A charged ball flies along a straight line above
the plate at a distance much less than the linear dimensions
of the plate (Fig. 183).

Draw an approximate diagram showing how the current flowing
through the galvanometer depends on time.

534. An electron moves along a metal tube with a variable
cross section (Fig. 184). How will its velocity change when it
approaches the neck of the tube?

535. A potential difference U is created between a filament
emitting electrons and a current-conducting ring (Fig. 185). The
electrons move with an acceleration along the axis of the ring.
Their kinetic energy increases while the battery producing the
potential difference U performs no work, since no current flows
through the circuit. (It is assurmed that the electrons do not
impinge upon the ring.) How can this be brought into agreement
with the law of conservation of energy?

536. A charge +Q is uniformly distributed over a thin ring
with a radius R. Find the velocity of a negative point charge

—Q at the moment it passes through the centre O of the ring
if the charge — Q was initially at rest at point A sufficiently
removed from the ring (Fig. 186).. The mass of the charge —Q
is equal to m. The ring is stationary.

537. The plates of a plane capacitor with a capacitance C
at a distance of ! from each other carry charges +Q and — Q.

An electron flies into the middle of the capacitor with a
velocity v, directed parallel to the plates.

What is the velocity of the electron at a sufficiently great
distance from the capacitor?

hat is the nature of the change in the velocity of the
electron (in absolute magnitude) when it moves inside and out-
side of the capacitor?

—— —————

Fig. 185 Fig. 186
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Fig. 187 Fig 188

Consider the following three cases:

(1) at the initial moment the electron is at the same distance
from both plates of the capacitor;

(2) at the initial moment the electron is at a distance of //4
from the positive plate;

(3) the electron is at a distance of //4 from the negative plate.

538. A battery (directly heated) triode is connected to the
circuit shown in Fig. 187. The e.m. {. of the B battery £, =80V,
of the A battery §,=6V and of the C battery &,=2V.

With what energies will the electrons reach the anode? How
will the energy of the electrons reaching the anode change if
the e.m.{. &, changes in magnitude and even in sign?

Assume the anode current to be small as compared with the
heating current.

539. The anode current of a diode can be related to the po-
tential difference U, between the electrodes within a certain
voltage range by the equation /,=AU,+ BU:.

Find the anode current if the diode is connected in series
with a resistance of R, =20 kQ to the circuit of a battery with
an e.m.f. of €=120V. For the given diode A =0.15mA/V and
B =0.005mA/V?. Disregard the internal resistance of the battery.

540. Two electronic valves are connected in parallel. They
are connected to the circuit of a battery with an e.m.f. of
& =300V in series with a resistance of R =4kQ (Fig. 188). The
relation between the anode current i on the anode voltage U,
for each valve can be approximately expressed as i = AU, + BU3,
where for one valve 4,=0.07 mA/V, B,=0.005mA/V? and for
the other 4,=0.03mA/V, B,=0.01mA/V?.

Determine the anode currents of the valves disregarding the
internal resistance of the battery.
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541. An electronic valve (one of the triodes 6H8C) is con-
nected to the circuit of a battery with an e.m.f. of &=250V
in series with a resistance of R=10Q (Fig. 189).

The valve grid is connected to the negative.pole of a small
battery (&, =3V) and the cathode to its positive pole. In this
case the voltage drop across the resistance R reaches U, =95V.

If the grid circuit includes a battery with ,=6V, the poten-
tial difference across the resistance R will be U,=60V.

What will the potential difference between the anode and the
cathode of the valve be if the grid and the cathode are short-
circuited? Consider the grid characteristic of the valve as a
straight line in the range of the grid potential change being
considered.

542. Three identical diodes whose anode characteristics can be
approximately represented by sections of straight lines:

I,=0 at U,<0
I,=kU, at U, >0

where £=0.12mA/V, are connected to a circuit as shown in
Fig. 190.

Draw a diagram showing how the current / in the circuit
depends on the voltage V if &, =2V, §,=5V, §,=7V, and V
can change from —10V to +10V.

643. Calculate the sensitivity of a cathode-ray tube to voltage,
i.e., the deflection of the light spot on the screen caused by a
potential difference of 1V on the control grids. The length of
the control grids is /, the distance between them is d, the distance
from the end of the grids to the screen is L, and the accelerating
potential difference is U,.

Nlt\l
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Fig. 189 Fig. 190
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3-4. Magnetic Field of a Current. Action of a Magnetic
Field on a Current and Moving Charges

544. Determine the dimension and magnitude of the coefficient £
in the expression for the intensity of the magnetic field of a

solenoid H =k 4n/ %. if H is measured in oersteds and / in

cgs electrostatic units.

The dimension of the oersted coincides with that of the electric
field intensity in cgs units.

545. Two windings connected as shown in Fig. 191 are wound
around a thin iron ring with a radius R =10 cm. The first wind-
ing has 2,000 turns and the second 1,000 turns. Find the inten-
sity of the magnetic field inside the ring if a current of /=10A
flows through the windings.

546. A current / flows through an infinitely long conductor
ABC bent to form a right angle (Fig. 192).

How many times will tre intensity of the magnetic field change
at point My if an infinitely long straight conductor BD is so
connected to point B that the current / branches at point B
into two equal parts and the current in the conductor AB re-
mains the same?

Note. Take into account the fact that the intensity of a mag-
netic field induced at a certain point by a small element of
current is perpendicular to the plane containing this element
and a radius-vector drawn from this current element to the
given point.

547. A current flows through a conductor arranged in one plane
as shown in Fig. 193. Find the intensity of the magnetic field
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Fig. 191 Fig. 192 Fig. 193
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at an arbitrary point on line AB, which is the axis of symmetry
of the conductor.

548. How will a magnetic pointer be positioned if it is placed
In the centre of a single-layer toroidal solenoid through which
a direct current flows?

549. A current / flows along an infinite straight thin-walled
pipe. Bearing in mind that the intensity of the magnetic field
of an infinite straight conductor at a distance r from it is pro-
portional to I/r, find the intensity of the magnetic field at an
arbitrary point inside the pipe.

550. Remembering that the intensity of a magnetic field inside
a long cylindrical conductor H =k2njr, where j is the current
density and r is the distance from the conductor axis, find the
intensity of the field at an arbitrary point on a long cylindrical
space inside the conductor (Fig. 194) through which a current
with a density j flows. The axis of the space is parallel to the
axis of the conductor and is at a distance d from it.

551. Draw the distribution of the force lines of a magnetic
field in the space of the cylindrical conductor described n
Problem 550.

552. Determine the dimension and the magnitude of the coef-
ficient k£ in the expression for the force F=kHIlsin¢ acting
from a magnetic field on a current if H is in oersteds and / in
cgs electrostatic units. ~

8 -2042



114 PROBLEMS

553. Will the density of a direct current flowing in a cylindrical
conductor be constant across the entire cross section of the
conductor?

554. A lightning arrester is connected to earth by a circular
copper pipe. After lightning strikes, it is discovered that the
pipe became a circular rod. Explain the cause of this phenomenon.

555. A very great current is made to flow for a short time
through a thick winding of a solenoid. Describe the deformation
of the winding from the viewpoint of quality.

556. The magnetic system of a galvanometer consists of a
magnet, pole shoes A and B, and a cylinder made of soft iron
(Fig. 195). The maﬁnetic force lines in the gap between the
shoes and the cylinder are perpendicular to the surface of the
cylinder. The intensity of the magnetic field is H. A rectangular
coil with n turns is placed in the gap on axis 0. The sides of
the coil are parallel to the diameter and the generatrix of the
cylinder. The area of each turn is A. One end of a spiral spring
is so attached to the axis of the coil that when the latter ro-
tates through an angle a, the deformation of the spring creates
a rotational moment ka that tends to turn the coil to a posi-
tion of equilibrium. Determine the angle through which the coil
will turn if a current / passes through it.

557. A current of /=1 A flows through a wire ring with a
radius R=5 cm suspended on two flexible conductors. The rin;
is placed in a homogeneous magnetic field with an intensity ol
H =10 Oe whose force lines are horizontal. What force will the
ring be tensioned with?

558. A wire ring with a radius R=4 cm is placed into a
heterogeneous magnetic field whose force lines at the points of
intersection with the ring form an angle of @ =10° with a normal
to the plane of the ring (Fig. 196). The intensity of the mag-
netic field acting on the ring H =100 Oe. A current of /=5A
flows through the ring. What force does the magnetic field act
on the ring with?

559. A rectangular circuit ABCD with sides @ and b placed
into a homogeneous magnetic field with an intensity H can
revolve around axis 00’ (Fig. 197). A direct current / constantly
flows through the circuit.

Determine the work performed by the magnetic field when
the circuit is turned through 180° if initially the plane of the
circuit is perpendicular to the magnetic field and arranged
as shown in Fig. 197.
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560. A conductor is placed into a magnetic

|” field whose intensity H forms an angle a with

o the conductor. A force F=+kHIIsina acts on

7 ] the section of the conductor with a length [

Y% when it carries a current /. If F is expressed
o) in dynes, H-in oersteds, / in amperes and [
in centimetres, then £=0.1.
This force is the resultant of all the forces
that dct on the moving electrons present at
2 this moment i the volume of the section of
the conduclor with a length I.
o Find the force which the magnetic force
acts on one electron with.
Fig 197 561. Can a magnetic field independent of time
change the velocity of a charged particle®

562. How will an electron move in a homogereous magnetic
field if the velocily of the electron at the initial moment is per-
pendicular to the force lines of the field?

563. How will an electron move in a homogeneous magnetic
field if the velocity of the electron at the initial moment forins
an angle o with the force lines of the field?

564. A current / flows along a metal band with a width
AB=a placed in a magnetic field with an intensity H perpen-
dicular to the band (Fig. 198). Find the potential difference
between points A and B of the band. .

565. Determine the numerical value of the potential difference
(see Problemn 564) if H =10,000 Oe, the band width a=1 cm,
its thickness d=0.1 mm, and the current / =10 A. The number
of electrons in a unit of vo-
lume is n=9x 10 cm™. H

566. An uncharged metal .
block has the form of a rec-
tangular parallelepiped with

sides a, b, andc(a>>c,b>¢).
The block moves in a magne-

q

(0] I—

Fig 198 Fig 199
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tic field in the direction of side a with a velocity v. The inten-
sity of the magnetic field H is perpendicular to the base of
the block with the sides a and ¢ (Fig. 199).

Determine the intensity of the electric field in the block and
the density of the electric charges on the surfaces of the paral-
lelepiped formed by sides a and 4.

567. An uncharged metal cylinder with a radius r revolves about
its axis in a magnetic field with an angular velocity w. The
intensity of the magnetic field is directed along the axis of the
cylinder.

What should the intensity of the magnetic field be for no
electrostatic field to appear in the cylinder?

3.5. Electromagnetic Induction. Alternating
Current .

568. Determine the direction of the intensity of an electric
field in a turn placed in a magnetic field (Fig. 200) directed away
from us in a direction perpendicular to the plane of the turn.
The intensity of the magnetic field grows with time.

569. A rectangular circuit ABCD moves translationally in the
magnetic field of a current flowing along straight long conductor
00" (Fig. 201). Find the direction of the current induced in the
circuit if the turn moves away from the conductor.

570. A non-magnetized iron rod flies through a coil connected
to a battery and an ammeter (Fig. 202). Draw an approximate
diagram of the change of current in the coil with time as the
rod flies through it.

571. A current in a coil grows directly with time. What is the
nature of the relation between the current and time in another
coil inductively connected to the first one?

o
) z
I ]
+
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Fig. 200 Fug. 201 Fig. 202
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Fig 203 Fig 204

572. Will the result of Problem 571 change if an iron core is
inserted into the second coil?

573. A wire ring with a radius r is placed into a homogeneous
magnetic field whose intensity is perpendicular to the plane of
the ring and changes with time according to the law H =kt.
Find the intensity of the electric field in the turn

574. A ring of a rectangular cross section (Fig. 203) is made
of a material whose resistivity is p. The ring is placed in a ho-
mogeneous magnetic field. The intensity of the magnetic field is
directed along the axis of the ring and increases directly with
time, H=+kt. Find the intersity of the current induced in the
ring.

575. A coil having n turns, each with an area of A, is con-
nected to a ballistic galvanometer. (The latter measures the quantity
of electricity Fpassing through it.) The resistance of the entire
circuit is R. First the coil is between the poles of a magnet in
a region where the magnetic field H is homogeneous and its
intensity is perpendicular to the area of the turns. Then the coil
is placed into a space with no magnetic field.
What quantity of the electricity passes through
the galvanometer? (Express the answer in cou-
lombs.)

576. Determine the current in the conductors
of the circuit shown in Fig. 204 if the intensi-
ty of a homogeneous magnetic field is perpen-
dicular to the plane of the drawing and changes
in time according to the law H =*kf. The resi-
stance of a unit of length of the conductors is .

§77. The winding of a laboratory regulating
Fig 205 autotransformer is wound around an iron core ha-

- —
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Fig 206 Fig. 207

ving the form of a rectangular toroid (Fig. 205). For protection
against eddy (Foucault) currents the core is assembled of thin
iron laminas insulated from one another by a layer of varnish.
This can be done in various ways:

(1) by assembling the core of thin rings piled on one another;

(2) by rolling up a long band with a width 4;

(3) by assembling the core of rectangular laminas /XA in size,
arranging them along the radii of the cylinder. Which is the best way?

578. A direct induced current / is generated in a homogeneous
circular wire ring. The variable magnetic field producing this cur-
rent is perpendicular to the plane of the ring, concentrated near
its axis and has an axis of symmetry passing through the centre
of the ring (Fig. 206).

What is the potential difference between points A and B> What
is the reading of an electrometer connected to these points?

579. A variable magnetic field creates a constant em.[. & in
a circular conductor ADBKA (see Problem 578). The resistances
of the conductors ADB, AKB and ACB (Fig. 207) are equal to
R,, R, and R,, respectively. What current will be shown by
ammeter C? The magnetic field is concentrated near the axis of
the circular conductor.

580. The resistance of conductor ACB (see Problem 579) is
R,=0. Find the currents /,, /, and /, and the potential diffe-
rence U,—Up.

581. A medical instrument used to extract alien particles from
an eye has the form of a strong permanent magnet or an electro-
magnet. When brought close to the eye (without touching it) it
extracts iron and steel particles (filings, chips, etc.).

What current should flow through the electromagnet to extract,
without touching the eye, metal objects made of non-ferromagne-
tic materials (aluminium, copper, etc.)?
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582. A wire ring secured on the axis passing thraugh its centre
and perpendicular to the force lines is placed in a homogeneous
magnetic field (Fig. 208). The intensity of the field begins to
grow. Find the possible positions of equilibrium of the ring and
show the position of stable equilibrium. What will happen if the
intensity of the field decreases?

583. A conductor with a length / and mass m can slide with-
out friction along two vertical racks AB and CD connected
by a resistor R. The system is in a homogeneous magnetic field
whose intensity H is perpendicular to the plane of the drawing
(Fig. 209).

How will the movable conductor travel in the field of gravity
if the resistance of the conductor itself and the racks is negle-
cted?

584. A conductor with a mass m and length / can move without
friction along two metallic parallel racks in a horizontal plane
and connected across capacitor C. The entire system is in a
homogeneous magnetic field whose intensity H is directed upward.
A force F is applied to the middle of the conductor perpendi-
cular to it and parallel to the racks (Fig. 210).

Determine the acceleration of the conductor if the resistance
of the racks, feeding wires and conductor is zero. What kinds
of energy will the work of the force F be converted into? Assume
that the velocity of the conductor is zero at the initial moment

585. Considering the motion of a straight magnet in a plane
perpendicular to a wire and using the law of conservation of
energy, prove that the field of a long forward current dimin-
ishes with the distance from the wire as 1/R.

586. A cylinder made of a non-magnetic material has N turns
of a wire (solenoid) wound around it. The radius of the cylinder

7
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is r and its length I(r<€!). The resistance of the wire is R.
What should the voltage at the ends of the solenoid be for the
current flowing in it to increase directly with time, i.e., / =kf?

587. A solenoid (see Problem 586) is connected to a battery
whose e.m.f. is &. The key is closed at the moment ¢ = 0. What
is the intensity of the current flowing through the circuit of
the solenoid if the resistance R of the solenoid, battery and
feeding wires is neglected?

588. Calculate the work of the battery (see Problem 587)
duri;)g the time t. What kind of energy is this work converted
into?

589. A ring made of a superconductor is placed into a homo-
geneous magnetic field whose intensity grows from zero to H,.
The plane of the ring is perpendicular to the force lines of the
field. Find the intensity of the induction current appearing in
the ring. The radius of the ring is r and its inductance L.

590. A superconductive ring with a radius 7 is in a homoge-
neous magnetic field with an intensity H. The force lines of the
field are perpendicular to the plane of the ring. There is no
current in the ring.

Find the magnetic flux piercing the ring after the magnetic
fiesd 15 switched off.

541. Find the inductance of a coil wound onto the iron core
shown in Fig. 211. The number of turns of the <oil N, the
cross-sectional area A, the perimeter of the core (medium line)
| and the permeability of the core p, are known.

Note Take into account the fact that the intensity of the
magnetic field inside the core is practically constant and can

be approximately expressed by the formula H =0.4n—'lll,

592. Estimate approximnately the coefficient of mutual induc-
tance of the windings of a transformer. Consider the windings

— mm Z

Fig. 211 Fig. 212
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as coils of Identical cross section. Disregard the dispersion of
the force lines of the magnetic field.

Note. The coefficient of mutual inductance of two circuits is
the ratio between the magnetic flux ® induced by the magnetic
field of the first circuit through the area limited by the second

circuit and the magnitude of this current M=l’;-.

593. A light aluminium disk is suspended on a long string in
front of the pole of an electromagnet (Fig. 212).

How will the disk behave if an allernahng current |s passed
through the winding of the elec ? The of
the disk is small.

594. When a capacitor carrying a charge Q is connected in
parallel with an uncharged capacitor having the same capaci-
tance, the energy of the electric field of the system is halved
(see Problem 441). Without resorting to the law of conservation
of energy, prove by direct calculatlons that the amount of heat

evolved in the wires is W,= 2“‘ , where W,,=Q—2: is the ini-

tial energy of the system. Disregard the inductance of the con-
necting wires.

595. Find the eflective magnitude of an aiternating current
that changes according to the law:

I=1, when 0<f <L

T T
I=0 when & <t(<&
I=—I, when %<t<%T
I1=0 when %T<t<T

I=I, when T<t< 3T

etc., (Fig. 213).

598. A d-c ammeter and an a-c thermal ammeter are connec-
ted to a circuit in series. When a direct current is passed through
the circuit, the d-c ammeter shows /, =6 A. When a sinusoidal
alternating current flows through the circuit, thé a-c ammeter
shows /,=8 A. What will the reading of each ammeter be if a
direct and an alternating currents flow simultaneously through
the circuit?
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597. An alternating sinusoidal current flows through a coil
without any ohmic resistance. Draw a diagram showing the pro-
duct of the current and the voltage (instantaneous power) changes
dewnding on time. Explain the nature of the curve.

hat is the average power consumed by the coil per period?

598. Like an electric arc, daylight lamps have a dropping
current- valtage characteristic, and for this reason a coil with a

hi t (choke) is c cted in series with the lamp as

%auast resistance for stable burning. Why are ordinary less
expensive resistors not used?

599. Why are capacitors connected in parallel with electric
devices L:aving a high inductance (chokes, for example), if there
are many of them in a< mains?

600. (a) A tap C is made from the middle of a coil with an
iron core (the winding is a thick .copper wire with many turns)
(Fig. 214). A constant potential difference U, is created between
points B and C. Find the voltage U, between points A and B.

(b) A variable potential difference with an amplitude U, (for
example, from town mains) is applied between points B and C.
Find the amplitude U, of the variable potential difference between
points A and B.

» 601. Why does the presence of
] a very h?h voltage in the secon-

A

dary winding of a step-up trans-
former (see Problem 513) not lead

4
l z
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to great losses of energy
due to the evolution of heat
in the winding itself?

802. Show that the pro-
portion IL.‘=:T:' where /,
and /, are the currents in
the windings and N, and
N, the numbers of turns
Fig 216 in them, exists, if the
no-load current of a tran-
sformer and the ohmic of its windings are neglected
Consider the windings as coils with the same cross section.

603. What puncturing voltages should capacitor C and diode D
be calculated for if the rectifier (Fig. 215) can operate both with
or without load?

604. An alternating voltage with an amplitude of U =600 V
is excited at the ends of the secondary winding of a transfor-
mer supplying a biphase rectifier (Fig. 216). The capacitance of
the capacitor C is so high that the current / flowing through
the resistance R=5KkQ can be considered as approximately con-
stant (/ =40 mA).

Assuming that each of the diodes passes no current in the
opposite direction, find the share of the period T during which
no current flows through the valve.

3-6. Electrical Machines

605. The resistance in the load circuit of an a-c generator
increases. How should the power of the motor revolving the
generator change for the frequency of the alternating current to
remain the samne?

606. The force acting on a moving charged particle from
the side of a magnetic field (the Lorentz force) is always per-
pendicular to the velocity. Therefore, this force performs no
work (see Problem 561).

Why does an electric motor operate in this case? We know
that the force acting on a conductor carrying a current is cau-
sed by the action of the field on separate particles whose mo-
tion produces a current.

607. Can a d-c_series motor connected to mains with a
voltage of U =120V develop a power of P =200 watts if the
resistance of its windings is R =20 Q?
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608. Determine the efficiency of a series and a shunt-wound
motors if they develop the maximum power. The voltages ac-
ross the terminals U and the resistances of the windings of the
rotor R, and the stator R, are the same in both motors and
are known.

609. The rotor of a model of a d< motor consists of one
turn in the form of a rectangle. The intensity of the magnetic
field H produced by a permanent magnet (north at the left and
south at the right) is directed along the radius because the gap
blgtween the pole shoes and iron cylinder C is very small
(Fig. 217).

A potential difference U is applied to the turn, whose area
is A and resistance is R

Find the power of the motor as a function of the angular
velocity o. At what angular velocity o will the power be ma-
ximum, and what will the current be at this power?

610. Determine how the rotational moment (torque) M de-
pends on the angular velocity, using the condition of the
previous problem.

611. Find the nature of the relation between the power of
a d-c motor (see Problem 609) and the intensity of the magne-
tic field H at a given speed. At what value of H does the
power reach its maximum?

.812. Determine the intensity of the magnetic field in a d-c
motor (see Problem 609) at which the torque M is maximum.
The speed of the armature is known.

613. A d-c shunt-wound motor develops a mechanical power
of P=160 watts with a voltage across the terminals of
U =120V. The armature rotates at n=10 rev/s. Determine the
maximum possible speed of
the motor at this voltage.
The resistance of the armature
is R=20Q.

614. A d-c shunt-wound
motor has an angular velocity
of the armature rotation of
©=100 rad/s at a voltage of
U =120V across the terminals.
The resistance of the motor
armature winding is R =20Q.
What electromotive force will
Fig. 217 this motor develop when used
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3

Fig. 218 Fig. 219

as a generator if it is rotated with the same angular velocity?
The voltage in the stator windings is kept constant and equal
to 120 V. At the velocity indicated, the mechanical moment on
the motor shaft is M =1.6x 10" dyne-cm.

615. How will the speed n of a shunt-wound motor change
when the current in the stator windings grows if the voltage across
the armature U and the mechanical moment M applied to the
armature axis remain constant?

616. What parameters of mains would determine the power
of a d- series motor connected to them if the winding of the
motor were made of a superconductor?

617. Prove that if the windings of a three-phase generator
are star-connected (Fig. 218), the voltages between linear con-
ductors U,,, U,, and U,, are V'3 times greater than the phase
voltages U,,, l)., and U,,.

618. Prove that when the windings of a three-phase generator
and the load resistances are star-connected (Fig. 219), the cur-

4

Fig. 220 Fig. 221
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rent /, flowing through the neutral conductor is zero if
R,=R,=R,=R.

‘19" Prove that if the intensities of the magnetic field gene-
rated by three pairs of electromagnets are equal in amplitude

and shifted in phase through %a (Fig. 220), the resultant mag-

netic field can be described by a vector rotating with a constant
angular velocity ® about point 0.

Each pair of e] gl creates tic helds directed
along the respective diameters of the ring: H,, H, and H,. The
electromagnets are fed with an alternating current having the
frequency .

620. Two identical coils perpendicular to each other are
divided in half and connected to a circuit as shown in Fig. 221.

The inductance of the choke Ch and the ohmic resistance R
are so selected that the intensities of the currents in the coils
are the same. The ohmic resistance and inductive reactance of
thekcoils are much less than the inductive reactance of the
choke.

What will occur if an aluminium cylinder A secured on an
axis is introduced into the space between the poles of the coils?




CHAPTER 4
OSCILLATIONS
AND WAVES

4-1. Mechanical Osciilations

621. A weight suspended from a long string oscillates in a
vertical plane and is deflected through an angle a from the ver-
tical (a mathematical pendulum). The same weight can rotate
over a circumference so that the string describes a cone (a co-
nical pendulum). When will the tension of the string deflected
through an angle a from the vertical be greater?

622. A clock with an oscillation period of the pendulum of 1
second keeps accurate time on the surface of the Earth. When
will the clock go slower in a day: if it is raised to an altitude.
of 200 metres or lowered into a mine to a depth of 200 metres?

623. Two small spheres each with a mass of m=1 g are
secured to the ends of a weightless rod with a length d=1 metre.
The rod is so suspended from a hinge that it can rotate without
friction around a vertical axis passing through its middle. Two
large spheres with masses M =20 kg are fastened on one line
with the rod. The distance between the centres of a large
sphere and a small one L =16 cm (Fig. 222). Find the period
of small oscillations of this torsion pendulum.

2 hat is the period of oscillations of a mathematical
pendulum in a railway carriage moving horizontally with an
acceleration a?

Fig. 222
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625. Find the period of oscillations of a pendulum in a lift
moving vertically with an acceleration a.

626. A block performs small oscillations in a vertical plane
while moving without friction over the internal surface of a
spherical cup. Determine the period of oscillations of the block
if the internal radius of the cup is R and the face of the
block is much smaller than R.

627. How will the period of oscillations of the block in the
cup change (see Problem 626) if, besides the force of gravity,
the cup is acted upon bx‘a force F directed vertically upward?
The mass of the cup is much greater than that of the
block m.

628. How will the period of oscillations of the block in the
cup change (see Problem 626) if the cup is placed onto a smooth
horizontal surface over which it can move without friction?

629. A hoop with a mass m and a radius r can roll without
slipping over the internal urface of a cylinder with a radius R
(Fig. 223). Determine the period of motion of the hoop centre
if the angle ¢ is small.

630. Find the period of oscillations of the pendulum shown
in Fig. 224. Consider the rod carrying the masses m, and m,
to be weightless.

831. Find the period of oscil- %
lations of a pendulum made of
a thir homogenedus half-ring /5
with a radius r suspended on
weightless strings 0A and OB as
shown in Fig. 225. AN

632. Figure 226 shows a mech- m,
anical system consisting of a
weight with a mass m, spring
A with a coefficient of elasti-

v

/

Fig. 228 Fig 224
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city & and a pulley with a mass M. A string passed over the
pulley connects the weight to the spring. Find the period of
oscillations of the weight if the pulley is a thin-walled cylinder.

633. With what frequency will a bottle with a mass of
m=200 g and a cross-sectional area of A=50 cm? oscillate if
it floats on the surface of water in a vertical position?

Note. Remember that the period of oscillations of a weight
on a spring is T =2n ]/%, where k is the coefficient of elas-
ticity of the spring.

634, Mercury is poured into communicating cylindrical ves-
sels. Find .the oscillation period of the mercury if the cross-
sectional area of each vessel is A=0.3 cm? and the mass of the
mercury m=484 g. The specific weight of mercury is
y=13.6 gf/cm?.

635. A mine pierces the Earth along one of its diameters. In
what time will a body thrown into the mine reach the centre
of the Earth? There is no resistance to motion.

.836. A string secured at its ends is streiched with a force f.
A point weight with a mass m is attached to the middle of the
string (Fig. 227). Deter-
mine the period of small
oscillations of the weight.

The mass of the string
and the force of gravity
can be neglected.

637. How will the pe-
riod of vertical oscilla-

7
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Fig. 227

tions of a weight hanging on two identical springs change if
the series connection of the springs is changed to a parallel one?

638. Two mathematical pendulums each with a length [ are
connected by a weightless spring as shown in Fig. 228. The
coefficient of elasticity of the spring is k. In equilibrium the
rendulurns occupy a vertical position and the spring is not de-
ormed. Determine the frequencies of small oscillations of the two
linked pendulums when they are deflected in one plane through
equal angles in one direction (oscillations in phase) and in
opposite directions (oscillations in antiphase).

639. A force of 5 kgf should be applied to the handle of an
open swinging door to keep it in equilibrium (the door is retur-
ned to its usual closed position of equilibrium by springs). Can
the door be opened by a force of 10 gf applied to the same
handle? Disregard friction in the door hinges.

640. A weightless rod with a length I is rigidly attached to
a weightless pulley with a radius r. The end of the rod carries
a mass m (Fig. 229). A string to whose free end a mass M is

Fig 228
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Fig. 229

fastened is passed over the pulley. In what condition will the
motion of the s{stem be oscillatory if the angle & between the
rod and the vertical is zero at the initial moment?

4-2, Electrical Osclllations

641. Why is a permanent magnet needed in a telephone re-
ceiver? Why must the intensity of the magnetic field of this
magnet be greater than the maximum intensity of the magne-
tic field generated by the current flowing through the winding
of the telephone coil?

2. Find the frequency of natural oscillations in a circuit
consisting of a solenoid with a length of /=3 cm, a cross-sec-
tional area of S,=1 cm® and a plane capacitor with a plate
area of S,=30 cm?, the distance between them being d=0.1 ecm.
The number of solenoid turns is N = 1,000.

643. An electric circuit consists of a capacitor with a cons-
tant capacitance and a coil into which a core can move. One
core is made of ferrite and is used as an insulator, and the
other is made of copper. How will the frequency of natural
oscillations of the circuit change if (a) the copper core, (b) the
ferrite core, is moved into the coil?
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644. The capacitors described in Problem 594 are connected
by a superconductor. No heat Is liberated. How can the dec-
rease in the energy of the electric ﬁeld be explained in this
case from a qualltahve point of view?

845. A voltage of V,=V,, cosat is aj gplled to the verhcally
deflecting plates of an cmcnllog'raph and a voltage of V,=V,,
cos (of—¢) to the horizontally deflecting plates Find the
trajectory of the cathode beam on the oscillograph screen if
the phase difference between the voltage on the plates is
q,—7 and @,=mx.

646. Flgure 230 shows a circult consisting of a battery E, a
neon tube N, a capacitor C and a resistor R.

The characterlstic of the neon tube (current in the tube
versus voltage) is shown in Fig. 231. Current does not flow
through the tube when the voltage is low. When the potential
in the tube reaches V, (striking potential), the tube ignites,
the current jumps to /, and then grows in proportion to V. If
the voltage drops, the “current drops at a slower rate than that
al which it increased. The tube goes out at an extinguishing
potential V,

Draw the approximate relation between the change of vol-
lagedacross the capacitor and the time when the key K is
closed.

647. How will the period of relaxation oscillations change in
a circuit with a neon tube (see Problem 646) if the capacitance
of the capacitor C and the resistance R change?
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648. A plane cat)ac[tor incorporated into an oscllla!orx circuit
is so designed that its plates can move relative to each other.
How can the circuit be made to oscillate parametrically by
moving the plates?

4-3. Waves

649. A thin string is replaced by another made of the same
material, but with a double diameter. How many times should
the tension of the string be changed to retain the previous
frequency of oscillations?

650. Find the frequencies of natural oscillations of a steel
string with a length of /=50 cm and a diameter of d=1 mm
if the tenslon of the string is T=2,450 dynes. The density of
steel 1s p=7.8 g/em®.

851. Find the frequencies of the natural oscillations of an air
co!jumn in a pipe with a length of /=23.4 metres closed at both
ends.

652. A tuning fork with a frequency of natural oscillations
of v=340 s-! sounds above a cylindrical vessel one metre high.
Water is slowly poured into the vessel. At what level of the
water in the vessel will the sound of the tuning fork be appre-
ciably intensified?

653, What is the shape of the front of the shock wave pro-
duced in air when a bullet flies at a supersonic velocity?

654. A jet airplane flies at a welocity of 500 mys at a dis-
tance of 6 km from a man. At what distance from the man was
the plane when the man heard its sound?

855. If a source of sound and a man are about at the same
altitude the sound is heard better in the direction of the wind
than in the opposite direction. How can you explain this pheno-
menon?

656. Why can TV programmes be seen only within the range
of direct visibility?

657. A radio direction finder operates in pulse duty. The pulse
frequency is f=1,700 cps and its duration is t=0.8 ps. Deter-
mine the maximum and minimum range of this finder.

658. Besides the wave transmitted directly from the station
(point A), a TV aerial (point C in Fig. 232) receives the wave
reflected from the iron roof of a building (point B). As a result
a double image apfears. How many centimetres are the images
shifted with respect to each other if the aerial and the roof are
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located as shown in Fig. 232? The width of .the TV screen Is
=50 cm.

Note. Remember that the .image is resolved into 625 lines,
and 25 frames are transmitted a second.

659. A vibrator with a length of {=0.5 metre is immersed
into a vessel with kerosene (e,=2). What is the length of the
electromagnetic wave radiated by the vibrator in a vacuum as
it emerges from the vessel?

860. Figure 233 depicts a TV aerial. How is the plane of
oscillations of the magnetic vector of the wave coming from the
TV centre orientated? .



CHAPTER 5
GEOMETRICAL
OPTICS

6-1. Photometry

661. A round hall with a diameter of D =30 metres is illu-
minated by a lamp secured in the centre of the ceiling. Find
the height & of the hell if the minimum illumination of the
wall is double that of the floor.

662. A lamp rated at /,=100 cd hangs above the middle of
a round table with a diameter of D=3 metres at a height of
H =2 metres. It is re%laced by a lamp with /,=25 cd and
the distance to the table is changed so that the illumination
of the middle of the table remains as before. How will the illu-
mination of the edge of the table change?

663. Sources of light S, and S, of equal intensity are arran-
ged at the vertices of an isosceles right triangle (Fig. 234). How
should a small plate A be positioned for its illumination to be
maximum? The sides of the triangle AS,=AS,=a.

664. An attempt to use a photometer to the 1
intensity of a certain source of light failed since the luminous
intensity was very high and the illumination of the photometer
fields with the aid of a standard source could not be equalized
even when the source being investigated was placed on the very
edge of the photometer bench. Then a third source was employed
with a luminous intensity lower than that of the one being inves-
tigated. At a distance of r, =10 cm from the photometer the
standard source produced the same illumination of the fields as

5 Fig. 234
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the third one that was placed at a distance of r,=50 cm. After
that, the standard source was replaced by the one being investi-
gated and equal illuminati were obtained at dist: from
the photometer r,=40 cm (source being investigated) and
r,=10 cm (auxiliary source). Find how many times the lumi-
nous intensity of the source being investigated is greater than
that of the standard source.

665. The ray of a searchlight falls on the wall of a house and
roduces a bright spot with a radius of r=40 cm. How many
imes will the illumination of the wall of a remote house be
smaller if the radius of the spot on it is 2 metres?

666. A lamp with a luminous intensity of / =100 cd Is fastened
to the ceiling of a room. Determine the total luminous flux
falling onto all the walls and the floor of the room.

667. What part of the energy radiated by the Sun reaches
the Earth? The radius of the Earth is 6,400 km and the average
disfance from the Earth to the Sun is 149, 000, km.

668. A hot glowing wire is placed on the axis of a hollow
cylinder with a radius R. The length of the wire is much greater
than the height of the cylinder. How many times will the illu-
mination of the internal surface of the cylinder change if its
raa u. is R, (assume that R, < R,)?

669. At what height should a lamp be hung above the centre
of a .ound table to obtain the maximum illumination on its
edges?

670. Why can a text be read through tissue paper only if
the paper Is placed directly on the page?

5-2. Fundamental Laws of Optics

671. Why is the shadow of a man’s legs on the ground sharp
and that of his head diffused? In what condltions will the
shadow be equally distinct everywhere?

872. How should a pencil be held above a table to obtain
a sharp shadow if the source of light is a daylight lamp in the
form of a long tube secured on the ceiling?

673. In autumn, when the trees have shed all their leaves,
one can frequently see shadows from two parallel branches.
The lower branch produces a sharp dark shadow and the
upper branch a broader and lighter one. If two such shadows
are accidently superimposed, one can see a bright light stripe
in the middie of the darker shadow, so that the shadow seems
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to be a double one (Fig. 235). How do you explain this pheno-
menon?

674. When sunrays pass through a small opening In the foliage
at the top of a high tree, they produce an elliptical spot on the
ground. The major and minor axes of the ellipses are a=12 cm
and 6=10 cm, respectively. What is the height of the tree H?
The angular dimensions of the Sun’s disk are f=1/108
rad.

875. A periscope is designed with two reflecting prlsms. Deter-
mine the ratio of the widths of these prisms if the distance between
them AB=L and the distance from the lower prism to the eye
of the observer BC =1 (Fig. 236). The objects viewed through
the periscope are at a great distance from it.

676. What minimum height should a flat mirror secured ver-
tically on a wall have for a man to see his reflection full size
without changing the position of his head? Determine also the
required distance between the floor and the lower edge of the
mirror.

677. Sunrays are reflected from a horizontal mirror and fall
on a vertical screen. An oblong object is placed on the mirror
(Fig. 237). Describe the shadow on the screen.

678. In what conditions does the shape of the reflection of
a sunbeam from a small mirror not depend on the shape of the
mirror?

679. How can a real landscape on a photograph be distin-
guished from its reflection in quiet water? )
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680. Find graphically the positions of an observer's eye that
will allow him to see in a mirror of finite dimensions the image
of a straight line arranged as shown in Fig. 238.

681. A flat mirror is arranged parallel to a wall at a distance
I from it. The light produced by a point source fastened on
the wall falls on the mirror, is reflected and produces a light
sfot on the wall. With what velocity will the light spot move
along the wall if the mirror is brought up to the wall with a
velocity v? How will the dimensions of the light spot change?

682. Using the condition of Problem 681, find whether the
illumination of the wall at the point where the light spot is
will change when the mirror is moved. The dimensions of the
mirror are much smaller than the distance irom the mirror to
the source of light.

683. A flat mirror revolves at a constant angular velocity,
making n=0.5 revolution per second. With what velocity will
a light spot move along a spherical screen with a radius of
10 metres if the mirro: is at the centre of curvature of the screen?

684. When the Russian scientist A. A Belopolsky investigated
the Doppler optical phenomenon he observed light repeatedly
reflected irom moving mirrors (Fig. 239). The mirrors were placed
on disks revolving in different directions.

(a) The angular velocity w of rotation of the disks being known,
find the angular velocity Q of rotation of a beam that is conse-
cutively reflected n times from the mirrors.

(b) Determine the linear velocity of the n-th image at the mo-
ment when the mirrors are parallel to each other and their
reflecting portions move with a velocity v in different directions.

685. Solve Problem 684 if the disks rotate in the same direc-
tion.

SN

Mirror Fig 257
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686. A narrow beam of light S is incident on a dihedral
angle a=60° formed by identical flat mirrors OM and ON
secured on axis O (Fig. 240). After being reflected from the
mirrors, the light is focussed by lens L and gets into stationary
receiver R. The mirrors rotate with a constant angular velocity.

What part of the light energy of the beam will reach the
receiver during a time that greatly exceeds the period of rotation
if the beam passes at a distance a from an axis equal to half
the length of mirror OM?

687. Can a flat mirror be used instead of an ordinary cinema
screen?

688. A projecting camera standing near a wall in a room
produces an image with an area of A=1 m* on the opposite
wall. What will the area of the image be if a flat mirror is so
hung on the wall opposite the camera that the image is obtained
on the wall near which the camera stands?

Fig 240
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689. Two flat mirrors A0
end OB form a dihedral angle
q)—.:%,’ where n is an inte-
%er. A point source of light

is placed between the mir-
rors at the same distance from
both of them. Find the num-
berhof images of the source

in the mirrors.
Fig 241 690. Two flat mirrors AO and
o OB form an arbitrary dihedral

angle ¢ ==, where a is any number greater than 2. A point
0 a

source of light S is between the mirrors at equal distances from
them. Find the number of images of the source in the mirrors.

691. In what direction should a beam of light be sent from
point A (Fig. 241) contained in a mirror box for it to fall onto
point B after being reflected once from all four walls?

Points A and B are in one plane perpendicular to the walls
of the box (i.e., in the plane of the drawing).

692. Why does the water seem much darker directly below an
airplane flying over a sea than at the horizon?

693. Over what distance will a beam passing through a plane-
parallel plate be displaced if the thickness of the plate is d,
the refraction Index is n and the angle of incidence is i?

Can the beam be displaced by more than the thickness of the
plate?

Fig 242 Fig. 243
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604. At what values of the refrac-
tion index of a rectangular prism can
a ray ftravel as shown in Fig. 242?
The section of the prism is an isosce-
les triangle and the ray is normally
incidentAonto ‘4‘45.1

695. A rectangular glass we: is
lowered into water. The relractido%eim
dex of glass is n,=1.5. At what ang-

— le @ (Fig. 243) will the beam of light
Fig. 244 normally incident on AB reach AC en-
tirely?

696. On bright sunny days drivers frequently see puddles on
some parts of asphalt country highways at a distance of 80-100
metres ahead of the car. As the driver approaclies such places,
the puddles disappear and reappear again in other places approxi-
mately at the same distance away. Explain this phenome-
non.

697. A thick plate is made of a transparent material whose
refraction index changes from n, on its upper edge to n, on its
lower edge. A beam enters the plate at the angle a. At what
angle will the beam leave the plate?

698. A cubical vessel with non-transparent walls is so located
that the eye of an observer does not see its bottom, but sees
all of the wall CD (Fig. 244). i

What amount of water should be poured into the vessel for
the observer to see an object F arranged at a distance of =10 cm
from corner D? The face of the vessel is a =40 cm.

699. A man in a boat is looking at the bottom of a lake.
How does the seeming depth of the lake & depend on the angle ¢
formed by the line of vision with the vertical? The actual depth
of the lake is everywhere the same and equal to H.

700. The cross section of a glass prism has the form of an
equilateral triangle. A ray is incident onto one of the faces
perpendicular to it. Find the angle @ between the incident ray
and thel rsay that leaves the prism. The refraction index of glass
is n=1.5.

701. The cross section of a glass prism has the form of an
isosceles triangle. One of the equal faces is coated with silver.
A ray is normally incident on another unsilvered face and, being
reflected twice, emerges through the base of the prism perpendicular
to it. Find the angles of the prism.
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702. A ray incident on the face of a prism is refracted and
escapes through an adjacent face. What is the maximum permissible
angle of refraction of the grism a if it is made of glass with
a refraction index of n=1.5?

703. A beam of light enters a glass prism at an angle o and
emerges into the air at an angle . Having passed through the
prism, the beam is reflected from the original direction by an
angle y. Find the angle of refraction of the prism @ and the
refraction index of the material which it is made of.

704. The faces of prism ABCD made of glass with a refraction
index n form dihedral angles: / A=90°, /B=75°, /C=135°
and / D=60° (the Abbe prism). A beam of light falls on face
AB ‘and after complete internal reflection from face BC escapes
through face AD. Find the angle of incidence @ of the beam
onto face AB If a beam that has passed through the prism is
perpendicular to the incident beam.

705. If a sheet of paper is covered with glue or water the
text typed on the other side of the sheet can be read. Explain
why?

5-3. Lenses and Spherical Mirrors

706. Find the refraction index of the glass which a symmetrical
convergent lens is made of if its focal length is equal to the
radius of curvature of its surface.

707. A planoconvex convergent lens is made of glass with a
refraction index of n=1.5. Determine the relation between the
focal length of this lens f and the radius of curvature of its con-
vex surface R.

708. Find the radii of curvature of a convexo-concave con-
vergent lens made of glass with a refraction index of n=1.5
having a focal length of f=24 cm. One of the radii of curvature
Is double the other.

709. A convexo-convex lens made of glass with a refraction
index of n=1.6 has a focal len%th of f=10 ecm. What will the
focal length of this lens be if it is placed into a transparent
medium with a refraction index of n,=1.5? Also find the focal
length of this lens in a medium with a refraction index of

=17

*710. A thin glass lens has an optical power of D=5 diopters.
When this lens is immersed into a liquid with a refraction
index n,, the lens acts as a divergent one with a focal length
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of f=100 ecm. Find the refra-
ction index n, of the liquid if
llhgt of the lens glass is n,=

711. The distance between an
object and a divergent lens is
m times greater than the focal
length of the lens. How many
Fig 245 times will the image be smaller

than the object?

712. The hot filament of a lamp and its image obtained with
the aid of a lens having an optical power of four diopters are
equal in size. Over what distance should the lamp be moved
away from the lens to decrease its image five times?

713. The distance between two point sources of light is / =24 cm.
Where should a convergent lens with a focal length of f=9 em
be placed between them to obtain the images of both sources at
the same point?

714. The height of a candle flame is 5 cm. A lens produces
an image of this flame 15 cm high on a screen. Without touching
the lens, the candle is moved over a distance of /=1.5 cm
away from the lens, and a sharp image of the flame 10 cm
high is obtained again after shifting the screen. Determine the
main focal length of the lens. )

715. A converging beam of rays is incident onto a divergent
lens so that the continuations of all the rays intersect at a
point lying on the optical axis of the lens at a distance of
b=15 cm from it.

Find the focal length of the lens in two cases:

(1) after being refracted in the lens, the rays are assembled
at a point at a distance of a,=60 cm from the lens;

(2) the continuations of the refracted rays intersect at a point
at a distance of a,=60 cm in front of the lens.

716. The distance between an electric lamp and a screen is
d =1 metre. In what positions of a convergent lens with a focal

Ly:4

M
Fig 245
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length of f=21 cm will the image of the lamp filament be
sharp?

Can an image be obtained if the focal length is f'=26 cm?

717. A thin convergent lens produces the image of a certain
object on a screen. The height of the image is h,. Without
changing the distance between the object and the screen, the
lens is shifted, and it is found that lile height of the second
sharp image is h,. Determine the height of the object H.

718. What is the radins R of a concave spherical mirror at
a distance of a=2 melres from the face of a man if he sees
in it his image that is one and a half times greater than on
a flat mirror placed at the same distance from the face?

719, Figure 245 shows ray AB that has passed through a
divergent lens. Construct the path of the ray up to the lens
if the position of its foci F is known.

720. Figure 246 shows a luminescent point and its image
produced by a lens with an optical axis N,N,. Find the position
of the lens and its foci.

721. Find by constructlon the optical centre of a lens and
its main foci on the given optical axis N,N, if the positions
of the source S and the image S’ are known (Fig. 247).

722. The position of the optical axis N,N,, the path of ray
AB incident upon a lens and the refracted ray BC are known
(Fig. 248). Find by construction the position of the main foci
of the lens.

723. A convergent lens produces the image of a source at
point S’ on the main optical axis. The positions of the centre
of the lens O and its foci F are known, and OF < OS’. Find
by construction the position of source S.

~_

» 4

Fig. 248
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724. Point S is the image of a point source of light S in
a spherical mirror whose optical axis is N,N, (Fig. 249). Find
by construction the position of the centre of the mirror and
its focus.

725. The positions of optical axis N,N, of a spherical mir-
ror, the source and the image are known (Fig. 250). Find by
construction the positions of the centre of the mirrar, its focus
and the pole for the cases: (a) A—source, B—image; (b) B—
source, A—image.

726. A point source of light placed at a distance from a
screen creates an illumination of 2.25 Ix at the centre of the
screen. How will this illumination change if on the other side
of the source and at the same distance from it we place:

(a) an infinite flat mirror parallel to the screen?

(b) a concave mirror whose centre coincides with the centre
of the screen?

(c) a convex mirror with the same radius of curvature as
the concave mirror?

727. A man wishing to get a picture of a zebra photographed
a white donkey after fitting a glass with black streaks onto
the objective of his camera.  What will be on the photograph?

728. The layered lens shown in Fig. 251 is made of two
kinds of glass. What image will be produced by this lens with

4

» M

Fig. 250 Fig 251

10—2042
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a point source arranged on the optical axis? Disregard the reflec-
tion of light on the boundary between layers.

729. The visible dimensions of the disks of the Sun and the
Moon at the horizon seem magnified as compared with their
visible dimensions at the zenith. How can it be proved experi-
mentally with the aid of a lens that this magnification is
apparent?

6-4. Optical Systems and Devices

730. A source of light is located at double focal length from
a convergent lens. The focal length of the lens is f=30 cm.
At what distance from the lens should a flat mirror be placed
so that the rays reflected from the mirror are parallel after
passing through the lens for the second time?

731. A parallel beam of rays is incident on a convergent
lens with a focal length of 40 cm. Where should a divergent
lens with a focal length of 15 cm be placed for the beam of
rays to remain parallel after passing through the two lenses?

732. An object is at a distance of 40 cm from a convex
spherical mirror with a radius of curvature of 20 cm. At what
distance from the object should a steel plate be placed for the
image of the object in the spherical mirror and the plate to
be in one plane?

733. At what distance from a convexo-convex lens with a
focal length of f=1 metre should a concave spherical mirror
with a radius of curvature of R=1 metre be placed for a beam
incident on the lens parallel to the major optical axis of the
system to leave the lens, remaining parallel to the optical axis,
after being reflected from the mirror> Find the image of the
object produced by the given optical system.

734. An optical system consists of two convergent lenses with
focal lengths f,==20 cm and f,==10 cm. The distance between
the lenses is d=230 cm. An object is placed at a distance of
a, =30 cm from the first lens. At what distance from the second
lens will the image be obtained?

735. Determine the focal length of an optical system consis-
ting of two thin lenses: a divergent one with a focal length f,
and a convergent one with a focal length f,. The lenses are
fitted tightly against each other, so that the distance between

)t!'ndem can be neglected. The optical axes of the lenses coin-
cide.
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736. A parallel beam of light is incident on a system con-
sisting of three thin lenses with a common optical axis. The focal
lengths of the lenses are equal to f,= +10 c¢m, fy=—20 m
and f,=+9 cm, respectively. The distance between the first
and the second lenses is 15 ¢cm and between the second and
the third 5 cm. Find the position of the point at which the
beam converges when it leaves the system of lenses.

737. A lens with a focal length of f=30 cm produces on a
screen a sharp image of an object that is at a distance of
a=40 cm from the lens. A plane-parallel plate with a thickness
of d=9 cm is placed between the lens and the object perpen-
dicular to the optical axis of the lens. Through what distance
should the screen be shifted for the image of the object to
remain dsistinct? The -refraction index of the glass of the plate
isn=18.

738. An object AB is at a distance of =36 cm from a lens
with a focal length of f =30 cm. A flat mirror turned through 45°
with respect to the optical axis of the lens is placed behind
it at a distance of /=1 metre (Fig. 252).

At what distance H from the optical axis should the bottom
of a tray with water be placed to obtain a sharp image of the
object on the bottom? The thickness of the water layer in the
tray is d=20 cm.

739. A glass wedge with a small angle of refraction a is pla-
ced at a certain distance from a conyergent lens with a focal
length f, one surface of the wedge being perpendicular to the
optical axis of the lens. A point source of light is on the other
side of the lens in its focus. The rays reflected from the wedge
produce, after refraction in the lens, two images of the source

10°
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displaced with respect to each other by d. Find the refraction
index of the wedge glass. .

740. A concave mirror has the form of a hemisphere with
a radius of R="55 cm. A thin layer of an unknown transparent
liquid is poured into this mirror, and it was found that the
given optical system produces, with the source in a certain
position, two real images, one of which coincides with the
source and the other is at a distance of /=30 cm from it.
Find the refraction index n of the liquid.

741. A convexo-convex lens has a focal length of f,=10 cm.
One of the lens surfaces having a radius of curvature of
R =10 cm is coated with silver. Construct the image of the
object produced by the given optical system and determine the
Fosition of the image if the object is at a distance of a=15 cm
rom the lens.

742. A recess in the form of a spherical segment is made in
the Rat surface of a massive block of glass (refraction index n).
The piece of glass taken out of the recess is a thin convergent
lens with a focal length f. Find the focal lengths f, and f, of
the spherical surface obtained.

743. A narrow parallel beam of light rays is incident on a
transparent sphere with a radius R and a refraction in-
dex n in the direction of one of the diameters. At what
dist’m f from the centre of the sphere will the rays be focus-

744. Find the position of the main planes of a transparent
sphere used as a lens. .

745. An object is at a distance of d=2.5 cm from the surface
of a glass sphere with a radius of R=10 cm. Find the position
of the image produced by the sphere. The refraction index of
the glass is n=1.5.

746. A spherical flask is made of glass with a refraction in-
dex n. The thickness of the flask walls AR is much less than
its radius R.

Taking this flask as an optical system and considering only
the rans close to the straight line passing through the centre of
the sphere, determine the position of the foci and the main
planes of the system.

747. A beam of light is incident on a spherical drop of water
at an angle i. Find the angle 6 through which the beam is
deflected from the initial direction after a single reflection from
the internal surface of the drop.
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748. A parallel beam of rays is incident on a spherical drop
of water.

(1) Calculate the angles 8 through which the rays are deflected
from the initial position for various angles of incidence: 0, 20,
40, 50, 55, 60, 65, and 70°.

(2) Plot a diagram showing 8 versus i and use it to find the
approximate value of the angle of minimum deflection 6,,,.

(3) Determine the values of the angle 8 near which the rays
issuing from the drop are approximately parallel.

The refraction index of water is n=1.333. (This value of n
is true for red rays.)

749. What magnification can be obtained with the aid of a
projecting camera having a lens with a main focal length of
40 cm if the distance from the lens to the screen is 10 metres?

760. Calculate the condenser of a projecting camera, i.e., find
its diameter D and focal length f, if the source of light has
dimensions of about d=6 mm, and the diameter of the lens is
D,=2 cm. The distance between the source of light and the
lens is /=40 cm. The size of a slide is 6x9 cm.

751. In some photographic cameras ground glass is used for
focussing. Why is transparent glass not used for this purpose?

752. Two lanterns of the same luminance are at different
distances from an observer.

(1) Will they appear to the observer as equally bright?

(2) Will their images on phot/.:lgraphs be equally bright if the
lanterns are photographed on different frames so that their
images are focussed?

753. An object is photographed from a small distance by two
cameras with identical iens speeds, but different focal lengths.
Should the exposures be the same?

754. It can be noticed that a white wall illuminated by the
setting Sun seems brighter than the surface of the Moon at the
same altitude above the horizon as the Sun. Does this mean that
the surface of the Moon consists of dark rock?

755. Why does a swimmer see only hazy contours of objects
when he opens his eyes under water, while they are distinctly
vigible if he Is using a mask?

756. A short-sighted man, the accommodation of whose eye
is between a, =12 cm and a,=60 cm, wears spectacles through
which he distinctly sees remote objects. Determine the minimum
distance a, at which the man can read a book through his
spectacles.
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757. Two men, a far-sighted and a short-sighted ones, see
objects through their spectacles as a man with normal eyesight.
When the far-sighted man idently put on the spect of
his short-sighted friend, he found that he could see distinctly
only infinitely far objects.

At what minimum distance a can the short-sighted man read
small type if he wears the spectacles of the far-sighted man?

758. An object is examined by a naked eye from a distance D.
What is the angular magnification if the same object is viewed
through a magnifying glass held at a distance r from the eye
and so arranged that the image is at a distance L from the eye?
The focal length of the lens is f.

Consider the cases:

() L=oo

@) L=D.

759. The objective is taken out of a telescope adjusted to
infinity and replaced by a diaphragm with a diameter D. A screen
shows a real image of the diaphragm having a diameter d at
a certain distance from the eyepiece. What was the magnification
of the telescope?

760. The double-lens objective of a photographic camera is
made of a divergent lens with a focal length of f,=5 cm in-
stalled at a distance of /=45 cm from the film. Where should
a convergent lens with a focal length of f,=8 cm be placed to
obtain a sharp image of remote objects on the film?

761. Calculate the diameter D of the Moon's image on a nega-
tive for the three different positions of the lenses described in
Problem 760.

The diameter of the Moon is seen from the Earth at an angle
of =31'5"=0.9x10-1 rad.

762. The main foca] length of the objective of a microscope
is f»=23 mm and of the eyepiece f,,,=5 cm. An object is at
a distance of a=3.1 mm {rom the objective. Find the magni-
fication of the microscope for a normal eye.




CHAPTER 6
PHYSICAL
OPTICS

6-1. Interference of Ligh‘l

763. Two light waves are superposed in a certain section of
space and extinguish each other. Does this mean that a quantity
of light is converted into other kinds of energy? )

764. Two coherent sources of light S, and S, are at a distance /
from each other. A screen is placed at a distance D>! from
the sources (F'ijg. 253). Find the. distance between adjacent in-
terference bands, near the middle of the screen (point A) if the
sources send light with a wavelength A.

765. Two flat mirrors form an angle close to 180° (Fig. 254).
A source of light S is placed at equal distances b from the
mirrors. Find the interval between adjacent interference bands
on screen MN at a distance 0A =a from the point of intersec-
tion of the mirrors. The length of the light wave is known and
equal to A. Shield C does not allow the light to pass directly
from the source to the screen.

766. Lloyd's interference experiment consisted in obtaining
on a screen a pattern from source S and from its virtual image S’
in mirror AO (Fig. 255). How will the interference pattern
obtained from sources S and S’ differ from the pattern consi-
dered 1n Problem 7642

pos
é V4 A
b

Fig. 253
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4 L4 767. Two point sources
with the same phases of
oscillation are on a straight
line perpendicular to a
screen. The nearest source
} 4 is at a distance of D>1A

from the screen. hat
i Ld shape will the interference
i

bands have on the screen?
What is the distance on

the screen from the per-

#  pendicular to the nearest
bright band if the dist-
anoe between the sources is
=nA>A (nis aninteger)?

768. Find the radius r, of the kth bright rmg (see Prob-
lem 767) if D=1=n\, n>1, and k=n, n—1, n

769. How can the experiment described in Problem 767 be
carried out in practice?

770. Light from source S is incident on the Fresnel biprism
shown in Fig. 256. The light beams refracted by the difierent
faces of the prism partly overlap and produce an interference
pattern on a screen on its section AB.

Find the distance between adjacent interference bands If the
distance from the source to the prism is a=1 metre and from
the prism to the screen b=4 metres. The angle of refraction
of the prism is a=2x10"* rad.

The glass which the prism is made of has a refraction index
of n=1.5. The length of the light wave A =6,000

771. How many interference bands can be observed on a screen
in an installation with the biprism described in the previous
problem?

Fig.'254

Fig. 255
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772. The following method is used to facilitate the fabrication
of a biprism with an angle close to 180° (see Problem 770).
A biprism with an angle B that appreciably differs from 180°
is placed into a vessel filled with a liquid having a refraction
index n,, or serves as one of the walls of this vessel (Fig. 257).

Calculate the angle 8 of an equivalent biprism in air. The
refraction index of the prism substance is n,.

5 Pelr713°rm the calculations for n, = 1.5 (benzene), n,=1.52 (glass),

Fig. 257 Fig. 258
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773. A convergent lens with a focal length of f=10cm is
cut into two halves that are then moved apart to a distance
of d=0.6 mm (a double lens). Appraise the number of interfe-
rence bands on a screen at a distance of D =60 cm behind the
lens if a point source of monochromatic light (A=5,000 A) is
placed in front of the lens at a distance of a=15cm from it.

774. A central portion with a width of d=0.5 mm is cut out of
a convergent lens having a focal length of f=10cm, as shown
in Fig. 258. Both halves are tightly fitted against each other.
The lens receives monochromatic light (A=5,000 A) from a point
source at a distance of a=5cm from it. At what distance
should a screen be fixed on the opposite side of the lens to
observe three interference bands on it?

What is the maximum possible number of interference bands
that can be observed in this installation?

775. Find the distance between the neighbouring bands of an
interference pattern produced by a lens with a radius of R=1,¢cm,
described in Problem 774, if this distance does not depend on
the position of the streen.

At what position of the screen will the number of interference
bands be maximum?

The source sends monochromatic light with a wavelength of
A =5,000A.

776. What will occur with the interference pattern in the
installation described in Problem 775 if a plane-parallel glass
Elate with a thickness of d,=0.11 cm is introduced into a light
eam that has passed through the upper half of the lens and
a plate d,=0.1cm thick into a light beam that has passed
through the lower half of the lens? The refraction index of glass
is n=1.5. The plates are arranged normally to the light beams
passing through them.

777. Why are Newton’s rings formed only by the interference
of rays 2 and[3 reflected from the boundaries of the air layer
between the lens and the glass (Fig. 259), while ray 4 reflected
from the flat face of the lens does not affect the nature of the
interference pattern?

778. Will the nature of the interference pattern change in the
installation described in Problem 765 if shield C is removed?

nsider the distance a to be great (one metre). The waves
radiated by the source are not monochromatic.

779. Will Newton’s rings be seen more distinctly in reflected
light or in transmitted light?
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71423

Fig. 259

780. Dust prevents contact between a plane-convex lens and
the glass plate on which it is placed. The radius of Newton's
fifth dark ring is r,=0.08 cm.

If the dust is removed the radius of this ring will increase
to r,=0.1cm. Find the thickness of the dust layer d if the
radius of curvature of the convex surface of the lens is R =10 cm.

781. A plane-convex lens with a radius of curvature R, <R,
is placed with its convex side onto the surface of a plane-concave
lens having a radius of curvature of R,. Find the radii of New-
ton's rings that appear around the point of contact of the lenses
if ic light with a length A is normally incident
onto the system.

782. A thin coat of a transparent substance with a refraction
index n lower than that of glass is applied to the surface of optical
glass (coated glass) to reduce its reflection factor (reflectance).

Estimate the thickness of this coat if light rays are incident
almost normally onto the optical glass.

783. A normal eye can discern various colour tints with a
difference of wavelengths of 100 A. Bearing this in mind, esti-
mate the maximum thickness of a thin air layer at which an
interference pattern caused by superposition of the rays reflected
from the boundaries of this layer can be observed in white light.

784. A monochromatic flux from a remote source with a
wavelength A is almost normally incident on a thin glass wedge.
A screen is placed at a distance d from the wedge. A lens with
a focal length [ projects the interference pattern produced in
the wedge onto the screen. The distance between the interference
bands on the screen Al is known. Find the angle a of the
wedge if the refraction index of glass is n.
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6-2. Diffraction of Light

785. Calculate the radii of the Fresnel zones of a spherical
wave with a radius a for point B removed by a distance of
a+b from a source of monochromatic waves with a length of A,
bearing in mind that a>>A and 63>

786. Calculate the radii of the Fresnel zones of a plane wave
for point B removed from the wave front by a distance of
b>> A, where A is the wavelength of the source.

787. A point source of monochromatic light with a wavelength
of A=5,000 A is at a distance of a=6.75 metres from a shield
having an aperture with a diameter D=4.5 mm. A screen is
placed at a distance of b=a from the shield (Fig. 260). How
will the illumination change at point B of the screen lying
on the axis of the beam if the diameter of the aperture is
increased to D, =5.2 mm?

788. How can the fact that an increase of the aperture (see
Problem 787) may reduce the illumination on the axis of a beam
be agreed with the law of conservation of energy? Indeed, the
total lumimous flux penetrating behind the shield increases
when the aperture grows.

789. A plane light wave (A =6,000 A) is incident on a shield
with a circular diaphragm. A screen is placed at a distance of
b=2 metres behind the diaphragm. At what diameter D of the
diaphragm will the illumination of the screen at point B lying
on the axis of the light beam be maximum?

790. Assuming the distances from a source to a shield and
from the shield to a screen to be about the same and equal
to a, find the conditions in which the diffraction of light
waves with a length A on the aperture in the shield will be
sufficiently distinct (the intensity on the axis of the beam will
depend on the diameter of the aperture).

. L

y/

——a—-l.i—b—-l’

| Fig 260
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Fig 21

791. Prove that a bright spot will be observed at point B
| behind circular screen C (Fig. 261) if its dimensions are suffi-
ciently small.

792. At what distance from each other should two men stand
for an eye to distinguish them from a distance of about 11 km?
The resolving power of a normal eye is approximately 1'.

793. A plane light wave (with a length 1) is normally inci-
dent on a narrow slit with a width b. Determine the directions
to the illumination minima.

794. Find the optimum dimensions of the aperture in a pin
hole camera depending on the wavelength, i.e., the radius r
of the aperture at which a point source will appear on the
camera wall as a circle of minimum diameter, if the distance
from the source of light to the camera is great as compared
with its depth d.

Note. The directions to the illumination minima are deter-
mined in the order of their ma%nitude by the same formula as
in the case of a slit (see Problem 793), the diameter of the
aperture 2r being used instead of the width of the slit &.

795. A monochromatic wave is normally incident on a diffrac-
tion grating with a period of d=4x107*cm. Find the wave-
length A if the angle between the spectra of the second and
third orders is @=2°30". The angles of deflection are small.

796. A plane monochromatic wave (A =25 x10-% cm) is incident
on a diffraction grating with 500 lines. Determine the maximum
order of the spectrum & that can be observed when the rays
are normally incident on the grating.

797. Find the constant d of a grating that can analyse infra-
red radiation with wavelengths up to A=2x10-* cm. The
radiation is normally incident on the grating.

798. A monochromatic wave is normally incident on a diffrac-
tion grating with a period of d=4 X 10-* cm. A lens with a
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focal length of f=40cm that produces an image of the diffrac-
tion pattern on a screen is arranged behind the grating.

Find the wavelength A if the first maximum is obtained at
a distance of /=5cm from the central one.

799. A source of white light, a diffraction grating and a
screen are immersed into water. What will the changes in the
diffraction pattern be if the angles by which the light rays are
deflected by the grating are small?

800. Light passed through a light filter is normally incident
on a diffraction grating with a period of d=2x10-¢ cm. The
filter passes wavelengths from A, =5,000 A to A,=6,000 A. Will
the spectra of different orders be superposed?

801. Solve Problem 796, assuming that a plane wave
(A=5x10-*cm) is incident on the grating at an angle of 30°.

802. Solve Problem 797, assuming that the rays may fall on
the grating diagonally.

803. Find the condition that determines the directions to the
principal maxima if light waves fall diagonally on a grating
with a period d> kA (k is the order of the spectrum).

6-3. Dispersion of Light and Colours of Bodies

804. A beam of white light falls at an angle of @=230° on
a prism with a refraction angle of ¢ =45°. Determine the angle
0 between the extreme rays of the spectrum when they emerge
from the lens if the refraction indices of the prism for the
extreme rays of the visible spectrum are n,=1.62 and n,=1.67.

805. White light is incident from a point source on the
optical axis of a convexo-convex lens at a distance of a=50 cm
from it. The radii of curvature of the lens are R, =R, =40 cm.
A diaphragm with a diameter of D=1 cm that restricts the
cross section of the light beam is placed tightly in front of
the lens. The refraction indices for the extreme rays of the
visible spectrum are n,=1.74 and n,=1.8, respectively. What
pattern can be observed on a screen arranged at a distance of
b=>50cm from the lens and perpendicular to its optical axis?

806. Using the results of Problem 748, construct the elemen-
tary theory of the rainbow, i.e., show that the centre of a
rainbow lies on a straight line drawn from the Sun through the
e{e of an observer and that the arc of the rainbow is a part
of a circle all of whose points can be seen at an angle of 42°
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(for red light) with reference to the straight line connecting
the eye of the observer and the centre of the rainbow.

807. Explain from a qualitative point of view the appearance
of a double rainbow. How do the colours alternate in the pri-
mary and the reflection rainbows?

808. Can a rainbow be observed at midday in Moscow during
the summer solstice (on June 22)?

Note. At this time the Sun is the highest above the horizon
in the northern hemisphere.

809. The length of a wave in water diminishes n times,
n being the refraction index. Does this mean that a diver cannot
see surrounding objects in their natural colours?

810. The word “excellent” is written on a sheet of white
paper with a red pencil and the word “good” with a green
pencil. A green and a red pieces of glass are available. Through
which glass can the word “excellent” be seen?

811. Why do coated lenses (see Problem 782) have a purple-
violet (lilac) tint?

812. Why do the colours of thin films (for example, oil films on
water) and the colours of a rainbow have different tints?

813. A thin soapy film is stretched over a vertical frame.
When the film is illuminated by white light it shows three
bands coloured purple (crimson), yellow and light-blue (blue-
green). Find the arrangement and the order of the bands

814, Why does the Moon, purely white In the daytime, have
a yellowish hue after sunset?

815. Why does a column of smoke rising above the roofs of
houses seem blue against the dark background of the surrounding
objects, and yellow or even reddish against the background of
a bright sky?

816. Why do the colours of moist objects seem deeper and
richer than those of dry ones?



ANSWERS AND SOLUTIONS

CHAPTER 1
MECHANICS

1-1. Kinematics of Uniform Rectilinear Motion

1. Durlnﬁ the first hour after the meeting, the boat travelled away from
the r. uring the next 30 minutes, when the engine was being repaired,
the di e bol lnd the rafts did not increase. The boat overtook
the u!b in one ho peed with respect to the water and hence
the rafts was constant. ‘l‘hm the veloclty of the current

-1T°—5+—km/h =3 km/h
2. Ascan beseen from Fig 262, S=

i Since the man moves uniformly,

s=uf. Hence s=”—_7u. The shadow moves with a constant velocity

””_vh o greater than the speed of the man. For this reason the velocity
diagram has the form of a straight line parailei to the axis of abscissas.
3. The time of the meeting was 8 a. m. The man’s speed was 4 km/h.
The other questions can eunly answered with the aid of the chart in Fij
—the man met the twelfth bux at a distance of 10.7 km from the mlﬁ
the cyclist was overtaken by four buses.

e — 1
———— ] Fig. 262
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4. The distance between the trains is s=ut; on the other hand, s=vt+us.
Hence us"(‘:')=45 km/h.

5. In Fig. 264, AMN shows the usual IrB) of the car, SC—the engineer's
walk until he met the car at point C, CB—the motion of the car aiter it
met the engineer,

According to the conditions, BN=KM=10 minutes. The time during
which the engineer had walked before he met the car 1s

5D=5M—DM=5M—XM 55 minutes

6. The chart in Fig. 265 shows the movement of the launches between
the Iandingh-sl es M and K. 1t follows from the chart that the landing-stages
are served by eleven launches A launch travelling from M to K mee{s eight
launches, as does a launch travelling from K to M.

¥ A;?M
/N
TN

\\
\
P A/ \‘\ N

==
7 hour Wmin 5™

Fig 24
11 ~2042



162 ANSWERS AND SOLUTIONS

i
U
A
N
AL

i
.;:~:e::e.;g~;.;.::\
i \

V.4

o 7

7. Each tourist will walk half the distance and ride the bicycle the other

half. The entire distance will be covered in t=wil+%=5 hours 20 min
utes.

Hence, the mean speed Is v=%—=745kmllm The bicycle remains unused

during half the time of motion, i.e., during 2 hours 40 minutes.

. Assume that the first candle burns down by the amount Ah, and the
other by Ahy during the time At (Fig. 266). The shadow on the leit wall
(from the first candle) will then lower over the distance

Ax=Ahy 4 (Ahy— Ahg) =28k, — Ahy
and that on the right wall over the distance
Ay=ABhy— (Ahy— Ahg) =2Ahy— Ak;

Remembering that M,='L At and Ah,=7:— At, we get
1
h
Ty Gt

L . )
s

If t3> ¢, then v, >0 and v, may be negative, le., the shadow on the
right wal‘ may move upward.

V. The bus is at point A and the man at ﬁolnt B (Fig. 267). Point C is
the spot where the man meets the bus, @ is the angle between the direction
towards the bus and the direclion in which the man should run, AC=ut,,
BC ==uyt,, where f, and t, are the times required for the bus and the man,
respectively, to reach point C.
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7

7 z a z Fig. 266

bsina a
A glance at triangle ABC shows that AC= Sinf ’ where tlnﬂ—w.

Consequently, 0|n¢=-%-%::J-4 According to the condition, #,3xf,, and
R s

therefore  sina £ = 0.6. Hence 365’ < a s 143°15".

The dlrecl!ons in which the man can move are within the limits of the
angle DBE. U on running in the directions BD or BE, the man will resch
the highwa the same time as the bus. He will reach any point on the
h:shwa bel ween D and E before the bus.

he minimum speed can be determined from the conditions

Hence u,=

vy =24 m/s.
90°. Therefore, the man should run in a dlm(lon perpendicular
to Ihe initisl line (AB Fig. 267) between him and the

11, Since the man's speed in water is lower than ihlt along the shore,
the route 4B will not necessarily take the shortest time

Assume that the man follows (he route ADB (Fig. 268) Let us determine
the distance x at which the time will be minimum.

time of motion ¢ is

V&FDB  s—x_ v, VatB—uztus
CE D)

This time will be minimum il y=v; Y FF 5 —uv,x has the smailest value.
Obviously, the vslue of x that corresponds to the minimum time f does not

4 sz __Ac £

Fig. 267
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derend on the distance s. To find the value of x corresponding to the minimum
value of gy, let us express x through y and obtain the quadratic equation

,l___?L‘
vy

Its solution leads to the following expression
et nlrdd—ve

T3
va—Up

Since x cannot be a complex number, y*+d%} = vids.
The minimum value of g is equal to ymin=dV vi—u},
d corresponds to it.

and x=

ll:<=’. the man should Immediately swim to point B along A8

5
—]
Otherwise, the man should run slong the shore over the distance AD=s —
o,
, and then swim to B.
V vj—u

Let us note that -|n¢=% for the route corresponding to the shortest

time.

12. (1) Graphically, it Is easler to solve the problem in a coordinate system
refated to the water. The speed of a raft equal to the velocity of the river
current 1s zero in this system, and the speed of the ship upstream and down-
stream will be the same In magnltude. For this reason tan aw=|an =0,
on the chart showing the motlon of the motor-ship (Fig. 269) en the ship
stops at the landing-stage, its speed with respect to the water will be equal
to the river current velocity vy. Hence tan a=u,.

g

4 <32__i p
0 /4 £ %/\C
——l ¢

Fig 209
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s

A 4 2z
£
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» %/ L Z.
7 2 J 4 murs Fig 270

It can be seen from Fig. 269 that
tanay-fy—tana,-t, _ o0, (fy—1,) 2.5 km/h
ty [3 )

)

(2) From the moment the ship meets the rafts to the moment it overtakes
them, the rafts will cover a distance equal to

s=ty(tittatt)

On the other hand, this distance is equal to the difference between the dis-
tances travelled by the ship upstream and downstream:

s=ty (O +o)—t (U—vy)

Hence,
U (it ts)=t3 (01 +v) — 1 (1 —vy)

and
.,,;@ﬂ,s km/h

13. Thé motion of the launches leaving their landing-stages at the same
time is shown by lines MEB and KEA, where E is their meeting point
(Fis‘ 270). Since’ the speeds of the launches relative to the water are the same,
MA and KB are straight lines.

Both launches will travel the same time If they meet at the middle bet-
ween the landing-stages. Point O where they meet lies on the intersection of
line KB with a perpendicular erected from the mliddle of distance KM. The
motion of the launches is shown by lines KOD and COB. 1t can be seen from
Fig. 270 that AMAF is similar to ACOF, and, thereiore, the sought time
MC =45 minutes.

14. The speed of the launches with respect to the water v; and the velocity
of the river current v, can be found from the equations s=1, (v, +v,) and
s=t, (v;—v,), where {, and {, are the times of motion of the launches down-
stream hami upstream. 'lt follows from the condition that ¢,=1.5 hours and
ty=3 hours.
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sttt _
oy =2G20) 15 ke

The point of the meeting is at a distance of 20 km from landing-stage M.

15. Let us assume that the river flows from C to T with a velocity of v,.
Since the duration of motion of the boat and the launch is the same, we can
write the equation

s s s
w2 rats)
where s is the distance between the ianding-stages Hence,

0} + duguy + dupu, — 0§ =0
and therefore B o 4o,k

—2, + VS —d00,= —20 % 195

The solution vy=—39.5 km/h shouid be discarded, since with such a current
velocity neither the boat nor the launch could go upstream.

For this reason, uy=— 0.5 km/h, i.e., the river flows from T to C.

18. The 3«1‘ of the boat v with respect to the bank is directed aiong AB
(Fig. 271). Obvlously, v=vo+u. We know the direction of vector v and the
magnitude and direction of vector v,. A glance at the drawing shows that
vector u will be minimum when u | v.

quentiy,

b
Unmin=Uq COS @, Where c0$ @=——x
'min =Yy Vain
17. Let the speed u be directed at an angle a to the bank (Fig. 272) Hence
t(ucos @—v)=BC=a, and tusina=AC=b
where ¢ is the time the boat is in motion.
By exciuding a from these equations, we get
18 (Ut —0%)— 2uat— (a? 4 59 =0

Whence t=15/21 hour. It is therefore impossibie to cover the distance AB in
30 minutes.

0 z -4

—— -4 I4
&
z h
a, AN
4 % A4 7

Fug. 211 Fig 272
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18. Let be the velocity of the wind
relative to the launch. Hence the flag on
the mast will be directed along u,. If
v is the speed of the launch with respect
to the bank, then u=u,+v (Fig. 273).

In triangle FCD the angle DCF =B+ a— 3

and the angle FDC=n—f. According
to the sine theorem,

v -4
Fig. 273 sin (a+ﬂ__. in (n—p)

sin(a+p
and therefore v=u

sin(n—B)

It is impossible to determine the velocity of the current from the known
speed of the launch with respect to the bank, since we do not know the di-
rection of the moving launch with respect to the water.

19. (1) 1f the speed of the plane relative to the air is constant and elgul
to v, then its speed with respect to the Earth with a tall wind (along side BC)
is uge =v+-u, with a head wind upg=0—u and with a side wind vag=vcp=
= V"= (Fig. 274a and b).

Hence, the time required to fly around the square is

_a a 20, v+ Vo—a
it tyaa e

(2)_1f the wind blows along the diagonal of the square from A to C, then
(see Fig. 274c)
V=0, 5 + 4 —2uvgp cos 45°

Yo i

g 14 Yis L4
“,
/4
4 " -
s
z
@

© (0] @)

fig 274
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s Fig 775
The speed along sides AB and BC is
7 —
vap= "m:-VT2 ut }/v‘- "7
The speed along sides CD and AD (Fig. 274d)

veomupa=—YZut Y a— %

Let us .eave only the plus sign before the root in both solutions to preserve
1 clockwise direction of the flight The time required to fly around the square is

4a l/v‘— -

h=—

Fig 776
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20. Let us use the following notation: u,,=speed of the second vehicle
with respect to.the first one; ug,Z=speed of the first vehicle with respect to
ie second one.

Obviously, uyy=u,, and ujy=0v}+vi+20,0,cos @ (Fig. 275). The time
sought is t=—

21. During the time Af the s'nnght line AB will travel a distance v,At
and the straight line CD a dislance v,At. The point of inlersection of the
lines wlll travel to position ' O (Flg. 276) The distance 00" can be found

from triangle OFO’ or OEO’, where ar__ =EO’ and OF =F0'. Ve
00" =V OF +OE* + 20F -OF cos a=v At

whence
v-m Vv. +0i+ 200, c0s @

1-2. Kinematics of Non-Uniform and Uniformly
Variable Rectilinear Motion

22. The mean speed over the enlire distance v, = , where ¢,

n¥e=1h,
t; and ty are the times during which the vehicle runs al th speeds v,. Ua
and v res pu:tively Obviously,

t,

"“3», 30—-.-"4 t,=3v
Consequently, a

30,040
010, + 0,0+ 0,09

23. The path s fravelled by the point in five seconds is equal numerically
10 the area enclosed between Oabcd and the time axis (see Fig 6):s,=10.5cm.

The mean velocity of the point in five seconds 1s v, =s/t; —21 cm/s
and the mean acceleration ol the point during the same time 1s

=18 km/h

Ym

a,_%=o.s cmyst
The path travelled in 10 seconds is s,=25 cm
Therefore, the.mean velocity and the mean acceleration are
s

=T,

2.5 cmys, a,=0.2 cm,s?

24. During a small_time mterval At the bow of the boat will move from
point A to pomt B (Fig 277). The distance AB=uv, Af, wheré v, is the speed
of the boat. A fope Ienulh of 0A—0B ::CA==v Al will be laken up dunnc
this time. The triangle ABC may be considered as a right one, since AC < 0.

Therciore v, =—-
1T eosa’
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——— ~ Fig 77

25. Assume that at the initial moment =0 the object was at point S
(Fig. 278), and at the moment ¢ occupied the position CD. The similarity
of the triangles SCD and SBA allows us to write the equation

The velocity of point B at a given moment of time is v,=£ if the

time At during which the edge of the shadow is shifted by the distance BB’
tends to zero. ' .

. A1 M _H
Since 88'=AB— AB W( ) T g then =T
or, remembering that At <f, we have n=g5-
Y
.
26. For uniformly accelerated motion x=xo+ 0yt + % . Therefore vy

=35cm/s, a=82 cm/s?, and xo=11 cm is the initial coordinate of the point.
27. it follows from the velocity chart (see Fig. 8) that the initial velocity

vp=4 cm/s (OA=4 cm/s). The acceleration a=o—;=| cm/s. First the ve-

locity of the body decreases. At the moment f;=4 s it is zero and then
grows in magnitude.
The second chart (see Fig. 9) also shows uniformly varlable motion. Before
the body stops, it travels a distance of A=10 cm. According to the first
chart, the- distance to the stop
i equal to the area of triangle
OAB is 8 cm. Therefore, the
charts show different motions.
A difierent initial velocity

v =“;—"=5 cm/s and a differ-
1

ent acceleration ¢'= 2—",»=|.25

cm/s? P to the ! second

28. The mean speeds of both
Fig. 278 the motor vehicles are the same
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and equal to

20,0,
%
"'=v, o 36 km/h

Therefore, the distance between points A and B is 72 km. The first vehicle
travelled half of this distance in '=6/5 h, and the other half in ¢*=4/5 h.
he second vehicle travelled all the time with the acceleration

a=2 36 kmme
to

and reached a speed of uy=al,=72 km/h at the end of its trip. It acquired
2 speed of 30 km/h in

Vo __5
t, Eh

@

and a speed of 45 km/h in t,—%=5/4 h after the moment of departure.

At these moments the first vehicle moved at the same speed as the second.
At the moment when one vehicle overtook the other, both of them travelled
the same distance, and therefore the following equalities should be true
g
w=% o 1<% b and
ot o =)= for & h<t<2n
gl 2 3 5
I the first case £=0 (the vehicles run side by side at the initial moment)
5/3 h, which disagrees with the condition that £<6/5 h. In the second
case 2 h (the vehicles arrive simultaneously at point B), and t=1/2 h.
This does not satisfy the condition that #>6/5 h. Hence, neither vehicle
overtakes the other.
20. The maximum velocity of the ball when it touches the support 1s

v, 2gH.

Wburing the impact the velocity of the ball is reversed, vemninlni_lhe same

in absolute_magnitude. The velocity chart has the form shown in Fig. 279a.
Figure 2796 shows how the coordinate changes with time.

30. The time during which the first ball falls is £, = %=D 3s. The

ratio of the maximum velocities of the balls is 2= /3=L .
” W2

&
r,
H
o 70 7
@ @

Fig. 279
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Fig. 260

It follows from the velocity chart ﬁlg. 280) that the minimum time
1=0.3 s. Besides, the second ball may begin to fall In 0.6, 0.9, 1.2 5, efc.,
after the first ball begins to drop.

The time ¢ during which the velocities of the two balls are the same is
0.3 s. The process periodically repeats every 0.6 second.

81. The initial equations are

& gu—p

C=n 85—
p‘rheret; is the duration of motion of the body over the a-th centimetre of
its path.

lence,

VE ey T
=V Iy

82. Upon denoting the coordinate and the velocity of the first body with
respect to the tower by x; and vy and those of the second by x; and v;, we
can write the following equations

s
n=ut—&; v=vo—gl;

n=—ut—9 -8y g

(The upward direction is considered to be positive here.)

The velocity of the first body relative to the second is u=v, —vy=2v,—gv
and it does not change with time.

The distance between the bodies is

s=x— = (20—g0) t—vys +55°

_ The bodies move uniformly with respect to each other and therefore the
distance between them changes in proportlon to the time.
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83. According to the condition, A4’=uf and CC'=%" (Fig. 281). From
the similarity of the trlangles AA’O, BB’O and CC’'O we have

AA BB _CC

A0~ =

Cco

A glance at Fig. 281 shows that AO=AB+ B0 and CO=BC—BO.
hese ratios allow us to determine

s AN —CC_ot _at*
=7 277
Hence, polnt B moves with the Initial velocity % directed upward and a

constant % directed After reaching the height

h =—E— the polnt will move downward.

34. Let us denote the speed ol the Iell hand truck at a certain moment of
time by v,, of the right-hand one b and of the towed one by v,. Then,
during the time ¢ the left-hand u'uc w:ll cover the distance

s.=u.1+%
the right-hand truck the distance

Sa=ugt +——
and the towed truck the distance

o+ 32

a.n

Sitss

At the same time it is easy to see that s,—=17 Since this equality
must be true at any value of ¢, then
u,——i—“‘*v' and ay=" ‘;“’
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86. The acceleration of the book with respect to the floor of the iift
depends on the direction of acceleration of the lift and not on the direction
of its motion (the direction of its velocity).

If the acceleration of the lilt is directed upward, the acceleration of the
bo?k will be g+a. If It is directed downward, the acceleration of the book
will be g—a.

88. The acceleration of the stone with respect to the Earth Is g and with
mg;cl to the railway carrlage ¥ a1 gb.
hei l;'the speed of the lift did not change, the ball would jump up to a

ight

in a s}sum of reading having a constant speed equal to that of the lift
at the moment the ball begins to fall, the lift will rise during the time ¢ to

the height h‘=°‘7‘, and during the next time Interval ¢ to the height ;=

=atn—27. Its total helght of rising Is A=hy-+hy=alb.

The sought height which the ball will jump up to above the floor of the
it is x=H—h=H—at?. —

38. The time during which the load Is lifted to the height & Is t= ‘/‘2

The speed of the load relative to the crane In a vertical direction at ll:lx
moment is v;=a,f and in a horizontal one vy=a,t.
The total speed of the load with respect to the ground is

o=V of +oi+d}

89. In free falling, body A wlil travel a vertical distance s, 3 during
the ﬁr:w t. During the same time the wedge should move over a distance
x,=%A If the body is constantly in contact with the wedge, then %:

1

=cota, as can be seen [rom Fig. 282.
Therefore, the acceleration sought a- gcol @
If the acceleration of the wedge In a horizontal direction is greater than
geot a, the body will move away from the wedge.

1-3. Dynamics of Rectilinear Motion

40. The force F applied to the sphere determines, according to Newton's
second law, the magnilude and diréction of acceleration of the sphere, but
does not determine its velocity. For this reason the sphere can move in any
direction under the force F, and may also have a velocity equal to zero.

41. The resultant of ail the forces is 6 kgf and coincides in direction with

the force 5 kgf. Therefore, the acceleration of the sphere Is n=£=14.7 m/s*

and is directed towards the force 5 lliL

Nothing can be sald about the direction of motion (see the solution
to Problem ;4

42. In the MKS (or SI) system the weight of the body G=mg=9.8 N.
The unit of force in the technical system Is 1 kgf, 1. e., the force with which
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Fig 283

the Earth attracts a body with a mass of 1 kg. In the CGS system the weight
of the body is 980,000 dynes. When Newton's second law is used to find the
force in the technical sy:lem of units, it should be borne in mind that the
mls should also be expressed in technical units.

43. The sought angle @ can be determined from the ratlo (Fig. 283):

tan a=?‘

44. The body sliding along the vertical diameter AB will cover the entire
distance in the time t4p= 2— For an arbitrary groove arranged at

an angle @ to the diameter AB, the time of motion Is fuc= ‘/ "'"’"

& cot
Since AC=ABcosa, then f4c=14p. All the bodies will reach the edge of
the disk simultaneousiy.
45. The force of air resistance F wiil reach Its minimum after the
parachutist’s speed becomes constant, and we have F=mg=
46. According to Newton's second law, N—mg=1+ ma. Thuelore.
N=mg+ma if the acceleration of the lift is directed upward, snd N=mg—ma
if downward, lmspecllve of the d-recllon of the speed.
hen a=g, then N=0. (Here and below N denoles the force of normal
prtssule. or the force of normai reaction.) -
Accotdlng to Newton's second law, ma=kmg. Hence, the coefficient of

friction k=-,—‘ Since in an elastic impact only the direction of the veiocity

changes, irrespective of the angle, then a=f. where s=12.5 metres is the
total path h‘lvelled by the puck before it stops.

Therefore, k= 73 =0.102.

48. Assuming the acceleration of a motor vehicle to be constant, we can

write a=-;—:—. Since the maximum force ol frictlon in braking Is kmg, then,

according o Newton's second law, m -=kmg, where m is the mass of the
motor vehicie.

Hence, & . Upon Inserting the values of v and s from the table in
this formula, we can find the coefficients of friction for varlous pavements.
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dry wood block
wet asphalt
dry asphalt
dry concrete

The coefficient of friction does not depend on the speed 1f the accuracy to
the first digit after the decimai point is wanted.

49. When the motor vehicie accelerates, the rear wall of the fuei tank
imparts an acceleration v/t to the petrol. According to Newton's second law,
the force F required for this acceleration is Alpi, where A is the area of
the rear wall of the fuel tank. In conformity with Newton's third law, the
petrol will act with the same force on the waii. The hydrostatic pressure of
the petroi on both walls is the same. Hence, the difference of pressures exer-

ted on the walls Is Ap=2-=lp%-.
50. The mass of the left-zand part of the rod my=-211 and of the

right-hand part my=J-(L—0), where M s the mass of the entire rod.
Under the action of the applied forces each part of the rod moves with the
same acceieration a. Therefore,
Fi—F=ma
F—Fy=msa
Hence the force F is

_FymyFymy _  L—I !
F=—mtm, —h T +FT

51. The motion of the baii wiil be uniform. The imiages of the ball on the
film appear at intervals of t=1/24 s.

The distance between the positions A and B of the ball in space that
correspond to the positions C and D of the images on the film is AB=CD 2,
as shown in Fig. 284. The focal length of the lens OF =i0 cm, OE =15 met-
res, and CD=3 mm. The veiocity of the ball

4 u=52=108 ms.
- When the ball is in uniform motion, mg=
2 =/w}. In the second case 4mg=4ku]. Hence,
- F A=do? and 0,=21.6 mjs.

n=i, ~3.9x10-% kgf-sm?
v

52. Figure 285 shows the forces that act
Fig 284 on the weights. The equations of motion for
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the weights can be written as follows:
ma=T—mg and m@a=mug—T
where T (s the tenslon of the string and a fs the acceleration. (The acceiera-
tions of the welghts are the same since the string Is considered to be
unstretchable. The welghtlessness of the string and the pulley determine the
constancy of T.)
herefore,
_my—m,
m, +m,
T=m, (a+§)=130,700 dynes=133 gf .

1 g=327 cm/s?
2

The time of motion f= 1/2%' =1

53. Il the mass of the pulleys and the rope is negligibly small. then
(Fig. 286) 2F —T=0, and 1P—G=ma, P elle

Hence, r=§-(|+i) When a=0, we have F=3.

54. 1f the mass of the second weight is much greater than 200 g, both
weights will move with an acceleration somewhat below g, the acceleration
of the lighter weight being directed upwards. To make a weight of mass m
move upward with an acceleration g, a force of 2mg should be applied to it.

For this reason the string should withstand a tension of about 400 gf.

85. The dynamometer first shows F=3 kgf. 1f the reading of the dynamo-
meter does not change, the weight 2 kef is acted upon by the upward force
of the string tension equal to 3 kgf. Therelore, this weight rises with an

acceleration of a=%A The other weight lowers with the same acceleration.

F
£ £
7 7
2 7y 7
” g
4 Fig 285 & Fig. 286
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The additional weight on the second pan can be found from the
equation

[N

G+G, &
7 X2 =(G+G,—F)
Hence Gy=3 kgf.
68. The sphere is acted upon by three forces: the force of
gravity, the force of tenslon of the up?er rope and the force
lpphed to the lower one when it is pulled (Fig. 287).
mg The acceleratlon imparted to the sphete by the pull can be
!ound from the equation ma=F, 4 mg.
'7 For the lower rope to break, the force apphed to it should
be greater than the tension of the upper one, ie., F; > F,.
For thls condifion, the acceleration unnaned to the sphen
is greater than that of gravity, i.e., a>
Fig. 287 57. According to Newton's second law,

(my+ my) a=m,g sln a—myg sin B—km, g cos @—km,g cos f
The weights will be at the same helght after travelling the distance s,
1
which conforms to the following equations: sslna=A—ssinf and s=%.
Upon eliminating s and a from the three equations we obtain

" m,_ g (sina+sin B) (k cos B+sin B)+2r

my~ g9 (sina+sin P) (8in a—kcos @) —2h
58. The el uatlons of motlon glve the following formulas for the accelera-

tion of the s

alsg(sm a+kcosa) In upward motlon
ay=g (sin a—kcos @) In downward motion
The kinematic equatlons can be written as follows:
ayt}

aty
l=v.,t.——2—; = vo—ayt, =0
We find from these five equations that
20—gtisina

1
89. For this case the equations ol dynamics can be written as
mg—T=ma, and T=Ma
where T Is the tenslon of the string.

lence,
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. s
The equations of kinematics give xsuat—";-. and vy=v,—at. Upon

solving this system of equations, we find that in 5 seconds the cart will
stay at the same place (x=0) and wlil have a speed ;=7 m/s directed to
the right. The cart will cover the distance

3)

60. The Ice-boat can move only in the direction of its runners. When the
speed of the boat exceeds that of the wind, the velocity of the latter with
respect to the boat has a component directed backward. If the velocity of
the wind with respect to the boat also has a component perpendicular to

directlon of motion, the sail can be so set that the force F acting on
It will push the boat forward (Fig. 288).
fore, the speed cf the boat can exceed that of the wind. In practice
1t can be two or three times greater.

61. (1) At the initial moment the acceleration Is a.,=% = 13.1 m/s?. it

s=2 [v, 2i_. ]=|7.5 metres

changes with time according to the law a=gr— where p=200 kg/s is

the mass of the fuel consumed by the rocket In a unit of time. A diagram
of the acceleration Is shown In Fig. 289. In 20 seconds the velocity is nu-
merically equal to the hatched area, v=<300 m/s.

(2) Newton's second law can be written as

(M—pl)a=F—(M—pt) g—}

.

According to the Initial conditions, {=20s and a=0.8 g. Hence, the lorce

amjs?
0
Velaolty of wind relative
s /
-—2F L4 7
1
1
Motim
s w
Sail
7 20 #is
Fig. 268 Fig. 269

12+
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Fig 290 Fig. 291,

of alr resistance Is
f=F—(M—pt) g—(M—p1) 0.8 g=12,800 kgl
) Newton's equatlon for the weight gives ma=kx—m,g, where m, Is
the mass of the welght at the end ol the spring, a s the lccelen(lon of
the rocket, & Is the coefficlent of elastlcity of the spring, x ls the elonga-
tlon of the spring. According to the condition, mg= Therefore,

x_—(a+[) The scale of the device should be (ndulted unlformly

(Fig. 290). An acceleration of g corresponds to a division of ofie centimetre.
02 The only force acting on the bead is the reaction force of the rod N
directed at right angles to the rod. The absolute acceleration w, of the bead
(relative to a stationar: obsetverf will be directed along the line of action
of the reaction force N. The relative acceleration w, Is directed along the
rod (Fig. 291)
wy=a+w,

II follows from the triangle of accelerations that w,=acosa and
a=asina.
rom Newton's second law, the reaction force Is N=masina.
The hme < during which the bead moves llonz the rod can be found from
the equation 1= 2252 Hence, "
63. When the bead moves it is acted upon b the frictlon f kN
the reaction force N. W Y viction force ond
The absolute acoelennon will be directed along the resultant force F. It
follows fram Fig. 292 thal

N=masina, and w,=acosa—N—q(cosa—ksina)
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Hence (see Problem 62),
< 21
=V a(cosa—tksina)

If k>cota, the bead will not move with respect to the rod, and the force
of friction is ma cosa.
64. The equations of motlon of the block and the body have the form:
ma=f [0}
Mb=F—} @

where f Is the force of frictlon; a and b are accelerations.
Let us assume that there Is no sliding, then a=b. The acceleration and
the force of friction can be found from the equations of motlon. The force

of fnction is f=m . For the body not to slide, the force of friction

wim °
should satlsfy the inequality f<<img, le., M-t—m‘k" UP>kM+m)g,
the body will begin to slide. Here equatlons (1) and (2) wlll take the form:
ma=kmg, and Mb=F—kmg

These equations can be used to find a and b:
a=kg, and b=F$
Obviously, b > a. The acceleratlon of the body relative to the block will be
;.lm‘.‘ted oppositely to the motion and will be equal in mSgnitude to
B
The time durlng which the body moves over the block 1s v=
1

2IM
=V Frmwm+m

N1

~

Fig. 292 Fig. 293



182 ANSWERS AND SOLUTIONS

66. Initially the wagon is in uniformly retarded motion at a speed of
v=vo—ar ¢, where [ is the force of friction equal to kmg. The body is in
uniformly accelerated motion at a s;)eed of u=17 t.

If the wagon is long, the speeds of the body and the wagon may become

equal. This will occur at the moment of time f—,v_°[ . After this, both

m T M
the body and the wagon will begin to move at a constant speed equal to

vy ot " "
A By this time the wagon will have covered a distance
;=u,,f—3’—M L
and the body a distance /
s=g=

The distance covered by the body relative to the cart is S—s. It should
be shorter than I Thus, the body will not slip off the wagon if S—s</,
€.,

Moy
e

66. Let us consider the string element in the slit. Assume that the string
moves downward. Then, the string element will be acted upon by the force
of string tension on both sides and the force of friction (Fig. 293).

Since the mass of this string element is neglected, T)—F~T,=0.

The equations of dynamics can be written as follows:

mg—T,=ma
myg —T,=—ma

Hence
(m—my) g—F
my+m,

67. Since the weights move umformly, the tenslon of the string is equal to
the weight m,. Therefore, the force with which the pulley acts on the bar
is 2m,g, i.e., in the first case it is 2 kgi and In the second 6 kgf. In both
cases the balance will show the sum ol the first and second weights, ie,
4 kgt The force of friction equal to 2 kgf is applied to the bar at the side
of the second welﬁh(. In the first case it is added to the force of pressure
exerted by the pulley on the bar and in the second 1t 1s subtracted irom it.

68, Since the masses of the pulleys and the string may be neglected, the
tension of the string will be the same everywhere (Fig. 294). Therefore,

mg—T=ma,
myg —2T =mya,
myg—T =myay
a -;-a,

ay
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Fig. 294 Fig. 295

(see Problem 34). Hence,
4= mm:—3m’ﬂ+mm‘

mym T myma - mymy ©

mymy— dmymy + mymy
= Amymy T mymy  mymy € °

= 4m,my— 3mym, + mym,

Ay T mymy + mymy &

69. The second monk“ will be at the same height as the first.

If the mass of the pul and the weight of the rope are disregarded,
the force T tensioning bom ends of the rope will be thesame and, therefore,
the forces acting on each monkey will equal F=7—mg. Both monl have
the same accelerations in magnitude and direction and will reach fhe pul-
ley at lhe same time.

e the mass of the pulleys and (he smng is negligibly small, the
Ie@r:'c.m oi the thread is the same everywher

mg—T=ma,
myg —2T =mya,
2T—-T=0
Hence, T=0 and a,=a,=,
Both weights fall iluly vlth an acceleration g. Pulleys B and C rotate
counterclockwise and pulley A clockwise.
71. (1) The forces acting on the (lble and the weight are shown in Fig. 295.
The equatiens of horizontal motion have the following form:
for the table with the pulley
[ F+F,,=G—‘ .
and for thc weight

F—F,,=%‘ ay
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Let us assume that the force F is so small mn the weight "does not
slide over the table. Hence a,=a, and F,,HFG

By gradually increasing the force F we shall thereby increase the force of
friction F, ll the table and the weight are immovable relative to each other,
however, ( e forge of frictlon between them cannot exceed the value Fjr.mar=kG,.
For this reuo e welght will begin to slide over the table when

G, +G, G,
F> F,,4,,.,—'&"—'=;G—:w,+0,)=|o kel
In our case F=8 kgf, consequently, the weight will not slide, and
alna,=ﬂ‘:-(=£,gaall cm/s*
(2) In this case the equalwm of motion lo the table with the pulleysand
the weight will have the form:
—F+F,,=%n,

G,
F—FPp==2
=g %

The accelerations of the table and the weight are directed oppositely, and the
weight w:ll be sure to slide.

A..ce,

The ecetation’af the table s

o= —F+k0.‘___‘__ 131 cmys*

and 1t will move to the left.
. According to Newton's second law, the change In the momentum of
\h s stem “cannon-ball” during the duration of the shot t should be equal
lo |he impulse of the forces acting on the system.
Along a horizontal line
muv, cos a— Mo, =F (T
where Fj,v s the impulse of the forces of friction.
Along a vertical line
muysin a=Nt—(Mg+mg)t
where Nt Is the impulse of forces of normal pressure (reactions of a horizontal
area), (M(+m{)r is the impulse of the forces of gravity. Remembering that
Fr=kN, we obtain
Oy= 2 vy 08 A—k - 0 clna—kM—+—m
=g % 7 Y A
or since gT Ry,
Uy ﬁ- v (cos a—k sin @)
Thi:lwlulion is suitable for k< cot @ When £ > cot a the cannon will remain
in place.



MECHANICS 185

1-4. The Law of Conservation of Momentum

73. The momentum of the meteorite Is transmitted to the air molecules
and, In the final run, to the Earth

74. Let us divide the mass of the disk Into pairs of Identical elements
lying on one straight line at equal distances from the centre. The momentum
of each palr is zero, since the momenta of both masses are equal but oppo-
sitel; directed. Therefore, the momentum of the entire disk Is zero.

75. The prodpeller of a conventional helicopter Is rotated by an engine
mounted Inside the fuselage. According to rfemn'. third law, oppositely
directed forces are applied from the propeller to the engine. These forces
create a torallne that tends to rotate the fuselage in a direction opposite to
rotation of the propeller. The tall rotor is used to compensate for this torque.

In a jet helicopter the forces from the propeller are applied to the outfio-
wing gases and for this reason do not create any tmiue.

76. The velocity of the boat u can be found with the aid of the law of
conservation of momentum. In a horizontal direction

. Mu=mvcosa

Hence, u=8 cm/s.

77. At the highest point the rocket reaches, its velocity Iszero. The change
in the total momentum of the rocket fragments under the action of external
forces (the force of gnvur is negligible since the Impulse of these forces is
very small in view of the instantaneous nature of the explosion. For this
reason the total momentum of the rocket fragments before and immediately
after the explosion remains constant and equal to zero. At thesame time, the
sum of the three vectors (m,v,, m,v,, myv,) may be zero only when they are
in one plane. Hence it follows that the vectors v,, v, and v, also lie in one

plane.

78. Let the mass of the man be m and that of the boat M. If the man
moves with a speed v relative to the boat the latter wiil move at aspeed —u
with respect to the bank, and therefore the man moves with a speed v, =v—u
with respect to the bank.

According to the law of conservation of momentum,

m (v—u)— Mu=0

Hence, usm-—:.—ﬂv and the speed of the man relative to the bank is

L
m4+M"

Since the signs of v, and v coincide, the distance between the man and
the bank will increase whatever the ratio between the masses m and M.

79. The speed of the boat u with respect to the shore is related to the
speed of the man v with respect to the boat by the equation “=m:M v (see
Problem 78). The relation between the speeds remains constant during motion.
For this reason the relation between the distances travelled will be equal to
the relation between the speeds
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where s Is the distance travelled by the boat and /is Its length (the distance
covered by the man in the boat).

Therefore, for the boat to reach the shore Its length shou'd be at least
1=EM 25 metres

80. When the spring extends, it will act on both weights. The welght at
the wall wlill first remain stationary while the second weight will begin to
move. When the lrrin( extends completely g‘!&. is mo longer deformed), the
second weight will have a certain velocity. Therefore, the system will acquire
momentum in a horizontal directlon that will be retained in the following
period, since the external forces will not act in_ this direction. Thus, t
system as a whole will move away from the wsll, the weights alternately
converging and diverﬁing.

81. The speed of the cart will not depend on the polnt of impact. The
momentum of the revolving cylinder is zero, irrespective of Its direction and
velocity of rotation (see Probfem 74). For this reason the bullet will Impart
to the “cylindercart” system the same momentum as it would to a cylinder
rigidly secured on the cart.

82." Let us denote the velocity of the rocket at the end of the k-th second
by vp. Gas with a mass m is ejected from the rocket at the end of the (k4 1)-th
second, and it carries away a momentum equal

m(—u+op)
1t follows from the law of conservation of momentum that
(M —km)op={M—(k+1) m) og4y+m (—u+top)
The change In the velocity of the rocket per second is

Oppy— Op= et
o —k+Dm
1f we know how the velocity changes in one second, we can’ write the
expression for the velocity at the end of the a-th second
m m

Op=tpu (M_,,,+M 2,,|+...+M—’_"”m)

83. The velocity of the rocket will grow. This becomes obvious if we pass
over to a reading system with respect to which the rocket is at rest at the given
moment. The pressure of the ejected gases will push the rocket forward.

84. Let the mass of the boat be M, that of a sack m and the velocity of
the boats vy. When a sack is thrown out of a boat the latter is acted upon
by a certaln force in a direction perpendicular to v,. It should be noted,
however, that the boat does not change its velocity, since the resistafice of
the water prevents lateral motion of the boats. The velocity of a boat will
change only when a sack is dropped into it.

Applying the law of conservation of momentum to the “sack-boat” system,
we can write in the first case:

for one boat (M +m) vy —muy=(M +2m) v,

for the other one — Muy—+moy=(M+m) v,

Here v, and v, are the final velocitles of the boats. From these simultaneous

. M
equations v;=—0y= Miom vg.
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When the sacks are exchanged simui-
hneously, the . final velocities of the
“boats v; and vy can be found from the
equations:
Mug—mug=(M+m)o, ;

— Mug+ mug=(M +4m) vy

. Hence, o3 =—1 r v., Thus, the

ﬁnnl velocity of the bna!s will be higher
in the first case.

85. External forces do not act in a ho-
rizontal direction on the “hovp-beetle” sys-
tem For this reason the centre of gravity
of the system (point C in Fig. 296) will not
move in a horizontal plane. The distance
Fig. 296 from the centre of gravity of the system

to the centre of the hoop is CO:

Since this distance is constant, the centre of the hoop O will describe a circle
with the radius CO about the stationary point C. 1t is easy loseeum the tra-

B " " M
jectory of the beetle is a circle with the radius AC= m—MR'

The mutual pos“lons and the direction of motion of the beetle and the
hoop are shown in Fig.

. Since no external forces act an the sysiem m a honzont-l d:r«.tmn.
the m;ectlon of the total momentum of the “wedge-weights” onto the
horlzontal ditection must remain conslanl (equal (o zero) 1t nn-s !ollws that
the wedﬁe will begin to move onl: he weights move.

For the weight m, to move to {he right, the condition

myg sina=m,g4kmygcosa

should be observed.
Therefore, m‘<sm a—kcos a. Here the wedge will move to the left. For
the weight m, {o move to the left, the following condition should be observed.

Mg == myg sin a4 km,g cos &
m_
m.Btln a4-kcosa

Here the wedge will move to the right.
Hence, for the wedge to be in ethbrmm. the ratio between the masses
of the weights should satisly the inequality

sin a—tcos¢< <sm a4kcosa
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1-5. Statics

6. b=t

88. In the position of equillbrium (Fig. 297) mg—2mg cos a=0. Therefore,
a=60°. The sought distance A=1cot ¢=;.5A Equllibrlum will set in after
the osclllations caused by the weight Mmi lowered attenua

89. The equality of the projections of the forces onto !he dltu:\lon of the
verlical (Fig. 298) gives the eq\u( on

2N sin = —25,, cos ;_=o
where N s the force of normal pressure and F, < kN is the force of friction.
The weight nl the wedge may usually be neglected.
Hence, tan -§<k and a< 2arc tank.

90. If the welill\ G, lowers over the height A, then roml F will lower by /3.
The weight G, will me by 2k/3. Applying the “golden™ rule of mechanics,

we have G —G,

Hence, G.=3— Gy.

91. If the box is not overturned, the moment of the force F rotating the
box in one direction, sa :ounleﬂ:lockwlae, about a bottom edge is less than
or equal to the moment of the force of gravity rotating the box cloc kwise.
For lhe box to slide, the force should be greater than the maximum force of
iriction applied to it. Therefore,

Fhemg - and F 3> kmg

whence k< g7 -

e e sy g

Flg. 298
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92. To turn the beam, the moment of the forces applied to its ends shouid
be yelm than the moment of the forces of friction when they reach their
maximum.

The forces of lrlcllon are qgurlhuud uniformly along the beam (Fig. 299).
The mean arm of the forces of frictlon acting on the leﬂ- or rigat-] Iund part
of the beam Is I/4, if the iength entire

The moment of ali the lm:u of frlchan with rupecl to the beam centre

hz%‘?. Consequently, to tum the beam around, the applied forces F
should satisfy the inequality

2F—>kﬂ
whence F>£g.

To move lhe beam hmh(lomlly, 2F should be greater than kG. There-
fore, it is easier to tumn the

93. The equation of motlon of the load is —n=F G, (Fig- 300). The

sum of the forca acting on the crane vertically is zero. Therefore, G,+ G, =
=G+F. Since the sum oi the moments of the forces reiative to pomt A

is zero, we have Fl+0—2-—LG,
Solution of these simultaneous equations gives
Gy =22.23 tonf, and G, ==1.77 toni

84. For the lever to be in ethbrlum the force applied at point D should
produce a moment equal t G-AB. The force will be minimum when the
maximum arm Is equal to BD.

G B
4 P &
—7— 7
4 F o VA
5
, |e
&

Fig. 300 Fig. 301
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Hence, F-a.:,%=—°2=, and It s directed at right angles to BD.

85. If there Is no friction between the floor and the boxes, the latter will
move simultaneously. 1f the coefficient of friction is not zero, the right-hand
box will move figst ﬁee Fig. 35), since the force epplied to it by the rod
will be greater than the force eppiled to the left-hand box.

Indeed, the rod Is acted upon from the side of the right-hand box by
the force F, directed opposite to F, and from the side of the left-hand box
by the force F, directed along F. The sum of the forces in equilibrium is
zero. Therefore, Fy=F+ F,, and the force FJ will reach the maximum force
of flction of rest ‘before Fy.

98. The equalitz to zero of the sum of the moments of the forces acting
on the sphere with respect to point A (Fig. 301) gives us the equation

F,R—NR=0

Since Fp, < RN, then k> 1.

97. For’ a body to be at rest, the total moment of the forces that tends
to tum the body clockwise should be equal to the moment of the forces
that tends to turn the body counterclockwise around a point (eround the
centre of snvlly, for example). In our case the moment of the forces of
friction that tums the brick clockwise should be equal to the moment of the
forces of the pressure exerted bl the plane on the brick. It follows that
the force of pressure exerted the plane on the right half of the brick
should be greater than on the left one. According to Newton’s third law,
the force with which the right half of the brick presses against the plane
should be greater than that of the left half.

98. To lift the roller onto the step, the moment of the forces turning the
roller around point A (Fig. 302) counterclockwise should at least be equal
to the moment of the forces turning it clockwise,

G(R—h)=GVR—(R—
R. Since h < R, then

Il=< —VTT) R=0.29R

Hence, h=2E Y 2:

99. Since the force of friction Is zero on one of the planes, It s also zero
on the other one. Otherwise, the sphere would rotate around its centre, for
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the moment of all the other forces relative to this centre is zero (because
ez m;: of each of these forces with reference to the centre of the sphere
zero).
The sums of the projections of the forces on the vertical and horizontal
directions are equal to zero (Fig. 303). For this reason
Nycosay,—Nycos a;=0
G—N,sina,—N,sina; =0
where N; and N, are the sought pressure forces. Hence,

G
M= @y +Cos ay-tan @, =26 ket
G

N=g @, Fcos a;-tana, =15 ket

100. Let us denote the force applied to one handle by F. The force F
will turn the drawer and induce elastic forces N, and N, at points A and B
'Flg. 304) which will act on the drawer from the side of the cabinet. These
lorces are equal: Ny=N,=N. Since the moment of all the acting forces

relative to the centre of the drawer C is zero, N=Fg.

The drawer can be pulled out If the applied force F is greater than the
maximum force of friction of rest: F > f,+ }’,=2¢N. *

For the last inequality to be satlsfied, & should be smaljer than %.
101.-A board on a rough log forming an angle @ with a horizontal plane
is similar to a body retained by the forces of friction on an Inclined plane

with an angle @ at its base. Therefore, in equiiibrium, F/,=mg sina. Bea-
ring in mind that Fp<kmgcosa, we have tana<k.

£
8
l 4
| ¢
Ll
A 7
F

Fig. 504
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Fig. 306 Fig. 307

102. The forces applied to the ladder are shown in Fig. 305. In equilib-
rium the sums of the projectlons of the forces along a vertical and a hari-
:onul lines ';f equal to ze;'vo

Stnce he 'sim & the moments of the forces relative to point B Is zero,
we can write another equatlon

slna

N.eosasmg—
Hence, F,,-mau—'z'—a. Since the force of friction satisfies the inequality
F,,<kN,. the ladder will be in equillbrlum If
tane<2%

103. The lorces a plled to the ladder are shown In Flg. 306. Since the
sum of the forces and the sum of the moments of the forces are equal to zero:

[+ Ny=mg (0]
Ny=Fy ®
feina+ N, cosa=mg paina @

The forces of friction f and F, satisty the Inequallties f<SkN, and
F/ < kN, By using the first 1nequl|lly and equations (1) and (3), we get:

cot u;—”- 5 - Sinee l>~— then cota > . I we asume that
k=tanB, 'be Inequafity can be written In a more convenlent form for cal-
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culations:
cota=>cot2p or a<2f

If at the moment when end B of the rod beglns to rise, the force
(rlchon F, < kN proves sufficlent for end A not to sllr the rod will
begln to mla’fe around point A. Otherwise, end A will begin to slip until
the force of friction F,=kN can keep the rod in equilibrium (Fig. 307).
After this the rod will begin to rotate.around end A.

Let us find the coefficlent of fricton k at which slipping stops with
a definite angle a between the rod and the string.

The equality of the forces at the moment when the rod Is almost horl-
zontal gives us the equations:

Fp=Tcosa
G=N+Tsina

The equality of the moments of the forces with respect to point A can
be written as '
G ?=TI sina
By using this system of equations, we find that
Fy
=T—co(a
For the rod not to slip at all it is necessary that & cot w=L3

105. The sum of the moments of the lorce: -cllng on the man relatlve to
his centre of gravity is zero. For this reason the force F scting from the
Earlh is -Iwa{s dlrecled (ward: the man’s centre of gravity C (Fig. 308).

orizontal component of this force cannot be greater than the maximum
(orce ol friction of rest: Faln a«SkF cosa. Hence, k>tana.

v

Fig 308 Fig. 310
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108. The ladder is acted upon by three forces: Its weight G, the force
from the Eerth F and the reaction ol the support N (Fig. 309). Since the
wall is smooth, the force N Is perpendicular to it.

1t will be the easiest to determine the force F if we find the point with
mred to which the moments of the forces G and N are equal to zero. This

be the point at which the straight lines ON and OG intersect. The

moment of the force F relative to this point should also be zero. Therefore,
the force should be directed so that it continues past rum t 0.

Figure 309 shows that the direction of the force F with the ladder

the angle B=30°— are tan —— = 14°0".

The force which acts on the ladder from the Earth will be directed nlm?
!be ladder only if all the other forces are applied to the centre of the lad-
ler masses or act along it.

m The ladder cannot be prevented from lll(lnf down by means of a
tied to its middle. The moments of the forces of reaction of the floor and
the wall as well as the moments of the force with which the rope is tensio-
ned with respect fo point O are zero whatever the tension T (Fig. 310).
The moment of the force of gravity with respect to the same point differs
from zero. For this reason the ladder will fall down without faii.

108. From the wall the ladder is acled u by the reaction of the su
port N, perpenc lculu to lhe nl bottom end of the ladder s scted
upon b{ the forces tion of nu lupporl) and F,, (force of friction)
frlg 3 I‘ 1f, for the " e ol simplicity, we disre the weight of the
ladder, these forces will be suppiemented by the weigl t ol the man G. The
equnllty of (heh)mjobcﬂol: ol '.I;_e forces along a horizontai and a verticai

=G an

Let the man first stand on (he lower part of the ladder (point A). The
equality of the momen!l o! the forces with respect to point U gives us the
equation N CB=G-cos a- AO.

Hence, | e hi er the man, the greater will be the force N,. But Fj,=N,.
For this reason the force of friction retaining the iadder grows as the man
climbs uLA: soon as F, reaches its maximum value equai to &G the lad-
der wili begin to slip.



MECHANICS

109. In e'?uillhrlum the sum of the forces ldlnf on the picture Is zero
(Fig. 312). herefore, G=F;, 4T cosa, and N=T sina. The force of frlc-
tion should satisfy the inequality

Frr
Fp<iN o k>

The equality of the moments relative to point B gives us the equation
—g—lsln a=T(lcosa+ YV P—DPsinda)sina

Hence,
Frr _lcosat+2VF—Tsinta
v Isina
and

plomat? Vd—Tsina
lsina

110. Let us first find the direction of the force f with which rod BC acts
on rod CD. Assume that this force has a verticsl component directed upward.
Then, according to Newton's third law, rod CD acts on rod BC with a force
whose vertical directe . This e syl ry
of the problem, however. Therefore, the vertical component of the force f
shouid be equal to zero The force acting on rod CD fromi rod DE will have
both a horizontal and a verticsl components, as shown in Fig. 313a.

Slnce all the forces acting on CD are equal to zero, F=mg and f=}".
The equality to zero of the moment of the forces with respect to D gives us:

fsinp CD=mg#CD

tunp="2'_,‘.
Figure 313 shows the forces acting on rod DE. Since the moment of the

Fig. 313
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Fig. 314 Fig. 315

forces with respect to E is equal to zero, it follows that

/slnaDE—FcosaDE+m(°i;i'DE

una=m

2F
uenﬂy, tan @=3 tan E
lorces acting on the box m :hawn in Fij 314 The conditlons

of ulllhrium have the form: Fcos a=F, +
At the moment equilibrium is dlxlnrbed me force of lrlchon reaches its

kG
maximum: F/,=kN Hence, F—m The value ol F will be mi-
nimum at an angle the To find

the maximum let us tmufmm the denommalor. mlmduung a new quantity
@ instead of & so that tan @=*k.
Then,
o Cos(@—g)
cosa+k sing=—0 0 0

208 a+ksln =V TH4% cos (@—q)
Since the maximum value of cos (@—g) Is unity, then

L.
ET

Fain=

F
Hence, k= ———==—=0.75.
) Voa—n
112. The forces acting on the cylinder are shown in Fig. 315. Since the
cylinder does not move translationally,
Fp—Fcosa=0
Fsina—mg+N=0
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The force of friction F,,—&N. Hence,
P km8
T cosatrsina

‘The denominator of this expression can be written as Asin (x4 @), where
A=V THR (see Problem 111).

Therefore, the minimum force with which the string should be puiled is

kmg
Fain=——e.
min '}"ﬂ-—k‘

The angle a; can be found from the equation cos a, & sin a,=}’l+k‘,
and tan a, =%,

113. The forces acting on the gislon and the rear iid of the cylinder are
Fy=Fy=pA (Fig. 316a). Point C of the wheel is also acted upon in a hori-
zon!:(l direction by the force F, transmitted from the piston through the
crank gear.

The‘s\lm of the moments of the forces acting on the wheel with respect
to its axis Is zero. (The mass of the wheel is neglected.) Therefore, /R =F,r,
where F- is the force of friction. Since the sum of the forces which act on
the wheef is also zero, the force Fy applied to the axis by the bearings of
the locomotive i8 Fy=F + F,. According to Newton's third law, the force
Fy=F, acts on the locomotive from the side of the axis. Hence, the tractive

effort F=Fy—F,=F,=pA—%.

in the second position of the piston and the crank gear, the forces we are
interested in are illustrated in Fig. 316b. For the same reason as in the pre-

vious case, Fpp=F, i—

The tractive eflort F=Fy—Fy=F 7, =pA i{‘ .

As could be expected, the tractive effort Is equal to the force of friction,
for the lafter Is the oniy external force that acts on the locomotive.

114. The maximum length of the extending me of the top brick is //2.
The centre ol gravity of the two upper bricks C, is at a distance of I/4 from
the edge of the second brick (Fig. 317). Therefore, the second brick may
extend by this length relative to the third one.

The centre of gravity of the three HYP" bricks C, Is determined by the
equality of the moments of the forces of gravity with respect to Cy; namely,

6(%—x)=2ﬁt. Hence ;=%, le., the third brick may extend over the

5
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o
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7
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Flg. 316
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fourth one by not mm than /6. Snmdarly it can be found that the fourth
brick extends over the fifth one 1/8, etc. The nature of the change in the
length of the extendln art W“ﬁ' an increase in the number of bricks is
obvious. The maximum distance over which the right-| I\and edge of the upper

brick can extend ovu the right-hand edge of the lowermost brick can be
written as the series

tmg (g tgtpt)
Wgen( the number of the bricks is increased infinitely this sum tends to
infini’
Indned the sum of the series
|
'f?+i+7+?+t+7+i+m
s greater than that of the series
14 %
1 [} i 1 1 1 1
I+gtgt+gtgtgtgtgt
and the latter sum will be infinitely great if the number of terms is infinite.
The centre of gravity of ali the bricks passes through the right-hand ed,

of the lowermost brick. Equilibrium wlll be unstable. The given example
woullg be possible if the Earth were

flat.
et us inscribe a right polygon into a circie with a radius r (Fig. 318).
Let us then find the moment of the forces of gravity (with respect to the
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axis AK) applied to the middles of
the sides of the polygon AB, BC,
CD, DE, etc., assuming that the
force of gravity acts at right ang-
les to the drawing. This moment 1s
equal to pg (ABx, + BCxy+CDxy +
+ DEx,+ EFxg+ FKx,), where p
:s theh mass of a unit of the wire
length.
4 rom the similarity of the cor-
responding triangles it can be shown
Fig. 319 that the products ABx,, BCx,, CDx,,
efc., are equal respectively to AB'A,
B'C’'h, C'D’h, etc, where h is the apothem of the polygon.
Therefore, the moment is equal to

pgh (AB'+B'C'+C'D! + D'E' + E'F' 4 F'K)=pgh2r
If the number of sides increases infinitely, the value of & will tend to r

and the moment to 2r%g. On the other hand, the moment is equal to the
product of the weight of the wire nrpg and the distance x from the centre

of gravity to axis AK. Therefore, 2rtpg=iurpgx, whence x=%n

116, Let us divide the semicircle into triangies and segments, as shown in
Fig. 319. The centre of gravity of a triangle, as is known, is at the point
of intersection of its medians. In our case the centre of gravity of each

wiangle is at a distance of = from point O (4 Is the apothem). When the
sides are increased infinitely In number the centres of gravity of the triangles
will Iie on a circie with a radius of 3n while the areas of the segments

will tend to zero.

Thus, the problem consists in determining the centre of gravity of a se-
micircle with a radius of 3 7.

It foliows from the solution of Problem 115 that x, which is the distance
between the centre of gravity of the semicircle and point O, is equal to

X=—r=gr.
n 3n
117. By applying the method used to solve Problems 115 and 116, it can
be shown that the centre of gravity Is at point C at a distance
2sin 5
o= r from the centre of curvature of the arc (see Fig. 45).
118. From the solutions of Problems 115, 116 and 117, it can be shown

n2
2

si
that the centre of gravity Is at point C at s distance of CO=5-—2 7 from

oint 0.
P 119. When the centre of gravity is determined, the plate with a cut-out
portion can formally be considered as a solid one if we consider that a se-
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micircle with a negative mass equal in magnitude to the mass of the cut-out
portion is superposed on

The moment of the guvl\y forces of the positive and negative masses with
respect to axis AB is equal

MEPYPEIN

If the force of gravity acts at right angles to the drawing (see Fig. 47).
where p is the mass of a unit area of the plate (see the solution |o
biem 116). On the other hand, this moment Is equai to the product of \be
well'gm of the plale and the distance x=0C from its centre of gravity to
ax|

Hence, xpg ( b’—T) =32

Therefore, x= r

2
—m)’

1-6. Work and Energy
120. The work of a force does not depelnd on the mass of the body mad

l!? Iven force. A Ioree o 3 kgl wlil perform the worl
_Fll=15 This worl to increase the potentiai energy
[ kg' m) nnd 1 Jklnmc energy (10 kgi-rn) oi the load.

-em.

‘2" Flnl Iet us find the force with which the presses on one of the
hemisphsres. Assume that Its base is covered with a lln( lid in the form of
a dick with a radius R. If the air is pumped out from this vessel the force
of pressure on the flat cover will =pA=pnR?. Obvlously, the same
pressure will be exerted on the hemupfme by the air, otherwise the forces
wili not be mutuaily balanced and the vessel” will perpetuaily move in the
direction of the greater force. The number of horses should be F,/F, since
the other hemisphere may simply be tied to a post. The tensioned rope will
produce the same force as the team of horses pulling at the other side.

128, The change in the momentum of a body Is equal to the impulse of
the force of fnv . Since the forces acting on the stone and the Earth are
the same an mg same time, the changes in the momenta of
these bodies are tlso the

The change in the kme(u: enuq of a body Is equal to the work of the

jorces of gravitational attraction. The forces are equal, but the paths traver-
sed by the stone and the Earth are Inversely proportional to their masses.
This Is why me law of conservation of energy may be wnlten in a form

which dhteprds the change in the kinetic energy of the Earth: T+E,=cmsl.

ere m Is the mass of the stoneand E, the potential energy of interaction.
124. According to the law of conservation of energy,

mygh="4

, Is the mass of the pile drlver. h the helght from which It drops,
lnd 0 IB velocity before the impact.
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Since the Impact is the force of resistance cannot
change the total momentum of the system.
Seeing that the Impact is inelastic
Moy =(m; +my) vy

where m, is the mass of the plle, vy the velocity of the driver and the pile
at the first moment after the Impact.

The mechanical energy of the r and the plle Is spent on work done
to overcome the resistance of the soil F:
wﬂm,;mmﬂ,

whﬂe s is the depth which the pile Is driven to Into the soil.
nece,

P —

Tomgm,

125. As a result of the inelastic impact, the linear velocity of the box

with the bullet at the first moment will be equal to u=ﬁ_"—m, where v Is

the velocity of the bullet. On the basis of the law of conservation of energy,
the angle of deflection a is related to the velocity v by the expression.
(M4m)yud _ m¥? _
—7 = +m)—(M+m)L(l cosa)g

B g mig 4 mag=32,500 kgt

whence
u=2sin;’- M:m Vig

126. Since the explosion is Instantaneous, the external horizontal forces
(forces of friction) cannot apgrechbly change the total momentum of the
system durinf the explosion. This momentum is zero both before and directly *
alter the explosion.

Therefore, m,v,+ mgv,=0.

Hence, == ——".
"

Since the carts finally stop, their initial kinetic energies are spent on work
against the forces of friction:

2 2

ﬂ‘;—‘:km,gs,. and '"‘—;'=km,gs,

2
Hence, ~1=21 and, thereiore, s =2 metres
I
127. Let us denote the speed of the body and the wagon after they stop
moving with respect to each other by u According to the law of conserva-
tion of momentum, .
(M 4 m)u= My, [U]
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The wagon loses its kinetic energy In view of the fact that the force of
friction f acting on it performs negative work

where S t distance (nvellgd by the wagon.
'n.e qnlm kinetlc energy because the force of friction acting on It
pertorms posiive work
mud
T =k

Here s 1s the distance travelied by the body.
It Is easy to see thet the change in the kineuc energy of the system
) 2
M M) =15 )

h eqllll to the force of frictlon multiplied by the motion of the body rela-
l\ lollm from equations (1) and (2) that

mMo}

S—e=gaitm

mMoy
Slnce S—s<{, then l;m

Bearing in mind that f=kmg, we have I> -—-—(m—

128. The combustion of the ucond portion increases the velocity of the
mdutvhy Av. Since then to the law
of conservation of momentum,

(M+m) 0=M (v4 80) +m (0—u)

where m is the mass of a fuel ortlon M tne mass of the rocket without
fuel, u the outflow velocity of the gases relative to the rocket.

The velocity increment of the rocket An—ﬁ 4 does not depend on the

velocity v before the second portion of the fuel burns. On the contrary, the
Increment in the kinetic energy of the rocket (without iuel)

A£,=ﬂ‘;ﬂ_ﬁ;_'=m (T u+v)

will be the greater, the hg’

The maximum altitude of the rocket is determined by the energy it receives.
For this reason the second portion of the fuel can be bunt to the greatest
advantage when the rocket attains its maximum velocity, i.e., directly after
the first portion is efected. Here the test part of the mechanical ener,

roduced by the combustion of the fuel will be imparted to the rocket, while
he mechanlcal energy of the combustion products will be minimum.
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129. It will be sufficient to
consider the consecutive combus-
tion of two portions of [uel. Let
the mass of the rocket with the
fuel first be equal to M-+ 2m.

Alter combustion of the first
portion, the velocity of the rock-

_ _mu, s
etlv._ M|+l:" .where u, is the
velocity of the s with respect
to the rocket. 4l‘he initial velo-
city of the rocket 1s assumed to
be zero.

Fig. 520 The increment in the velouty
of the rocket after the second

portion burns Is Av="22 | where uy Is the new velocity of the gases with

M
respect to the rocket
mbustion of the first portion produces the mechanical energy AE, =

(M+m)od | mul
= t7

, and of the second portion the energy

s5,= MOLA® | me—u) Memo

According to the initial condntwn. AE,=AE,. Hence,

(s +8) (%)

Therefore, uy > uy; the velocity of the gases with respect to (he rocket di-
minishes because the mass of the rocket decreases as the fuel b

130. Both. slopes may be broken into any arbitrary number ol small -
c=|ined lane: wnth various angles of inclination. Let us consider one of
them (Fig.

The work done to lift the body up such an irclined plane is equal to
t!’m’ w«:rk 2| llnst the forces of gravity mg Ah plus the work against the forces
of friction

But F,,=hmgcosa and As= c:s - Therefore, F,As=kmgal. The total
work AW =mg (Ah+kAl). I we consider all the inclined surfaces and sum
up the elementary works, the total work will be

W= AW =mg (X Ah+k Y Al) =mgh + kmgl

T’he vwrk is determined only by the height of the mountain & and the length I
of its

131, 'l'he force aprhed to the handle will be minimum if it forms a right
angle with the handle. Denoting the force sought by F, we shall have from

the golden rule of mechanics: 2nRF =Gh. Hence, F=po> .
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182, According to the definition, the efficiency v|=-v1!w—,when W=
= GH is the work done to lift the load G to a height H md ‘V. is the work
done against the forces of friction. Since the force of friction I8 capable of
holding the load in equilibrium, the work of this force cannot be less than
:he work ls%, The minimum work of the forces of friction Is Wy =W;. There-
m. %.

aa A: the man climbs the ladder the bnlloon wlll deltend b{ a height -A.
Therefore, the work done by the man will is potential
energy by the amount mg(/—h) and that of the bllloon by mgh (the balloon
without the man will be acted upon by the lifting force mg directed upwards).

ce,

W = mg (I—h)+mgh=mgl

This result can be obtalned at once in calculating the work done by the man
in the system related to the ladder.

f the man climbs with a velocity o with respect to the ladder, he moves
u( n—o, with respect to the Earth, where v, is the velocity of the ascending

fioon.
Accordmg to the iaw of conservation of momentum, (v—p,) m= My,

Y= Ll v
1TMim

134. To deliver twice as much water in a unlt of time, a velocity two
times greater should be imparted to the double mnss of the water. The work
of the motor is spent to impart a kinetlc energy Tto the water. Therelore,

the power of the motor should be Ingreased elght ti
135. (i) The work done to raise the water out ol lhc pit is

W|=g‘-{ Ax TH--E- PRAHY

where p Is the density of water.

The work

1 H
Vi=go A0

Is requlred to Impart kinetic energy to the water.

The veloclty v with which the vuter flows out of the plpe onto the
ground can be found [rom the ratio 7 A=nR%rs.

The total work is

(2) In the second case the work required to raise the water is less than
W, by AW, =9¢A,h(ﬂ— ?)4 The work required to impart kinetic energy
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to the water is .
("i‘._M,)
il \2

=3P R
The total work W’'=W,—AW;4-W;.
188. It is the simplest to solve the problem in a coordinate system rela-

ted to the escalator. The man wili walk a distance [= e + vt relative
to the escalator, where vt s the distance covered by the escalator. He should
perform the work W = e +ut ) mgsina, since during the ascenf the

force mg is applied over the distance [ and forms an angle of 90°—a with It.

Part of the work mgh is spent to increase the Ro(enti:l energy of the
man, and the remainder mgutsina together with the work of the motor
that drives the escalator Is spent to overcome the forces of friction.

137. The relation between the elastic force and the deformation Is shown
in Fig. 321. The work done to stretch (or compress) the spring by a small
amount Ax is shown by the area of the hatched rectangle AW =FAx. The total
work in stretching or compressing the spring by the amount [, equal to its

potential energy Ep, is shown by the area of trlangle OBC: W=E, P=$,

Let us recall that an expression for. the distance covered In unlformly ac-
celerated_motion can IISIIJI" be obtained by similar reasoning.

138. The man acting with force F on the spring does the work W,=—FL.
At the same time, the floor of the rallway carrlage is acted upon from the
side of the man by the force of friction F." The work of this force W,=FL
Therelore, the tofal work performed by the man in a coordinate system
related to {he Earth is zero, in the same way as In a system related to the train

139. In the system of the iraln the work done is equal to the potentiai
energy of the stretched spring (see Problem 137) W=%, since the force of
Iriction between the man and the floor of the railway carriage does not do

work 1n this ‘system.
In the system related to the Earth,
F the work the man does to stretch
i/ the spring is equal to the product

ofthe mean force 1. and the distan-

e L—i,le, Wy="(L—. The
man acts on the floor of the carria-
ge with the same mean force 2. The

work of this force Wy L. The
Jr-l |[£  z ‘total work in the glven coordinate

sttem W =W,+W,== s the
Fig. 321 same a< n the system of the carriage.

4
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140, On the basis of the lais of conservation of momentum and energy
we can- write the following equations:

mn'ln+m:"|=ﬂln'l: + mgoy
, pmat mm mm' my’ | m u.'
where uv; and vy are the velocities of the spheres nlia |he collision.
Upon solving these simultaneous equations, we ol
. (my—my) v,+2m,v, (m,—m,) vy +2m0y

" -y R e A
(1) If the second sphere was at rest before the collision (v,=0), then
pom—mo . 2mw,
T mm, my+my

1f my > m,, the first sphere cunumls to move in the same direction as before
the collision, but at a lower v ¥
f my < m,, the first sphere wll jump back after the collision. The se-
“d sphere will move in the same direction as the first sphere before the
collislon.

If my=m,, then v;_m =v, and v;=w=u,. Upon collision
N om om

he spheres :xclnn;e their velocma
141. The elastic impact rts «a velocity v to the left-hand block. At
this moment the right-hand block is still at rest since the spring is not de-
f d.

Let us denote the velocities of the lefl-and right-hand blocks at an arbit-
rary moment of time by u, and u,, and the absolute elongation of the spring
at this moment K

According fo the Taws of conservation of momentum and energy, we have

m(uy+ug)=mo
mu, muy | ket lm:‘
tT e

kb =m [0 — (ul+u3)
Upon substituting 4y +u, for v in the last equation, we obtain
foxd = 2mu uy

Therefore, u,a.=% and u;+uy=v.

It can be seen from the last two equations that u, and uy will have the
same sign and both blocks will move in the same direction.

The quantity x? will be mulmnm when the product of the velocities u,
and u, is also maximum. Hence, to find the answer to the second question,
it is necessary fo determine the maximum product u,u, assuming that the
sum uy 4 u, is constant and equal to v.
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Fig 322

Let us consider the obvnous mequ:lny (uy—ug)*=>0, or u} —2u uy+uj >o
Let us add 4u,u, to the right and leit sides of ‘the lnequ Ity

u.+2u‘u.+u;>4u,u, of (uy+uy)® =4ujuy.  Since  uy+uy

‘ﬂm’elm, the maximum value of u,u, is equal to v%/4 and it Is attained
when uy=uy=-~-.
At this moment the distance between the blocks Is

Vi semizo}) B

142. The lower plate will rise Il the force of elasticity acting on it Is
greater than its weight: &x, > ?{ Here z is the deformatlon of the lprln(
stretched to the maximum (pw on ¢ In Ig 322). Positlon a shows an u

For the sprl n‘ to_expand over a distance of x, it should be com| reued
( x, (position b in Fu 322), which can be found on the basis of
conservation of enery
kx}
—‘=—+mw(z\+x.)
Hence,

x> 2m_|g+_.g

To compress the spring by x,, the weight of the plate should be supple-
mented with a force whi utlshu the equ.uon F4mg=hx,.

Therefore, the sought force F > m, 3

143. In a reading system related , the velocity of the bali is
v-+u. After the Impact the velocity of lhe ball wlll be—(v+u) In the samc
reading system. The velocit: ‘y of the ball after the Impact with respect to a
stationary reading system wl

—(O+u)—u=—(v+2u)
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The kinetic energy after the impact is ”7'(0+2u)' and before the impact

2w
‘I’hc change in the kinetic energy is eTul to 2mu (u+v).

Let us now caiculate the worl he elastic forces acting on the ball
during the impact. Let the collision conumle for T seconds. For the sake of
simplicity we assume that during the impact the elastic force is constant
gﬁenmlly speaking the result does not depend on this assumption). Since

e impact changes the momentum by 2m (v+u). the elastic force is

Fs?m (v+u)
T

The work of this force is

W=F;=an=m“)_"'.

=2m(v+4u)u
It is easy to see that this work is equai to the change in the kinetic
N (1) Up to the moment when the rope is tensioned the stones will

1
fall freely
2 —p
=£;_ and ;,,‘Lzl

The moment of umiomng of the rope can be determined from the con-
dition I=s,— sa seconds, s,=44.1 metres, s,=4.9 metres The
time is counﬁe from lhe moment the first stone begins to fall. When the
there elastic impact and the stones exchange
ies (m Pmblem MO) A( the moment of impact v, =gt =29.4 m/s,

and vy=g(t—7)=
The duration of lllllnl o| the first stone ¢, (after the rope is tensioned)
can be found from the condition

h-s,sv.l,+75-
and of the second stone f, from the condition
Il—s.-:v,f.+—’g-
Therefore £, = 1.6 seconds, and ¢, = 1.8 seconds.

The first stone falls during 4.8 seconds and the second during 2.8 seconds.
(2) 1f the rope is inelastic, the velocities of the stones after it is tensioned

are equalized (inelastic impact): =19.6 m/s. The duration of fal-
ling of the stones with the rope lemioned is determined from the equations.

h—s,=ut.+—r and h—s.=v!,+—u’{‘-

sy and s, are the same as in the first case.
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Hence, fy==12 ncond:. end fy=%3.3 seconds.

The first stone 1. s during 4.2 seconds end the second during 4.3 seconds

148. If only the rl*hl -hand ball is moved aside, the extreme lelt-hand
ball will bounce off after the impact through an angle equal to that by
which the right-hand ball was dellected.

1f two right-hand balls are simultaneously moved ulde and released, then
wo extreme. left-hand balls will bounce off, and so o

When the first ball strikes the second one, the ﬁnl all sto lnd trans-
mits its momentum to the second one (see the solution to Problem 140), the
second transmits the same momentum to the third, etc. Since the extreme
left-hand ball has no “neighbour” at its left, it will bounce off (provided
there Is no friction or losses of energy) tl mugh the same angle by which
the extreme right-hand ball was deflected.

When the left-hand ball, after devuhon through the maximum angle,
strikes the ball at its right, the process of transmission of momentum will
take the reverse course.

When two right-hand balls are deflected at the same time, they will
transmit their momenta to the row in turn after a very small period of time.
In this way the other balls will receive two impulses that will be propagated
along the row at a certain time interval. The extreme left-hand ball will
bounce off after it receives the “first portion™ of the momentum. Next, its
“neighbour” wiil bounce off nﬂer recewm( the next portion of the momentum
from the extreme right-hand bal

If three right-hand balls are " deflected, the row of balls will receive
portions of momentum from the"third, second and first ball following each
other in very smal! intervals of time. If four balls are deflected and released
at the same time, four balls will bounce off at the left while the other two
vull remain immobile.

46. The striking ball will jump back and the other balls up to the steel
oM will remain in place. The steel ball and all the others after it will
N‘T" to move to the left with different velocities.

he fastest veloclty will be imparted to the extreme ieft-hand ball. The
next one will move slower, etc. The balls will move apart (see the solutions
to Problems 140 and 145).

147. Assume that the weight 2m lowers through a distance of H. The
weights m will accordingly rise to the height 4 (Fig. 323). .
2mv} 2m».

On the basis of the law of conservation of energy, 2meh+

= 2mgH, or v; +u,=2$I(H —H), where vy is the velocity of |he welng m
and v. |hnl of the wei,
the ve-(ht 2m lowers, its velocity v, approaches the velocity vy,
since the an‘Iu between the parts of the string thrown over the pulleys tend
to mo In the himit, v, 2v v;. At the same time, H—hA 1.
‘herefore, the maximum velocity of the weights is
v=Vgl
148. The velocities of the weights are the same if they cover identical
distances As in equally small intervals of time. These distances will be the
same at such an_angle ANB at which lowering of the welght m, through
ds=NK (Fig. 324) is atlended by an increase in part ANB of the string
also by the amount As. Therelore, when the velocities are equal, HK =

14—2042
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[} 0 Fig o2

= BK—BN =% end FK=AK—AN=Y. The wiangles NHK and NFK

will be the closer to right ones, the smaller is the distance As. When
As — 0, the angles NHK and NFK tend to be right ones, while the angles
2”{4” and KNF tend to 30°. Therefore, the velocities will be equal when

INB=120°.
Let us use the law of conservation of energy to find these velocities
mgh=2 @—V'3) mugh+ Tk 5
Hence,
m—2Q—V3)m
o= ull-.——mW =0
The weights will oscillate near the position of equilibrium, which corres-
ponds to the angle ANB=2arc cos 7L 2 149°. The maximum deviation from
)
the position of equilibrium corresponds to the nr:‘gle ANB=120°.
rNSinoe there 1s no slipping of the board on the roilers and of the
rollers on the horizontal surface, the distance between the axes of the rollers
z

# M2 Fig. 324
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Fig. 325

in motion remains constant. For this reason the board will move translation-
ally in a horizontal direction and at the same time down along the rollers.
When the rollers move through a certain distance I, each polnt on the
board (in particular, its centre of gravity A) will move In a horizontal
direction through the same distance / and will also move the same distance
along the rollers: AB=BC=1! (Fig. 325) (This is particularly obvious If
we consider the motlon of the rollers in a coordinate system travelling
together with the rollers? As a result, the centre of grairll‘y of the boare
will move along straight llne AC inclined to the horizon at an lnﬁle a2,
since ABC is an isosceles triangle. The motion wlll be uniformly accelerated.
The board acquires kinetic energy owing to the reductlon of its potential

energy T=mgl sina, or ”W=2gIsina. On the other hand, in uniformly
accelerated motion u*=2as, Where s= AC=2{ cos - . Hence, the scceleratlon

v L
a=gr=gsino.

150. Let us calculate the difference between the potential energles for the
iwo positions of the chain—when it lies entirely on the table and when a
part of it x hangs from the table This difference is equal to the weight

% of the hanging part multiplied by x/2, since the chain Is homogeneous

and the centre of iravity of the hanging end is at a distance of x/2 from
the edge of the table.

On the basis of the law of conservation of energy, M?_v'_#‘. or

gxt.
v= ‘/ &0 At this moment of time the acceleration can be found from
Newton's second law: Ma=% gx Therefore, a=g—l‘.

To calculate the reaction of the table edge, let us first find the tension
of the chain at the point of ils contact with the table. It is equal to the
change in the momentum of the part of the chain lying on the

=M ya MM
F=gr @—xja—grot=gg(—x)x

14
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Fig. 326 Fig. 327

Let us now consider a very small element of the chaln in contact with
the table edge. This element is acted upon by the three forces (Fig. 326).
Since this element is infinitely small, the sum of the three forces which act
on it should be zero.

Therefore, the force of reaction- is

N-FVE:VEML-“)E,

When x > [, the chaln no longer touches the edge of the table.

151. Let us denote the velocity of the wagon by v. The horizontal
component of the velocity of the pendulum with respect to the wagon is
ucos B (Fig. 327). Since the wagon moves, the velocily of the pendulum
with rupecl to the rails is u4-ucos . The external forces do not act on
the syslem in a horizontal direction. Therefore, on the basis of the law of
conservation of momentum, we have

m v+ u cos B)+ Mu=0 m
since the system was mllully at rest.
vertical component of the pendnlnm velocity with respect to the
wuon and the ralls is usinp.
ording to the Pythagorean theorem, the sqnue ol the pendulum
velocll{ ‘relative to sthe ails Js (o u cos )+ u? sin'
he aid of the law of conservation ol energy, We can obtain a second
equation mterrehlmg the velocities v and u:

?l(u c%ﬁ+v)‘+u’$in'ﬂl+7v'=mgl (cos p—cos @) @

It can be found from eqnatiolu (1) and (2) that

2m*gl  (cos —cos a) cos? B
C=Fm (M Fmsnip)

In a partlcular case, when p=0 (asumlngﬂ-<l)

5‘=2—(1 (1—cosa)

m o a =
v=27rsing Vel
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Fig. 328

152, Let us denote the velocity of the wedge by v, and the horizontal
and vertical components of the velocity u of the block with reference to a
stationary readin, s{slem by uy and u, (Fig. .

On the basls of the laws of conservation of momentum and energy we
can write

— Mot mue=0, nd ML (24 u)mme

It should be noted that the angle & with the horizontal surface Is formed
by the relative velocity u,,;, ie., the velocity of the block with respect
to the moving wedge, and not the absolute velocity of the block u, by
which Is meant the velocity relative to a stationary horizontal surface.

u

1t follows from the velocity disgram (Fig. 329) that L =tana. Upon

solving these equations with respect to v, we obtain *

= l/ Mim (7)’TEI'%+1)’ lm’cJ

At the same moment of time the absolute velocity of the block is

u=Vid+u=V w;-l Y/ N R
1+%+% (|+%).tm'a

When the mass of the wedge Is much greater than that of the biock,
 tends, as should be expected, to ¥ 2gh.
163. The velocity of the rod with ra,;ecl to the moving wedge Is directed
at an angle a to the horizon. If the velocity of the wedge Is added to this
relative velocity, the result will be the absolute velocity u of the rod
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Fig. 329 Fig. 830

(Fig. 330). The relation between the velocities 1s obviously equal to
L—tana
v
Mv* | mut
It follows from the law of conservation of energy that T+T=m'h'
Upon cancelling u from these two equations, we get an expression for v:

o=  omgh__
- M¥mtania

We can then write for the relative velocity of the rod:

oot ‘/ omgh

re = cos a Mimtana
The velocity of the rod is

— 2mgh _ mg tan® a
u=tana ‘/ mFMmda ‘/ 2 Muama’
1t can be seen from this formula that the velocll{ of the rod changes with
the path h travelled according to the law of uniformly accelerated motion
=V 2ah. Therelore, the acceleration of the rod is

mtanta
m+4Mtanla

1-7. Kinematics of Curvilinear Motion

154. The dnvmi pulle rotates with an nngll_llar velocity of w,=2nn, and
the driven one with a vel ocx(y ol wy=2nn,. The velocity ol the drive beit
8 v=0,7 =04y

The sought dismeter is D, =Dy 22=100 mm
185. (1) Let us denote the fenglh of the crawler by L—na Hence,

I-L_2ﬂ is the distance between the axes of the wheels
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The number of links taking part In transistionsl motion is n,séa

=L2R . The same number of links Is st rest relative to the Eerth.

In rotary motion there are n.=ﬂ links.

(2) The timé during which the tractor moves is "_T During a full re-
volution of the crawler the link will move translationally a distance 2/ at a
speed of 20. The duration of motion of one link during a revolution Is -

Altogether, the crawler will make N=i revolutions. Therefore, the duration

of transiational motion of the link is l.—— This is the time during which

the link js at res
The link wlll pnrtlclpule In rotary motion during the time

2Nl _s+2nRN—NL

f=te— =T

1f s> L, the number of revolutions may be assumed as a whole number,
neglecting the duration of an incomplete revolution.

186. The duration of flight of 2 molecule between the cylinders is ls?.
During this time the cylinders will tum throygh the angle w¢ and, therefore,
I=Rat=or B2~

Hence, o= 2RR=1)

157. Let us denote the sought radius by R and the angular speed of the
tractor over the arc by . Hence (Fig. 33¥

n=o (R—?) , nd vp=0 (R+?)

Thus
4
r-4
— 2 dr=3
d 2
Rtz

188. Fn’sl the observer is at the pole (point O in Flg. 332). The axis of
Earth passes through point O perpendicular to the drawing. Line 0A
(panllel to BC) is directed toward the star. The mountain is at the right
of point A. The angle a=wAtf Is the angle through which the Earth rotates
during the time Af with the angular velocity . To see g\é star, the observer

shouid run a distance OC 20 AwAt. The observer's speed v=— =040=0.7 m/s.
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Fig. 31 Fig. 382

150, Let us take poinf A from which the boat departs as the orlgln ol \hg
cooruinaie system. The direction of the axes is shown In Fig. 333.

moves in a direction perpendicular to the current at a constant veloclt{
For this reason the boat will be at a distance y from the bank in the ime

l=7 after departure. Let us consider the motion of the boat up to the

middie of the river (y<%) - The current velocity hv=%y at a distance
y from the bank.
Upon inserting y=ut into the expression for the current, we get v=: ﬁ"“‘
It follows from this relationship that the boat moves paraliel to the hmlu
with a constant acceleration a=T°“ . The boat will reach the middle of the

!/I s

A 2 Fig. 388
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7 7

37
4 5 Fig. 334

river in the time 1.=2c_“ and will be carried downstream during the same

: aT? _ve
time over a distance of == When moving from the middle of the

river (point D) to the opposite bank, the boat will again be carrled away
over the same distance s. Thus, the sought distance is % When the boat
moves to the middle of the river x=£§=?t' and y=ut.

Let us use these ratios to determine the trajectory of the boat from A to D.
We get y3=Zx (a parabola). The other half of the trajectory (DB) is of the

same nature as the first one.

160. It is obvious from considerations of symmetry that at any moment
of time the tortoises will be at the comners of a square whose side gradually
diminishes (Fig. 334). The speed of each tortoise can be resolved into a radial
(direcled towards the centre) and a perpendicular components. The radial

speed will be equal to "’s}fuf' Each torloise has to walk a distance of

=== to the centre.
Therefore, the tortoises will meet at the centre of the square after the time
‘=u— =% elapses.

181. Ship B moves toward ship A with the speed v. At the same time
ship A sails away from ship B with the speed vcos a (Fig. 335). Therefore,
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Fig. 335

the distance AB reduces with a speed of v (I —cos a). Pomt C (lhe pmjecuon

of point B onto the !u]ector{ of ship A) moves with a spee:

For this reason distance increases with a speed of ucola. Thmlore. (lu
sum of the distances s=AB+ AC remains constant as the ships move. At (he

Initlal moment point C coincides with A, and therefore s=A.

a lu(hclen(ly uul interval of time point C wlill coinclde with B, nnd

AB—AC=——?‘ and the ships wlil move at a distance of 1.5 km from
each oﬂm

respect to the reading system shown In Fig. 336, the coordinates
and the ve|ocmu of the body can be determined at any moment of time
the following formulas:

E=Ugx! (0]
v=uyt L @
0x=Vox ®
R vy=vey—at @

re gy ==UoC08 @ and v, esina are the projections of the initiai velo-
clllu on the axes x and f Equatlons (I). (2). (3) and (4) provide an answer
to all the questions stipulated in the prol

The duration of flight T can be found lmm equation (2). When y=0, we
i’ 20, sin na
have vy sin aT —25-=0. Hence, T="2—— 3

¥

7

DY
i
AN

f—— Z ———» -4 Z Fig. 356
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The distance of the flight is L=v,co8a T= . This distance
will be maximum when a=45

%
Lol

o3 8in 22
g

The height at which the body will be after the time ¥ elapses is equal

to h=uv,sin ar—S5-.

The velocity of the body at the moment t is equl tov= V v} +0, where
Ve=u,cos & and v, =v, sin @—gv. Hence, v+ 2vegvsina and
1 Torrus ‘an angle 31 B "with the vertical that can 'be found fress the squa-

tion tan p=— Do C03

th ula The coord:mtu';l the body x and y change with time according to
e law

y=vgsin u.f—‘-;-.
x=0, cOS &
Upon excluding the time from these expressions, we obtain an equation
for the trajectory y= —'—“x'+hn¢ -x. This is en equation of a pa-

nbola By denoting the coordlml= of the vertex of the ynnhoh (point A
3{6 nnd y, the equation of the trajectory can be written
ll—llo ‘f(x—*o)

_usinta

—t
20§ costa
and *

__vssin2a

xo=

164. The trajectory of the bali takes the form of a paraboia passing lllrou(h
;polnl with the coordinates h and s. Therefore (see the solution to Pro~

h= s*+tane-

£
2} costa
Hence,
= e - & o
" =JCos a (tanas —h) (s sin2a—hcos 2a)—h 1+ Asin (20—¢)—h
where tan @=h/s. The minimum veiocity

n= ‘/.VT%—;—’——II =Vel+ VTW)
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I\ A« z
Z —
Fig. 357 Fig. 338
is attained when
) ; o ‘mh+}’s‘+h' " s
274 s Viits—h
(Fig. 337)

168. The coordinates and the velocities of the body at any moment of
time with respect to the reading system shown in Fig. 338 are determined
by the same equations as in Probiem 162.

At the moment when the body falis into the water its coordinate y=— H.
For this reason the duration of flight T can be found from the equation

—H=v,sin aT—-$

Hence,

opsina + V/ 3sintatogH
g

T=
Since T > 0, we shall retain the pius sign. The distance from the bank is
Le=vcos ar="='—2""2°+ﬂ;’—5 Y Asina2gh
The body will be at a height & above the water after the time
opsine + ) VP sint a+2g (H—F)
g

If |[h| <|H|, only the pius sign has a physical meaning. When 4> H,
both solutions have a meaning. During its motion the body'vlill be twice at
the same height above the water

1t is the simplest to find the final velocity v with the aid of the law of
conservation of energy

.
O
Therefore,
o=V "3+ 2gH
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166. In the reading system depicted in F ig. 339, the coordinates of the
stone are determined at any moment of time by the following equations:

x=vycos af
gjl
y=l|.+v.slna.l—T
At the moment when the stone falls, y=0 and x=s, where s is the distance
covered by the . .
Upon solving these equations with respect to the angle @, we obtain

o Oghy _ @s%
una——‘; (l + VH-T—T,)
This expression has a meaning when

2gh, _g's
I+T="——?ao

vV 03 +2h,

T
It value 8 $mas AR

2 .
When s is smaller, two values of the angle a correspond to each of its va-
lule. the difference between which is the less, the nearer s is to its maximum
value.

Hence, s<:

s
’/
d
// Z 4
,/
,/
,I
rd
e
—s5—+ Fig 340
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Therefore, for the mnlmum distance of ﬂl(M

tan g —2— nd a=30"

o7 = o-+2¢h. 75'
167. The components of llle velocltlu of the bodles along x and y at any
moment of time are determine
o,,=0.nln¢. ,l. Ogy==0g 8in @y —gt;
U1 =0pCO8Q;; and Oy ==—Uy CO8 Gy
Let u be the velocity of the second body with respect to the first one. Hence
Uy =0 81N @) — gt — g 81N &y + gF =0, (8ln a; —sin ay)
1y =0y (€08 @; + €08 &y)

Therefore, the velocity 4 is equal to

u=) Fru=2c08 (EL“‘#‘:) %
The bodies move with respect to each other at a constant velocity. After the
time 7 the distance between them will be

§==2v,co8 (#) T

168. The horlzontal path of the bombs=V P—/d=ocosaf, where { s
the duration of falling of the bomb. The vertical path is A=vsinaf4-

gl; m}
pon excluding the time from these equations, we find

YA -

The solution vllth the plus sign has a meaning. The minussign corresponds
toa< 0. l.e., the bomb {s dropped when the dive-bomber is flying upward.

169. It will bo convenlent to soive this problem in s rudln( system rels-
ted to the uniformly moving vehicies.

In this system, the highway moves back with the speed of uv==50 km/h,
the vehicles are at rest with respect to each other and their wheels rotate.
The linear s&eed of points on the clrcumference of the wheel and that of the
stuck stone |In 0. The ltone wiil fly the maximum distance if it fles out
when its g hreed gle of 45°" with the horizon. Let us find this
distance Neglecting lhe hc! (h-l the stone Is somewhat sbove the level of
the highway when t Is thrown out, we obteln (= 2022 % _ 196 met.

res. The minimum distsnce between the vehicles should 19.6 m
I70 1t will be much easler to soive the problem if !lle axes of eonrdlmle

m dlncted along the Inclined plane and rerpendlculu to It (Fig.
n his case the components of the acceleration of the ball on !he nu z
and y will be respectively equal to a;=g,=gsina and a,=g,=— gcosa.
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Fig. 841 Fig. 342

Upon the first Impact with the inclined plane, the velocity of the ball will
be vo= ¥ 2gh. The initlal velocity ol the blll al(er the first impact is v,
and forms an angle @ with the y-axls (Fig.

The distance betwee' the points of the ﬁrs! and second impacts is
ly=o,sinat,+ "‘2"" , where t, is the duration of fight and Is determl-

ned by the equation

2
BycO8 d,—'m;u‘=0
Hence, ¢, =2 and I,=8hsina. The velocity of the ball at the second
impact can be found from the equations
[ x+axty=vpsina+gsinat, =30, sina
U3y =0y +8yt) =00 COS @— g cOS &y =— Dy COS @

After the impact these veloclties are equal to
Ope =01y, 8Nd Vg =— vy,

The distance between the points of the second and third Impacts is equal to

.
ly=30,sin a, +£020

where ¢ty is the time during which the ball Is In flight. Since the inltial

veloclty along the y* axis is the same as during the first ‘impact, fy=t,.
‘herefore, I,=16hsin

L Slgzﬂaﬂy. it can be ‘shown that the distance between the next points
=24hsin

* Consequently, ly:ly:ly...=1:2:3, ete.
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171. The motion of the body can be considered as superposition of move-

ment along a circumference with a radius R In a harh.onn plane and verti-
cal hllln( Accwdlngl lhe veloclly of the body o l lhe given moment
can be re| he geometrical sum of two components: v,=vcosa
e iy and o sina directed vertlcally (Fig. 342} Here @
is the angle formed by the helical line of the groove wit t e horizon.

In curvilinear motion the acceleration of a body is equal to the met-
:l'::n‘l sum of the nnmtlll and nonml l<uelenllons The normal acceleration

a along t is

9 _ocosta
W=RTTR
The vertical motion Is rectllinear, and therefore ay,=0.

The sought acceleration d—V¢|V+¢ﬂ+dM. where g, and a;, are the
to motion along ‘the clrcumference
and along the vertical. The total tangential acceleration a, Is obviously

equll to a,_

vt ol
value of a, can be found by mentally developing the surface of the
cyllnder with the helical groove Into a plane. In this case the oove will
become an inclined plane with a hﬂgm nh and a8 Ien(!h of its
Applmlﬂy, a=gsina=g —
iR
To determine a,,, let us Hnd o from the law ol conservation of energy:

%”-’=mg[m Consequently, v%=2ghn and ﬂ'"_ll'+4n'R' Upon  Inserting

Fig. 343
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lh: found m:elemluu a, and a,, into the expression for the sought accele-
ration, we
_ @AV B R L AR
B 4mR

172. As usual, the motion of the ball can be considered as the result
ol lummnum of vertical (unlformly accelerated) and horizontal (uniform) mo-

The simplest method of solution is to rlo! a dlagram showing how the
coordinates of the ball along the horlzon 1 d on the time for the limi-
ting velocities 267 cm/s and 200 cm/s . The lower broken line cor-
responds to the maximum velocity lnd "the u per one to the minimum

llnight line between the lines of the dlagram increases. The vertical hatchis
ows the movement of the ball lwm MtoN, md the horizontal
atcmn —{rom N to M. The
in the direction of the horizontal veloclt
(1) The diagram shows that after the ball bounces once from slab N the
direction of its horizontal velocity will be indefinite when the duration of
falling OK <t < OL or t > AB (where OK=0.15s, OL=0.2 s and AB=0.2253).

Hence, 10 em< H <20 cm or hag-sﬁcm"

The ball may strike any point on the base su ing the slabs if the
dur(?lon ol umngyol the bnllyt; AF=03s. pporting

|n (I) Dlmng ‘the !Ime T of a complete revoluum the disk will eour a
distance equal to the length of its clrcumference, i.e. nr, where
radfus of the disk. Therelore, the translational veloclty of any polnt on the
disk p,,=2'.1&=., On the other hand, the linear velocity of rotation of
points on the disk rim with respect to the centre 0 is vy,=wr, where o is
the angular velocity of rotation. Since m=7§, then Yun="g=0r.

(2) The velocity of points on the disk rim with respect to a standing obser-
ver will be the sum of the trnnsll!lolul and rotatlonal velocities. The total
veloclty for point A will be equal to 2.

For points B and D the velocitles beln¢ added are equal in absolute mag-
nlmde and their sum is V'3 (Fig. 344a).

nt C the total velocit: 'nh respect to a standing observer Is zero,

slne. translational and rotaflonal velocities are equal in absolute magni-
(nde lnd oppositely direc

nﬂulhmu: velocitles of polnts on dlameter AC Increase in direct

.ﬁpodlon to the distance from point C. For this reason the motion of the

be mmld at the given moment ol time as rotation aroun

touches the path. The axis passing !hlou(h point C
pandlculur h the lane of the dlsk Is known as the lnshnnneous axls of
lvllnon ‘When the disk moves, this nh constantly passes through the point
of contact between the disk and the path.
Therefore, all the points on the disk equldlsunt from point C at the given
moment of time will have the same total velocity with respect to a standing

15—2042



226 ANSWERS AND SOLUTIONS

Fig. 344

observer. The points which are at a distance equal to the disk radius from
the Imhnhneoln "“g‘ point C) will luve ﬂu same velocity (in absolute
magnitude) as that of the axis, l.e., v (Fig. 344b).

174. The angle between adjacent spokes of the front wheel is = N .

The wheel wiil seem stationary on the screen if it turns through the angle
a=k«£ during the time between the filming of two successive frames t=1/24

is a positive integer. On the other hand, the angle of rotation of Ilu
wheel during the time t is equal to a=o0T, where @ Is the anguiar speed of

the wheel. Therefore, the front wheel will seem stationary if o

the speed of the cart v=w=z'—“:. The minimum speed of the cart vy, =

Ny
=X —esmn
Th'e rear wheel will aiso seem stationary if
2mkyr 2Ry R
N,t Nyt

Hence, N,=ﬁ|5=9 when ky=ky=1.

175. (1) The spokes will seem to rotate counterclockwise if during the
time < (see Prob lem 174) the wheel turns through the angie B, which satisfies
the condition kg > f, > kip——, where k=1, 2, 3, ... . The consecutive po-
sitions of the wileel spokes arc <Lown lor this case in Fig. 345a. It seems to
the audience that each spoke ! ns through the angle @ < % counterclock-
wise The possible angular veiocities he within the interval

& (2% —1
-;1>m,>(—2‘)—w
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Since the front and rear wheels have the same number of Apoku, the wheels
will seem to revolve counterclockwise if the speed of the cart

ﬂ->v>m—§; m

” —_—>0>—=— ”R ¥ (¢}

Since R=1.6r, the second inequality can be rewritten as follows:

1548 5 o LBOr_Loer

Both ualities, which are congruent only when k=1, give the issible

toends o the <an - the torm Y =1 glve fhe permissible
Lso>ond

Or, since w=z-g. we have 8.8 m/s > v> 6.6 m/a

(22 kes of the rear wheel will seem to revolve clockwise if during
the time ( he wheel turns through the angle B, which satisfies the conditlon

—1) g > By > (k—1) 9 (Fig. 345b). Hence, the following inequality Is true
for the speed of the cart:

Ls!zk—l!z So> 1.5(!: )9r

At the same time inequality (i) should be complied with. When k=1, both
inequalities are congruent f 0.75 % > 0> 0.5, When k=2 they are con-

gruent Ilzv'>v>lsv'. If £>2 the Inequalities are incongruent.

£A4

Fig. 345
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‘Therefore,
66m/s>v>44m/s

176 m/s > 0> 142 m/s

178, The Ins;:ntlmous axis of rotation

va

Point B has the velocity vg=v X",

Points on a circle with the radins r whose

14 centre is point C have an Instantaneous

velocity equal to that of the spool core.

Fig 346 171. The trajectories of points A, B and

C are shown in_Fig. 347. Point B descri-

bes a curve usually called an ordinary cycloid. Points A and C describe an
elongated and a shortened cycloids.

178. The linear velocity of points on the circumference of the shaft
v,-:m% and that of points on the race v,=ﬂ?A Since the balls do not
slir. the same instantaneous velocities will be imparted to the points on the
ball bearing that at this moment are in contact with the shaft and the race.
The instantaneous velocity of any point on the ball can be regarded as the
sum of two velocities: the velocity of motion of its centre v, and the linear
velocity of rotation around the centre The ball will rotate with a certain

lar ;ltlocily @, (Fig. 348).
refore,

Hence, 9y =4 (- t3) = (0d-+2D)

in this expression, each anguiar velocity may be positive (clockwise rota-
tion) and negative (counterclockwise rotation). When =0, v=57.
A A
Zi

(AU AV A

Fig. 347
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Fig. 348 Fig. 349

S ince the cone rolls without -(Irplng, the points on the generatrix
0,4 ( 349) should be stationary. This fact is used to determine the ve-
locity Kl with which the cone rotates around Its axis.

For point A we have %sﬂhhna Hence, Q= —— l(na . The velocity
of an arbitrary point D, on diameter AB of the cone base is the sum of two
velocities:

vy=0 (hcos @ —r sln ¢)+ﬁ

wheu r is the distance from the an\re of the base C to the given point.
or polnt Dy below centre C we have

vy=o(hcos atrsina)—

i)
sina
The velocity of the lowermost point is zem and of the uppermost polnt

v=! cos a.

180. The linear veloclllu should be the same where bevel gears £ and C,
and E and D, mesh. rs E rotate with the velocity o around axle A,
and the axle rotates In ano plme wllh the velocity Q, the following
equation Is true for gears £ and C t

l,o,—rm+r,ﬂ
For meshing of gears £ and D, a similar equation has the form
noy=—ro+r,Q
Hence,
0=0,+a,
202 (0,—0p

When wheel B rotates at a s, of Q, the lnguhr velocities of the driv-
ing wheels may differ from each other from zero to 2Q.
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1-8. Dynamics of Curvilinear Motion
181. On the basis of Newton’s second law,
WLL"E=T—(M+MN, where u=2sln § g (see Problem 125).
Hence,
T=(M+m),(4 sint ;‘- + l)
182, T, =10matl; Ty=9madl; Ty=Tma?l, and T,=4motl.

183. The distances from the centre of gravity to the masses m, and m,
are equal, respectively, to

my m
my+m, my+m,

Let us denote the velocity of the centre of gravity by u and the angular
velocity of rotation by ®. Thus u+4wxr=v, and u—wy=v,.

I

x= I and y=

0=UT0 ang y=Ta M0y
[ m,+m,

184. The velocity of rotation will be retarded. The platiorm imparts to
the shell an additional momentum along a tangent to the trajectory of the
end of the cannon barrel. According to Newton's third law, the shell ejected
{n:g'n the barrel will press against ils inner part in a direction opposite to ro-
ation.

185. When the body touches the horizontal plane, the vertical and hori-
zontal_components of its velocity will be v, = ¥ 2gH sina and vy,, =
= ¥ 2gHcosa If the impact is absolutely elastic, the vertical component
will change its sign, while the horizontal component will remain the same.
The trajectory of the bady will take the form of sections of parabolas
(Fig. 350), with A=H sin* @ and [=2H sin 2a.

1f the impact is absolutely inelastic, the vertical component of the velo-
city will be zero, and the body wlil move uniformly over the horizontal
plane with the velocity v= 'H cosa.

186, The Earth acts on the motor-cycle with two forces (Fig. 351), name-
ly, N—the reaction of the support, and f—the force of friction. The sum of

Fig. 350
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these forces T is directed along the motor-cycle.
(Otherwise, the moment of the forces tending to
tip the motorcycle would be acting with res-
pect to the centre of gravity 0.)

Thus, the centre of gravity is acted upon by
the resulting force P=T4-G, where G is the
welght of the motor-cyclist. ince F— Tcosa=f,
a centripetal acceleration will be Imparted to
the motor-cycle only by the friction force f.

According to Newton's second law, _-k_’

and f«<kmg. Figure 351 shows that mg=F tan .
The minimum value al R from this system

of equations Is R""‘=k_z= 147 metres, when

un a =ﬂ;333 and therefore @2x73°20".

et us consider the intermediate position
the md when it has moved through the angle
a from the vertical. In a‘wlardurwe with the law of conservation of energy,

MgR= MgR cosa+ . where R Is the distance from the end of the

rod_to the centre of gnvny of the sphere.
Therefore, the angular velocity © can be expressed as

w=2sin ;— ‘/’%

With the glven value of a, it will be the :m-ller. the greater is R.
Hence, the rod will fall faster If it Is placed on end B.

188. According to Newton's second law, moSR = mgeos a—N, where N s
the force which the deformed rod acts on the sphere with.

The deformation of the rod will disappear when the rod no longer presses

on the floor, and N=0. As shown In Problem 187, 0=2 '/'%:ln 3
Upon inserting this value of © In the equation of motlon, we find that
cosa=-3. Hence, a=48°10".

For the rod not to slip, the condition N sina< kNcosa should be ful-
filled (Fig. 352). Therelore, &3> tana. Hence k2.

Fig. 851

189. If k> g. the rod will not slip untfl N Is zero, le., untll a<

<|rceol—§—.

When u>urcoos§2—. the equation mw’R=mgcosa—N will give us
N <0. This means that If the end of the rod had been attached to the (rolmd
the rod would have been stretched. If the rod is not secured, the sphere
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Fig. 352 Fig. 353

will begin to fall freely from the moment when the angle a reaches the
value ag=arc cos 3
" 2 "
At this moment v=0R= igk forms an angle a, with the horizon

and the height of the sphere above the ground Is L‘D=%R (Fig. 353). Let
us finc the distance sought by using the laws of free falling:

AB=AD+DB=RM; 112R

190. The bead moves along section ADB under the action of the force of
gravity (Fig. 354). For the bead to reach point B after it leaves point A,
the horizontal path which it travels should be 2R sina_ For this purpose the
velocity of the bead at point A should satisfy the condition
2 smacosu.=2R sina
4
L
(see Problem 162). Hence, u! w0sa’

At point A the bead will have the velocity u if at point O it 1s given a
velocity v equal, according to the law of conservation of energy, to

v= V@F R Feos @ = ‘/gR (2+2cosa+w%‘)

101. Assume that no segment has been cut out. Hence at point C
(Fig. 355) .
my’

™= o
According to the law of conservation of energy,

mgh=mg-2R + - @
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From equations (1) and (2) we get lx=%R. The veloclty at point A can be
found from the law of conservation of energy

5,
mg gR=—"+mgR (1 +cos a) ®
The body thrown at an angle a to the horizon wlll fly a horizonta) dis-
tance of
% 8in 2z
ap=A2E ®
On the other hand,
AB=2Rsina ®)

1t follows from equations (4) and (5) that
s _Re
A= %sa

Upon inserting this vllwe into .qulllon (3), we obtaln:

mg 5 R- zoo.a+”"R+'"‘R°°’“

*‘ and, consequently, a,=0, and a,=60°.

It is easy fo nee um if @> 60° the body will fall inside the loop; if
a < 60° it will fly

192, Let us comid:r the forces that act on the string thrown over the
left nail (Fig. 356). The vertical components of the forces of tension T acting
on the weights are mg if the string is secured on {le nail. According to

A a

Thueiore. cosa=—7—

Fig. 354 Fig. 355
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279 Fig. 356

Newton's third law, the knot (point 0) is acted upon by the same forces T.
Their sum is directed vertically downward and is equal to 2mg.

1f only one weight is rotating, the vertical component of the string (en-
sion T’ is equal to 2mg (if the weight does not move downward). The ten-
sion of the string itself, however, 1s T’ > 2mg (Fig. 356). Therelore, ihe
system will not be in equilibrium. The right-hand weughl will have a grea-
ter pul
m. The direction of the acceleration coincides with that of the resultant
Jorce. The acceleration is directed downward when the ball is in its two
extreme upper rosmons B and C (Fig 357). The acceleration will be di-
rected upward il the ball is in its extreme bo((om position A and horizon-
ully m pesitions D and L determined by the angle a.

us fiid a. According to Newton's ucond law, the product of the

mas And the centripetal acceleration is equal to the sum of the projections
of the forces on the direction of the radius of rotation:

2
"w ——=T—mgcosa

On the other hand, as can be seen from Fig 357, we have T-m On
the basis of the law of conservation of energy:
mv

t
J=mglcosa

We can find from these equations that cosa=—— V._, and therefore
@ 2 5445'.

194. Let us denote the angular velocity of the rod by @ at the moment
when it passes through the vertical position. In conformity with the law of
conservation of mefgy'

7 (m|'| +myrd)=g (1—cos @) (myr, +myry)

a myry + myr;
=28 =" g o A
2 l/gm,r:-i»m,r:
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m 71t My
vy=0r, =2, sln— Ml T Ml H
”'1’|+m;'x

=wry=2r, sin -2- g:‘:—‘:—:‘:
] (]

195. The regultant of the forces apphed to the ball F=mgtana should
blnld up a cenMpetal acceleration a=w?r, where r=Isina (Fig. 358).
Hence,
mg tan a=mw¥ sina

This equation has two solutions:
a,=0
a,=arc cos E
Both solutlons are valid in the second case: @;=0 (here the ball is In 2
state ol unstable equlllbtlum) and ¢.—Go°
l ﬁn| case the only solution is
et us resolve the force F lcung lrom the side of the rod on the
wenzh( m In(o lllllhn"y perpendicular components T and Fig.
t the forces onto a vertical and a horizontal lines and write
Newton's .quauom for these di
mod sin =T sinp— N cos ¢
mg=Tcosp+Nsing

Let us determine T and N from these equations

T=m (o sin® ¢+ g cos @)
N=m(g—awcos ¢)sin @
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o
Fig. 359 Fig. 360
Therefore,
=VT FNi=mV@+olsintg

197. The forces acting on the bead are shown in Fig. 360: f is the force
of friction, mg the wu?M and N the force of the normal reaction.
Newton'’s equations for the projection of the forces on a horizontal and a
vertical directions will have the form
fsin @ F N cos p=mo* sin g
fcos @ + N sin p—mg=0

The upper sign refers to the case shown in Fig. 360 and the lower one to
the case when the force N acts in the oppasite direction. We find from these
equations that

[=ma? sin® ¢+ mg cos @
N= 4 (mgsin @ — mw¥ sin @ cos )

In equilibrium f< kN or
ksin g—cos @

£
l<sm @ (kcos ¢+sin @) ot

when k> cot @

and

ksingtcosg g
sin @ (kcos ¢—sin @) ? when k> tan ¢

198. Figure 361 shows the forces acting on the weights. Here 7, and T,
are the tensions of the string. Let us wrile Newton's equations for the pro-
jections onto a horizontal and a vertical directions.
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For the first welght

Ty 8in 9—T, sln p=mw¥ sin ¢
Ty cos 9—T) cos p—mg=0 m
For the second wight
mat! (sln @+sin ) =T, sinp @
Tycos p=mg

Upon excluding T, and T, from the system ol equations (1) and (2), we
obtain the equations
asin g=2tan p—tany
a(sin p+siny)=tanp
wll
where a=—

From_these equations we get 2tan @—tan ¥ < tan ¢ and, therefore, ¢ < #
199. The forces acting on the w;m are shown In Fig. 362. Here T,
and T,, N, are the components of the forces acting from the side of the roa

on the weights m and M.

The forces N, and N, act in opposite directions, since the sum ol the
moments of the forces Eﬁ"i{ on the rod with mrd to point O is zero be-
cause the rod is weightless: Nyb— N, (b+4a)=0. The equations of motion of
the masses m and M for projections on 2 horizontal and a vertical directions
have the form

mw sin =T, sin p—N, cos @; T, cos ¢+ N, sin p=mg

Mw? (b+a)sin =T, sin @+ N, cos @; Tycos p— N, sin p=Mg
Upon excluding the unknown quantities T,, Ty, N, and N, from the system,
we

(1)-9=0, and (2) cos °=§ﬂ%m

Fig 361
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The first solution is true for
.any angular velocities of rotation,
and the second when 0=
mb+ M (a+b) the
l/ C i M (@ o8
solution to Problem 195).
200. In the state of equilib-
rium me?® x=*kx, where x is the
dishnce from the body to the

axi
l| is thus obvious that with
any value of x the spring imparts
the centripetal acceleration ne-
Fig 363 gessary for rotation to the
For this reason ﬂle Ialler wnll
move after the impetus with a constant velocity up to
as the law of proportionality between the force ac!mg on the spring -nd
its deformation is valid.
201. Let us write Newton's second law for a small portion of the chain

having the mass mTRAa and shown in Fig. 363:

MR Aaerny R=2T sin 3%

Since the angle Aa s small, sin 5% ~ 4%, whence T=mint=9.2 kef.

202. Let us take a small glemen! of the tube with the Iength R Aa
(Fig- 364). The stretched walls of the tube impart an acceleration a=" F to the
water flowing along this element. According to Newton's third law, tne water
will act on the element of the tube with the force

ad? v
Ao AF=pT RAa

/_\ I where p is the density of the wi
/ / ter. The force AF is batanced by
<

the tension forces of the ring T.

From the condition of equilibrium,
N\ and remembering that Aa is small,
\\ R we have
\ / 8F=2Tsin*EaTaa

VEd

NS Therdore the sought force s

hY; =%

4

203. Let us divide the rod into
Fig 364 n scctions ol equal length and con-
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|12y 7

Fig 365

sider an arbitrary section with the number ‘(Fli 365). The acceleration of the
various points in this section will be different, since the distances from the
points to the axis of rotation are not the same. If the difference r;+,—7; Is
small, however, the acceleration of the i-th section may be assumed as equal
to w‘”—“’ﬂ. and this will be the more accurate, the smaller is the
length of the section.

he i-th section Is acted upon by the elastic force T;4, from the side of
the deformed section i+1 and the force T, from the side of the section
s—1. Since the mass of the i-th section 1s I_("“_")' on the basis of
Newton’s second law we can write that

m
T:—Tlu=7('ln—'r)0"’—";—"

Tini=Ti= =32 (1 —)

Let us write the equations o{ motlon for the sections from & to n, incluslve,
assuming that 7, ,,=! an X0

—T.= —ﬂ )

Ta—Th-1 -—ﬂ('n—’nsn)

mo?
Thea—Tan=—" (hea—rks0)
.
Thar—Te=—"T (k=)

The first equlllon m thls slstem takes into account the fact that the
elastic force does not e end of the rod, i.e., Tp4y=0. Upon
summing up the eqnmons oI the system, we find that the sought tension

mw?
is equal to T, =T3" (P —x3).
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The closer the sections of the rod are to the axis of rotation, the more
will Qhe benrelc hed.

204, [n the reading system nm is muomry with respect to the axis, the
force of tension of the rod does ( work, since this force cons-

tantly remalns perpendicular to lhe veloc:(y of the ball. In the moving system
tl‘n:hlm;:el Ipeﬂonm work other than zero, and this changes the kinetic energy

e bal

205. Section AB of the hoop with 2 mass m at the highest point has an
energy of mg 2R+, During motion the kinetlc and potential energies
of section AB begin to decrease owing to the work of the forces of the elastic
deformation of the hoop whose resultant produces a centripetal force always
directed towards the cenire. The velocity ursectlon AB forms an obtuse angle
with the force F}FI( 366). For this reason the work of the force W, =FAScosa
is negatlve, and, consequently, the energy of the sectlon with the mass m
diminishes.

After section AB passes through the lowermost gosltlon. it Is easy to see
th‘?]! the work of the force F becomes positive and the energy of section AB
wi

m Le& us draw a un'fm to the inner circumference of the spool iFl( 367)
lmn int A, which is instantaneous axis of rotation (see Problem 173).

e directions of the thread and the tangent AC comclde. the moment
of Ule forces that rotate the spool around the instantaneous axis will be zero.
Therefore, if the spool is at rest, it will not rotate Around the Instantaneous
axis and, consequently, it will ot move translatlona

The an(le a at which the moﬂon of the spool Is reversed can be found from

triangle AOB; namely, sin u—-k— If the thread is inclined more than a,
(he 8 l wlll roll to the n&ht. If @ fs smaller it will move to (he left on

ond does not f the tension of the thread T satisfies the
condmon TI</R where | (: lhe force of friction, the spool will remain in
place. Otherwise, when sin u_—R- it will begin to rotate counterclockwise
nmnnd point 0.
. ‘Break the hoop into equal small sections each with a mass of Am.

Cmmder two symmetrical sections (relative to the centre). All the particles of
the hoop pate in motion with the velocity

Fig. 366
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v and in rotational motion with the
velocity v;=wR. The resultant veloci-
ty vg of t‘e upper section of the hoop
can found as the geometrical sum of
the velocities v and v, (Fig. 368):
h=0}+ 0% + 20, cos @
For a symmetrical section
v}=0%+ 0} — 200, cos @
The total kinetic energy of both sec-
tions Is

AEy=
—Amu} | AmMO} _ amis L AmoiRY
oAt

Fig. 368
Since this expression is valid for any
two sections, we can write for the entire hoop

Mv* | MR
B =T+ 555

1i the hoop rolis without slipping, v=wR and, therefore, Ey=Mo*.
208. Ey=29 (r 1),

209. The cylinder made of a denser material will obviously be holiow. At
the same translational velocities without slipping the kinetic energy of rotation
will be greater in the hollow cylinder, since the particles of its mass are
lurther from the centre and, therefore, have higher velocities.

For this reason the hoilow cylinder will roll down an inclined plane with-
out slipping slower than the solid one. At the end of the plane, the total
kinetic energies of both cylinders are the same. This is possible only when
the velocities are different, since when the velocities are the same, the ener-
gies of translational motion are identical, while the energy of rotational motion
of a solid cylinder will always be smalier than that of 2 hollow one.

210. When the drum moves, the force of friction performs no work, since
the cable and the drum do not slip. Hence, the energy of the system does
nol change:

L oror=S=u G- R
G FoRax
shere u is the sought velocity. Therefore, u= )/ —G%, Itis equal

to infinity when G==px because the mass of the drum is neglected.
he momentum is diminished by the action of the force of friction, which

1s opposite to the direction of motion.

211. Since the force of iriction is constant, motion will be uniformly retarded.
The power developed by the friction force Is fv, where v=wr is th
taneous velocity of the point on the pulleﬁ which the force f 15 applied to.
The work during the time ¢ is equal to the mean power muitiplied by the

16 2042
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time ¢
—fQvtor
w=f 2 t
The change in the kinetic energy of the pulley is equal to this work:

m," (05— w?) -%’(«»ﬁu)

—og— 1t

Hence, ==

212. Since the force of friction f is constant, the change in the momentum
of the hoop during the time ¢ is mu=/ft. 1f the hoop rolls without shipping,
the velocity of the point' on the hoop which the friction force is applied to
is zero.

Upon equating the work of the friction forces to the difference between
the kinetic energies, we ha;

LT 2R 2
(see Problem 207).
Upon solving the equations with respect to v, we find:
-t

213. The equations which show the change in the momentum and the kine-
tic energy of the hoop have the form:

m(vo—v)=Fft

mup e 'v.+0

2
|lrl|m v=aor is the velocity of the centre of the hoop when it rolls without
slij

I;j‘w:fn solving these equations with respect to v, we have:

v=—2

Therefore, the sought value is w=-;l, .
214. The equations that show the change in the momentum and the kinetic
energy of the hoop have the form:
m (v,,—u)= ft
mu} | meyrt  mu  mott ’(v,,+o,,r)+(u+w) .
27 2

where v is the velocity of the hoop centre at any subsequen( moment of time.
Upon solving this system of equations, we find

I It

"=""—T‘ and O=0— 7=
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1f vy < @, the hoop will stop at the moment of time 1—573--:1“'; rotat-

ing with the angular velocity a:=a:.—&. Then the hoop begins to move
7 P

with slipping in the reverse direction. In a certain time the hoop will stop
slipping and will roll without slipping to the left with a translational velocity

osw (see Problem 213).

If vy > @7, then aiter the time T=--22_ elapses the hoop will stop rotating
and will move to the rlfm with a translational velocity v=v,—rw,. Next
the hoop will rotate in the reverse direction, and in some time It wlill roll
without slipping to the right. fts angular velocity will be

Vg — 7@y

o=

Practice shows that the loop will also be braked when It does not slip.
We did not get such a result since the specific rolling frictlon was neglected.
215. Since the hoops do not slip, v, (ijoclt of the centre of gravity of
the hoops) and v (velocity of the weight) are related by the expression
R
i =
Assume that the weight lowers through the distance A. If the system was at
rest at the initial moment, from the law of conservation of energy we have
]
mgh= % + Mo}

(see_ Problem 207).
This expression can be used to find the velocity of the weight:

Hence, the acceleration of the weight Is

my
a= T
mt2M (R_ ‘_Q' )

The weight lowers with the acceleration a under the action of the force of

avity mg and the tension T of the string.
ll'_n“)' sought tension T is
2 R_y
m Mg (2 )

T=m@g—a)=
. m+2M (%
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Since the centre of gravity of the hoop moves with an acceleration equal to
LR under the action of the force T and the force of iriction F, Newton's
second law gives us the following equation for the force F

R

F=T—Ma

() (- 252) (i)
mt2M (.RRT')' n (l—é).+2M

The friction force of rest cannot exceed the value #Mg. For this reason
slipping occurs when

o
|+%
2%1-(1—“'-)

216, The centre of gravity of the spool will not be dispiaced 1f the ten-
sion of the thread satisfies the equation

T=Mgsina

Let us find the acceleration of the weight with a mass m to determine the
tension of the thread T. Let the welght lower through a distance A. Since,
according to the initial condition, the centre of gravity of the spool should
remain at rest, the change in the potential energy is equal to mgh. If v is
the velocity with which the weight having a mass'm moves, the velocity of

the points on the spool at the distance R from the axis of rotation is ug .
Hence, the kinetic energy of the system Is
E, mu | Mo RY
=Tt A
it follows from the law of conservation of energy that
R\
(m+ M -,r) F=meh
2mgh
&
m+M -
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Therefore, the acceleration of the weight Is
iy
m+M -
If we know the acceleration of the weight, we can find the tension of the
thread
u

=m(g—a)=mg —pz—
=m(g—a)= '
M im

Thus, for sina we get the expression
- 1
llna=n—',
nte
The centre of gravity of the spool can be at rest only if
M
!
217. 1f the velocity of the board is v, the velocity of the centre of gra.

vity of each roll will be v/2 (see Problem i73). The kinetic energy of the
system (the board and the two rolls) is

M 2m? M4m
Tt =—=1"
By equating the kinetic energy to the work of the force Q over the distance s,
we obtain
Mtm 1/' 2Qs
—7— =0 and o= i

(FIFA 369). (The forces of friction perform no work since there is no slipping.)
lgn:l Ioﬂ;ws from the expression for the velocity of the board that its acce-
on

_Q
=W+m
To determine the force of friction applied to the board from the side of
a roli, let us write the equation of motion of the board Ma=Q—2F.
Upon inserting the value of the acceleration a in this equation, we get
mQ
F=s+m
Since the velocity of the centre of g:vlly of the roll is half that of the
board, the respective accelerations will in'the same ratlo. Therefore, the
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F F q
0 07
b b Fig. 369

equation of motion of the centre of gravity of a roll will have the form:
a
my=F—}f
It follows from this equation that f=0.

Let us assume, to introduce demmlmncy. that m > myr. In this
case the first weight will lower and the second one will rise. i’l the first

weight lowers through a distance of A, the other one will rise through hi- .
The decrease in the potential energy will be

my gh—magh gr=gh (ml—m-i—)

If the absolute velocity of the first weight is v, that of the second weight
will be v .

All the points of the first step of the pulley move with the velocity o,
and those of the second step with the velocity u-k. The kinetic energy of
the system will be

my+ M, my+ My
I i

1t follows from the law of conservation of energy that

m+M, M.+M. iﬁ”" (ml_m_i_)‘,,

2 m,—m,# gh
-+ M)+ (my+ Ma)
Therefore, the acceleration of the first weight is
m,—m,i—
=—
(my+ M) +(my+ Ma) 15

D e
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Fig. 570

From the ratio ﬂ=%, where a, Is the acceleration of the second weight,
we can find that

AW
("‘t—mnﬁ)lk-

=\ RFR _

(my+ M)+ (ma+ My) 75

On the basis of Newton's second law, the tensions of the strings T, and Ty
are equal to:

.
Mymy Lt (ma+ My)
= — g
myt My (my+ M) 2

myt My g (ot My
7, =_J_R)M

a
Myt Myt (a4 Ma)

The force F which the system acts on the axis of the pulley with is
F=T1+Ty+(M+Myg
219. Let the path travelled by the centre of gravity of the cylinder during
he time ¢ be equal to s, and the velocity of the centre of gravity be v at

his moment (see Fig. 370).
Hence, from the law of conservation of energy we have

Mud=Mgssina

Thus, the velocity is o=7 gssina and the acceleration a=‘—'¥1'—z

The velocity of the centre of gravity of the cylinder and the apgular ve-
locity of its rotation will be

sina gsina

v—-—rl and o= 3R t
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1-9. The Law of Gravitation

220. According to Newton’s second law, m;g=F, where m; is the inertial
mass—a quantity that characterizes the ability of bodies to acquire an acce-
leration under the influence of a definite force.

m,M,

On the other hand, according to the law of gravitation F=y ,‘z, ., where

7y is the gavll{ constant and m, and M, are the gravitational masses of

the interacting bodies. The gravitational mats determines the force of gravity
and, in this sense, can be referred o as a gravitational charge.

It is not obvious in advance-that m;=m,. i this equation (pmpoﬂiomll'(

is sufficient) is satisfied, however, the gravity acceleration is the same for ail

bodies since, when the gravity force is introduced into Newton's second law,

the masses m; and mg can be cancelled, and g will be equal to VRr-

Identical accelerations are Imparted to all bodies irrespective of their
masses, only by the force ol gravity.

- 220 The gravitational acceleration g=y%(ue Problem 220). Assuming

that g=982 cm/s, we find that y=6.68X 10~ cm® g-1s-1.

222. The bodies Inside the snacuhlp will cease to exert any pressure on
the walls of the cabin if they have the same acceleration as the spaceship.
Only the force of gravity can impart an identlcal acceleration in I:is space
1 -1l the bodies irrespective of their mass. Consequently, it is essential that
the. ergine of the spaceship be shut off and there be no resistance of-the
external medium. The spaceship may move in any directlon with respect to
that of the force of gravity.

. The force of gravity imparts the same acceleration to the pendulum
and the block. Gravity does not cause any deformations in the system during
free falling. For this reason the pendulum will so move with respect to the
block as if there is no gravitation (see the solution to Problem 222). The

"dulnm will move with a constant angular velocity as long as the block
alls. .

224. On section BCA (Fig. 371) the force of gravity performs positive work
(the angle 8, is acute) and the velocity of the planet will increase, reaching
Its maximum at point

<Y F_f

%

Fig 571 Fig. 3712
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On section ADB the force of gravity performs negative work (the angie 8,
is oblnse) and the velocity of the planet wili decrease and reach its minimum
at

5. Fot the satellite to move along a closed orbit (a circle with a radi-
us R+h) it should be acted upon by a force directed toward the centre. In
our case this is the force of the Barth's attraction According to Newton's
second law,

o

e
where M is the mass of the Earth, R=6,370 km is the radius of the Earth,
and y 1s the gravitational constant.

At the Earth’s surface

mM
YR ="

Therelore,

v= Vﬂ+h =75 km/s

226. The resistance of the atmosphere will cause the satellite to gradually
approach the Earth and the radius of its orbit diminishes.

Since_this resistance is smali in the uppe'r layers, the decrease of the ra-
dius 1s il during one the orbit to be appro-
ximately circular, we can write

mut mM
R YR

where R is the radius of the orbit. Therefore, v= ‘/‘1,:-4 s Le., the velo-

cu* of the satellite increases with a reduction of R.

his can be illustrated as follows. In view of the atmos; shu‘lc mns!mco.
a satellite placed, for example. tnto a circular orbit (dotted line In Fig. 372)
will actually move along a certain helix (solid line in Fig. 372). For this
reason the projection of the force of gravity F onto the direction of the sa-
tetiite velocity v diflers from zero It is ‘the work of the force F (greater
than the atmospheric resistance [) that increases the veiocity.

When the satellite moves in the atmosphere, its total mechanical energy
diminishes but, as the Earth is approached, the potential energy drops faster
than the total energy, causing the kinetic energy to grow.

It should be stressed that the high force of resistance in the dense layers
of the atmosphere does not allow us to consider, even approximately, the
niotion of the satellite as rotation along a circle, our conclusion 1s not
correct.

227. il the container is thrown in the direction opposite to the motion of
satellite A, 1t will begin to move along a certain ellipse 2 inside the orbit
ol the satellite (Fig. 373). The period of revolution ol the container will be
slightly less than tl iat of satellite B. Therefore they can meet at the pont
of contact between the orblts only after a great number of revoiutions.

The container should be thrown in the direction of motion of satellite A.
It will begin to move along eJlipse 3. The velocity u shouid be such that
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Fig. 573 Fig. 574

during one revolution of the container, satellite B also makes one revolution
and in additlon covers the distance AB This is quite possible, since the
period of revolution along ellipse 3 is somewhat fruur than along circular
orbit 7. The container will meet the sateliite at the point where orbits 3
and I colncide.

228. Ass: mlns the Earth's orbit to be ap;mxlmﬂely circular, the force of
gravity can Je determined by the equation F=mw?R, where m is the mass

of the Earth, and m=?,.—'l is its angular velocity (T =365 days) On the other
hand, according to the jaw of gravitation, F=y”;—n,4. where M is the mass
of the Sun. Hence,
mM
¥ Rr-=mo'R

%EaZXIO" €

229. Since both the Moon and the satellite move In the field of gravity
of the Earth, let us use Kepler's third law

Ti _(A+H+2RP
e

(Fig. 374). Therefore,
h=2R G;:

280. Since the mass of the ball is greater than the mass of the water in
the same volume, the field of gravity will be greater near the ball than away

)”'—H-zR.=m km
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from it. Therefore, the water near
the ball will be compressed addi-
tionally. The pressure of the water
acting on the bubble from the left
will be smaller than the pressure
that acts from the right. On the
other hand, the force of gravity bet-
ween lhe air in the bubble and the
ball ater than the force of
attraction between the air and the volume ol| water shown by dotted
circle a (Fig. 375).

Since the mass of the air in the bubble is very small, the first factor

omes decl ve. The bubble will be repulsed from the

Conversely, the motion of the iron ball will be determined by the fact
that the lorce of attraction between the air in the bubble and the ball is
much less than that between the ball and the volume of the water shown by
dotted circle b.

To calculate the force, let us reason as follows. A homogeneous medium

glrded as the presence of negative and positive masses.

The force of interaction between the spheres in the waler is equal
to the interaction in vacuum of a negative mass equal to the mass of the
water in the bubble and a positive mass equal to the mass of the iron ball
that exceeds the mass of the water in the same volume.

"herefore, .

F=—y™ (my—my)
==YV" g

Here m, is the mass of the water in a sphere with a radius r, and m, is the
mass of the iron ball.

231. The field of gravity is smaller near the bubble than in a homogeneous
liquid, and the liquid is compressed less. For this reason one bubble will
move into the volume of liquid near the other one, and the bubbles will be
mutually attracted.

Two bubbles in a liquid with ligibly small masses can
be considered from a formal standpoint as negative masses superimposed upon
the positive mass m of the medium in the volume ol a bubble:

Fe (—M)(—"')

Rl

232. 1f the ball were solld, the force of gravity Fl=y#. where
M—% IR is the mass of the ball without a spherical space. The presence
of tms ,space is equivalent to the appearance of a force of repulsion
Fa=yT ”‘ , where m’=3 %, and s s the distance between the centre of

the space and the mlhml particle.
F‘l’hea7 zonght force F is the geometrical sum of the forces F, and F,
(Fig.
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4, s

ad 3 4

4 f_./__h,g,

According to the cosine rule,

F=V Fl4+ Fi—2F,F, cos p=

_4 R e 2R3 cos B -e

=gmm ) & M—W;S.BXIO g

233. The sought force of attraction is the geometrical sum of the forces
created by separate elements of the sphere. The small elements o, and oy
(Fig 377) are cut out of the sphere as cones with vertices at point A obtained
when the ’genmm’x BC .revolvu around axis $,S,. The areas of the elzm:n!s
4s)’e and M respectively, and their masses are (ASy)ap
ay cos a;

2
and %. where © is the solid 4ngle at which both elements can be
seen from p‘oin( A; p is the surface density of the sphere (the mass per unit
of surface); £ ay=/ ay, since S,08, is an isosceles triangle. The forces of
attraction created by the elements are equal, respectively, to:
m(AS)top _ mop
¥ (A cos. cos @,

A

Fig. 576

and
m(AS,)* 0p mop
v (ASy)® cos ay cos @,

where m is the mass of the body. These forces act in opposite directions and
their resultant is zero
Reasoning in the same way for the other corresponding elements of the
sphere, we convince ourselves that all of them compensate one another in pairs.
Therefore, the force of attraction acting from the sphere on the body inside

zero.

It should be noted that this result is also true for a sphere with a finite
thickness; it can be divided into any arbitrary wumber oi thin spherical
shells, for each of which the assumption proved above will be true.

234. The force of attraction will be equal to the force with which the
body with the mass m is attracted to a sphere with a radius r and a den-
sity p. The outer layers of the Earth do not act on the body, as was proved
m Problem 233. N
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Fig. 377

Therefore, the sought force

This force decreases in proportion to 7 as the centre of the Earth is approached.

1-10. Hydro- and Aerostatics
235. The ievel of the water will not change because the quantity of water

displaced will remain the same.

236. Equilibrium will not be violated, since according to Pascai’s law the
pressure on the bottom of the vessel will be the same everywhere.

287. (1) Since the piece of ice floats, the weight of the water displaced by
it 1s equal to the weight of the ice itsell or the weight of the water it pro-
duces upon melting. For this reason the water formed by the piece of ice
will occupy a volume equai to that of the submerged portion, and the level
of the water will not change.

(2) The volume of the submerged portion of the piece with the stone is
greater than the sum of the volumes of the stone and the water produced by
the melting ice. Therefore, the level of the water in the glass will drop.

3) The weight of the displaced water is equal to that of the ice (the
weight of the air in the bubble may be neglected). For this reason, as in
case (1), the level of the water will not change.

238." In the first case the weisht of the bod{, submerged into the fiquid 1s
G;éyd—y.)v and in the second Gg=(y—ys) V, where V is the volume of
the_body

Therelore,
G —Giys
=T6=6,
239. The ice can be supporled I?; the edfe of the shore only in small
i le

ponds. It will always float in the mi of a large lake. The ratio belween
the densities of the ice and the water 1s 0.9. Thereiore, nine-tenths of the
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entire thickness of the ice will be in the water. The distance from the sur-
face of the ice to the water is one metre
After the stone is taken out, the match-box becomes lighter by the

vm‘ln of the stone, and, conuqnently, the volume of water’the box duphca
decreases Vi=G/yy ‘where G is the weight of the stone and y, the specific
welght of 51: Water. When dropped into the water, the stone will duphu
a volume of water equal to its own volume V,=G/y,, where v Is the

ific velﬁhl of the material of the stone. Since v, > v, then V, >V,

‘herefore, the level of the water in the cup will lowe

241. In both cases the pumps perform identical work. since the same
amount of pumped in water rises to the same level

242. The inverted L will be stable on the bottom of the empty vessel,
since a perpendicular dropped from the centre of gravity of the figure is
within the limits of the supporting area As water is poured into the vessel,
the e xulslon force acting on_the rectangle will grow in magnitude (it is
assumes water can flow undemu"l the figure). When the depth
of the water in the vessel is 0.5a, the sum of the momems of the forces
which tend to turn the body clockwise wnll be equal to the sum of those
utlnl liln the oppasite direclian. As the vessel is filled further, the figure
will fall.

243 The length of the tube x can be found from the condition
1=y,,(x—/3, which shows the equality of the pressures at the depth of
Ilu lower end of me tube. Here y, is the specific weight of the water.

Yoht
Yo—¥

244. Let us separate a column with a height of h inside the vnlu

(Flg 378). The equation of motion of this column has the form: masmf
where m=pAh is the mass of the water and p is the pressure at the depth h
Thmiore. p=ph(g—a).

In accordance with the soiullon of Problem 244, the force of expulsion
an be written as follows ? a), where V .is the volume of the
submerged portion of the body. The equahon of motion of a floating body
with a mass M has the form. Ma=Mg—pV (g—a).

=50cm

=

Fig 378
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Hence, V=£. as in a stationary vessel, and the body does not rise to

the surface.

248. 1f the tank were at rest or moved uniformly, the pressure at the
depth h would be equal to p,=rg )

On the other hand, if the tank moved with an acceleration and the
force of gravity were absent, the pressure at point A would be equal to
pa=pal. 1t is this pressure that would impart, in conformity with Newton's
second law, the required acceleration a to the column of water with a length {

In accelerated motion of the tank, both the pressure p, and the pressure

s appear in the field of gravity. According to Pascal's law, the pressure
ﬂl the water is the same in all directions. For this reason the pressures p,
and p, are summated, and the resulting pressure at point A is p=p (gh+al).

247. Using the law of conservation of energy and Archimedes’ principle,
we obtain the following equation

Mx:(%nR’p—m)gﬁ

\

Where p is the density of the water and x is the sought height.
Hence,

4
e nR’p—m) 13
,.—_(3__
m

248. 1f the level of the water in the vessel is the same, the level of the
mercury will also be the same before the piece of wood is dropped.

Dropping of the piece of wood gives the same result as adding of the
amount of water that will be displaced by this piece, i. e., the amount of
water equal to it by weight. Therefore, If the cross sections of the vessels
are the same, the levels of the water and the mercury in both vessels will

incide.

1f the cross sections are different, the water will be higher and the
mercury lower in the vessel with a smaller cross section. This will occur
because the pressure on the surface of the mercury will increase differently
when amounts of water equal in weight and volume are added to the
vessels with various cross sections.

249. After the block is dropped into the broad yessel, the level of the
memnaygi)n both vessels will rise by the amount x and occupy position AB

79).

(Fig.
‘fhe required height of the water column in the broad vessel is determined
by the equality of the pressures, for example, at level CD
W42 pg=hpsg
where p, is the density of the mercury and p, that of the water. The value

of y can be found by using the condition that the volume of the mercury
is constant: .

(x+9) A=V,

where V, is the volume of the miercury displaced by the block after the
water 1s poured in.
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If the water covers the block en-
tirely, then according to Archimedes’
prmclple V,,pa—l'.p.g +(Vo—Va) pag.

lensity of iron.
Solvlng |he equations, ‘we obtain
h= P1(Po—p) V

1 ot s not cover the
) block, Archimedes’ principle can be
Fig. 380 written  as  Vopog=Vyp1g+hAp,g,
where A=V}/® is the area of a block
PV

face. In this case the sought helght h=—7"00 __

o (A4+VY?)
The first solution is true when A.<:Jg°—‘:'; V22 and the second one

2 (P1— Po.
when 4, > ELE =0 s
P2 (1 —

260. It follows from the equality of the moments of the forces acting on
the board with respect to point C (Fig. 380) that

0,(1—0—7) cosa=G (%—a) cosa

where G,= Atx and G=Aly. Here A is the cross-sectional area of the
hoalfid and Yo the specific weight of the water.
ence

t=(l—a) l/-(l—a)’—-%l(l—za)

Since x < [—a, only one solution 1s valid

x=(l—a)— l/(l—a)l—ll(l—za)

pr&uu on the “bottom™ of the vessel is pgh and the force wi
whuch lhe hatched portion of the liquid (Fig. 381) presses on the table is
rghn (2Rh tana —h? tan?@). According to Newton's third law, an identical
orce acts on the liquid The condition of equilibrium of the liquid at the
moment when the vessel stops exerting pressure on the table has the form

G+G,=pgha (2Rh tana—h? tan*a)

where G, 1s the weight of the hatched portion of the liquid (the truncated
cone minus the cylmder volume)

ARt 4 (R—h tan @)+ R (R —h tan a) } —pghn (R—h lana)*

Therefore,
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Fig. 381

252. A liquid moves in a syphon by the action of the forces of cohesion
between the elements of the liquid. The liquid in the long elbow outweiﬁhs
the liquid in the short one, and pumps 1t over. It could be assumed on tl
basis that water can be pumped over a wall of any height with the aid of
a syphon. This is not so, however. At a lifting "height of 10 metres the
pressure inside the liquid becomes zero. The air bubbles always present in
water will begin to expand, and the water column wili be broken, thus
stopping the action of the syphon.

. The device will first ‘act as a_syphon and the water will flow through
the narrow plpe into the reservoir. Then an air bubble will slip tarough A
and divide the liquid in the upper part into two portions. After this the
liquid will no longer flow out.

254. The pressure of the water dim"i] under the piston of each pump
is less than atmospheric pressure by pg(H +h), where p is the density of
‘water. , to keep the piston in equilibrium, it should be puiled
upward with the force F=pg (H +h) A, where A is the area of the piston.

Hence, a greater force should be applied to lhel;ishms with a ter area.

255. The pressure on the bottom is p=pg(H-+h) (Fig. 382). On the
other hand, since the vessel is a cylinder, p= ;v;;;ng

The height & can be determined 1f we equatc the forces acting on the piston

pghn (Rt —r?)=G

Hence,
! G _r
”—nR'p (,,,_7 R'—r’) =10 em
256. To prevent flowing out of the water, the vesscl should be given such
an acceleration at which the surface of the water takes the position shown
1n Fig. 383. The maximum volume of the water is %52 and the mass of the

2
entire system is M+£c§',ip. The required acceleration can be found from the

condition that the sum of the forces acting on a small element of the water
383).

with 4 mass Am near the surface 1s direcled horizontally (Fig.

172
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According to Newton's second law,
Ama=Amg tana.
Therefore, the sought force is

[ )
F=(M+7p)17

257. The lower part of a chamber
18 filled with denser air. The air leaves
the chambers in the upper part. The
pressure is gradually equalized. The
Fig 383 machine will continue to function only

J as long as the difference in the pres-

sures between the two halves of the
vessel is sufficient to raise the water along the tube to the upper portion.

258, Here the disk is not asymmetrical and the air pressure on the right-
hand side of the disk will be ter than on the left-hand one. The surplus
force of the (r&um acting on ﬁ‘right-hmd side of the disk is F=(p,—p,) A,
where A is the cross-sectional area of the chamber. The weight of the cham-

bers filled with water cannot exceed G =pgAh. Since I|<G‘;G‘ . then F=>G.

The disk will begin to rotate counterclockwise, and the chambers will rise
from the bottom of the vessel to the top filled with air. The disk will rotate
counterclockwise until the reduced difference of the pressure can no longer
lift the water to the height A.

250. The bottom of the cylindrical vessel will fall off in all three cases,
since the gr&wu exerted on the bottom from the top will always be equal
to | kgf. In the vessel narrowing upward the bottom will fall off only when
oil is poured in, since its level here will be higher than In the cylindrical
vessel. In the vessel widening toward the top the bottom will fall off when
the mercury is gourtd in, because its level will be higher than in the cylin-
drical vessel. This will also occur when the weight is put in. In this case
the weight will be distributed over a smaller area than in the other two cases.

. reading of the balance will increase if the mean densitdy of the
body being weighed is less than the density of the weights. The reading will
decrease if the mean density of the body is ter than that of the weights.
The equilibrlum of the balance will not be ﬁllnrbed if the weights and the
body have the same mean density.

261. The man’s aim will not be achleved, since, while increasing the expul-
sive force, he will also conslderably increase the weight of the tube (the
d;m;ty :)I) the compressed air in the tube is greater than that of the atmos-
pheric’ air).

262. The true weight of the body is

G=Gi+7 (v—%) 280116 gt
1
The error is equal to
6—G,
< 1009% == 0.14%

263. When the atmospheric pressure changes, the Archimedean force acting
on the barometers from the side of the air will change owing to the change



MECHANICS 259

m the density of the air and in the volume of the barometers when the level
of the mercury changes n theéir o]

1f all the condullam in the problem an laken Into account, the barometers
have not only the same weight, bub also the same volume. For this reason
the change in the txgulslan force due to the first reason will be identical for
each of them. The change in the volumes will be different. To change the
difierence in the levels by a certain amount In a U:ha:ed barometer, the
level of the mercury In each elbow should change by only half of thls amount.
In a cup barometer the level of the mercury in the cup changes negligibly,
and in the tube practically by the entire change In the difference of the
levels. Here the change of the volume of the mercury in the tube should be
the same as in

‘Therefore, he chnn . of the volume in the cup barometer will also become
less, and it will tlm fore outweigh the Uduped barometer.
al to 1 kgf/em®,

normal pressure equal
This means that an atmospheric column ol alr with an area of 1 cm® weighs
I kgf. 1f we know the surlace of the Earth, we can find the weight of m

masphere.
the Tl'ée Earth’s surface A=47R%, where R=6,370 km is the mean radius of

The wel ht of the atmasphere G =< 47R%X 1 kgf/cm® ¢ 5X 10" ton f.

285. If the man stands on the mattress, his welght will be distributed
over a smlller area (that of his feet) than if he lles down. Therefore, the
state of equilibrlum will set in in the first case at a higher air pressure in
the mattress than in the second.

266. Let us first consider the tube inflated with alr (Fig. 384a shows a
cross section of the tube). For sections AB and CD of the tube to be in
e?ulllbﬂum it is obviously necessary that the tenslon of the expanded walls

the tube T balance the excess pressure Inside the tube

Let us now consider the forces that act on sections AB and CD when the
tube Is fitted onto a loaded wheel (Fig. 384b). The distribution of the forces

4
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\\\‘\\\\\\\\

N
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T

Fig. 384 Fig. 385
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acting on AB does not appreciably change in the top of the tube. There
will L a difference in the bottom. Section CD will acted upon by an
elastic force from the side of the rim equal to the load applied to the wheel
(the weight of the wheel and one-fourth of the weight of the motor vehicle)
This addltional force flattens the tube and the angle between the forces T
tensioning the rubber mcmsu The total force of tension acting on CD
diminishes and the excess p: of the air in the tube equalizes the force
of tension, and also the welght oi the wheel and of part of the motor vehicle.
us, the rim does not lower because it is supported by the excess pres-
sure of the air in the tube. In the top of the tube the “excess pressure is
equalized by the tension of the tube walls, and in the bottom it equalizes
bolh the reduced tension of the walls and the force applied to the wheel.
267. The force per unit of length with which the cylindrical portion of
the boiler Is stretched in a direction perpendicular to lxxs 00, is
h=>% R p=pR
where 2RI Is the cross-sectional area ABCD of the boller and p is the pres-
:nn Ipv;tle It (Fll 385); 2RIp Is the force acting on one half of the cylinder
(see
The mulmum force per unlt length of the hemispherical heads can be found
from the formuls R I
= L] _I
h=Feg =t =1
Consequen the heads can withstand twice the pressure that the cylm
drical ertlon ol the boller does if thelr walls are equally thick. For ti
strength of all the parts of the boiler to be identical, the  thickness of (he

head walls may be half that of the cylindrical walls, 1. e., 0.25 cm.
268. The shape of the boller should be such that the force applied per

unit length of fts cross sectlon is minimum. This force is I=TA, where A

1s the cross-sectional uu of the boller, / the perimeter of the section and p
the sure of the stea:

The force [ will be mlnimum with the smallest ratio between the cross-
sectional area and the

s known, thls raf Io wnll be minlmum for a circle. It is also known
that & circle can be obtained by cutting a sphere with any plane. Therefore,
a sphere js the most ndvanugeou: shape for the boiler.

. The celling tratosphere balloon Is determined not by the maxi-
mum almude whlch |( can ascend to, but by the altitude ensuring a safe
velacity of landing. The envelope of & stratosphere balloon is filed with a
llght gas (hydrogen or hellum) only partly, since when the balloon ascends,

e gas in the envelope expands and forces out the air, malu possible
(o maintain the lifting force ap, mximalely constant. At a altitude,
the gas will 1 the entlre envelope. Even after this the hllm; force of the
balloon continues to increase at the expense of the gas Rowing out from the
bottom hole In the envelope. The weight of the balloon de:reases and it will
reach its celling only after a certaln amount of gas has leaked out.
For the balloon to descend, some gas should additionally be expelled through
the npper valve in the ulvelope, so that the lilting force is only slightly
smaller than the welght of the balloon. At a small altltude the velocity of
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descent will be too high, since the volume of the gas decreases and less of
it remains in the balloon than during the ascent. The ballast is dropped to
reduce the velocity of descent.

1-11. Hydro- and Aerodynamics

270. Let us denote the distance from the level of the water to the upper
hole by h, the sought distance from the vessel to the polnt where the streams
intersect by x, and the distance from the level of the water in the vessel to
this point by y (Fig. 386).

he point of intersection will remain at the same place if the level of
the water in the vessel does not change. This will occur if Q= Av;+ Av,,
where v, =V 2gh and v,=V 2g (H+h) are the outflow velocities of the
strear.1s from the holes.

On the basis of the laws of kinematics,

1
t=uty=outy and y=h+E=htH+ 82

where ¢, and f, are the times during which the water falls from the holes
to the point of intersection.

ence,
1/ Q 2gAr
=7 (—u”—H'T, )=l20 cm
_1l/@ 204\ _
y=3 (W+H1—Q’_)_I30 cm
271. The velocity of water outflow from a hole is v=) 2gh. The impulse
of the force acting from the slde of the vessel on the outfowing water
FAt=Amy, where Am=pAvAt is the mass of the water owlng out durin
the time Af. Hence, F=pv"A=2pghA. The pressure at the bottom p=p
:’r:: therefore F=2pA. The same force acts on the vessel from the side of
stream.

z

Fig. 386
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the water acts on the wall with the hole with a force 2pA smaller
than um acting on the opposlte wall, and not with a force smaller by pA
as might be expected. This is due to a reduction in the pressure acting on
the wall with the hole, since the water nows Iuster at this wall.
The vessel will begin to move if kG < 2pA

< 2pghA
=

272, According to Newton's second law, the equality pA,=2pA should
exist. Therefore, if the liquid flows out through the tube, the cross-sectional
area of the stream should be halved

_A
=3

This compression of the stream can be explained as follows.

The extreme streamlets of the liquid a]:rroachlnl the tube from above
cannot, in view of Inertia, flow around the edge of the tube directly adhering
to its walls, and move towards the centre of the stream. Under the pressure
of the ‘rartlclel nearer to the centre of the stream, the lines ol flow stralghten
out and a contracted stream of the liquid Nlows along the tube.

273. By neglecting splashmg of the water, we thus assume the impact of
the stream against the wall to be absolutely inelastic. Acwrdmg to Newtms
second law, the change in the momentum of the water during the time Af is

Amu=FAt, where Am=p#uAl is the mass of the water flowing during
the time At through the cross section of the pipe.
Hence,

_pndt
F_d

=8gl

-
274. When the gas flows alons the pipe (Fig. 387), its momentum changes
in dlreclwn. hu| not in magnitude.

1‘7 passes in a unit of time through cross section / of the
vemnl pm his mm brings in the momentum p,=pAuv, where v, is the

d|

X

\ B P

Al
AhPot
Fig. 387 Fig 388
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vector of the velocity with vl-uch (he gas flows in the vertical part, nume
rically equal to the given veloci

During the same time the momemum p, =pAuv, is carried away through
cross section //. Here v, is the vector of velocuy in the horizontal part,
also num«lcnllr ual to v.

The change In the momentum Is equal to the impulse of the force F that
acts from the side of the pipe on the gas: F=pAv(v,—v,). In magnitude
F=pAn Y 3.

According to Newton's third law, the gas acts on the pipe with the same
force. This force is directed oppasitely to the pipe bend

278, The Initlal velocity of the water with to the blade is
0= 2gh—oR. Therefore, a mass of water m=pA (V —-o:R)l inges on
the blade in a unit of time. Alter the Impncl the vel ocnty of the water
with reference to the blade is zero, and for this reason the change in the
momentum of the water in | unit of time is mv. According to Newton's
second law, the sought force is

F=pA(VZgh—oR)*

270 At the first moment the ship will begin to move to the right, since
ressure on the starboard side diminishes by 2pA, where p is the pressure
ut Nu depth h of the hole, and A is its area {see Problem 271). As soon as
the stream of water reaches the opposite wall, this wall will be acted upon
by the force F=pAuS, where v is the veloclly of the stream with respect to
tlw :hIL(ue Problem 273). The force F is slightly greater than 2pA, since
2fh use the ship moves lmrfh the stream. As a result, (Iu mo-

tlon will begin to retard.

277. The velocity of the liquld in the pipe is constant along the entire
cross sectfon because the llquld Im - low compressibility and the stream is
continuous. This velocllr is v=

The velocity of the lquld In lhe vssel is ruclially zero, since Its area
Is much gruler than the cross-sectional area of

pressure jump vhlch we shall denote by p, —p, should exist
on the vuul-plpe boundary. The work of the pressure forces causes the velo-
city to change from zero to ¥ 2gH.

On the basis of the law of conservation of energy,

mo®
A7 (i) Atk

ere A ls the cross-sectional area of the glpe, Ah is the hefght of a small
element ol the liquld, and Am=pAAh Is the mass of this element.

T=p.—p.=paﬁ

Since the flow velocity Is constant, the pressure In the pipe changes accor-
ding to the law

P=py—pg(h—1x)
as in a liquid at rest. Here p, is the atmospheric pressure and x Is the
distance from the upper end of the pipe.
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The change of pressure in height is shown In Fig. 388. The is
laid off along the axis of mﬂnne‘s, and the dhun«’nm the Mm
liquid in the vessel along the axis of abscissas.

278. The water flowing out of the plpe during a small Interval of time A¢
will camy with it the momentum Ap=rgAv'At. where o=}/ 2gH Is the ve-
locity of the outflowing stream (see Problem 7’1‘ According to Newton's
law, FAt=2pgH AAt. The same force will act on the vessel with the water
irom the side of the outflowing stream. Therefore, the reading of the balance
will decrease by 2pgH A at the initial moment.

279. At the first mcment when the stream has not yet reached the pan,
equilibrium will be violated. The pan will swing upwards since the water
flowing out of the vessel no longer exerts pressure on Its bottom.

When the stream reaches the pan, equilibrium will be restored. Let us
consider an element of the stream with the mass Am. This element,
falling onto the pan, imparts to it an impulse Am Y 2gh In a vertical di-
rection, where A is the height of the cock above the pan. On the other hand,
after leaving the vessei, this element wlill cease to exert pressure on its

bottom and on the pan during the time of falling = ‘/'2_3 This is equl-

valent to the appearance of an impuise of force acting on the vessel vertl-
cally upward when the element of the liquid is falling. The mean value of
this impulse during the duration of the fall is

Thue 2ach element of the fiquid Am is accompanied during Its falling by
the appearance of two equal and oppcsitely directed impulses of force. Since
the stream is continuous, the balance will be in equilibrium.

At the moment when the stream stops flowing, the pan will swing down,
since the last elcments of the liquid falling on the pan act on It with
o force that exceeds the weight of the elements, and there will no longer be
a reduction in the pressure on the bottom of the vessel.

280. On the basis of the law of conservation of energy we can write

*
e

where M 1s the mass of the water In the tube stopped by valve V, and m
1s the mass of the water raised to the height h.
herefore,
indd | o*
O x S =pVegh
where V, 1s the volume of mass m.
The average volume raised in two seconds is
Ind*v?
8gh
One hour of ram operation wili raise
V=17 X 10-3 X 30 X 60 = 3m?

Vo= =17 X 10-3m3
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L4

s >4

Fig. 389

; ure of the air streaming over the roof Is less than of air at
mt It is this surplus pressure of the statlonary air under the roof that
causes the described phenomena.

. Since the gas in the stream has a high veloclty, the pressure inside
the stream is below atmospheric. The ball will be supported from the bottom
by the thrust of the stream, and on the sides by the static atmospheric
pressure.

283. When air flows between the disks, its velocity diminishes as it
approaches the edges of the disks, and is minimum at the edges. The pressure
in'a Jet of air is the lower, the higher its velocity. For this reason the
pressure between the disks Is lower than atmospheric.

The atmospheric pressure presses the lower disk against the npp« one,
and the flow of the air Is stopped. After this the static pressure of the air
again moves the disk away, and the process is repeated.

284. The pressure diminishes in | trelm of a flowing liquid with an
increase In its velocity. The velocit which the water flows in the
vessel Is much smaller than in the tube md therefore, the pressure of the
water in the vessel is greater than in the tube. The velocity Increases at the
boundary between the vessel and tube, and the pm-un drups For this
reason the ball is pressed against the screen and does not ri

285, The piston will cover the distance w during the um t (F's'

The force F will perform the work W=Fut. The mass of the liquid owm(
on( dnrin( the time ¢ is pAut. The outflow veloc:( of the liquid v can be
e equa(uon Au=av. The change in the kinetic energy of the

quuid d:rln( the time ¢
pAut (%‘- —% )
This cthange should be equal to the work performed by the force F:
Fu=paut (5—5)

Upon eliminating 4, we find that
2F
A

a< A, then v= l/%

286. It was assumed In solving Problem 285 that the velocity of any
element of a lltiuhl in the pump is constant The velocity chm from u
to v when the liquid leaves the pump. This does not occur immediately after
the force begins to act on the piston, however. The process requires some
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time to become stable, i. e., after the particles of the liquid in the cylinder
acquire a constant velocity. When a — A this time tends to infinity and.
for this reason, the velocity lcqllll'ed by the liquid under the action of the
constant force becomes infinitely hi,

287, Let us introduce the cootdm.l(e system depicted in Fig. 390. Accor-
ding to Torricelli's formula, the outflow velocity of a liquid is V= V 2.
where y 1s the thickness of the water layer in the upper vessel. Since walet
Is incompressible, aV = Av, where u u lhe velocll with which theﬁ‘;ppa

I.l)et of the water lowers, 4 is its s the area of the oril
If we assume that the vessel is axlnlly aymmelrlcal. then A=su?, where x
is the horizontal coordinate of the vessel wail.
Therefore,
8 const
Vay v

since in conformity with the initial conditlon, the water level should lower
with a constant velocity. Hence, the shape of the vessel can he determined
from the equation

y=hxt

where
Aty
.
. The g‘mnm changes in a horizontal cross section depending on the
dlshnce to the axis r according to the law

p=po+—

r/hue Po is the pressure on the axis of the vessel and p the density of the
Th compressive deformation of the liquid will be maximum near the walls
of the \esser while the tensile deformation of the revolving rod (Probiem 203)

is maximum at the axis

Fig. 391
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269, The excess pressure at a distance 7 from the
axis of rotation is p=Lg-r1 (see the solution to Prob-

lem 288). On the other hand, thls pressure Is deter-

mined by the elevation of the liquld level in thls sec-

tion above the level on the axis: p=pgh (Fig. 391).
Upon equating these expr&uoﬂs. we have

h=2 l‘
%
This 1s the equation ol a parabola, and the surface
of the liquid in the rotating vessel takes the form of
a paraboloid of revolution.
Fig. 592 200. The stirring imparts a certaln angular veloci-
ty © to the particles of the water in the glass. The
rr&ms in the liquld will be distributed in about the same way as in the so-
ution to Problem 288. The excess pressure inslde the liquid balances the
gm;lure dne to a higher level of the liquid at the edges of the glass (see
roblem
When 1||rrlng is 3t Jped the velocity of rotatlon of the liquid nesr the
bottom will begin to decrease owing to friction, the greater the farther the
elements of me llqmd are from the centre.
ow cess pressure caused by rotation will no longer balance the welght
of the Ilquld column near the edge of the vessel. This will cause the liquid
to circulate as shown in Fig. 392. This is why the tea leaves will gather In
the middle of the glm



CHAPTER 2
HEAT.
MOLECULAR PHYSICS

2-1. Thermal Expansion of Solids and Liquids

291. Ar=420°C.

292, Reinforced-concrete structures are very strong because the expansion
coefficient of concrete is verr close to that of iron and steel.

203. The quantity of heat transferred from one body to another in a unit
of time is proportional to the difference between the temperatures of these

ies When the of the an ing objects
differ appreciably, the volume of the mercury will change at a fast rate.
1f the temperature of the thermometer is nearly the same as that of the sur-
rounding bodies, the volume of the mercury changes slowly

For this reason it takes longer for the thermometer to take the temperature
of a human body. If the warm thermometer is bmusl\l in contact with rela-
tively cool air in the room, the mercury column “drops” so fast due to the
great temperature difference that it can be shaken down in a moment

. When the scale cools down from f; to f,=0°C, the value of each
graduation diminishes. Therefore, the height of the mercury column read off
the scale with a temperature of f,=0°C will be different and equal H# =H,x
X(14af,). The heights of the rnercut{ columns at different temperatures and
identical pressures are inversely proporlional to the densities:
Hy _p 1

Hence, Hya )
_H(+ay)
Ho="HEE = 1 (1 aty—yty)

295. The thermometer can be precooled in a refrigerator and shaken. If no
refrigerator is available, put the thermometer into your mouth or in your
arm-pit for a time sufficient for the entire thermometer to reach the bod:
temperature, then take it out and shake it immediately The thermometer wiﬁ
show the temperature of the body.

208. The difference in the lengths of the rulers at a temperature ¢, is

Lol +aty)—ls (1 +agty) =I
At a temperature 1, this difference is equal to
Ll+at)—lh(+at)=+1

The plus sign corresponds to the case when the difference in lengths is
constant (see Fig. 393a). The relatlon between the lengths and the temperature
shown in Fig. 3936 corresponds to the minus sign.

In the first case the system of equations glives

L
a—a;

0w = =i ; =% =
lw= =68 cm; {un-a‘_a‘l—l.ecm
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In the second case

24 (ty4t) | pos oo

248+t | ogs em: Aottt
1 — %

=) ([@—a) o=

L=

‘When t=0°C, the iron ruler should be longer than the copper one.

287. A passible way of suspension Is depicted in Fig. 394, where / and 2
are rods with a small coefficient of linear expansion a, (e. g , steel rods), and 3
are rods with a high coefficient of expansion a, (e. g., zinc or brass rods).
The lengths of the rods can be so sel that the length of the pendulum
:I”oet natlclm;ge wm; the temperature. With this aim in view it is essential

at a; (1 +ly)=a,l;.

268." When "the cylinder is heated, its volume increases according to the
same law as that of the glass: v,=uv, (14 vt)), where y 15 the coefficient of
volume expansion of glass. If the densities of mercury at the temperatures f,
an':l 1, are denoted by p, and p,, we can write that my=usp, and m, =v,p,,
‘Where

=P
Lo EE
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This system of equalions will give the following
expression for y;

y="aCtNH)=m, (H::‘r = Mo 3% 10-8 deg-?
The coefficient of linear expansion c—-— =|0-%

%620, Let the pendulum of an_ sceurste clock
perform N oscillations a day. At the temperatu-
re t; the pendulum of our clock will per!onn N
cxcillations in n—5 seconds (where n=
is the number of seconds in a da‘_) and at Lhe

ture 5 in n+4 10 seconds. The periods of

ns wlll  respectively be equal to
"—; and T._n+|°.'

Hence, Ty_n=5 .On the other

hand, bmmg in mind that t,[m period of pen-

dulum oscillations T=2n V %, we obtain
-y e, yitan—m
= 1/I+d’;}/|+a(f, )1+

+3 (=t

Upon equating the expmmons for the ratio of
the periods, we find tl

o= 30 =3 -
Fig. 394 O myn - pax 10T deet
2-2. The Law of Conservation of Energy.
Thermal Conductivity

300. According to the law of conservation of energy, the llbeuled heat is
equal to the loss of kinetic energy

QMo _(MAmot
7 7

where v is the velocitLol the cart after the brick has been lowered onto 1t
This veloclty can found from the law of conservation of momentum:

V=t
Mym:
Mmug

In mechanical units Q= 7—(“7— and in thermal units Q= I“MTml.
where | is the thermal equivalent of work.
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301. On the basis of the law of conservation of energy,
_mot k(=1
mgl=—-+———"-+Q

where [ is the length of the cord at the moment when the washer I it.
On the other hanf, we can write that er leaves it

3
mgl =TE AW, 4+,
where W, = fl, Is the work of the force of frictlon acting on the washer (the

washer travels a path of /, relative to the cord), and W,=Ff (I—1,) is the work
of the force of friction acting on the cord. Therefore,

Q=W v, Rt
Using Hooke's Law
f=k{—1Ip
we find that
—f 4+ L
Q=flo+ 5

The work W, is used entirely to liberate heat. Only half of the work W,g.‘!‘

nowev7r,’ is converted Into heat, the other half producing the potential energy
k(1—1o)

802. The electric current 1perk;rms the work W =Pz. At the expense of
this work the refrigerator will lose the heat Qu=g¢H + gct, where ¢ is the
heat capacity of water and H is the heat of fusion of ice. According to the
law of conservation of energy, the amount of heat liberated in the room will be

Q=W +Q:=Pr+qet+qH

since in_the final run the energy of the electric current is converted into heat.
303. The temperature in the room will rise. The quantity of heat liberated
in a unit of time will be equal to the power consumed by the refrigerator,
since in the final run the energy of the electric current is converted into heat,
and the heat removed from the relrigerator is returned agaln Into the room.
. 1t is more advantageous to use a reiri*enlor that removes heat from

the outside air .and liberates it in the room. The heat liberated in the room
mn a unit of time 1s P+ Q,, where P is the power consumed by the refrige-
rator and Q, Is the heat removed from the outside air in a unit of time (see

oblem 302).

It is only the high cost and complicated equipment that prevent the use
of such thermal pumps for heating at present.

805. When salt is dissolved, Its crystal lattice Is destroyed. The process
reguires a certain amount of energy that can be obtalned from the solvent.

In the second case, part of the intermolecular bonds of the crystal lattice
have already been destroyed in crushing the crystal. For this reason, less
energy is required to dissolve the powder and the water will be higher in
temperature in the second vessel. The eflect, however, will be extremely
neghgible.
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306. The quantity of heat rentoved from the water being cooled is myc (ty 0)
where 9 is the final lunkenlnre The cpld water receives the heat mc (0—1,).
The heat imparted to the calorimeter. is ¢ (8—*,). On the basls of the law
of conservation of energy,

me (0—1)+q (0 —t))=mye (t,—0)

whence
(Mty+mats)c+qty Lo
= Fmers ~C
807. The power spent to heat the water in the calorimefer Is
p,—eVetd
=

where p is the density of the water, c is its specific heat, and J=4.i8 J/cal
is the mechanical equivalent of heat. The sought value is

Q= _P—p P, chN

308. Q—— (T, —T o)At 29,331 keal

309. The ;unnmy of heat ¢ passing through the first pnnel a second is
Q= l, 1 A, where A is the area of a panel. Since the process 1 statio-
To—T,

dy

=5 25 per cent

2 A

nary, lhz same amount of heat passes through the second panel: Q =A,
We find from the condition A, TJ‘—T' A=2, DTy T°‘T' A that

To= .4;To+l|4a7
Ay +0,dy
0. Upon inserting the temperature T, into the expression for Q (see Pro-
biem 309) when d,=d,=d, we find that" P

21,1, To—T,
ennm A
Therefore, the coefficient of thermal conductivity of the wall is

l-- 2,
T,
311. The quantity of heat passing a second through the cross-sectional areas
of the blocks with coefficients of thermal conductivity Ay, and A, Is equal,
respectively, to

U=l -1y 4t @ =B r -1 4

The quanhiy of heat passing through two biocks whose entire cross-sectio-
nai area is 2.
T,—T,

d

Q=q+q=nth 24
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Hence, the coefficient of thermal conductivity of the wall is equal to

"sh-;hl
312. The coelficients of thermal conductivity of walls / and /7 are equal to
A 24,
a=mth g, = s

(see _the solutions to Problems 310 and 311). 1t lollows from the obvious ine-
quality (A;—Ay)* > 0 that
(MRt > 4hihy
Hence,
#)%ﬁ—;‘. Le, A>Apy

313. The quantity of heat supplied by the heater into the water through
pan bottom is
o=t a1y a=m

where T, is the boiling point of the water and r Is the specific heat of va-
porization.
Therefore, .

2-3. Properties of Gases

314. The removable cap acts as a pump and under it a rarefied space Is
formed that sucks out the Ink. The orifice serves to maintaln a constant pres-
sure under the cap

315. Assuming that the temperature remains constant, let us apply Boyle's
law to the volume of air above the mercury:

(Por—py) (| —748 mm)=(poy—py) (I =736 mm)

whence | =764 mm

316. In a position of equilibrium f—&—F=0, where f is the force of
expulsion equal to yi,A (here y is the specific weight of the water, and &,
the height of the air column i the tube aiter submergence). in our case the
force of expulsion 1s built up by the difference of pressure on the soldered
end of the tube from below and from above: f=pyA—(Po+ yh) A, Wher€ p,
islwe alrllpressure in the tube after submergence. “According to Boyle's law,
PolA=py A,
It Tolfows from this system of equations that

E= [V GorVir Fim Vi~ + 1] —G=865 ot

182042
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¢  Fig. 395

317. First, the pressure p of the air will decrease apploxima(el%_ “sother-
mally owing to the drop of the level of the water in ihe vessel. This will
continue until the total pressure at the level of the lower end of the tube
ecomes equal to the atmospheric pressure py; i. e., p- h=p,, where h is
the height of the water column in the vessel above the level of the lower
end of the tube. From this moment on air bubbles will begin to pass into the
vessel. The pressure al the level of the lower end of the tube will remain
equal to the atmospheric pressure, while the air pressure p=p,—pgh will
grow linearly with a drop in the water level. The water will flow out from
the vessel at a constant velocity.

The relation between p and Q is shown in Fig. 395. The negligible fiuctu-
ations of pressure when separate bubbles pass in are not shown in Fig. 395.

318. When the air is being pumped out of the vessel, the pressure in the

vessel alter one double stroke will become equal to p,=V::": . Alter the
o

:
second double stroke p,V=p, (V +v,) and, consequently, p;=p, (m) .

etc
Alter n double strokes the pressure in the vessel will be

= (—V—)"
AT,
When air is being delivered mto .the vesscl, after n double strokes the

pressure will be
oo (L) e
= () + 5}

Here p > p, at any n, since during delivery the pump during each double
stroke sucks in air with a pressure p,, and during evacuation v, of the air is
pumped out at pressures below po

al:. Applying Boyle's law to the two valumes of gas in the closed tube,
we obtain
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Here p is the pressure in the tube placed horizontally, p, and p, are the
pressures in the lower and upper ends of the tube placed vertically when its
ends are closed, y is the specific weight of the mercury, A is the cross-sectio-
nal area of the tube.

Hence, the initial pressure in the tube is

L (Lo &t
. =Yg \ar "y,
Here, for the sake of brevity we have designated <7 by 1,

1f one end of the horizontal tube is opened, the pressure of the™gas in the
tube will become equal to the atmospheric pressure.

According to Boyle's law, plyA=yHI,A (here H is the atmospheric pres-
sure), and, therefore,

Aty iy tle [2H_ (1o a1
g o |7 Al T,
For the mercury not to flow out of the tube, the following condition is required
N TH\® H
il '/ kT +1+ -

When the upper end of the vertical tube is opened
plyA=7 (H+1) l,A

—to—ly=s o [2H_(h AL
Sh=l—h=57717) [ T ‘(Al T )“]
‘The mercury will not flow out of the tube 1f
Iy ATICETIG 2(H 41
a<V {I_} SR

Hence,

When the lower end 1s opened
ploA =y (H—1) 1A
il tym e [2H_ (L AL
Ay=l=h=0"5 | T (Al T ‘z]

The following condition should be satisfied to prevent the mercury column
from being forced out oi the tube

1, RN 2
cop ML

whence

n
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320. Since for one gramme-molecule of any gasat p=1atm and T=237°K
we have V,=22.4 litres, then for one mole L‘=p7“—0062lll~nmlmole-de‘

This constant is usually denoted by R and called the universal gas constant.
The values of R in the various systems of units ai

R=0.848 kgf-m/mole-deg=8.3x 10" erumole~deg= 1.986 cal/mole-deg

321. At a fixed g'rmure and lempera!ure the volume occupied by the gas
is proportional to its mass. volume of V, corresponds to one gramme-mo.

lecule and a volume of V to an arbitrary mass m. Obviously, V,=V = " . where p

1s the molecular weight expressed in gram
Upon inserting this expression Into the equalmn of state for one gramme-
molecule, we have

m
WV=—RT
=

322, If the atiraction between the molecules suddenly disappeared, the
ressure should increase. To prove this, let us mentally smfle out two layers
and // inside a fluid (Fig. 396). The molecules penetrating from layer /
into Ia!er 11 owing to lhevmal motion collide with the molecules in layer
II and as a result this layer is acted upon by the pressure forces p, that
depend on the temperature.” The forces of allucnon |c| on_layer // from the
le of the molecules in layer / in the oyr' osite direction. The resultant pres~
sure of layer / on layer I/ p=p,—p;, ere p; ls the pressure caused by
the internal forces of attraction. \‘Vhen py disappears, the pressure grows.
323. If the forces of atiraction between

P the molecules disappeared the water would
2 —————>  be converted into an ideal gas. The pressure
-~ 1 can be found from the equation of state of
—_— an ideal gas:
-~
=2 BT 1,570 atm
[EPS—
_—
-~

NN

|
|
THIHT

7 z 7
Fig. 396 Fig 397
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324. Let us separate a cylindrical volume of the gas in direct contact
with the wall (Fig 397). The forces acting on the side surface of the cylin-
der are mutually balanced. Since the volume is in equilibrium, the pressure
on the gas from the side ol the wdll should alwa‘ys be equal to the pressure
on the other base of the cylinder from the side of the %as We can conclude,
on the basis of Newton's third law, that the pressure of the gas on the wall
is equal to the pressure inside the vessel.

925. The pressure in the gas depends on the forces of interaction between
the molecules (see Problem 322). The forces of mutual interaction of the
molecules and of the molecules with the wall are different, however. Hence
the pressures inside the gas and at the walls of the vessel (see Problem 324)
can identical only if the concentrations are different.

326. Since the volume is constant
Pr_Ts o Pa—

. 0.004
T [

Hence,
I =%7WT' —250°K

327. From Archimedes’ law, mg-+G=1yV, where y is the specific weight
of water and V is the volume of the sphere. The equation of state gives

(Po+ vh) V=% RT

Upon deleting V from these equations, we find that

GH (Po +vh)
IRT —pg (po 70 = 5% €

and equilibrium will be unstable.

328. When the tube is horizontal, the device cannot be used as a thermo-
meter, since the pressures exerted on the drop from the right and from the
left will be balanced at any temperature

1f the tube is placed verlically, the pressure of the gas in the lower ball
will be higher than in the upper one by a constant magnitude. If the volime
1s the same, the pressure wilr grow with a rise in the temperature the faster,
the higher is the initial pressure. To maintain a constant difference of the
pressures 1n the balls, the drop will begin to move upward, and in this case
the device can be employed as a thermometer.

329. Since the masses of the gas are the same in both ends and the piston
is in equilibrium,

m=

Hence, ‘
r,=?r.=m°l(
1
Applying Boyle's law to the volume of the gas whose temperature does not
change, we obtain
: p=22—1.05 atm
Vi
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330. When the external conditions are the same, équal volumes ol various
n an e nal number of molecules (Avogadro’s law). Therefore,
ViiVyVy:V= o where V; is the volume of a gas and N, the
number ol molecnles ol this gas.
The mass of a certain amount of a gas is proparlnoml 1o the number of
its molecules and the molecular weight of the g

myimyimgime=Nypi: Nopty: Nojty: Nopsy
On the other hand, denoting the relative volume of this gas in per cent
by n,=%‘- 100%, we have

pe: Vi Vs Vs Ve Ny Ny Ny Ny
B 2 2 2 A A A

If the composition of air in per cent is described by n}=% 100% (com-
position by weight), we can obtain from the previous ratios that
my my my mg_ Ny Napty Naps Nape
B N N N

mlonenln .
m m'm’'m N

ELNTIRE NTRT A

Hence,

o mitnitngt
Ayt gy oty +
Remembering that n;+n;+ny+ng=100 per cent, we obtain
0, 100%
Ay gl RaliaF Ay

Riky

Therefore,
1 =75.52%; n,=23.15%; ny=1.28%; ny=0.05%

331. For each gas, the equation of state can be written as follows

m
. V=—LRT
V=0

Hence,
(p,+p,+p,+p.w—(—+—+%+r) RT
On the other hand, for a mixture of gases pV=1 RT, where m=m, 4

+ my+my+my and p is the sought molecular weight. *
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According to Dalton’s law, p=p,+p,+ps+py. Therefore,

o Mk Mt et my mitnstns e _og geg
m My My M p g ong omg
DLyt s M Ay e A
L m+m+m He

where n,=%’—- 1009 is the composition of the air in per cent by weight.
The result obtained in the previous problem allows us to find p from the
known composition of the air by volume
Bt Bty ety By o6 g6
I -
332. On the basis of Clapeyron’s equation,

—mRT_pRT_
=gy = > =72 g/mole

The sought formula is CgH,, (one of the pentane isomers).

333. When the gas is compressed in a heat-impermeable envelope, the
work performed by the external force is spent to increase the internal erergy
of the gas, and its temperature increases. The pressure in the gas will in-
crease both owing to a reduction in its volume and an increase in its tempe-
rature. In isothermal compression the pressure rises only owing to a reduc-
tion in the volume.

Therefore, the pressure will increase more in the frst case than in the

secon

334, A dldﬂlm of p versus V is shown in Fig. 398. The greatest work
equal to the hatched area in Fig. 398 is performed during the isotherinal
process (/-2).

The temperature does not change on section /-2, and is halved on sec-
tion 2-3. After this the temperature rises, and T,=T, when V,=4 lt.

335. Line /-2 is an isobaric line (Fig 399) The gas is heated at a con-
stant pressure, absorbing heat.
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g
Fig. 399

Line 2-3 is an isochoric line. The
gas is cooled at a constant volume,
:he pressure drops and heat is libera-

Line 3-/ isan isothermal Line The
volume of the gas diminishes at a
constant temperature The pressure ri-
ses. The gas is not heated, although it
is subjected to the work of external
forces. Hence, the gas rejects heat on
this section

). The amount of heat liberated
per Ignur upon combustion of the meth-
ne is

X =1,pl’,u

where p=16 g/mole is the mass of one mole of the gas and T=14213 =
= 284°K s Its temperature. The amount of heat recelved by the water in

one hour i

Q=" ope (1) 3,600

where o—l glcm® is the density of the water and ¢=1 cal/deg-g is the

spe she
Amdln( to the condition,

%E-=n=0.0

Upon solving these simultaneous equations, we find that

ty=t; +

9oPVoltn

F0nDopeRT = 2°C

837, In the initlal state p,V =’5 RT,, where p, is the molecular weight
1

of the ozone. In the final state, p,V =2 RT,, where p; 15 the molecular
weight of the oxygen. The heat balance efzualion gives

Zq =—m(1’,—1',)

2

Upon solving these simultaneous equations, we find that

+l‘n_,°

™

338. In view of the linear dependence of pressure on volume we can write:

p==aV +b.
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The constants a and b can be found from the condition of the problem:
PP = 0.5 atmylit

n=V,~V,
—_pVi—piVy
b= Viev, =20 atm

Upon inserting the expression for p into the equation of state of an idesl
gss pV=% RT=const T, we find that
aVs4 bV =const T 1)

The relation between T and V (see Fig. 400) is a parabola. The curve
resches its maximum at V.,,=—££‘20 lit when the roots of quadratic
equation (1) coincide. Here

p.,,:aV.,,+b=% =10 atm
Therefore,

Taox= ”M:"# = 490°K

3839. The energy of a unit volume of gas u; =CTp, where p is the density of the
air. According to the equation of state of an ideal gas, p7=mﬂ (B is a constant).

Since p=7 , then pT=2-. Therelre, u,=% p is determined only by the

rressun. The energy of all the air in the room is also determined only by
he pressure. The pressure in the room is equal to the atmospheric pressure
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% 7 7 Fig. 401

and does not change when the air is heated. For thls reason the energy of
the air in the room also does not change. As the alr is heated, some of it
flows outside through cracks, and this ensures a constancy of energy despite
the heating. The energy would increase with heating only in & hermetically

of room.
"74& On the basis of the equation of state, the sought mass of the awr
wi

BV T, —T,
Am_—R__T.T, = 1.3 kg

341. Let the tube first be near the bottom In a state of stable equllibrium.
Upon heating, the air pressure in the tube and, correspondingly, the force of
expulsion increase. At a certain temperature T, the tube begins to rise to the
surface. Since the pressure of the water (udunll{ decreases upwards from the
bottom, the volume of the alr in the tube and, therefore, the force of expul-
sion continue to increase. The tube will quickly reach the surface of the
water. Uron further increase In the temperature, the tube will be at the
surface. If the temperature lowers, the tube will not sink at T,, because it
has a great reserve of buoyancy caused by an appreciable increase In the
force of expulsion as the tube rises. It is on{y when T, < T, that the tube
begins to sink. Here the force of expulslon will drop because, as submery
ce contlnues, the air In the tube will occupy a smailer volume. The tube
will reach the bottom ver: qulcklt

The relation between the depth of submergence 4 of the tube and the
temperature T Is shown in Fig. 401.

he tube will always be at the bottom when T T, and at the surface
when T> Ty. If Ty<T <T,, the tube will be elther at the bottom or at
the surface, depending on the previous temperatures.

. The gas expands at a certain constant sussun p built up by the
piston. The work W=p (V,—V,), where V, and are the Inltlal and final
volumes of the gas. By using (lle equation of shfe, let us express the pro-
duct pV through the temperature T. Then,

v=:-' R(T,—T,) =339 kgi-m
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343. The heat imparted to the gas is used to heat it and perform mecha-
nical work. According to the law of conservation of energy,

Q=" Cy(T,—Tp +§Rm—m

T =T Cy+R) = 3546 cal

2-4. Properties of Liquids

344. 1t is more dllﬁellll to compress a litre of air, since more work has
to be done in this ca:

Water has a small compremblllly, and a small reduction in volume is
requlred to increase the pressure Inside It to three atmospheres

348. A maximum thermometer can be made as follows. A small unwettable
freely movn:ﬁ.bady is placed Inside the tube of a horizontal thermometer
(Fig. 4 e position of the body will show the maximum temperature,
since the body will move along the tube when the hquld explnde and will
nmam in place when the liquid in the tube is compressed

make a minimum thermometer, a wettable body should be placed
lnslde the liquid in the tube.

346. When an elastic rubber film Is stretched, the force of tenslon depends
on the amount of deformation of the flm The force of surface tension is
determined only by the properties of the liquid and does not change with
an increase of lts surface.

347. The surface tension of gun pelrol Is less than that of petrol in
which grease is dissolved. For this reason the petrol ap‘phed to the edges
will contract the spot towards the centre. If the spot itsell is wetted, it will
spread over the fabric.

348. Capillaries ol the type shown in Fig. 403 form In a compact surface
layer of soil. They converge towards the top, and the water in them rises o
the surface, from which it is intensively evaporated. Harrowing destroys this
structure of the capillaries and the molsture is retained in the soil longer.

349. Leather contains a great number of capillaries. A drop of a wetling
liquid inside a caplllax having a constant cross section wlll be in cquilib-
rium. When the liqui heated, the surface tension diminishes and the
liquid 1s drawn towards he cold part of the capillary. The grease will be
drawn 1nto the leather if it is huud outside.

350. The se melts, and t'r y forces carry 1t to the surlace of the
aold Iabnc p aced under the clol ing (see Problem 349).

1. The end of the piece of wood in the shade is colder, and the capil-
hry loﬂ:es move the water in this direction.

. The hydmslallv: pressure should be balanced by the capillary pres-
sure: pgh=—d-. Hence, =30 cm.

353. The following forces act vertically on section abed of the film: weight,
surface tension Fgp applied to line ab and surface tension F.4q avphed to cd.

. o=

Fig 402
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Equilibrium is possible only if Fgp
is greater than F.4 b{ an amount
equal to the weight of the section
of the film being consldered

The difference between the forces
of surface tension can be explai-
ned by the difference in the concent-
ration of the soap in the surface
layers of the film.

354. The force of expulsion ba-
lances the weight of the cube mg
and the force of surface tension 4aa,
Fig. 403 i.e., atxpg=mg-+4aa, where x is
the sought distance. Therefore,

mg+4ax
a'?g
The forces of surface tension introduce a correction of about 0.1 em.
855. The water rises to a height A=—2 The potential energy of the wa-

r
ter column is o
£,=Ten _2nat

s 3

=23 cm

x=

2
The forces of surface tension perform the work W=2mﬁh=4—“1. One half

of this work goes to increase the potential energy, and the other half to
evolve heat. Hence,

866. The pressure Inside the liquld at a point that is at a helght 4 above
& certain level is less than the pressure at this level by pgh. The pressure
is zero at the level of the liquid in the vessel. Therefore, the pressure at
the heigﬂ h is negative (the liquid is stretched) and is equal to p=—pgh.
357. The forces of attraction acting on a molecule in the surface la!
from all the other molecules produce a resultant directed downward. ‘IYI::
closest neighbours, however, exert a force of repulsion on the molecule which
is therefore in equilibrium.
ing to the forces of attraction and nYuIsion. the density of the liquid
Is smaller in the surface layer than inside. Indeed, molecule 7 (Fig. 404) is
acted upon by the force of repulsion from molecule 2 and the forces of
attraction from all the other molecules (3, 4, . . .). Molecule 2 is acted upon
by the forces of repulsion from 3 and 7 and the forces of attraction from the
molecules in the deep layers. As a result, distance /-2 should be greater
than 2-3, etc.
his course of reasoning is quite approximate (thermal mo|io:1, efc., is
8 i ult.

y correc

An increase In the surface of the llqula causes new sections of the rare-

fied surface layer to appear. Here work should be performed sgainst the for-

ces of attraction between the molecules. It is this work that constitutes the
surface energy.



HEAT MOLECULAR PHYSICS 285

358. The required pressure should exceed the atmospheric pressure by an
amount that can balance the hydros(atn: pressure of the water column ~and
the capillary pressure in the air bubble with a radius r.

The excess pressure is p+ul|+7—4,840 dynefcm?.

359. Since in this case pgh < 2—“. the water rises to the top end of the

tube. The meniscus will be a pan of a spherical segment (Fig. 405). The
radius of curvature of the setmem is determined from the condition that the
alance the weight of the water column

forces of- surface tension
2ara cos p=nrihpg

Hence,

vature of the segment R=—L_—=22-074 mm.

380. When the tube is opened, a convex meniscus of the same shape
on the top is formed at its lower end. For this reason the lengtll ol the
water column remaining in the tube will be l; , and I4+h if l<h.
1. (1) The forces of surface tenslon can ref 3 water column with a
heum not over A in this capillary tube. There[ore. the water will flow out
of t

(2) The water does not flow out.

The meniscus is convex, and will Pl
be a hemisphere for an absolutely N
wetting liquid.

(3) The water does not flow out.
The memiscus is convex and is less
curved than in the seconu case.

(4) The water does not flow out.
The meniscus is flat.
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(5) The water does not flow out. The meniscus is concave.
382. The pressure p inside the soap-bubble with a radius R exceeds the
atmospheric pressure by the amount of the double capillary pressure, since

the bubble Gim is double: p=py-+r

The pressure inside the bubble with a radius R together with the pressure
of the section of the film between the bubbles should balance the pressure

inside the smaller bubble. Therefore, R2+-R—=#. where Ry 15 the rs-
»

dus o curvature of section AB. Hence, Ry=-pr—s

t any point of contact the forces of surface tensiorr balance each other
and are mulua;lqg equal. This is possible only when the angles between them
are equal to 120°.

363. According to the iaw of conservation ol energy, the cross will not
rotate  The components of the forces of surface tension are balanced by the
forces of hydrostatic pressure, since the hydrostatic pressure of the water
higher than the level in the vessel is negative (see Problem 356).

364. 11 the bodies are wetted by water, its surface will take the form shown
in Fig 406a. Between the matches, above level MN, the water is tensioned
b{ the capillary forces, and the pressure inside the water is less than the
atmospheric pressure. The matches will be attracted toward each other, since
|he¥ are subjected to the atmospheric pressure on their sides.

or unwetted matches, the form of the surface is shown in Fig. 4066. The
pressure between the matches is equal to the atmospheric pressure and 1s
greater than the latter on the sides below level MN.



HEAT, MOLECULAR PHYSICS 287

Fig. 407

In the last case two various forms of the surface correspond to the wetting
angles when the matches approach each other (Fig. 407). One of them, howe-
ver, cannot be obtained in practice (Fig. 407a). The pressure at level KL
should be the same everywhere. In particular, the pressure of columns AB
and CD of different height should be the same. But this is impossible, since
the position of the column can be so selected that their surfaces are identical
1n form. 4n this case the additional pressure of the surface forces will be the
same, and the h{dmshlk pressure different. As a result, when the matches
approach each other, the surface of the water between them will tend to
assume a horizontal form (Fig. 4075). In this case, as can be seen from the
figure, the pressure between the matches at level MN is equal to the atmos-
pheric pressure. The pressure exerted from the left on the first match 1s also
equal to the atmospheric pressure below level MN. The pressure acting
on the second match from the right is less than the atmospheric pressure
above level MN. As a result, the matches will be repulsed.

2-5. Mutual Conversion of Liquids :nd.SoIidc

365. Water will freeze at zero only in the presence of centres of crystalli-
zation. Any insoluble particles can serve as such centres. When the mass
of the water is great, it will always contain at least one such centre This
will be enough for all the water to” freeze. If the mass of the water 1s divi-
ded into very fine drops, centres of crystallization will be present only in a
comparatively small number of the drops, and only they will freeze.



288 ANSWERS AND SOLUTIONS

386. The water and the ice receive about the same amount of heat in a
unit of time, since the difierence between the temperatures of the water and
the air in the room is approximately the same as that for the ice and the
air. In 16 minates the water receives 200 calories. Therefore, the ice receives
80007ulorlza in ten hours. Hence, H =80 cal/g.

L=
388, The heat Inllnte equations have the form

Q,=myc, Al 4CAt
Qu=me; Bt mitt 4 mie, B car
3= IIT ! 162 F]

where m, and ¢, are the mass and heat capacity of the ice, C Is the heat
cap: of the ularimem, ¢y is the heat capacity of the water, and
At=2°C.

Cy- H 1
B Q.(ﬁd—md-?)—m
T adM_ar H

o 2 o

=150 cal/deg

389. The amount of heat that can be liberated by the water when it is
cooled to 0°C is 4,000 cal. Heating of the ice to requires 12,000 cai.
Therefore, the ice can be heated only by the heat liberated when the water
freezes. One hundred grammes of water should be frozen to produce the
lacking 8,000 calories

A; a result, the calorimeter will contain a mixture of 500 g of water and

7q)al ice at a temperature of 0°

The final temperature of the contents in the vessel Is 8=0°C. The
heat baiance equation has the form

myey (ty—8)=mycy (B—13) + (my—ms) H

where m; is the sought mass of the vessel and c, Is the heat capacity of
the ice. Therefore,

' =M (9—‘-)+(mx—m,) H_,

at—

37I.l&l) Th‘e wn(hl mas of ﬁle ice m can be found from the equation
). Hi
(2) The hul bnlanu ,.nﬁon cm be written in this case as MH = Mc (—1).
Hence, t=—80°C.
372. The melting , ..at of the ice compressed to 1‘200 atm will drop by
A C. The Ice wii! melt until 1t cools to —88°C The amount of hcat

Q is absorbed, where m, is the mass of the mellcd ice and H is
specific hm of fusion. From ] }te heat balance equation m,H =mcAt, where
¢ is the heat capacity of the ice.

Hence,

m,=""% =56¢
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2-6. Elasticity and Strength

am. F=AER=D g0 .

374. When the rod with fastened ends is heated by ¢ degrees, it develops
an elastic force F equal, according to Hooke's law, to

F=2E g

where E is the modulus of !llslltﬂy‘ol steel and « is its coefficient of ther-
mal expansion.

1f one of the rod ends is gradually released, the length of the rod will
increase by Al=las. The lorce wili decrease linearly from F to zero and its
average magnltude wifl be F/2. \

The sought work w=% Al = 3 ABIR

875. The tension of the wire T— 2'::114 It follows from Hooke's law

that T=31 EA

1
cosa

\—cosa e Mg Ay mall an
cosa 2na

Since u=2( —1). then T=

.
gles, sina=a, and cos a=1—2sin? 7 = 1—5 . Bearing thls in miud, we

obtain

376. The rod heated by Af would extend by Al=l,aAf in a free state,
where I, is the initial length of the rod. To fit the ed rod between the
walls, it should be compressed by Al. In conformity with Hooke's law,

Therefore, F=EAaAt=110 kgi.

377. When the rods are heated in a f[ree state, their total length will
increase by Al=Al+Aly=(a,!,+ayly)?.

Compression by the same amount Al will reduce the lengths of the rods

by Al; and Aly, where Al;+Al,=Al This requires the force
E5AAl;
Iy

Y Jv
[
Upon solving this system of equations, we find that
F=tlitaaly
Y
E, T E
The rods will act upon each other with this iorce.

19--2042
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378. It Is obvious from considerations of symmetry that the wires will
elongate equally. Let us denote this elongation by Al. On the basis of

Hooke's law, the tension of a steel wire F,-é‘—l AE,; and of a copper one
Fe=tlaE..

It follows that the ratio between the tensions is equal to the ratio between
he respective Young's modull

In equilibrium 2F+ F,=mg.

Therefore, F‘_#_zs kgf and Fy=2F =50 kgf.

379. On the basis of Hooke's law,

! !
Fe=At AL, and Fi=B Ay

1t follows that %::2.

Thus, two-thirds of the load are resisted by the concrete and one-third by
the iron.

380. The compressive force F shortens the tube by AF—,.‘E and the tensile
e
Fl
force F extends the bolt by - .
Y s

LE,
The sum &+z% Is equal to the motion of the nut along the bolt:

Hence,

381. Since the coefficlent of linear thermal expansion of copper . Is grea-
ter than that of steel a,, the increase in temperature will lead to compression
of the copper plate and tension of the steel ones. In view of symmetry, the
relative elongations of all the three plates are the same. Denoting the comp-

ive force acting on the copper plate from the sides of the steel plates

by F, we shall have for the relative elongation of the copper plate: A7l=
F
= a,t——AT .

Either steel plate is subjected to the tensile force F/2 from the side of
:l;: copper one. Upon equating the relative elongation of the plates, we
ain:

F F
=g =l +7p
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£ On upper nut

™

o On lower mut
4 &6 &  Fig. 408
Hence
“E:E:,(& Al
s+E.

mv?

382. When the ring rotates, the tension T=2w appears In It (see Prob-
lem 201). For a thin ring m=2nrAp, where A Is the cross section of the
ring. Therefore, —A—=p0‘.

Hence, the maximum velocity o= ‘/ 41 m/s.

[4

383. Initlally, an elastic force F, acts on each nut from the side of the
extended boit.

The load G F, cannot increase the length of the part of the bolt bet-
ween the nuts and clnnse its tension. For this reason the force acting on the
up] nut from the side of the block will not change as long as G < F,.

ﬁe lower nut is acted upon by the force F, from the side of the top part
of the bolt and by the force G irom the bolotom part. Since the nut is In
equilibrium, the force exerted on It from the block is F=F,—G. Thus the
actlon of the load G<< F, consists only In reducing the pressure of the lower
nut on the block.

When G > F,, the fength of the bolt will increase and the force acting
on the lower nut from the side of the block will disappear. The upper nut
will be acted on by the force G.

The relation between the forces acting on the nuts and the weight of the
load G 1s shown in Fig. 408.

2-7. Properties of Vapours

384. The calorimeter will contain 142 g of water and 108 g of vapour at
a temperature 100°C.

3 B[y itself, water vacrour or steam is invisible We can observe only
a small cloud of the finest drops appearing aiter condensation. When the gas
burner is switched off, the streams of heated air that previously enveloped

19~
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tln Imlle disappear, and the steam coming out of the kettle is cooled and

388. 0n the basis of the equation of state of an ides! gas p=7_%‘_

1t the ire expnned in mm Hg and the volume in m?, then R =
760%0.0224 mm Hg m?
= “deg-mole_°

Therefore, p=1.06 p 2;’.3 At temperatures near room temperature, p==p g/m3.

387. It seems at first sight that the equation of state of an ideal gas can-
not give values of the du\dtf or specific volume of saturated vapours close
to the actual ones. But this Is not so. H we calculate the density of a va-
pour by the formula p_v—,‘;—" and compare the values obtained with
those in Table 2 (p. 85), we shall observe good agreement.

This is explais as follows. The pressure of an ideal 1:: grows in direct
rvvyortxon to the temperature at a constant vnlume of the gas and, there-
lore, at a constant density. The relation between pauun of saturated
vapours and the temperature depicted in Fig. 146 ds to a constant

ume of a nl\m(ed v:pour and the liquid ‘dllr,h is in equilibrium

the increases, the density of the vn r grows, since

Ihe llquld pmlally !umlomu into a vapour. An appreciable increase in the
of the v pour corresponds to a smali change I|| Ihe volume it occupies.

io becomes y to the tempe-

niurl. s with an ideal gas.

Claj Mendeleyev equation mainly gives a correct relationship
between p, V and T lor ‘water vapour up to the values of these parameters
that to of This equation, however,
cannot describe the pi 'V’ of transition of a vapour into a liquid and Indi-
cate the valwa of p, V and T at which this transition begins.

the pressure of saturated vapours p=31.82 mm Hg. Accor-
ding to the equation of state of an ideal gas,

v_:'R_szm

389. When the temperature gradually increases, the pressure of the water
vapours in the room may be considered constant.

The vapour pressure p._% corresponds to & humidity of @y=10 per
cent, where py=12.79 mm Hg is the pressure of the saturated vapours
at 15°C. At a temperature of 25°C the pressure of the saturated vapours is
p1=23.76 mm Hg. For this reason the sought relative humidity is

w=—-— 1009, = ""'_5 4,

390. According to the conditions of the problem, the reiative humidity
outside and in the room is close to 100 per cent. The pressure of saturated
vnlu vapours outside, however, is much smaller than in the room, because

r:ulun of the air in the rooin is higher and much time is required
lo equa the pressures owing to penetration of the vapours outside through
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slits. Therefore, il the window is opened, the vapours wifl quickly flow out
from the room and the washing will be dried faster.

381 (Il The water levels will become the same as in communicating
vessels. The water vapours in the left-hand vessel will partly condense, and
some water will evaporate in the right-hand vessel.

(2) The levels will become the same because the vapours will flow (rom one
vessel into_the other.

At a given temperature the pressure of saturated vapours is identical in
both vessels at the surface of the water and will decrease at the same rate
with height For this reason the pressure of the vapours in the vessels at the
same level is diflerent This causes the vapour to flow over and condense in
the vessel with the lower water level

. en {,=30°C, the pressure of the vapours is equal to the pressure
Pao_of sa(nuled’ vapours (p,,=31.8 mm Hg) only if the air pressure is 10 at.

Upon isothermal reduction of the air pressure to one-tenth, the volume of
the air will increase ten times. Hence, at atmospheric pressure and a lempe-
rature of 30°C, the pressure of the water vapour Is p=3.18 mm Hg. It fol-
lows lzom the Clapeyron equation that at a temperature of f,=10°C, the

vapour pressure pl=p? , where T,=283°K and T,=2303"K.
The sought relative Iu:midity is
=b 2T
W_Pa 1009/, =peTs 1000/, == 32.6%/,

where p,=9.2 mm Hg is the pressure of saturated vapours at #,=10°C.
393. The pressure p=6.5 mm Hg is the pressure of saturated water va-
ours at {=5°C. A sharp drop of the pressure shows that all the water has
een converted into vapour. The volume of the vapour pumped out until the
water is evaporated completely is V=3,600 litres.
On the basis of the Clapeyron-Mendeleyev equation of state, the sought
mass of the water is
AT
m="pr 234 ¢
394. An amount of heat Q,=mc Af=3,000 cal is required lo heat the
water to 100°C. Therefore, Qy=Q — Q,=2,760 cal will be spent for vapour
formation The amount of the water converted into vapour s m; =

=&osie

In conformity with the equation of state of an 1deal gas, this vapour will
occupy a volume of V="1RT  Uoon neglecting the reduction of the vo-
lume occupied by the water, we can find the height which the piston 1s rar-
sed to: h=—A_=” cm.



CHAPTER 3
ELECTRICITY
AND MAGNETISM

3-1. Electrostatics

205. r=—?,'-=m ket

The force is very grest. It is impossible to lmrm & charge of one coulomb
to a small body since the electrostatic lorea ol repulsion are so high that
lhe char be retained on the

ﬁle balls will be arranged at (be corners of an equilateral triangle

with a side =5=1. The force acting from any two bails on the third is

4Q 2
F=—
7%

The ball will be in equilibrium if tan un% (where @=30°). Hence,
q-é. Vg == 100 CGSg.

307. Since the threads do not deflect from the vertical, the coulombian
force of repulsion is balanced by the force of attraction between the balls
in oon!ormigy with the law of guvlmioﬂ

fore, in & vacuum
Ql =v l

and in kerosene (taking into neewnt the mulu of Problem 230)
p v
:'2’ == o.)
where V is the volume of the balls,
Henc

9—7)—,'—’ 274 glem®

3988. The i of f the
ing equations for the two cases being comidmd

ball give the follow-

Ty slna,—gg‘x ) —=0
T.wlq+%xﬁ—qq = —mg=0
1‘.1!115..——)(1’22 0

Q,_ 0, V2

Ty co:a,+—rl —mg=0
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Fig 409 Fig. 410
where T, and Ty are tlle tensions of the thread, a, and a, the angles of
deflection of the thread, +Q and —Q the chtrﬁu of the fixed balls, +Q,
:’l:el charge of the suspended ball, and mg is the weight of the suspended
U;on bt g the from the above equations, we
cot @, —cot @y =cot @, —cot 2a, =2 (¥ 2—1)
whence,
cota, =22 V2N V516V 2
Thus, @, =7°%' and a,=15"52" when mg> % (I—#) ., and
=824 and ay= 164°08" when mg < L3¢ (I—V‘—z

399. In umform motion the drop is acted upon by the force of f‘uvuty G,
the expulsive force of the air (Archimedean force) F, the force of the electro:

static field eE and the force of friction against the air h_hT. All the for-
ces are balanced Therefore,

G—F—cE+k7-=0
\
G—FteE—h7-=0
s
s
G—F—#3=0

where e 15 the charge of the drop, E the intensity of the electr.. field, and s
the distance covered by the
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£ Upon solving the equations, we get
P (=2t

- h—ty

(4 £ 400. 1t can, if we use the phenom
- I[; non of electrostatic induction. Bring a

- conductor on an insulated support up
AeZ '}li to the charged body and connect the

conductor to the earth for a short time.
‘I‘heI m“?‘“ ::ll:humn a charge ;];«

ol o the given one, while
Fig. 411 Ilke cﬂrs will pass into the

The charge can be removed from !he nmduc\or by introducing the iatter
into a metaliic lpme The operation may be repested many times with s
chlrfe of any magnitude.

Electrostatic machines operste on a similar rrlnclplt

401. The energy Is produced by the mechanical work that has to be per
formed in moving the conductor from the oppasitely charged body
bo%i at mmnhte the charge

'ﬂuY can, if the chnrge of one ball Is much greater.than that of the
other. The forces o{ attraction caused by the induced charges may exceed the
forces of repulsion.

403. Since Q , the interaction between the sej lrlu elementa of the ring
can be neglect L t us take a small element of ing with a length RAa
(Fig. 41)). me the :Ide of the charge Q it u-cted upon by the force
\F=A when Aq———- The tension forces of the ring T balance AF.

:.mn n:e condition of equilibrium, and remembering that Aa is smali, we
ve

AF=2TlhI( )a.TAc

The sought force is the tension T— °'

‘M.Ld\ucomldcthecudapulhd\lfﬂq >0 and Q,
intensities created by the charges Q, and Q, are equal, mpm'tmly,

E _i nd £.=i A glance at Plg 411 shows that
E'=E}+E}—2E,F,cos9
From triangle ABC
Atd—a

cos = e

- =/ &
"’l/r:

Hence,

tri—a)
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Fig. 412 Fig. 413

1f the charges are like

ey

405. Each charge creates at point D a field intensity of E._ag The

total intensity will be the sum of three vectors (Fig. 412). The sum of the
horizontal components of these vectors will be zero, since they are equal in
magm'ude and form angles of 120° with each other. The vectors form angles

of 90°—a with the vertical, where a 1s the angle between the edge of the
Ielralmedron and the altitude A of triangle ABC.

The verfical components are ldentical, each being equal to ‘%:(nm 1t.

‘?.‘(,H,:_a-)

follows from triangle ADE that sina= /34 Therefore, the sought
intensity of the field is

e=vsd

408. The Intensity of the field E at an arbitrary polnt A on the axls of
the ring can be found as the geometrical sum of lhe Intensitles produced by
separate small elements of the charged ring (Fig. 4

Upon summation of the vectors of intensity at pom( A, account should
be taken only of the components directed along the axis of the ring. Owing
to syml‘v;elry, the components of the Intensity vectors perpendicular to lhe
axis_ wil

Therefore, !h: intensity of the field at point A is

=% cosa=—2
E—R’+l’c“¢—(ga+,x)l' 3
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" 407[ The intensity of the field at an arbitrary point A on the axis of the
ring Is
Es:r;—eo:a—gdnlumu (O]
(see_Problem 406).
Obviousl: 'E reaches {ts maximum at the same values of a as the
expression . But

g
2E;R‘—2SIH‘GW'G=2¢DI'G(|—w!'ﬂ)(l—w“ﬂ) @

Is the product of three positive factors
a=2costa @)
b=1—costa “@
c=1—costa ®)

whose sum fs constant (a4b+c=2), and
The product abc=ab% wiil be maximum Il the factors are equal, le.,

a=b=c=2 ®
and, therefore, s
abc=abt=z )
Let us prove this. If
a-%+ﬁd
where d Is a certaln number that, as follows from Eq. (3), can be within
1 2
-3 <d< 3 ®)
then, on the basis of Eq. (4)
b=§—d

The product 2 2 .
8
w-(3+u) (3—4) =3 +ara—n
Is maximum, as follows from Eq. (8), when d=0. Hence,
_2 ¥3
a=7 &nd cosa="y—
The maximum Intensity of the fleld will be observed .t points at a di-
stance of l-—;k from the centre of the ring. This Intensity Is equal to
V3 Q

Enac=2Y3

9 R
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408.
Es=2 Q=) Ec=2(i+0

Ex=-2@u+Q

The intensity is positive if it is directed from the left to the right.
408. The charges induced on the surfaces of the other plate are +%

and —%‘ Only in this case will the electric field Inside the plate be zero,

as it should be when the :harfu are in equilibrium.
410. The molecule will be aftracted to the charged cylinder. The force of
sttraction is
—a0q(L L )-_209
F "Q( G ,+1)-,(r+1)
In this expression we can neglect the quantity / (/2 10-® cm) ss compared

with 7 (r cannot be smaller than the cylinder radius).
We finaily obtain

r=%’.

411. At the initial moment the forces acting on both molecules are iden-
tical. When the molecules approach the cylinder, the force F, acting on the
molecule with a constant electric moment grows in proportion to 1/r%:

29Q1
F; 7

?« Problem 410). The force Fy that acts on the “elastic” molecuie grows
sster, in proportion to 1/3, owin, l:) the continuous increase In the electric
moment of this molecule F.=‘Z,.Q

The masses of the molecules are the same, and for this reason the acce-
leration of the second molecule when it approaches the cylinder grows faster
than that of the first one and it will reach the surface of the cylinder

quicker.

412. Since the thickness of the plate is small it may be assumed that
the charge is uniformly distributed on both surfaces, each having an area ab.
Thus, the surface density of the charge o Q . The field inside the metal
Is zero, and the Intensity outside the metal

_4n 2 _28Q
E=ingg="2

413. The negative charges induced on the surface of a conductor are so
distributed that the fieid inside the conductor resuiting from a positive point
charge and induced negative charges is zero. (The induced positive charges
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4 7 £
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+ + +
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+ A
Fig 414 Fig. 415

will move to the remote edges of the plate and tneir field may be ne1‘l&ted)
T[hishedislnbuhon of the induced charges does not depend on the thickness
tl late

Let us place a charge —Q on the left of the plate and at the same
distance d. Obviously, the induced positive charges will be distributed on
the left side of the plate in the same manner as the negative charges on
the right side. The charge Qﬁrl-ud on the leit of the plate will not
cause a change in the eleclrlc eld at the ri m ol the plate. Thus, at the
right of the plate, the electric field indu l e charge +Q and the
induced negative charges coincides with the fi by the charges
+Q and — Q and the charges induced on the surllca ol the plate (Fig. 414)
1 lhe thickness of the plate is small as compared with d, the
may be regarded as mﬁmlely thin and hence the field crell!d by the Ing uced
chargs outside the plate is zero.

s been shown that thé field on the n%m of the plate produced by
Ihe charge +Q and the induced negauve arges Is equal to the ﬁeld
caused by the point charges +Q and —

Since the intensity of lhe field clused by the induced negative charges
at the point where the charge +Q Is equals the intensity of the field caused
by the point charge —Q at a distance of 24 from + Q, the sought force
o attraction will be F=-3

414. Since ¢ and b are much greater than ¢ and d, It can be assumed
that the plate Is infinitely large. Remembering that the intensity of a field
caused by several charges is equal to the sum of the intensities produced by
each of these charges, and using the results of the solutions of Problems
412 and 413, we can obtain the sought force:

F=200% ot

ab g

The plus sign corresponds to the force of repulsion and the mlnus sign to
the !m:g of attraction. g ? "



E.. TRICITY AND MAGNETISM 30

The positirely charged plate will attract the positive point charge if

Qi e,
"
« Q _ 8xQ
Fkey

415. The maximum charge that cah be imparted to the sphere Is deter
mined by the equation Q
E=%

The polentinl will be V=%=

is in centime

416. 1f |Ile clmzed body is placed into the centre of the sphere, an
additional charge —¢ uniformly distributed over the surface will obviously
appear on the external surface of the sphere, and a charge + ¢ on its
internal surface. The potential Vg at a distance of R from the centre of the
sphere will be

—Q2—q
=

When the body moves inside the spHere, the cutside field will not change
;l;:lerel:l‘e. the potential will be Vg at any position of the charged body in

e sphere.

417. The housing and the rod connected by the conductor will have equal
potentials. For tlus reason the leaves will not deflect.

iter the conductor is removed and the rod is earthed, both leaves will
deflect. This is the result ol a potential difference appearing between the
rod and the hwsulf since the work of the electrostatic field 1s zero when
the charge moves long a closed path ABCDEFA shown by the dotted line
in Fig. 415. The work on section AC.is zero, and the work on section AB
15 equal to that on BC taken with the reverse sign. The potential difierence
between the earth and the housing is equal lo that between the housing
and the rod.

418. When the housing of the electromeler 1s given, for instance, a positive
charge, electrostatic induction will charge the ball of the electrometer rod
positively and the end of the rod negatively. A potential difference will
appear belween the housing and the rod, and for this reason bolh leaves
will defiect The potentials of the housing and the r e with
respect to the earth, the polential of the housing being h:gh:r (th t ol the
earth may be considered as 2ero).

When rod is connected to the earth, the polential difference between
the rod and the housing will increase, as can be proved by the method
::ed in Problem 417. Therefore, the angle of deflection of the leaves will

greater.

419. The electrometer measures the potential difference between the given

y and the earth. Since the surface of the wire Is equipotential, the leaves
vnll deflect in the first case through the same angle with the ball in any
posltion (if the capacitance of the wire is negligibly small).

,R=30,000RV if the radius of the sphere
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In the second case the deflection of the leaves is determined by the
potential of the ball with respect to the earth at the moment when the ball
is brought in contsct with the electrometer. This potential depends on the
charge of the ball, its and the of the i
objects. With a constant arrangement of the objects, the potential changes
only when the charge of the ball changes. When the ball touches the bucket,
the former acquires the potential of the latter, but the charge of the ball
will depend on the section of the surface being touched. If the Internal
surface of the bucket is touched, the charge of the bali will be zero, and
g‘ the extenal surface s touched, the charge will obvlously be other

an zero. .

As the charge is transferred b( the bail, its potential continuously changes,
since Its rosltlon with respect to the surrounding objects aiso changes. As
a result, this method can be used to measure the distribution of the charge
on the surface of the metal, but not its potential.

20, The answer follows from the solutlon of Problem 419.

In the second case the potential of the ball and the readings of the
! are y the of the charge carried by the
ball from the surface of the wire being investigated. Uron contact with the
wire, the potential of the ball is the same irrespective of the point of contact.
The capacitance of the ball, however, depends on the shape of the section
of the surface slurllcululy. on its curvature) which the bail is brought in
contact with. , the charge to the bail is also
determined by the curvature of the section of contact.

421. The potentlal of all the points of the sphere is the same. To solve
the problem it is sufficient to find the potentlal of only one point. It is
easiest to find the potentlal of the gentre of the sphere. It Is equal to the
potential created at the centre of the sphere by a point charge Uz% plus
the potential created b{ the ch.rgruh arpwlng at the surface of the sphere
owing to electrostatic Induction. The latter potential, however, Is equal to
zero, since the total charge on the sphere is zero and all the elements of
the charge are at equal distances from the centre.

Therefore, the potential of the sphere U=—3-.

422. The en«{y of the charged sphere is equal to the work that can be
performed by the charges on the sphere if they leave it and move away
over an infinitely great distance.

the charges flow off the sphere gradually. Then, as it moves to
infinity, the first charge + g¢;(g; € Q) will perform work equal to ¢,9;,

‘where n=c=F is the initlal potential of the sphere. The faliowing

charges will perform less work, because the sphere gradually loses its charge
and lts potential decreases. The work of the last charge ¢,9,=0, since the
polenillr of an uncharged sphere Is zero. The average potential of the sphere

Is P=35" Upon multiplying it by the initial charge, we obtain the energy
of a charged sphere:

[
Ve=Q9=z5
(This energy In known as the intrinslc energy.)
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The same result can be obtained if we use a diagram showing the change
in the ‘potential of the sphere as the charge decreases. The diagram wiii
have the form of a straight line passing at an angle to the axis of the
charges, and the work will numerically equal to the area limited by the
diagram and the axes. .

U

423. The energy of the charged sphere W,: 3R-T' where R Is the

ndlus of the sphere and U its potential (see Problem 422).
pon a discharge this energy will be liberated as heat. Expressing the
emrgy in calories, we obtain
4. The potential difference: belvleen ﬂle balls should be &. Therefore,

Q__&.=e, where Q, and Q, are the charges of the balls. According to
(heth’ol conservation of charge, Q;+ Q,=0.

ence,
Q=—q,=S00 ¢

n¥n
According to Coulomb's law,
—_ 6" 500084 dyne
F=mGrnr y

425. Let the initial charges of the balls be ¢, and ¢,. Then the work
v, = '—lq’ where [ is the distance between the balls. After the balls are

@1tas
2

connected, their charges become identical: ¢g= and the work

w‘=“'-“",""'. It is obvious that W, > W,. Besides, the heat Q is libe-
rated 1n the conductor.

According to the law of conservation of energy, however. ms Ionl amount
of energy in the balls should be the same in both cases. the
and, correspondingly, W,, |s the polenlml energy of the ueoud ball in the
field of the first one in t and second cases, then

|+W¢|=W:+Q+wn
where W,y 2i--'- is the intrinsic energy of the balls before connection

and W,,=—‘-+ q is the intrinsic energy of the balis after the charges are

rcdlstnbuted (see Pmblem 422).
The energy liberated as heat is

Q=W V4w, —w, =00l (1_0)

426. Assume that the radius of the envelope increases by 8, which ma
be an infinitely small quantity. The expandmz force will perlorm the we

W =4nR*fd, where f is the force per unit of area. This work Is done at the
expense of a reduction in the electrostatic energy. First the electrostatic
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t}’ gt & energy s 225 , and after expansion 2(1%5)
The change in the energy
e Qe Qe 3
RTIREY) 2 RR+Y
is equal to the work W, i. e.,

RO T
Taking Into account the fact that 8 can be
hﬁnllely snull. ‘we obtain the foilowing expres-
Fig. 416 sion for the force:
F; =m-‘=21w'

Here, o=% is the density of the electricity, Le., the charge per unit

force can also be found directly. Let us consider a smali area
aon!heshu!(FI( 416).
Let us tind the intensity E, of the eléctric field created on the area being
considered by all the charges except the ones on the area itsell. To intro-
dwe definiteness, let us consider nn case when the sphere carrles a positive

Le! us denote by E, the intensity of the electric fieid created by the
charges on the area itself. Since the resulting Intensity is zero inside the
sphere, then E,=E,.

The resulting intensity on the sphere E,+E;= Q 55 » and, therefore,

Q

2E, =55 =4n0. Hence, E,=2n0.
'I'o find the force that acts from all the charges outside the area oh the
harges on the area, the intensity E, should be multiplied by the magnitude
ol the electric charge of the area oa:

F=E,0a=2n0%
The force per unit of envelope area will be f=2no?.
427. For the charge ¢ to in equilibrium, the charges —Q should be

at equal dlshncﬁ a from it (Fig. 4i7). The sum of the forces acting on the
charge —Q Is also zero:
Q

i

Hence, 7_3 The dlstanee a may have any value. Equiiibrium is un-

stable since when the charge —Q is shifted along 00, to the ieft over a
distance x, the force of lt(rlct

__@
F'_i(n+x)‘
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acting from the side of the charge ¢ is less than the force of repulsion

=2
Fq_(hH—t
and the charge —Q moves stiil farther from the position of equilibrium.
When lhe chi —Q s shifted along 00, over a distance x towards the
charge g, tl ¢ > Fq for x<a, and the system does not retum to the
position of equllibrium
ok u’; easlly be seen, equilibrium is also violated by arbitrary motion

cl
The polenllll energy of the charge —Q In the field of the other two

charges is
e_Q ) Q' 3y—a
Wa=—Q(———"—
- Q(y (27 A T}
where y is the distance between the charge ¢ and one of the charges —Q.
When 0 < y < o, the relation between W,, and y is shown by curve ABC
for_one charge and curve DEF for the other (Fig. 417) ?
When the charges —Q are stationary, the energy of the charge g is

e )

where z is the displacement of the charge ¢ from the position of equﬂlbmlm
(\;'lnn zmchnnp rom 0 to a, the energy changes according to curve MNP
ig. 4

ft is Inlmting to note that the maxima of all the three potential curves

cofrespons the position of the charges in equilibrium. It is for this reason
that equllibrlnm is not lllble

formed by the field of Indueed negative charges when

q moves Is equal to the work done by the field of the charge

..q (n: Prxlun 413). The work performed during the motion of both +¢

@
and —q is E‘-A Hence, the sought kinetic energy of the charge, equai to

.
the work of motion of only one charge, wiil be :‘i'

1

1

\

5 i
N W NN,
g Py y g 4

1

14 i

|

//l 7 E Fig. 417

20—2042
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s
Y

Fig. 418 Fig. 419

420, Let us first prove that the intensity of the electric field at all points
in the plane of section 00 is directed perrendiculn to this plane.

Let us take an arbimrz point in the F ane of the section and two small
areas arranged arbitrarily but symmetrically on the cylinder with respect to
section 00'. 1t is easy to see that the resulting inlenslt;{ of the field induced
by the clnrses on these areas will be directed along the axis of the cylin-
der (Fig. 418). Since another element arranged symmetrically with respect
to the plane of the section can be found for each element, it follows that
the intensity produced by all the elements will be parallel to the axis of
the cylinder.

us now prove that the intensity will be the same at all points equi-
distant from the axis of the cylinder.

t A be two such points (Fig. 419). The intensity of the field
inside the cylinder will not change il, apart from the available charge, each
square centimetre of the cylinder surface receives the same additional nega-
tive charge so that the density of the charges at point C is zero. This is
obvious from the fact that the field inside an infinite uniformiy charged
cylinder is zero.

In this case the densities of the charfes will be distributed on the cylin-
der surface as shown in Fig. 152. Therefore, the intensities at points A and
B are the same.

It néw remains to prove that the intensities of the fields at points at
different distances from the axis of the cylinder are identical.

For this purpose let us consider circuit BKLD (Fig. 420). With an electro-
static field the work in a closed circuit is known to be zero. The work is
zero on sections XL and DB because the intensity of the field is perpendi-
cular to the path. The work on section BK is —Egl and on section LD it
is Epl (as proved above, Eg=Ey, and Ep=E ).

Hence, —Egl+Epl=0, i. e., Eg=Ep.

It has thus been proved that the intensity of the electric field at all
points inside the cylinder will be the same everywhere and directed along
the axis of the cylinder. 1t should be noted that such an arrangement of the
c:arzeho:: the surface of a conductor appears when direct current passes
‘throu 3

. The concept of capacitance can be used because the ratio between
the charge imparted to a conductor and the increment of the potential indu-
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4 ced by this charge does not depend
£ 4+ % % on the magnitude of the charge. In
== the same way, the ratio between
Ve the quantity of liquid poured into

a vessel and the increase of
I. level in it should be a constant
quantity. This will be true for any
vessel with a constant cross section.
431. 1t is impossible to calcu-
o late accurately the capacitance of
a human body because it is extre-
Fig. 420 mely complicated in form. But the
capacitance can be estimated in the

ord r o| s magnitude.
Let us find the capacitance of the body shaped as a sphere. It
should be expected that this assumption wlll gwt the approximate va-
lue of the capacitance. Since the mean specific weight of a human body
13 1 gijem?, the radius of a sphere whose welght is eqnal to that of a body
found from the equnnm

me:w.ooo g

Hence, bearing In mlnd that the capacitance of the sphere is equal to its

radius, we find
Vaxex [

Measurements give a close value: C =30

432, The electmmetc will show the e.m. I of the galvanic cell irrespec-
tive of the capacit:

433, U= 4E,d=3 4x 104 V.
(2) A voltage of Uy=Eqd= 21104V can be supplied to each “air” ca-
The charge on the capacitor will be Q= C,U._A’l:; . Upon series con-
nection, the charge of all the capacltors is the same. Therefore, the voltage

on the capacitor with glass will be U,— —“ The entire battery may

thus receive not more than U=3U, ‘7- _6 leo' V.
1f the voltage exceeds 6.6x 104V, all four capacitors will be punctured.
The upa:llor -nm the glass dlelec!nc will be punctured last.
arge moves In a closed circuit, the work of the forces of
an el«:tmhtic ﬁeld is zero. Therefore

E—Ui+&—Uy=0

The charges on the apncltols are the same, slm:e the sum of the charges
pr%u;; on the upper and the lower conductors is zero. Hence, Q=C,U, =
=CaUy

20°*
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ps =

T % y'll 4

v —AF——F—

LT% TZ' '_—.y, Fig. 421

Therefore,

o, B éa=175 W

C
”'=ﬁ(‘?'+“=7'5 kv

435. Let the potential difference across the battery termipals be U and
the charge of the blllu‘y Q. To find the capacitance of the battery means
to find the capacitance of a capacitor which would have the same charge
Q on its plates as the battery at the voltage U. Hence,

c.=3_

where

Q=01+9s+9=0q+as+4a
(Fig. 421) and U=U,=2 1n a closed circuit the work of the lorces of
an electrostatic field is zero. Therefore,

[N
c C

and

Besides, the conductor that connects the second, third and fifth capacitors
is electrically neutral. Hence,

9s+39s—q,=0
Upon solving these equations, we obtain

a=a=n=0=%, and ¢,=0

Therefore, C, .

438. ‘Let the battery of capacitors

be charged. Points /, 2 and § will

have the same potential and they can

be connected fo one another. Points

Fig. 422 4, 5 and 6 can also be interconnec-
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ted (inzg, 155). The result will be the equivalent dlagram shown in
Flg. 4

‘The capacitance of the separate sections is 3C, 6C and 3C. The total
capacitance can be found from the formula
1_2 1
- te
Hence,

Co=1.2C.
437, \"hm the spark gaps are punctured, the parallel connection of the
capacitors automatically changes to series connection: the voltage between
the corresponding plates of the capacitors grows, since the capacitance of the
system dm{s.

Indeed, the high resistance of conductors AB and CD makes it possible
to neglect the currents flowing through them during the time of discharge
and consider them as insulators through which the capacitors are not discharged.
E An ;;ulvaleni dlagram after the first spark gap is punctured is shown in

ig 4

pon puncturing of the first gap, the potential difference across the second
gap will be equal to the sum of the voltages across the first and the second
capacitors. i. it will double. This wili cause punc!uﬂnf of the second gap.
‘When t| h gap is punctured, the voitage in it will reach V=nV,.
The resistances of conductors AB and CD should be high enough so as
not to aliow the uﬁacllors to be discharged through them when the gaps
are punctured with the plates connected in series.

Yes, it will. Each plate has a definite, usually small, capacitance
with respect to the earth (the force lines are distorted near the edges of the
plates and reach the earth). 3

An equivalent diagram is shown in Fig. 424. The agaclunce of the plates
with respect to the earth is shown in the form of small capacitances C, and

‘When the left-hand plate is short-circuited, part of the charge present in
it is neutralized. This will also occur if the right-hand plate is short-circuited.
The capacitor will continue to be discharged the slower, the higher is the
capacitance of the capacitor as compared with that of the plates reiative to

rth.
439. The initial_state of the system is illustrated by an equivalent dia-
gram (Fig 425a). The full charge of the capacitor is Q+q. e%he force lines
of the charge + Q terminate on the
other plate of the capacitor. The
force lines of the charges +g¢ and
—q terminate or start on the earth.
Since C>C;=C,, then Q>gq.

L
1, :

Fig. 423 Fig 424
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Fig. 425

When the capacitor C, is short-circuited, the charge —g is neutralized.
The potential difference between the plates of the capacitor C should remain
arproxlmalely equal to U, since ¢ < Q. The work required to move the charge

ong the circuit ABCDA is zero. Therelore, the voltage across the capaci-

should become equal to ~ U and the charges on it to +2¢ and
—2 The chargﬁ o|l| the pla(zegbol the capacitor C will be +Q —¢ and
vely

When lhe cupm!oré is disconnected from the urlh the distribution of
the charges and, hence, of the potentials will not chan,

1f the :lpamor C, ls shorted, the charges will be rednﬁlhuled as shown
in Flg. 425c. It is only in this case that the required potentials relative to
the earth will be obtained: zero on the left plate and =~ U on the right
one. When the plates are earthed alternately, the potential difference between
(he“:,llm wlll gradually drop because the charge decreases.

No, they will not. When the plates are alternately earthed the same
%um will take place as in the absence of the battery {see Problem 439).
he only difference is that the potential difierence between the plates is
llways kept constant.
. The total energy of the two capacitors before connectlon Is

V=g CUI+CUD
and after connectlon

26+G 2 GG
It is easy to see that W,o> W,. The difference in the energies is
G Ui+ U200 > 0

Ve—V,=g
When Uy=Us, we have w,._w, =0, and when C,=C, and Uy=0, then

"ﬂ\e electrostatic energy diminishes because when the capacitors are con-
nected by conductors, the charges flow from one capacitor to the other. Heat
is liberated in the connecting conductors. The quantity of heat evolved will
not depend on the resl of the When the is low,
the conductors will allow greater currents to flow mwuxh them, and vice
versa.
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“2 Since the dleleclrle Is rllrlud. the Intensity will increase at points 4
and C and decrem

“. 'l'he capulhncs nnd. lheelm, the charges of the balls Immersed in
kerosene increase e, times:

G1=¢,q;, and ga=¢,9,
The force of lnlernuon of the charges In the dlelectric, on the contrary,
dnminlshﬁ e, times.
99 _e010s e, gin =
= s =0.0088 dyne

The force of Interaction Increases e, times, while If the balls were discon-
nected from the battery It would decrease e, time
445. As a result of motion ol the plates, lhe clnrge on the capacltor will

be Increased’ by Al .
k3 (E_Tx)

4Q=0Q,—0Q

The mechanical work W, was rerlamed when the plates were moved closer
to each other. On the basis al the law of conservation of energy, W =W, +AW,.

Therefore,
v,—w_sw,—E24 (__T.)

At the expense of the work of the bnuary. the elq:tmshllc energy of the
capacdor increased and the mechanical work W, was done.
446. Let us consider for the sake of slmphclly l dielecn'l: in the form of
o(eneom very elongated paullelepiﬁed (Fig. 4
Let us resolve the field E, In which the plece of dlclectnc (for example,
a rod) Is placed into components directed along the rod and parpmdlculn
to it. These components will cause bound charges to tppen on surfaces AB,
CD, BC and AD. The field of the bound charges aces
and AB, DC weakens the components of the field E. lnslde the dlelectrlc,
the component perpendicular to the rod being weakened more since the bound
charges on surfaces AD and BC are close to each other and thelr field is
similar to the homogeneous field of a phne capacitor, while the charges on
the surfaces of the small area are moved or this ruson the full

The dipoles Appeulng will therefore be onenled no! along E,. but along
certain direction OP forming the angle p with E,. (This refers to both ordi-
nary and dipole molecules.) From an electricai standpoint, a polarized dielect-
ric can be regarded as a large dipole forming the angle § with the field E,.
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)2 Fig. 426

The dielectric will rohle In this field until it occuylu a poslllon along the

field. The field of the bound charges Is an Internal force and cannot cause
roh(lon of the diel l lrl

7. (2) The capacitance of the capacitor will be equal to that of capaci-

lus cmnec\ed In parallel, one of which Is filled with a dielectric, and the

other not, I.e.,

e Al A 1—1 A

e A A Lire Y}

sb) The electric ﬁcld between the plates of the capacitor will not change,
and, cnsequently, the cl&:dunce will not change If the upr“ surface of
the diclectric Is coated an Infinitely thin layer of a conduc! herefore,
““ie sought capacitance will be equal to the capacitance of two :lpw\m
connecteu in serfes:

CoCy A _&A

c Tt where C, wa=4) and C, 4"4:
H PO B
ence W {dite,@—d)]

448. To simplify reasoning, assume that two parallel metalllc plates car-
rying the charges +Q and —@ are placed into a liquid_dielectric. The in.
tensity of the electric field between the plates Is E——Q. The intensity of
the field induced by each plate will be

—2nQ
ElsE,_e

I.e\ us find the (oru acting, for example, from the slde of the first plate
on the second. For this purpose the intensity of the field Induced by the
first pllte should be multiplied by the charge on the second one. Thus,

P20
T e A

Le( us assume that the first plate is fixed and the second can slowly move
(we disregard the change in the mechanical energy of the dielectric). The
work lln the electric fleld can perform In moving the :Iﬂs up to direct
contact Is equal to the product of the force F (constant) by the distance d,
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e,
2nQd

W=Ffd= o]

This work is done at the expense
of a reduction in the electric ener-
gy of the capacitor. Thus, the elect-
rostatic energy will be equal to

mQd_Q . _qu
oA 3¢ 2Ve=7

where U is the potential difference
The above formula is true for any
dielectric.

449. The intensity of the field
inside the space consists of £ and
Fig 427 the intensity Induced by the charges

that appear on the surfaces of the
space owing to polarization of the dlelectric (Fig. 4 In the first case the
influence oisthe polarizing charges Is negligibly small, and E,=E. In the
second case the action of the charges exerted on the surfaces oi the space is
fully compensated vy the action of the on_the surfaces of the dlelect-
ric adjoining the metal plates of the capacitor. For this reason the sought
Intensity is equal to that which would be Induced if the dielectric were re-
moved altogether, i.e.,

v,=

Ey=e,E

450. If the dielectric is drawn Into the capacitor over the distance x, the
energy of the capacitor will be

a1
L

AL WY |
sinee C= {|+(¢,-1)§} and Q=7 U (see Problem 447).

If x Is increased by 8, the energy will be reduced and become equal to
v, AU 1
= —_—
e r—y

The difference between the energies

T e {|+(¢,—|)£-*T'—° {l+(e,-|)§}

will be equal to the work 'of the sought force F over the'ﬁam 8. Generally
speaking, the magnitude of the force will change over this path, but if a
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sufficlently small value of 8 Is taken we can write
Wou—Wa=F8
1t follows therefore that
_Ap e, —1
= T =0
v e-n3}
i O is nerleded in the denominator.
1t should be noted that If when calculating the energy we assumed that
the field Inside the capacltor was homogeneous and neglected the boundary
effects, it Is necessary to take into account the heterogeneity of the field near
the edges to explain the action of the force acting on the dielectric from the
phyuul viewpoint.
451. When the dielectric Is drawn over the distance x into the capacitor,
the energy of the latter will be

Va=—puc=tu A {l+(-,— |)§}
If x Increases by 8, the energy of the capacitor will Increase by
U4 3
Vea—Va=gg =T

When the dlelectric moves over the distance 8, the charge on the plates
of the capacitor will increase by

Q Q;= (l'—l)-

k performed by the battery in moving such a quantity of electri-
city wlll be equal to

A ]

V=(Q— Q) U=776E—DT
Some of this work is spul( to Incmu the electrostatic energy of the capa-
citor and some to pull in electric. Let us denote, as in the previous

o pu
wblﬂn' the force with whlch (he dielectric 1s dnvn into the capacitor by F.
e'q. on lhe Imu of the law of conservation of energy, we have: W=W,,—
— Wey+FS,

UsA 8 _UsA [
1 C— D T=gg Cr—DT+F
Therefore,
U4
=&l (e,—1)

As can be seen,.in this case the force is constant and does not depend on x.

452. Apart from the weight directed downward, the kerosene is acted upon
by eleclmtt“c forces directed uxwlrd All the forces are applied to all the

elements ol the liquid volume. As a result, the hydrostatic pressure in
kerosene will decrease as if Its specific welght were reduced. For this reason,
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the lifting force acting on the balls in the left-hand part will be the same
as in ;hlsl right-hand one desplte the fact that the left-hand part contains
more balls.

483. The intensity of the field in the dielectric will be

where a,,=%.

This intensity is created by the free charges on the plates of the capacitor,
and by the bound charges induced owing to polarization of the dielectric.
The bound charges are on the surface of the dielectric. Let us denote the
density of these charges by o, (Fig. 428). The Intensity of the field created
bﬁ.ms free charges is Eq=4n0,, and that of the field created by the bound
charges Is E,=4no,.

Thus the resulting intensity E=E,—E,=4n (v,—a,)-.Tml.

',

This equation can be used to find a,=°"_l O

To determine the force acting, for enmpfe. on the upper surface of the
dielectric, it is necessary to calcuiate the intensity of the field on this surface
created by all the charges except for the charges on the surface itself. This
intensity will be equal to

e+1
',

E,—%‘=4ua.,—w, =20, -

The force acting on the upper surface of the dielectric will be directed upwards
and be equal to

Fetno, 2t &= g4
e, e,
An_identical force will act on the lower surface of the dielectric.
Thus, the dielectrlc wiil be stretched and a unit of area of the dielectric
wili be acted upon by a force equal to

e—1

=2n0}
f=2m0e =5

454. Since the action of the field causes complete orientation of the mole-
cules, the ends of the “dumb-bells” with negative electric charges will be in

% _t y
e = =—
1=
G
+ + -t +
= = = = = I S — — 2
G -

Fig. 428 Fig. 429
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layer with a thickness ! near the positively charged plate, and the ends

“dumb-bells” with a positive electric charge near the negatively char-
.ed plate (Fig. 429)

The qmnllty of negatlve and pasitive chlrzs is the same at a distance
greater than I from the plates inside the dielectri

The intensity of the eld inside the dielectric praduced by the chargcs in
lnygs A and q‘z E,=4n0,=4nQln and the total intensity is E=E,

) nQln.

It thﬁd be noted, however, that the orienting action of the field will
always be hampered by the disorienting thermal motion, which is not taken
into account in the calculations.

. Let us denote the sought full intensity of the field in the dielectric
by E. “The distance  over which the charges moved apart in each molecule
can be found from the expression kl=gE. As in solving Problem 454, we
obtain

Q L

Ey=dn0,=4nQln=4n L2
and
E=E,—Ey=E,—4x L2

The permittivity e, can be determined from the ratio E=%.
. ”
Hence, =,-|+4u—qk—n.
458. When the charges '+Q and —Q move apart in the molecule over
the distance I, the work % is performed (see Problem 137).
The energy stored in the dielectric is

n
Va=g N

where N=ALn=Vn is the number of molecules in the volume V of the die-
lectric located between the plates of the capacitor. Thus.

since (=2 then W,,=n SEv.

By expressing ﬂ through e,, i.e., -LI—AQ we obtain for ¥,
e —1
V=2t e

The total energy ol the capacitor is

v,=.ﬁ.—_§ﬂ:£-v
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This energy W, can be represented as the sum of purely electrostatic
energy

V=5V

and the energy stored in the dlelectric

3-2, Direct Current

7. When a direct current flows along a conductor, the electric fleld Inslde
It ix cuuhn! lnd directed along It. 1f the charge moves In a closed circuit abed
(Fig. 430) the work of the electric fleld ls zero. Let us assume the sections
ad and bcwbe infinitely small so that the work done on them may be
neglected. Therefore, the work along ab Is equal to that along dc. For this
reason the tangentlal component of field near the surface of the conductor
should be equal to the field Inside It.

468. The arrangement of the force lines is shown In Flig. 431. The increase
in the slope of the line near the bend can ‘be explained by the fact that the
tangentlal component of the fiefd at the surface of the conductor with an
invarlable cross u:tlm Is constant (see Problem 457), while the normal com-

decreases rds the curvature since the pofentlal difference
corresponding sections lylng on the opposite sides of the arc diminishes.

459. By applying Ohm's law to sectlon AB of the circuit, we have

1
Tt
Hence,

since Tsomgl finally r=20.16Q.

460. A reduction In the sensitivity n times means that the galvanometer
carrles & current /; which Is n times smaller than the current in the rest of

7

a e
Fig. 430 Fig. 431

+

-2




318 ANSWERS AND SOLUTIONS

the circult before the branching off. Therefore, the current /, through the
shunt 1s 22" of the current / in the rest of the circult. Hence,

oV . where Vg is the voltage across the

461. The error sought Is 5_
resistance R be(ore the voltmeter Is’ switched on and V the voltage after it
is switched

Amwdln( to Ohm’s law, Vo=1/R and V-I—i— where R, is the re-
sistance of the voltmeter. Hence, .

RIR,

x+-}
Is determined only by the ratio between the resistances of the udlm of the
clrcult and the voltmeter. When Ro> R, the error may be neglected.

462. Before the ammeter Is connected, I,_% , and after it Is connected

v
l-m, where R, is the resistance of the ammeter. The error is

whm R,(R the error may be neglected.
serles connection, the resistance of the circuit is

R=Ru+Ros+@Rut +2:Roaf

On the other hand we can write R=R, a’t), where Ry= R, R, d
a’ is the sought temperature caelﬂcluu"r*‘ herefore, ). ore, 9=Re1+ Rey an

—Ro® + Royoy
o1+ Ros
In parallel connection
_ RaRey(1+0,) (14a0)
=Roa (+ )T Res (1 gD~ R0 (14D
__RaRe
Ro= Rt Rex

Omitting the terms pmpvrtlnrul to the products of the temperature coeffl-
clents as beln( small, we obtal

=R..a1 + Ry
“ o1+ Rax

Where



ELECTRICITY AND MAGNETISM 319

2 4
R
7 7 4
A g
4 A
& 5
Fig. 432 Fig. 433

464. Points A and C have the same potentlals because they are connected
wire whose resistance can be neglected. The patenllals of points B and

D are also Identical. For this reason the ends of resistors A, C and, corres-
pondln!l% B, D can be assumed as connected together. Thus, resistors AB,
B and C D are connected in parallel. The equivalent diagram is shown in

he total resistance is R/3.

485. Owing to symmetry, it is obvious that the current In conductor /-7
is equal to that in 7-4, the current 2-7 is equal to 7-3, and the current
67 to 7-5 (see Fig. 165). For this reason the distribution of the currents
and, hence, the resistance of the hexagon will not change if conductors 2-7,

-7 and 5-7 are disconnected from the centre (Fig. 433). It is easy
to calculate the resistance of this clrcuit, which is e ulvalent to the mlual
one. The resistance of the upper and lower parts Is 8,

The total resistance R can be lound lmm the relltxon

1
R ®+ i

Hence, R,=i R.

466. 0wn¢ to symmetry, It Is obvious that the potentials of the cube
vertices 2, 8 and 6 are the same, as are those of vertices 4, 5 and 7 (see

Fig. 166)

‘I‘h ?on. vertices 2, 3, 6 and 4, 5, 7 can be connected by conductors
without resistance, le, by bus-bars. This will not change the Tresistance of
the cube. The bus-bars will thus be connected by six conductors 2-7, 2-4,
3.5, 34, 6-7 and 6-5. The nsmance of the circult (Fig. 434) js equal
to the wngm resistance of the cube:

_R R_

Re=R 4R R

467. The resistance of section CD is equal to ch=RR—"-=4o 9, and
2+

that of the entire clrcuit is R4g=Ry + Rcp=100Q. The current l=k£‘;=l.2 A
The voltage drop across section CD is U,=IRcp=48 V.
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468. The resistance between points A and B is

1 (ra+rs) 7.
et (fetrelre
Ran ratrot2r,

where

b a4+ b*
re=pS. r=p 2. ,,=,V+

The resistance between points C and D can be found if we consider the
currents flowing in the branches of the circuit (see Fig. 435). It is obvious
from considerations of éymmelry that the currents in conductors DB and AC,
and also in AD and BC, are mutually equal, the current in AD being equal
to iy + iy, since the sum of the currents at junction A is equal to zero.

On section DAC

(h+is ra+hrs=Upc
and on section DABC

2(l. +1g) ra+iyr.=Upc
Hence,
W= g, Vo
=Tt U
The sought resistance is

Uep_ Ucp _ 2arptre(ratry)
e A R T

Rep=

C and D are the same and the current /, passing through the résistan

469. If 70 current flows through the fulvanome(er. the potentials of points
ce

II; g1uni to the current flowing through l‘\e resistance R{ while the current

y 8

ions.

long slide wire AB is the same in all the cross seci
7
P by
4 \JF
44 54
5 7 :1 {’/ 1/ 2
A V4
—
5 4
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Fig. 456 Fig. 457
According to Ohm’s law,
LhRy= 1.1.7 and 1Ry= l,l.]p—

where p Is the resistivity and A is the cross section of the slide wire.
Re Iy

Therefore, R_.__

470. Such a resistance s should be connected between points C and D thst
the resistance of the last cell (FI( 436) is also . In this case the last cell
can be replaced by the resistance r, then the same can be done with the next
to last cell, etc. Now the total rslsunee of the clrcull will not depend on
the number of cells and will be equal to r.

The following equation can be written for r:

@R+NR
3RFr
Hence, r=R (V/ 3—1) =0.73R.
471, The last cell is a voltage divider that reduces the olalllll of Ihe n-th
point & times as compared with the (3—I1)th polnt. Hence, Up=

n-1 p _Un-a Ry_p
Rtk k’“k_k I (see Fig. 437).

The relation U;= ’ =L should be true for any cell. For thls reason the

resistance of the last cell of the last two, of the last three, etc., cells should
also be R, (see Problem 470)4 Therefore,

o,

Re R Ri+Rs

s RiERD_
Ry

1
and finally
Ry:Ry: Ry=(k—1)¥:k:(k—1)

472. Devices whose actlon is based, for example, on the deflection of -
current-carrying conductor in a magnetic field cannot be used. The ang

21—2042



322 ANSWERS AND SOLUTIONS

through which the pointer is deflected in such a device is proportional to the

current flowing through it. Determination of the potential diflerence with the

aid of this kind of devices is based on Ohm's law: the current flowing throuj

a voltmeter is proportional to the rolenunl difference applied to it. To verify

Ohm's law, an electrostatic voltmeter and an ordinary ammeter are nqulml
478. Let us denote the chl:lgel on the first and second capacitors at the

moment of time ¢ by ¢, an The latter are related by the expressions

99
. @1+¢,=Q and (o o»
ince

A A
c, 4 C
e L Ty ': TSR do—l)
9 _d—ut
@ At
and it therefore follows "lnt
—uvt dg ot
q,=Q and q,=Q"u.i

The reduction in the chlrge on the first capacitor is equal to the increase
of the charge on the second capacitor. The current intensity is

1=-fpn_tn_
The current will flow from the pasitively charged plnte of the first capacitor
to the posl\lvely charged plate of the second capaci
474. The forces of nﬂnchon acting between Ihe plclu of the capacitors
are equal, luw:tlvely.
P ang
for the first capacitor and to

o QY (do—ut)?
4

Q (do+ut)?
d3

for_the second capacitor (see Problem 473).
Since the plates of the first capacitor move apart, the forces of the electro-
static field perform the negative work W,. These forces perform the positive
W, in the second capacitor. The wofk AW done by the field when each
plate moves over a small distance Ax s

AV =AW+ AW, =(F,— Fy) Ar= 220

d
where x=1 N
‘I’hm the work performed on a small section is nroporuoml to the displa-
a3 when a spring Is stretched. Therefore, the total work can be found
wlih the Ald of the method employed in solving Problem 137:

_nQ%
ad
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ﬂl work W can_also be calculated
another method. Since the resistance
the connecting wires s zero, the
g ntity of heat liberated s also zero.
or this reason the change in the elect-
rostatic energles of the two capacitors
will be equal to the work of the elect-
rostatic field.
At the moment of time t, the ener-
flu of !he first and the second capaci-

—AE@' —of)* (dy +0t)

\
V..=-é';=%7°;—=(d.+m-(d.—u)

VoW W =n @)

'ﬂurelou, the energy will drop by Aw,=i%'-a- during the time 1. This

7¢e will be equal to the work W of the electrostatic field
Rubbing of the clothes a dgnlnst the chair produces elecl.ﬂhuon. and
the body of the experimenter and the chalr form a sort of capacitor. When
the experimenter stands up, the capacilance of this capacitor sharply decreases,
and lhmlove the potential difference lhlrp_ly Increases between the chsir
(i e., “earth”) and the expu(mulleu body he body should obviously be
well insulated from the earth
hen the experimenter touc! u the tlble. the potentlal difference between
his hand and the earth levels out. An electric current Is ernled. a “1".
gible part of which Is branched off into the galvanometer. he
polnler. the resistance between one end of the ulvnnometer coll and the
earth should be lower than that bel'leﬂl the other end and the earth.
path of the current is shown :chemltlcllly In Flg. 436 Here W is the
vlndln' of the galvanometer, K is the key and R shows a very high but
finite resistance between one of the winding ulds and the earth.

The polnter of the galvanometer deflects destrlte the tremendous resistance
of the circult owlng to the great potentlal difference appearing when the
capacitance Is reduced.

476. There Is obvlwsly a definite asymmetry between the conductors which
the ends of the nlvanomeler winding ‘are connected to. This occurs when the
resistance of the insulation between one end of the coil and the earth Is less
than between the earth and the other end. It should also be taken into
account that the resistance betveen the conductors coming from the coll is
not mﬂnlte. despite good insulat;

The path of the cuml is Illnstraled in Fig. 439. W {s the winding of the
galvanometer, C, and C, are the conductors leading from the ends of the

21
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winding, E Is the earth and R,, R, and R, show schematically very high
but finite P because the ion is not ideal; R,%
3 Ri+ Ry The dash line shows the path of the current if a negatively
charged body Is brouﬁnl up to Cy. If the body Is broﬂﬁht up to Cy, the current
path Is shown by dots. In both cases the current will flow through the win-
ding of the fllvlnomeur In the same direction.
his problem illustrates the presence of conductlvity in all bodles, whick
Is especially important in working with sensitive devices.
477. Point A In FI%. 440 shows the potential of the positive (co'?&;r) elec:
trode and point D that of the negative (zinc) electrode. In the Zi solu-
tion, the zinc electrode I3 charged negatively as a result of evolullon o

positive lons of Zn, while the copper electrode in_the CuSO, tion 1t
charg 08!t since it recelves positive lons of Cu. The po‘enﬂ-l of the
electrolyte Is depicted by the line BC. AB=¢&; 's show
the jumps of the potential on the electrode-electrolyte boundarles. e e.m.{

6=&+é
478. When the circult Is closed, a voltage drop® occurs both on tix
intemal resistance of the element r and on the extemal resistance R of th
circuit. The magnitude of the jumps of the potential (and of the e.m.f.) doe

7
& ] &
& s &
. 7| ;{ P -

Fig. 40 Fig. 441

* Here and below the term “voltage drop™ denotes the product iz, whif
“voltage” Is equivaleat to “potential difference™.
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ol A “

Fig 442

not change. The corresponding distribution of the potential Is shown In
Fig. 441. The voltage drop on the Internal resistance of the element occurs
along CB and on the resistance R along AFD. The section CB’ shows the
voltage drop on the internal resistance r equal to /7 and the section AL the
voltage drop on the resistance R.

Since the line depicting the potential ABCDFA Is closed, the sum of the
voltage drops should be equal to the sum of the potential jumps:

Et+ér=IR+Ir
=€
Hence, I—R_'_,~
479. The potential is distributed as shown In Fig 442a, b, ¢ and d.
@ ,=§;-_+&; Vaa=Va—Va=@r—Iry=—(&s—Ir) =821 ¢
1+ eI
0 1= Vpi=0

The of the ing the elements are the same, but
the current is not zero.

= . - - _ &1+ €y
© 1=828; vy=gi—1n=gitin=801én
@ 1=0; Vaa=E1=é:

There is a potential difference between the conductors, but no current flows
through them.

. In sections BA and DC the chemical forces that cause reactions bet-
ween the electrodes and the electrolyte perform positive work (see Fig. 441).
This work s equal to the sum of the potential jumps an these sections, I. e.
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to the e.m. f., because in a state of equilibrium the chemical forces that act
in the layer of the electrolyte adjacent to the electrode are equal to the
electrostatic forces.

Since the forces of non-electrostatic origin do not act in the other sections
of the circuit, the work performed by these forces is also equal to thee.m.f.
of the bmery when a single positive charge moves along the closed circuit.
(The work of electrostatic forces in a closed circuit is zero.)

481. An energy of W ,=106,000—56,000=50,000 calories == 2 109 ergs
is liberated per mole of the substances reacting in the cell. Owing to this

energy, the electric current performs the work W= QP’ where & Is the e.m.f.
of the cell and Q is the quantity of transferred electricity. Smee the copper
and the zinc are bivalent, the charges of their ions are equal in magnitude
to the doubled charge of an electron. One mole of the substance contains
6.02 103 atoms. Therefore, Q=2x4.8X10-10X6.02X 10%* CGS,

Hence, §=—5==3.5X10"2 CGSq=1.05V.
482. The ratio between the intensities of the currents flowing through the

cells Is J2=72, since the em.Ls of the cells are the same. According to

Faraday's"law, the masses of the dissolved zlnc are proportional to the
curren

Ml ey g5

m= 1

483. As It passes Into solution in the form of an ijon Zn++, each atom
M the zinc gives off to the external circult two electrons carrying a charge
q=2=—3.2X10-19C. At the same time the copper ions Cu++ are depo-
slied on the copper plate as neutral atoms, owing to which the concentration
of the CuSO, solution decreases. To maintaln the concentration constant, it is
necessary to' contlnually dissolve crystals of CuSO,-5H,0 in an amount that
will compensate for the passing of the ions Cu++ and SO¢ ™ out of the so-

ution.
According to the initial conditions, a charge of Q=2,880C passed through
the cell. This corresponds to a transfer into the solution of n = Q =9x 103

atoms of zlnc, l c lboul 098 g of the zinc. Correspondingly, the same
amount of c t 0.95 g) will pass out of thé solution and 3.73 g
of crystals ol blne vltrml wnll Iuve to be dissolved to restore the concentration
of the CuSO. tion.
484. When !he zinc is dissolved, the positive fons Zn+* + pass into solution
and the liberated electrons flow along the wire onto the graphite layer and
neutralize the positive ions of copper in the CuSO, solution. Therefore, the
gu#luh will be covered by a layer of copper.
can be used in
485. The change in the e.m.1. of the batter Jepmds on the ratio between
the dimensions of the electrodes and those of the vessel. If the two middie
Elna are almost’ equal in size to the section of lhe vessel, the e.m.f. of the
Im hwm change insignificantly. 1f they are small, the e.m.f. will be
almost halved
486. The zinc rod forms a short-circuited galvanic oell wllh each half of
the carbon rod. The resistance of half of the carbon rod, the reslstance of the
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zinc rod and the zinc-carbon contact are
the external resistance of the cell (see the
diagram in Fig. 443).
When the zinc rod is vertical, the cur-
and 1, in both halves of the car-
Fon rod are d2nticar and the velbmees sl
show zero. If the rod is inclined, the inter-
nal resistance of one of the celis will dec-

rents i, and iy will be difierent and a

Rearbon potential difference will arise between the

m ends of the carbon rod that will be registe-

1’4 red by the voltmeter.

w 487. Since r < R, there will be practi-

cally no field inside the sphere and no

Fig. 443 current on its intemal surface. Therefore,
the mass of the deposited copper is

m=A R o 155 g

where A/n Is the electrochemical equivalent of copper (A is the atomic weight
and n the valency) and F is Faraday’s number.

488. The matter is that the electrodes are polarized during electrolysis and
each bath acquires an e.m.[. directed against the current llowmf rom the
capacitor. For this reason the capacitor cannot be discharged completely. The
more baths we have, the greater wiil the total e.m.i. of polarization be, and
the greater the charge remaining on the capacitor. The energy of the detona-
ting gas will always be smaller than that of the charged capacitor.

In the electrolysis of water, the electrodes are polarized ai
of polmzahon &p appears that is directed against the e.m.f. of t tery.
For this reason ‘electrolysis will occur only if the e.m.f. of n-e bullery is
mnu than &

hen a ch: a ie Q flows through the electroiyte, the battery performs work

lgalnﬂ the e m.I. of palarlutlan W =¢&,Q. This work decomposes the water
lnd deloluhn gas is formed. On the ‘basis of the law of conservation of
chemical energy of the detonating gas W, liberated during the

ﬂw of |he chlr(e o
n accordance with Faraday's law; the evolution of one gramme of hydrogen

on the cathode is accompanied by the flow of electricity Q=m 7 F=96,500C.

e.m.f.

Therelore, &,=10¢ = 1.5V.

The e.m.f. of the battery should be greater than {.5V.

480. A definite concentration of ions is the result of dynamic equlhbnum
the number of ions produced by electrolytic dissociation is equal to the
duction in the number of ions due to the reverse ptocos—reeombmzhon
(vnun they collide, ions of opposite signs may form a neutral molecule).

Near the electrodes the concentration of the ‘ions drops, and this equilibrium
Is violated. The number of ions that appear owing to dissociation is greater
than the number of recombined ions. It is this ‘;rocess that supglm the elec-
trolyte with jons. The F ess takes place near the electrodes. Dynamic equi-
librium inside the electroiyte is not violated.
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491. During a second the cathode receives

I . n,v, A positive ions (A is the area of the
._..__I cathode). At the same time n_u_A negative
+ - fons leave it. When the negative ions move

naz;. the dynamic equilibrium between the
neutral molecules of the electrolyte and the
Fig. 444 ions Into which they are dissociated Is vlola-
ted (see Problem 490). There again appear

n_v_A negative ions and the same number of positive ions. %he positive
fons are also liberated at the cathode end, as a result, the number of posi-
tive lons liberated at the cathode per second will be equal to the full current.
492. When the temperature changes by Af, the current changes by A/.

On the basis of Ohm's law, AI=%(¢=50)( 107¢ V/deg). The minlmum
change in the current reglstered by the galvanometer Is A/=10~° A. Hence, the
minimum change In the temperature that can be registered will be
Ar=BARED gy 15-0 g

403, The maximum theoretically pcssible efficiency of the thermoelectric

battery is
—9_Ti—T,
oTTT,

where { Is the quantity of heat absorbed in a unit of time by the hot joints,

the charge flowing in the circuit in a unit of time, and T, and T, the ab-
solute temperatures of the jolnts. According to Faraday's tl\"l. the mass of

copper liberated at the cathode per second is m= % Upon inserting the
value of ¢ from the first equafion, we have
= AQ T, T, -
m=irg T = 17X107g

494. If the current flows in the direction shown in Fig. 444 (the stora,
Iutkryt Isd IM':F d::ch:l;g:\‘i). lr:nbeV= _Iﬁj lJ(h} culann( ﬁo(ws In the
o] e direction attery is being charged), V=¢§+ (see the answer
lgpl‘;:‘oblﬂn 479%).

495. If the voltmeter is connected, then, according to Ohm’s law, V=¢—

—gS55, where £ Is the intemal resistance of the cell.
Fsr the second circuit,

=€
R+4Ry+r

and therefore
é= =21V

496. The internal resistance of the galvanic cell is small and that of the
electrostatlc machine very great. It is the resistance of insulators (tens and
hundreds of millions of ohms).

IV (R,—R—Ry)
TRV
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497. At the first moment after the key K is cluzd - potenuul difference
will appear between the plates of the capacitors C, and C,. The current wiil
flow In the circuit until the cuslci!of C, ls char ed After ths the potential
difference across the capacitor fo the e.m.1. of the batterv,
md the potential difference between !he p utu of the second capacitor will

6116
= n+n+
where & and r are the e.m.f. and the internal resistances of the cells, and R

Is the external resistance.
For one cell (the first one, for example)

400. For two cells

=6
n+R
According to the initial condition, / < /y, Le.,
Sitér &
n+r+R S +R
Therelore, It Is necessary that
és 1
rn “R+n
499. From Ohm's law
!
n(zp+o+R)=¢
. 2 |--£-)R
1| 2r - +e+ =&

T(—p)R

Ip=8&
where I Is the dlslance from the battery to the breakdown and p is the Internal
resistance of the batter:
From these slmnlhnemu equations we find that

The value R=1 @ should be discarded, since in this case the point of break-
down will be at a distance of 5.9 km from the battery. Actuaily, when R=1

_ Lé—Nlp—1 LR _
=L o 5.9 km

The sought resistance is R=7 Q.
500. On section A8 we have V4—V=@s—Iry, where Iy=;C 1o
and r, and r, are the Internal resistances of the cells. According to |)|e Inlllal
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g condition, the potential of point A is lower than that
P/ of point B. Therefore, u,=Vg—V4 > 0.
/’ II or the other circult
A ;. .
+ I,T h=Vp—V, =(&+1sd)
’ where

= 170
h=rFn+R

Upon solving this system of equations, we find that

26161+ =8I _, 1 g6y
% “ &t 6 +
k .l" 50%. In this case the potential of polm A, when the
+ |— key is closed, is higher than t)nl of poinf ince w m
7z the key isopen Vg > V 4. For this reason e
The other equations have the same form as ln o
Fig. #45 lution of Problem 500.
herefore,
26618 —8) o | 57y
Uy Fitér +
602. Assuming arbitrarily that the currents are directed as shown in Fig. 445,
Ohm's law may be used to write the equalities
Uap=é&1—1n
Uap=&1—1srs
Uag=I4R
Since no point in the circuit accumulates a charge
Lt ly=1,
Upon solving these simuitancous equations, we can find the currents 7,7, and /y:

h=54 n=fAmin=34

The poslmv:d valuu"ol the currents obtained show that the directions of the
Y

e When /,=0, h: I=1 d U, &
. en ), we have /,=1I,, sn a8= Hence, as before
Uag=&1—11ry, and v
R=-S"1__iq
61— 6

1f the current /, is directed against &,, the simuitaneous equations wiil take
the form
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Hence,
H—Ei—&
a5

Iy=

Our condition will be fulfilled If /4 > 0. Therefore the following Inequall-
ties should exist

S—E—& >0
_évy__
R> @llé’: =1

804. There are two methods of connecting the storage battery cells. Either
the batteries are connected in series in the separate groups, and the groups
themselves in parallel, or vice versa.

ting the total number of cells by N and the number of cells in a se-
parate group by n, we shall have In the first case:

n
S
tF wtw

since the e. m. f. of one group is ng,, the resistance of the group is rn and
the number of groups connected in parallel is N/n. The current /, reaches

Its maximum o -§-+%n 18 minimum. The minimum of an expression of the
type ax-+ ean be found as foliows The relationship
b
y=axt+— [0

Is shown graphically by the curve in Fig. 446 which has its minimum at
point x,, at which™ the roots of quadratic equation (l) coincide. For this

reason,
5
V3
Therefore,
RN
n= / =4
and

w
lnee=$t Y/ E—20a
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Fig 446

In the second case

The current reaches its maximum when n= l/.%v=5. Hence,

7
o=t Y ety

Thus. it is impossible to get a current exceeding 20 A.
. What is to be done is shown in Fig. 447.
508. The temperature in the calorimeter remains equal to 0°C. Therefore,

w mHR .
0.24Tt=mH and I=m_5 min.

607. At a room temperature of f,=%20°C (i.e., at the moment the lamp
is switched on) a lamp consumes a power of Po=5- (R, is the resistance
of the ﬁlamant’u( the temperature fo). When l=2.50&'C. the consumed po-
wer is P=T , where R=R, {1+a(t—1,)}. Therefore, the sought power is

Po=P {l+a(t—to)} =600 watts

508. The power consumed by the device at the first moment is very much
higher than the rated one (see Problem 507) since the resistance of the cold
heating coil is small. Correspondingly, there will be a large drop of voltage
w the conductors leading from the mains to the room. As the coil gels
heated, the consumed power drops and approaches the nominal rating.
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509. The permissible drop of voll:fe on the feeding wires is AU=/R,=7V,
where / is the maximum current. the maximum power is

L AUXU
p=1w=22X

=1,680 watts

510. Since in all cases the kettle is connected to the same electfic malns,
it is more convenient to find the quantity of heat evolved from the formula

Q=0.24 UT.L Hence, R=0424%t. Since U and Q are the same in all ca-

ses, the latter equation can be rewritten s R—at, where a=0.24 L.
Denoting the resistances of the windings by R, and R,, we have R,=at,
and Ry=at,. In parallel connection of the windings
Ra= RiRy __ayty
RiFR altittd
and in series connection

Ry=R,+Ry=a(t, +t)=aty
Therefore,

t =—+‘,-. and ty=t,+14,

P G;ll « t,557 minutes, (2) #,=3 minutes 30 seconds (see the solution to
rol

512, Wlun a direct current flows through a conductor, the potential diffe-
rence does not change. When 2 capacltor is discharged, the potential diffe-
rence changes from

513. When the I.osna al heat in high-voltage wires are calculated by the
formula Q=0.! 24%1 the value of U Is the potential difflerence at the ends
ol the line (voitage drop in the wires), but not the voitage in the secondary
winding of the sler-up transformer. This potential difference is smail (as

distinct from the voltage in the winding of the transformer) and decreases
with a reduction of the current flowing in the line.

514. in conformity with the initial conditions, 2 ‘L 100, where & is the

e.m.f. of the battery, and l=% is the current in the circuit. Remembering
that §=2U + Ir, we obtain
P L
=Fw—g
B15. The power liberated in the external resistance R is P=1/U. In our
case U=¢g—Ir and, therefore, /= v
Thus,

Q

P UI—U'
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v-€. /&5

The ambiguity of the result Is
due to Ule fact that the same po-
wer can be liberated on varlous
external resistances R, each R having
its own current:

when U;=9 V, we have /;=I1A
and R._i=9o

Y  when Uy=1V, we have /,=9A
Fig. 448 and Ry =1/9Q

[H
—Us
616. The useful power (see Problem 515) is equal to P—M For

simplicity let us denote F by x. It is necessary to delmnme the
value of lI at whlch x will mcn Its maximum.

Graphic: versus U s deplcted in Fig. 448. The curve has the form
of a panbola, lw values of U corresponding to each value of x. At the gi-
ven x we have a quadratic equation wlm respect to U. The maximum of x
is reached when the two roots of the equatlon coinclde. Therefore, when x is
maximum the discriminant of the equation should be equal to zero:

Lmar=%-.
4
Hence,
u=§ and Py =E =25 watts
Here
£ ,,, X 4r%
=% and R=-70% 7

l.e., the external mlstance is the same as the
517. By definition, the eﬂ-cicncy nis the raho ol lhe Ilsdul power to the
entire power produced by a battery:

—7=§
where u=Tf+i, Is the potential difference in the external resistance R.
Therefore,

_R

"=IFR

In problem 516, n, =90 per cent and n,=10 per cent.
In problem 516, n=50 por cent. T P P
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7
7
7
2
R
R=r (@)
P
i
|
i
i ) 4
R=r
®) Fig. 49

n—1 when R—sco, but in this case the useful power F=(R+§ evol-
ved tends (the same as the total power) to zero (Fig. 449).

518. q,=W=046, where 7 is the internal resistance of the source of
current (see Problem 617).

Hence, 6R
=g =09
In per cent ny==90%.

810, According to Ohm's law, U=¢-+Ir. Hence, 1=2=€.

The useful power spent to charge the battery Is

p=g1=YE=¢&

The amount of heat llberated per unit of time is

=y ==

The total consumption of power is
P=IU=P,+P,
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Y 520. The useful power is
1
w—

i R p=EU—86)

[ (see Problem 519). The heat evolved

J per unit of time is

124 p=U—=6&r
r

Fig. 450 Ordlnarily, U— & < & when a sto-

rage battery is charged. For this reason
Py > P,. Therefore, only a small part of the power of the charging station
is spent to evolve heat.

521, During one second all the electrons contained in the volume Avl will
pass through section S of the conductor (Fig. 45(2

Therefore, the Intensity of the current Is /=Avlne (e is the charge of an
electron).

Hence, v=#= 10-4 em/s.

522, Electrons in a metal may be consldered free. Redistribution of the
electrons inside the block will end when the resulting electric field is capable
of Imparting an acceleration a to the electrons In this way the sought inten-
sity of the field can be found from the relation ma—=eE (m and e are the
mass and the charge of an electron).

Therefore, £= % a.

The front surface of the block perpendicular to the direction of motion will
be char ositlvely, and the rear one negatively.
The density of the charges is

523. Free electrons rotate together with a cyiinder. Therefore, an electron
that is at a distance r from the axis has an acceleration of a=w’r. This
acceleration can be produced only by an electric field -directed along a radius
from the centre of the cylinder and equal to E=""S""_ Here ¢ and m are the
charge and the mass of an electron.

The potentiai difference U=-;—% @*R?, since the average force acting on
a single charge when It moves from the axis of the cylinder to its surface is

equal to %u'k.

3-3. Electric Current in Gases and a Vacuum

524. During a glow discharge the electrons are knocked out from the cath-
by the positive ions. These lons are produced when eiectrons collide
with atoms of the gas. In the region of the cathode dark space there are
practically no colllslons. For thls reason the anode should be placed beyond
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:‘Igt ;:glon of the potential drop of the cathode. Otherwise, there will be no
ischarge.

526.‘]501 a discharge to occur in the tube, the anode should be placed
beyond the region of the cathode drop (see Problem 524). But in this case
the electrons approaching the anode upon collision with the molecules of the
gas lose energy and wiil not erate X-rays when they impinge on the
anode. Two electrodes are therefore necessary. The anode is located in the
region of the glw and serves to maintain the discharge. The anticathode in
the region of the cathode drop is bombarded by the electrons that did not
lose their energy.

Tubes with a heater cathode have one electrode that acts as an anode and
an anticathode.

526. The electrons striking the anticathode flow along the wire onto the
anode. If the wire is removed, the anticathode will be gradually charged
negatively and retard the eiectrons. In a certain time after it is switched
on the X-ray tube will stop functioning.

527. Before the dischasge, the voltage on the counter is equal to the
e.m.f. ol the source &. At the moment of discharge a current flows through
the circuit and the voltage between the housing and the wire becomes equal

=g —1IR. The resistance R is very high, and the voltage drop /R is
so great that the dlsclurqe stops.

. According to Ohm's law, the sought voltage drop U=/R, where /
is the current in the circult.

e current is the same in gll the cross sectlons inside the uracuor.
The positive plate owes its current only to the negative ions, and the ne-

tive plate to the positive ions. Some Eusmve and negative ions pass

hrough an arbitrary cross section inside the capacitor.
IIQ=MM' where e is the charge of an electron and A is the area of the
plates.

For a plane capacitor Ad=4nCd*.

Therefore, U=en X 4nCd*R 2 1.4X10-11 V.

529. If the negative carbon is cooled, the arc will be extinguished, since
the arc burns owing to strong thermionic emission from the cathode that
cus;s upon cooling. Cooling of the positive carbon will not affect functioning
of the arc.

530. When the contacts of the controiler open, an electric arc may appear,
since the current in the iron becomes very high and the distance between
the contacts is small. With an aiternating current the arc is unstable and
extinguishes at once. A direct current produces a stable arc that at least
will burn the contacts and put the iron out of commission.

531. 1 eV (one electron-volt)=1.6X10-1% erg.

832. No, it does not. The tangents to the trajectory show the direction of
the velocity of the particle and the tangents to the force line show the di-
rection of the force acting on the particle and, therefore, the directior of
acceieration.

The trajectory of the particle will coinclde with a force line onl( in a
field with straight force lines if the initial velocity of the particle Is directed
along a force line.

533, As the charge approaches the plate, electrostatic induction causes the
charges on the plate of the same sign as the flying one to pass into the
earth, while the charges of the opposite sign accumulate on the surface of
the plate. A current puise pass:s through the galvanometer (Fig. 451). No
current flows through the galvanometer when the charge moves above the

222042
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Fig. 451

lna An opposite current Is generated when the charge moves away from
he plate.

. Positive Induced chlrges will appear on the neck of the tube and
accelerate the electron. The kinetlc e.neriy of the electron wxll lncrene owing
to the drop in the potential energy of the electron-tupe sy:

535. The total energy of an electron is equal to lhe sum ol its kinetic and

potential energies.

As the electron ap dprmh.s the ring, Its potential energy diminishes In the
field of the ring, and as a result the kinetic mergy increases. After passing
through the ring, the electron moves away from it. The potential energy of
the electron increases and the velocity gradually drops to zero.

536. The work dome to move the charge — Q is vropmhoml to the
tenml difference between point O and remote point on the axis (see

186). At infinity the potential Is taken equal to zeto 1f the distance

>R. the potential of point A can also be assumed to be zero. The po-
unml at point O can be found by summing up the polenu-ls produced by

the separate small elements of the ring: U,= ZT-—'

On the basis of the law of conservation of energy T=T' we find that
o= V 2

537. As usual, the potentlal In Infinity Is considered to be zero. The
potentlals of the plates are thus respectively equal to +— and —%,
where U= 2 The potentlials at the pemu of the Initlal location of the
electron are mpectlvely 0, +—. and -7 . The inltial full energles of
the electron are

.
0, g g g el
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The final velocities v,, v, and v, are determined
from the law of conservation of energy:

(U] %=WT= ; hence v, =u,
md_e_md ]/'"" :
o P-F= o=V =

3, Q
mi U _mi ) ™Tx
@ F+y="s u=V —=

Fig. 452 the Srst case the final velocity is equal to n-e
t 1 one, in the second case it is lower than i
Imﬂll veloclty and In ihe thu-d case higher
ree cases the velocity first pvws (during motion In the capacitor)
-nd tlun ecrena

538. Electrons with energies ranging from 80 eV to 74 eV reach the anode,
since a voltage drop of 6 "elms along the filament.

The energy of the electrons at the anode is determined only by the poten-
tial difference passed by them and does not depend on the potential of the
grid. The latter changes the distribution of the velocities of the electrons at
intermediate points of the path and affects the number of electrons reaching

anode.
539. On the basis of Ohm's law,
6=1:Ra+U, (Fig. 452
The intensity of the current

1,=AU,+BU}
Hence,

I, %+(AR.+1)—V(2AH,.+I)-+ BRe _5 mA

The second mt of the quadratic equation has no physical meaning, since It
corresponds to Ug <
540. The :Imnrhmu equations determining the currents i, and i, have

=iy iy
=AU, 4BV}

1= AU +B,US
U,=é—IR

Hence,

v —(A.+A.)R-I+V<m‘k—m—r_§ TART P TAE B+ B R
. 2(, T B) R

22°




340 ANSWERS AND SOLUTIONS

|

Y volls

4
P4
a4
4%
2 5 7 ” Fig. 453
The negative value of U, Is discarded because it does not correspond to
the sense of the problem The sought currents are:
1
W= By R(B:6+ (ABy— ABY RU,—B,Uo1=222 mA
1
W= By R B+ (A8 — A1y RUG— B\ =378 mA
841 With the potential of the grid’ §y=—6V, the cuneunt flowing
i

through the valve Is l.=—k1 and with &, =—3 V it is /,
increase in the go(enlinl of the grid by &, — &,
Y

3V raises

Therefore, an
the anode current of the valve
l.—l,=—,le (U, —U)=35 mA

Since the grid characteristic of the vaive in the region being considered
Is assumed to be linear, the additional increase in the potential of the grid
reiative to the cathode by 3 V (from—3 V to zero with the short-circuited
grid and cathode) will increase the anode current by another 3.5 mA.

voltage drop across the resistance R will now inciease additionally
R'U.—U.-JS V, and become equai to Uy=U,+(U;—U,;)=130 V, while
potential difference between the anode and the cathode of the valve will

be equal to —U,=120 V.

542, The ‘first diode begins to conduct current only when Ug > 0, 1. e.,
when V > &, the second st V > &, and the third at ¥ > &,. For this
reason, the d’ngmn showing the fuli current versus the voltage vi1| have the
form of a broken line (Fig. 453):

1I=0atvV< §

I=k(V—@&) at & <V <&
I=k(V—&1)+k(V—§) 2t §:<V< s
I=k(V—E)+r(V—E)+rV—&) at &<V

Such clrcuits are used in radio install to obtain a given
functlonal dependence of the current on the voltage.
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v V.4 543, In Fig. 454, A and
B are control &ds. MN Is
the screen and the trajec-
tory of an electron. The ori-
Vi gln of the coordinate system
s at poin

A is at point 0.
An electron travelling bet-
0 K ween the grids moves in the
z %  directlon of the y-axis with

a m:illlonn acceleration of
%l Z u-m.wthis(hepo-

N tential difference between A
and B. The electron covers
the distance ! along the x-

axis In the time?, =. _L when
0y is Whe horizontal component of the velocity of the electron detemmed
from th- condition

Fig. 154

e,

During ﬂle time ¢, the electron Is deflected In the direction of the y-axls

2;”—" The electron moves outside the grids with a constant
imv,

by m=-3
velocity during the time ¢y= u_ The velocity along the y-axis is v,=at,.
The deflection outside the grids Is

sn=uyt,

The total deflection Is
L) eUIL_ UIL
7+ amit Wed

y=41+4h=

and the sensitivity is

3-4. Magnetic Field of a Current. Action of a Magnetic
Fleld on a Current and Moving Charges

544. If the current is expressed in amperes, the coefficient & is numeri-
cally equal lo 0.1. Since | A=3XI10° cgs eleclrostalic units (CGS,) the

sought value of the cosficient will be k=g="rors
red in these unils. The dimension of the coeflicient can be found directly

if the current is measu-
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from the formula for the intensity H:

0] =!ﬂl_’l

Bearing in mind that [H)=[E] and [El—j——g'/' em='/e 5=, [l]=cm,
and [/)=g"* cm™/*.5-3, we obtain [k]sslcm
1f a new constant ¢ is introduced instead of &, so that £=—, then ¢ will be

equal to the velocity of light in a vacuum.
546. The intensity of the field induced by the first winding is

_04n/N, _
Hy=—g gt =400
The second winding Induces the intensity
__04nN,
H,y =R =200 Oe
Since the ﬁelds H, 3;4 H, are dlrected oppositely, the sought field will be

SHhohH
‘conductor BC does not induce a field at point M lying on the
cnntmuallon of BC. According to the rule given in the note, the magnetic
ﬂeld groduced by any elements of conductor BC should be perpendicular to
For this reason the presence of a field other than zero at point
wmld disagree with the symmetry ol the problem, because all the directions
petgendnc ar to BM have equal rigl
the intensity of the field is pmpoﬂlonll to the current, then H,=k/
without conductor BD. The fields from the conductors AB and BD are sum-
mated. Therefore alter conductor BD is connected

Hy=r 44

whence Z——- %

547. M an arbitrary polnt on llne AB any small element of current of
conductor ACB induces a magnetic field perpendicular tn the plane of the
drawing (see Problem 546). The element of conductor ADB symmetrical to
it Induces the same field, but directed oppositely. For this reason the field
from any two elements arra Dged symmetrically will be zero. Hence, the field
at the arbitrary point on AB induced by the entire conductor is um' since
the straight sections of the conductor also do not induce a field or

548. In the main, the field of the solenoid will be n:on:entnted inside
the toroidal winding and will not act on the mngncllc pointer. A single-
layer winding, however, can simultaneously be regarded as one turn of a
:arge radius that induces a magnetic field perpendlcuhr to the plane of the
orus.

The mn?netll: pointer will be positioned along the axis of the torus. The
dlrecﬁon its poles can be determined by the right-hand screw rule.

The current ﬁowmr along the pipe can be regarded as the sum of a
great number of identlcal straight currents uniformly distributed over the
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Fig. 455 Fig. 456

surface of the pipe. The intensity of the magnetic field at any point of
space can be represented as the sum of the intensities of the fields Induced
by these currents.

Figure 455 shows a cross section of the pipe -lonf which the current
flows. Let us compare the intensities of the magnetic fields H, and H, crea-
ted at point A by the straight currents /, and /, passing through the small

= 1 —_%Ks
arcs S, and S,. The lengths of the arcs are S,—w’ and $|—c—-” o
where R, and R, are the distances to point A. But as can be seen from
the drawing, @,=@,. Hence, §I=R_l The current in the pipe is distribu-
Ry
ted uniformly, and therelore 71=31, whence Z=12.
The intensities of the magnetic fields created a‘l poil‘“ A by the currents
I, and /, are equal, namely,

I 1
Hy=kA=k-L=H,
Dkl Mt At

and_directed oppositely.

Since a corresponding element that compensates comrletely for the mag-
netic field of the first element at roin( A can be selected for each element
of the pipe cross section, the resulting magnetic field of the current flowing
in the pipe will be zero at any point inside the pipe.

550. The conductor with the space is equivalent to a solid conductor
which carries a current with a density j, while through the volume that
corresponds to the space there also flows a current of the same density in
the opposite direction. The total current in this volume will be equal to zero,
and this shows that a space exists in the solid conductor.
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The field created by the current w(h a density | at an arbitrary point
of space A is equal to Hy=k-2jR if 456). Here R is the distance from
:Ile uh of the conductor to point A. (It is assumed that the current flows
owar:

A ‘r‘ same polnt. the current ﬂowmg thrwsh the volume corresponding
to the r it the reverse uces a field of Hy=k-2njr.
“igure 456 shows thal the totai mtms:ty of the field is

H=VH+

Fig. 457 Fig. 458

2H,Hycos @
Obviously,

_Ripr—a
cosa = Rr

Therefore, the intensity H =~&-2njd is the same for ali the polnts of the

ace.
561. Triangle AOC is similar to triangle BAD fFig. 456) since they have
one. eq\ul nngle. and the sides conﬁnmg these angles are pn;;orh al.
BAD. But R | H,, and therefore
The In'uls-tY of the magne(lc field af any roml of the space is perpen-
dicular to the line that connects the centres of the conductor and the space.
The dlstrlbullon of the fines is shown in Fig. 457.

562, t—;— where ¢ is the vefocity of light in a vacuum.

553. No, it will not. Forces of attraction exist between the separate eie-
ments of the current. As a result, the density of the current increases some-
what toward the axis of the conductor. The effect is negligible.

When lightning strikes, a very high current flows for an instant
thmugh the pipe and the separate elements of the current are mutually
anucted with a high force. It is this force that converts the pipe into
a rod.
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855. The currents in the adjacent turns are parallel and flow In the same
direction. For this reason the turns will be mutually attracted. At the same
time the currents In opposite sectlons of the turns flow in diflerent direc-
tlons. Therefore, opposite sections are repulsed

The turns of the winding will tend to Imne dlameter, and the dls-
tance between them along the axis of the solenold will be reduced.

HnAl

556. a=—7—

557. The action of the magnetic field will Cfllle the ring to so turn that
!be force lines of the fleld ure erpendicular the plane of the ring and

form a right-hand screw with the direction of the current. The tension of
|he r% vlll be mulmum Upon employing the method used to solve Prob-

we obtaln
F==kIRH=5 dynes

558. The element of the ring Al Is acted upon by the force AF=k/HAI
(Flg. 458). Let us resolve It Into the components AF, and Af. The com,
nenl AF, lies In the plane of the ring and Af=AF sina is normal to the
plane of the ring. The resultant of the forces AF; that act on the separate
elements of the ring Is zero. These forces only stretch the ring. The full
force | acting on the ring is equal to the sum of the forces Af:

f= zufmna -Al;=kIH-2nR sln ae= 273 dynes

569. The forces actlng on BC and AD are perpendicular to the motion of
these sides and, therefore, perform no work.
The forces acting on AB and CD are constant, form a rllsln angle with
the direction of the field and are numeﬂullg equ-l to I=h la (Fig. 450)
The sought work will be equal to the double product of the force and
motion of side AB or CD in the di lnctlan of the force. When the cl-culI ls
!ur_?ed thm" IGO‘ (hls motion is b.

uming ﬂu( nll the electrons move with a veloclt; o, the Inten-
slty of the current can be expressed as follows (see Problem 521):

I=nAew
Upon inserting the value of / into the formula for F, we get
F=kHnAlevsina

Slnce a pleee of the cmducler contains N=Aln electrons, the force acting
on one electron Is f=kHevsin
The force [ is known as (hc Lorentz force.

The direction of the Lorentz force Is determined by the left-hand rule
(the magnetic fleld intersects the palm, four fingers are directed opposite to
the motlon of the electrons, or along the motion of a pasitively charged
particle, and the thumb shows the direction of the Lorentz lartez

e Lorentz force Is always q_endlcul-r to the velocity of a par-
ticle and therefore performs no work. The kinetic energy and, hence, the
absolute velocity of the particle remain constant.

862. The electron is acted upon by the force f—kevH. 1f H Is measured

In oersteds and the charge in cys electrostatic unlts, then ._c_ (see Prob-
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lem 560). This force Is constant in magnitude and perpendicular to the ve-
locity v. For (Ins reason the acceleration of lhe electron is also constant in
remains di to the velocity. The velocity
chua’ges only m direction.
ith a constant acceleration perpendicular to the velocity, the motion at
a velocity constant in magnitude Is uniform motion along a circle.

On the basis of Newton's second law, %’——4 uH. Therefore, the electron

w(II move along a circle with a radius R="2,

Let us resolve the velocity of the electron into the components v,
pnnllel to H and vy perpendicular to H (Fig. 460). The component v, does
not change in magnitude or direction since (he Lorentz force does not act on
a particle whose velocity is directed along the field. The component v, chan-
ges_in direction in the same way as in Problem 562.

Thus, rotation along a circle in a lnelrer‘rendlcnlar to H is superposed
on the uniform translational motion alon, his produces motion along 2
helical line with a constant pitch h—v..t where T is the duration of one

revolution of the electron along a circle with a radius R= “:”1 <
2nR_ 2nme 2nme
Since v=T= =7, then =2 cosa

564. The actlon of the Lorentz force (see Problem 560) “will cause lhe
electrons to move towards the edge of the band. For this reason one edge of
the band will receive a negative charge and the other a positive one. An
additional electric field will be generated inside the band with an intensity E
directed perpendicular to the current. The electrons will continue to move
until the Lorentz force is eqlllllled bLu"'e force acting on the electron from
the side of the electric field Hence, E=kvH.

The potential difference q‘— @a=Ea=kvHa or, since /=nevA, then

Pa—9p=kHa—.

luA
4—p = 23uV.

688, The Loren tz l force (see Problem 560) acts on both the free electrons
and the positive ions at the points of a crystal lattice, since both move in a
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a
4
A or +
+ 4+ o+ + + + + 4 Fig. 461

. magnetic field. In accordance with the left-hand rule, the force f that acts
on the free electrons will be directed as shown in Fig. 461. The electrons are
displaced with respect to the lattice, and one side of the parallelepiped is
charged negatively and the other positively. An electric field is produced in
the block, and when the intensity of this field satisfies the ratio ef —kevH,
the electrons will no longu move with respect to the lattice.

The sought intensity E=kvH.

The density of the charges o can be found from the equation 4no=E.

Therelore, 0= kv

567. For no electrostatic field to mppear, the electrons should not move
with respect to the crystal lattice when the cylinder revolves. This motion
will be absent if the Lorentz force acting on the electrons is equal to maw?r,
ie., modr= .

Slnce v=cr, then H='%’.

The field should be arranged in the direction of the forward motion of a
screw rotating in the same directlon as the cylinder.

3-5. Electromagnetic Induction. Alternating Current

568. The direction of the intensity of the electric field is shown in Fig. 462.
569. When the circuit moves, the magnetic flux Pming through area ABCD
diminishes. Therefore, In accordance with Lenz's law, the induced current
will flow clockwise.
570. As the iron rod fiies through the coll, the magnetic flux passing
through it changes. This induces an e.m.f. of induction in the circuit. Ac-

7

Fig. 462 Fig. 463
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cordlng to Lmn law, the total current in the coil decreases when the rod
ent and increases when the rod leaves it.

am of the change in the current is shown in Fi 1'

57l. he magnetic flux changes at a constant rate, and t erelore(he e.m.f.
of induction In the second coll wnl also be constant If the coil is connected
to a closed circuit, i a direct current, which will set in not at
once, but d«pendmg on the coel icient of self-Induction of the second coil and
its resistan

572. Yu, it will. The e.m.f. of induction is proportional to the rate of
change of the magnetic flux, while the magnitude of the m-fvmlc flux in
the iron core does not change directly with the current. The relationship wili

(o'Fnud-y'a aw,
A0
=10-¢— -8
E=10-8 37 =10-% 44

The e.m.f. of induction is numerically equal to the work performed by
the electric fieild when a single positive charge moves in the tumn, i.e.,
&i=2wE. Hence E=$L.

Thus, we finally obtain:

E=10-e522

sk

It should be noted that this electric fieid is Induced not by the eiectrlc
ch-rfu but by a magnetic field varying with time. Let us recali that when
tric charge moves in a closed circuit in an electrostatic field the work
always equai to zero. By an electrostatic field is meant an electric fieid
induced by electric charges.

574. Let us divide the ring into u—b%“ small rings each with a width 8.
Let us consider a ring with a height & whose internal radlus is x and external
radius is x+8. 1f 8 is small as compared with x, the resistance of such a
ring can be expressed by the formula

2
reogt
The e.m. f. of induction acting ln this ring (if §<<x) is equal to
6’=|0' — 10-85ut

The intensity of the current Nowmg in such a ring is

_ & jo-aTubh_ o, k8hx
Al=Tp-=10 'W_lo '?

The current flowing through the entire ring can be found from the follo-
wing sum: .
kh

1=1070 2 a4 @+8)+ @+ 2+ +lat(—D O}
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The expression In the braces Is an arithmetical progression. Therefore,
,,,o-.*_zs(,_,,?;w

This result will be IM more accurate, the smaller Is 8. Assuming 3 as ten-
ding to zero, we obtail

kh
1=10-02 (b0 —a
49( )
575. On the basls of the law of electromagnetic induction and Ohm's law,
we have for the quantity of electricity that passed through the gaivanometer:

— 1At — 100 A
AQ=/At=10 .T

= o-0p
Since the Initial magnetic Alux ®y=HAn and the final fux ®=0, the quan-
tity of electricity In coulombs will be Q=5)k- HAn If R is measured in
ohm and H In oersteds.
576. The e’m 1. of induction &=10-*ka® eacts in circult ABCD, and
Er=10-* k—f In circult BEFC.
The simplest equivalent circult with galvanic cells used :g‘me e.m.f of

Inductlon will for our circuit have the form shown In Fig.
On the basis of Ohm'’s law,

hao=—hw=122—§,

Since the charge Is retained, /;=1/,41,. All three currents can easily be
found from the given system of equations:

61+ 26,186,
Taking iInto account the expressions for &, and &5, we have:

-0 -0 -
= 10 kaxl l° ka a_m“._lo"uxé

577, The third way is the worst, since eddy currents circulate in the win-
dl“f turns without meeting an Insulated laye
first way makes it possible to get rld of most eddy currents, but not
all of them, since one layer of me automnslormer vlndlng actually has many
tumns around the core and one turn along it (see Problem 548).
best is the second way, which Is used In practice.
578. The potential difference between any polnts of the ring should be
equal to zero. Otherwise, there will be a contradiction In -r‘pl ing Ohm's
Inv to the short and lang sections of the ring. Besides, this ls obvlous from
considerations of symmetry.
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Y] V3 1f there is no potential diffe-

rence, the electrostatic field in-

side the ring is zero. The current

Is produced by the e.m.f. of - in-

duction uniformly  distributed

& t &§—T— along the ring:
4

:=i=%
7

J— £— where ¢; and &; are the e.m.l.s

7 7 4 gl induction ‘:ln“t'he (Short and

long sectlons of the ring, and r

Fig 464 and R ere the nspecllvze resis-
tances ul the sections.

Despite the absence of a potential difference between points A and B, the
;Ieclmmelet will register a potential difference between the rod and the

ousing.

The matter is that the current in conductors AC and BD is zero. Therelore,
the applied electric field of inductive origin is equalized at each point of these
conductors h%’the intensity of the electrostatic field generated by the redis-
tribution of the charges in the conductors under the effect of the e. m. I. of induc.
nm The work of the electrostatic forces in moving along closed circuit AL‘DBA

There is no electrostatic field on section AB. When a charge moves
ulongAL’ and BD, the work of the electrostatic forces is equal to the e.m. I.
of induction in these conductors and has an opposite sign.

Hence, for the work of the electrostatic forces along a closed circuit to be
equal to zero, the potential difference between points C and D should be
equal to the e.m. . of induction in conductors AC and DB and should coin-
cide with it in slgn Since the e. m. I. of induction in closed circuit ACDBA
is zero (the magnetic field does ndt pass through this circuit), the e.m. f. of
induction on section AB is equal in magnitude and opposite in sign to the
e.m. I in conductors AC and BD, if we neglect the work of the applied for-
ces of induction on the section between the rod and the lnwslng or the elec-
trometer, as compared with the work in conductors AC and

or this reason the eler.trumetu will show a potential dxlemlce approxi-
malely equal to the section

670 As distinct h'om Pmblem 575 the polmml difference U4 —U g is not

zere

l.e! us write Ohm’s law for all three sections of the conductor, denoting
the currents in ADB, AKB and ACB by 1, Iy and I, and the mpechvc
e.m. f. s of induction by &:1. & and &

=€itlazls, l,:ﬁ——""‘é"”‘. nd 1,=€1tUazVs

s s s

Since the charge Is retained, y=/,+ Iy. Summation of the first two equa-
jons gives

LR+ 1hRy=&1+ =6
Upon subtracting the first equation from the third, we get
5Ry— iR, =&3—&
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But the e.m. {. of induction in circuit ACBDA is zero, since the circuit is
not plerced by a magnetic fleid. Therefore,

&1=6 and llR:—/IRI—o
The system of equations gives the following value for the sought current:

= rETARTER
"SRR R,

580. When the mlshm;.c Ry is other than zero, we can find-from the

equations ol Problem 579 t|
i e 75.5.+ RiRs
fe ERI+RY
*TRiRy+RyRy +R\R,

P 1.
*TRiRy+ RRy T RIR,
When R,=0

1,=0, /,=%=l.

In the general case
P RIRs
UaVe = R R T RRT

Up—Ug=—

When Ry=0

ERy
Ri+Rs
Here u,—u._—;, (slnce 1,=0 on section ADB), where @, s thee.m. .
of induction on section

581. An alternating current should be passed through the electromagnet.
The current should increase comparatively slowly, since at this moment the
metal object will be repulsed weakly in  view of the current Induced in It,
and dlmmish very rapldly, since in accordance with Lenz's law there will
appur ah f ce of attraction proportional to the rate of current chany
possible relation between the current and time is shown in Fig.
ln prmclple. a force of attraction also appears when the direct current in
the electmmagne& is switched off.

. In both cases equilibrium will set In if the moment of the forces

actlng from the magnetic field on the current induced in the rlnf is equal to
2er0, or if there is no induced current. This will occur only if the plane of

7

2 Fig. 465
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the ring is arranged along the force lines of the fleid (the induced currentis
zero) or when the plane of the ring is strictly perpendicular to the force lines
(the moment of the forces s zero).

ording to Lenz's law, the first position ol the ring will be stable In an
lurusll:‘( magnetic field, and the second unstable.

lecreasing magnmc fleld, on the contrary, equilibrium will be stable

when the angle between the plane of the ring and the force lines is a right

one, and unstable when the plane of the ring is parallel to the force lines.

. Let the velocity of me conductor be v at a certain moment of time.

The e.m. f. (In volts) at the same momen! of time will thus be =10~ Hlv,

and the current I=-k-xI0"Hlu. The action of the magnetic field on the
conductor carrying a current wlll Induce a force f that prevents free dropping
of the conductor:
Huw
- 270
=10 a
Hence, at the moment of time being considered, the acceleration can be de-
termined from the relationship
Ll

ma=mg—[=mg—10-+ 0"

It Is easy to see that as the velocity increases, the acceleratlon a will dl-
minish and become zero at the moment of equality of the forces f=mg. Frol
this moment on, lhe conductor will move with aconstant velocity vy equal (o

mgR x10°
W=—p

l’l;be. :' ‘m f. of induction appearing in the conductor (measured in volts)

he charge on the plates of the capacitor can be found from the relation-

ship
Q=§C=10-% HiC
The current fiowing In the clrcuit is
8Q_ o Av_ o
I_F=10 'HICA—‘—-IO * HICa

where a is the sought acceleration.

The muucllnn ol this current with the magnetic fleld will produce a force F,
acting on the moving conductor. On the basis of Lenz’s law, this force ml‘
be dlm(ed o;;'posllelL tc the force

The lO-'H'I‘aC If C is measured in farads. The sought
amlmtlo« cnn be found from the equzﬂon ma=F—F,.
ence,

— F
=m+10-Y HiC

is a constant quantity.
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Fig. 46

The work of the force F over the path S is spent to increase the kinetic
-nax of the conductor and the electrostatic energy of the capacitor.

. Let the magnet be initlally positioned as shown in Fig. 466. Its
north end s at a distance R, from the current and its south end at a dis-
tance R,, the length of the magnet being /=R,—R,. Let us now move the
may in the plane Z around the wire, keeping the distances R, an Ry
unchan, untii after one revolution the magnet occupies its lnithfpnihm.
Since during this motion the total change in the magnetic flux through the
srea restricted by the straight wire and the conductors that short-circuit the
current at a greal lance from the magnet is zero, the quantity of induced
electricity that has flown through the circult is also zero. On the basis of
the law of conservation of emergy, the work of the forces of the magnetic
field should also be equal to zero:

25 RyHym— 25 RyHym =0

where m is the magnetic charge of the pole, and H, and H, are the inten-
sities of the magnetic fleld at the distances R, and R, from the wire.

Hence, E-\=% which is possible only when H Is proportional to
586. Sllmx n‘uording to the initial conditlon, the intensity.of the magnetic
field is directly proportional to time, i.e., H=04n- i, thenthe e.m. 1.
of sell-induction is equal to
&=10-2x047 244 (A=nm
and directed against the current. The voltage across the solenold terminals
should be

N3
U=4n10-% A k-+kRt

In this case =27 €lis,

887, When R=0, the e.m.{. of self-Induction &, remains constant, since
the voltage across the solenold terminals is U=¢;=¢. It follows from the
solution of Problem 586 that when & is constant, the current changes in

23—2042
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7 proportion to time, i.e., /=kl, where
k= grgmigya- Therefore, [ =
101

=120 i the resistance s fnite

and not zero, the current will increase
according to the same law until the
voltage drop /R across the resistance R
becomes negligibly small as compared
with &;.
588 ‘The work of the battery du-

ring the time T 1s W =¢Q, where Q is
# the quantity of electricily that passes

r through the solenoid during the time T.
ig 467 The current in the solenoid grows di-
Fie rectly with lime: l=:?‘ N‘ (see the

solution to Problem 587). Therefore, Q will be equal to the product of the
mean intensity of the current

Tinit+1,
init+1ginat (here Ionit=0)
and the time t or numerically equal to the area of the hatched triangle (see
Fig. 467)
_léx
=gaw 1

Hence, the work in ergs will be

w =é{:—~'; 101 erg
This work goes to increase the energy of the magmetlc field. Thus, we can
write that W =W,, where W, is the energy of the magnetic field Bearing in
mind that H=0Jn'¥l. and inserting the expression for the current, this
energy can be written as

1
1 4 HH'AI

(W, 1s in ergs, H in oersteds and ! In centimetres).

589. Since the resistance of the ring is zero, its total electromotive force
should also be zero. This will occur only if the change of the full magnetic
flux piercing the ring is zero. For this reason the change in the external mag-
netic flux @, is equal in magnitude and opposite in sign to the change of
the magnetic fux generated by the induced current: A®, =LA/ Remembering
that the flux @, grows from 0 to nr3H, and the induced current changes in
this case from (E to /, we obtain nr*H,=LI.

Hence I-_;! .




ELECTRICITY AND MAGNETISM 355

680. The magnetic flux through the ring cannot change (see Problem 589).
Therefore, @ =ar2H. First this flux was produced by ﬂfe gx(emal magneﬂ)c
fleld, and after it was switched off, by the current induced in the ring.

891, The e. m. f..of induction €,=—I0"AA—? it & is In volts and @ in
oersteds per cm?. The magnetic flux through N turns of the coil ® = NAp,H,
where H=0.4n—, 1 (the current is in amperes).

On the other hand, &;= —L%:— if &, is in volls, L in henries and / in
amperes.

Hence, L=10~*

692. ®=N,Ap,H,, where N, is the number of tums of the first winding
and H, Is the magnetic field created In the core of the second winding.

Approximately, H,-‘“f". where | Is the perimeter of the core.

3
41|.N+,A henries.

Hence, M=.‘.’&TN+NI .

693. The e.m. f. of inducfion In the disk Is shifted In phase by /2 with
respect to the alternating current in the electromagnet.

he other hand, the phase shift between the e.m.f. and the current
in thedlsk tendsto n/2 if Lo . In our case R is small and this inequa-
lity is observed. As a result, the eddy current in the disk Is shifted in phase
by n with respect to the current in the electromagnet. The currents are oppo-
site in direction and will be mutually repulsed. Therefore, the disk wil
nshed(nnly and the string on which it is suspended wiil be deflected from
he_vertical.

The same result can be obtalned by another method. If the resistance of
the disk can be neglected as compared with its inductive reactance, the full
magnetic flux through the disk undergoes almost no chan& (For a super-
conductor the change In flux Is strictly zero, see Problem .) This means
that the fleld of the eddy current in the disk is always dlrected agalnst the
field of the electromnﬁ'n 5

Hence, the disk will be repulsed.

694. If the self-inductance of the wires can be neglected, the amount of
heat AW,.=uAQ wlll be evolved (u is the potential difference between the
plates connected by the wires at a certaln moment of time) when the charge
+AQ IsI transferred from one plate to the other, or —AQ for the other pair
of the plates.

The transfer of the charge AQ leads to a change in the potential differenca

on both capacitors by Aw=?. Hence,
AW ,=uCAg

A decrease In the potentlal difference between the plates of one capacitor
by @ Is attended by a similer Increase on the other.
I%mlm.

u=U—q)—p=U—29
where U Is the Initlal potentlal difference between the glnta of the charged
capacltor and @ Is the value by which this potential difierence drops at the

23°
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given moment. Since 'p changes from
N 10 to Uj2, e diagram showing u
versus @ has the form shown
Fig. 468 by the dotted "Tine. The
relation uC ~ versus ]g is shown by
the solid line AB. The quanhl; oI
heat AW, = uCAg is shown in Fig.
V4 4 468 by the area of the trapezium
with the middle line ab that corre-
Kendx to the average potential in
tl iven range A@.
e full “amount of liberated
hea l W, is depicted by the area
of triangle OAB. It is equal to the

Vi ) V3 loss of the electrostatic energy
? 4 woouc U1 _UC_Q' W
Fig. 468 TR IT T KT

and does not depend on the resistance of the wires.
resistance must not be regarded as zero or very small, however, since
the sell-mduchnce of the wires must be taken Into account.

686. The effective value of an alternating current is the value of a direct
current that prodm:u the slrne quanll!y of heat in a conductor as the al-
ternating current during the same time

Let us calcume the annmy ol hul liberated durln( a perlod:

Q=0.24I3R T+0.241=R T=o.zu:R +

On the other hand, Q=0.24/RT

Therefore, l,,/-=—i

586. When a sinusoldal alternating current flows through the circuit, the
d-c ammeter will show zero, since its pointer cannot follow the rapid
changes in the instantaneous values of the current owing to the inertia of
the movable ammeter parts. The thermal ammeter shows the eflective value
of the alterating current l.=% .

If a direct and an al s flow through the
circuit, the d-c ammeter will show (he mun value of the current equal to
the_direct current 1=

e current ﬂwm( Ihrough the thermal ammeter is

Imiy+1gsinat

On an average, ft evolves per second the heat
Q=kI*R=kR (I}+2/,/, 50 0¢ + 13 STEVak)

The line denotes averaging in time.
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78 Fig. 469

The lV«lft value of 2/ /y8in f a period is equal to zero and the ave-
rage value of

s

Ry =0 200 Ew,%

s equal to the square of the effective value of the alternating current. The-
fore,

ref
Q=R (1}+19)
On the other hand, the quantity of heat Q liberated in the ammeter per
second is related to the effective Intensity of the current / flowing through
the ammeter by the formula Q=A/*R.
Hence, the a- thermal ammeter will show

897. Since R==0, the current / lags in phase behind the voltage U by
#/2. Diagrams showing U=U,sin of, J==/qsin (ot —; and the Instanta.
neous power P=/U_ are shown in Flig. 469. The sign of P changes every
quarter of a period. The suppg of energy from the source to the coll corres-

onds to a positive value of P. When P is negative, the energy returns from

e coll _to the source. On sn average, the coll consumes no power during a
period. The mean power Is equal to zero.

588. The Inductlve reactance of a choke is much greater than its resistance:
Lo > R. The advantage of a choke over an ordlnary resistor is that no heat
Is liberated on the inductive reactance of a choke. For thls reason a lamp
with a choke is much more economlical than a lamp with a resistor connected

serles.

699. If Lo> R, the phase shift between the current snd the voltage is
great and the power consumed by the mains cannot be high. When capacitors
are switched on, the phase shift is reduced, since the current flowing through
a capacitor leads the voltage, compensa(lnf thereby for the lag of the current
in phase in electric devices with a high Inductance. As s result, the power
consumed by the mains Increases.

600. (a) Since ends A and B are open, no current flows in section AC.
Therelore, the voltage drop in AC Is zero. For this reason Uy,=U,.

(b) When a varlable potential difference is lYplled between polnts B and C,
the current fowling along BC creates a varlable magnetic flux that generates
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an e.m.f. of induction in section AC. Since Lo> R, the amplitude of this

e.m.f. will also equal U,. For this reason the amplitude of the voltage U,

be\ween oints A and B will be equal to 2U, (step-up autotransformer).
\8!1:" an alternating current flows in a conductor the amount of heat

evolved 1s Q=1/7,Rt The cxpression for the evolved heat Q=

only when Ohm's law can be applied in the usual form: /= .

The winding of a transformer has a very high mdnthve reactance. For
this reason Ohm's law in its usual form and, therefore, the expression

Q=—';!L! cannot be applied. The amount of heat evolved is small, since
the intensity of the current and the ohmic resistance of the winding are
sm

602. 1f we neglect the ohmic resistance, the volta across the terminals
of the rrlmary winding Uy can be reprmnted as the algebraic sum of the
e.m.f. of self-induction of thls winding and the e.m.i. of induction generated
in it by the current flowing lhmngh the secondary winding

v=L, 8 _mih

T:‘\: minus sign is due to the fact that the currents /, and /, have opposite
ses.

P If the currents change according to the laws /;=/o, sin of and /,=
= Iy sin of, then

A" =wly; cos of and ﬂl-= @l gy cOs 0f

Since the voltage ul is shifted in phase relative o the current /, by a2,
we can write U, ="U,, cos o!
Upon dlvldlng (he expluslon for U, by Lywcos wf, we get
U, M
L—:‘:=lnl - Toy

%% is the no-load current 1f the ohmic resistance of the winding is neglected.
Disregarding the no-load current, we find that
lon _M
Toe L,
By using the expresslons for the cnelﬁmm o( self-induction and mutual
Inductance from Problems 591 and 592, we obt:

Iyl Ny

L-p=gt

603. The positive half-waves of the current will charge the capacltor tc
the amplitude voltage of the mains, equal to 127 V2 V=180 V. When the
diode carries no current, it receives the voitage of the mains (with an amplt
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tude of 180 V) plus the same vol-
tage of the charged capacitor. The
change in the potential along the
circuit at lms mumem of time is
shown in Fig. 4

If the tectiﬁet operates without
load, the capacitor should be calcu-
lated for a puncturing voltage of at
least 180 V, and the diode fora
voltage of at least 360 V.

604. The anode vollage of each
diode is

Fig. 470 U= sinat—IR

A current flows through the diode when U, > 0 and does not flow through
it when U,<<0. In a quarter of a period the current will not flow during
the time interval 0t <Y, (Fig. 471), where ¢, ts determined by the equation

Y%

3
-~
'N\l>
NN

-IR Fig. 471

2 sinaty—IR=0. Hence, (= are san’UB This Is also the time during
which the currept does not flow in the following quarters of the period.
Altogether in a period the current does not flow during

E arc sin 3’3_0 465 T

3-6. Electrical Machines

605. 1f the frequency of the alternating current remains the same, this
means that the revolutions of the motor and the generator also remain as
before, and the e.m.f. of the generator will not change

When the exlernal resistance in the circuit is high, the circwit will carry
a smaller current and a lower power will be supplied. For this reason the
power of the motor that revolves the generator should be reduced.

606. The work performed by a field in moving conductors carrying a current
(armature windings) 15 not equal to the total work of the field Apart from
the work spent to move the conductors, the magnetic ficld performs work to
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retard the electrons In the conductor, which produces an e.m.f. of Induction
in the armature winding. The first part of the work is positive and the second
negative. The total work of the magnetic fleld is zero.

The electromotive force of the source that generates a current in the motor
nrmltun erforms positive work, and the latter compensates for the negative
work of the mlgmlc field in retarding the electrons.

In essence, motor does its work at the expense of the energy of the
source feeding it.

pover med by the motor Is P=/U; here U= +IR,
where 6’, Is the eml ol induction appearing In the armature.

lence,
P=Ig+ IR
Here /*R is the Joule heat liberated In the windings, and lgﬁun.e work

against the e.m.f. of induction, equal to the mechanical power P, developed
by the motor.

This power P,=£L;ﬂ, since I=
ximum when 6’,—% (m the solution to Problem 516). Therefore, the

. This expression is ma-

meximum value of P.- iR _|5o V. The motor cannot develop a power of
200 watts.
fhe maximum power developed by a series motor (see Problem 607) is

Us
Prar=TRiFRD

The power consumed by the motor Is

-y Y= _
e S

since €,=—g-
Hence, the eificiency Is ‘1=]‘-. For a shunt-wound motor
uUs
Paar=7p2

The power consumed is
_ui=u(Y=@t, U\_U'@R+Ry
ey )

Therefore, ’

1
=3

1
Ry

1+2
+.k_'

1 e., less than 50 per cent.
609. Let us denote the length of the turn by ! and Its width b, d
(Fig. 472). The force F acting on a conductor with a length I is F=rkIHI.
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power is
F P=2kIHlv=kIHAo
The current / can be deterntined
V4 4 F from the formula
d

=10-2HAw
Fig 472 Fma Iy P can be written as fol-
lows:

(4 -0 HAL G
P=kHA 4 0—10-% “p— o

P reaches its maximum

P.,,=—R- x ID'- J

when w=gr X 105, Here @/=—p- nd I=p. In's unlt of time the

battery performs the work UT? From thls amount, one half is converted into

mechanical power and the other half is llberaled u heat (see Problem 607).
The relation between P and w Is shown in 73.

810. M=£§;—U— L3

R

The moment will be equal to zero when m=%£ (see Fig. 474). Here
I=0. because f
611, The nafure of the relation between P and H Is shown in Fig. 475
(see the solution to Problem 609). The power reaches its maximum when

U us
H=g0 X 108, Here &;—T and P“"—QRJ

M
P A’/?”
T Zr

Fig. 473 Fig. 474
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P 612. The torque will n'ath its
maximum Mgg,=10" X Wdync-

~cm when H =10% X #

813. As with a series motor, the
power of a shunt-wound motor is

Y U # p_ U8 —¢!
2w Aw R
where R is the resistance of the
Fig. @15 armature (see Problem 607). Two

values of &; correspond to a power
of P=160 watts: &,=80 V and ;=40 V. Bolll values deyend on the de
sign features of the motor.

According to Faraday's law, &, is directly proportional to the number of
armature revolutions n per second and the intensity of the magnetic field
created by the stator. \hn a shunt-wound motor this intensity does not
depend on the load. Therefore, &;==an, where a is a constant quantity de-
(ermmed by the design of the motor and the voltage applied. We obtain
from dthle data in the problem that a,=8 and a;=4. The value of &; cannot
excee 8 K

Therefore, the maximum possible speed is elther n,=15 rev/s or

30 rev/s.
614. 1* the voltage on the :mw is kept constant, then at the glven
speed of ihe armature, the e.m.f. of induction in it does not depend on
wheth« it is rotated ‘at the expen& of the action of the magnetic field of
(he sta(ot on the current in the armature or with the aid of a mechanical

T e power developed by the motor is P=Ma. In our case P=160 watts.
The e.m.f. of Induction &; can be determined from the equation

.p-gﬁ';ﬂ
TR

(see Problem 607). Hence, &=%i l/T PR has two values: &, =80V
agd e,=10 V. The em.l. of the generator will also be equal either to

ne exnstence of two results is due to the fact that the same power of
the motor is obtained with the same product /&, while two pairs of -pos-
sible values / and &; correspond to this product.
The values of &; and, hence, the current depend on the design features
of the motor, the number of turns, their shape, etc.
615. The mechanical power developed by the motor Is

Mzm=2£.k_ﬁ

(see the wlllllon to Problem 607).
The e.m.f. of Induction in the armature ¢, =AHn, where k fs a pro-
porllomll(y factor determined by the number of tums of the armature wmd-
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” ing and their area, and H is the
tensity of the magnetic field of the
stator, which is directly proportional
to the current.

Upon excluding &; Irom these equa-
tions, we find that

U _2aMR
e A, 7 *H R
The relation between n and H Is
shown in Fig. 476.
Fig. 476 HH<Hy=ZHR pen n<o.

From a physical viewpoint this means
that the motor armature will not totate. When H—Hp= ";":,R  the speed
will be maximum. (This value can be found by the method described in the
solution of Problem 516.) Therefore, if Hpy > H > Hy, the speed increases
when the current grows in the windings of the stator, and decreases when H > H .

If the motor operates without load (M=0), the speed will be n=-r;,
1e., 1t always decreases with an increase of H.

618. The intensity of the current flowing in the winding of the motor
will be determined by the e.m.. of the mains &, their resistance » and the
i

e.m.f. of induction ¢; generated in the motor armature: /= '—

At any moment, the potential difference U across the termirtals of the
motor is equal to ¢, since the resistance of the winding is zero.

Therefore, the power P=/U= M is determined by the e.m.f. of
the mains, their resistance and by &;.

817, Assume that the vol at the ends of winding W, changes in con
formity with the law Ug, f: sin wt. Hence Upy=¢, sin ‘}“"—”‘7")- The
potential difference U,, is equal to that on the windings W, and W,, i
Uyy=g 511 of — &, sin (0f — 120°)= |

=2, sin 60° cos (o —60°) = &, ¥ 3 sin (f 430°)

since sinW=V—? and cos (of —60°) =sin (wf+30°)

. e,

Hence, the amplitude of the linear voltage 1s /'3 times greater than that

of the phase volure.
618, When the load resistances are the same, the currents /,, /, and /,

are identical in amplitude and shifted in phase by T Therefore,

Iy ly=1lysinot+1gsn (wH— 3 .1) —=lgsin (m+ %)



364 ANSWERS AND SOLUTIONS

and
14 Iy ly=1gsin (u+%‘-)+1. sin (m+;- n)-
=21, sin (ml+% n) c0s=0
619. The magnetic flelds H,, H, and H, can be written as foiiows:
Hy=H,sinwt, Hy=Hysin (ml+:§- u). and Hy=H,sin (ml+'—% n)

Let us select the axes of coordinates x and y as shown in Fig. 220 and find
the sum of the projections of the intensities of these fields on these axes:

Hy=Hysinot+ Hysin (ow + kY n) eoa-é-ﬂ+H, sin (ul + 3") (Ds% n
* Hy=H,sin («u+§ n)sln%—n+ﬁ. sin («x+%— a) sing =
After simple transformations, we have
He=3 Hysint and Hy=-3 Hycos at

Such projections are possibie onl‘y if the vu:l« shwlng the magnetic feld
rotates clockwise wll: 8 constant angular veloci

m. In these conditions the currents in colls 12 and 34 are shifted in
phase by almost x/2. Corresp omimq%l the magnetic fields created by them
an sl||l ed by the same magnitude. Thus, the space between the coils contains

Hy=H,sinot
directed vertically and
Hy=Hysin (u+§-)=ﬁ,m«x

directed horizontail

This means (see {’mblern 619) that a uvolvmg mawetliic field is produced

inder.

in the space. As the field rotates, it carries al the ¢
This principle underlies the design of single-phase Indnchon motors.



CEAPTER 4
OSCILLATIONS
AND WAVES

4-1. Mechanical Osclliatiens

621. The vertical component of the tension force 7 Is equal to F=tcosa
(Fig. 477). For the conical pendulum F=mg, since the weight has no acce-
ferafion in the vertical plae.

When the mathematical pendulum is deflected the maximum from the
position of ethbrlnm (through the angle a), the resulting force is directed
at {_hhn ;9 the lmecloty of the weight.

= mg co:

When ﬂle welght is deﬂeg!ed lhron{ll the angle a, the tension of the thread
of the conical pmdulum will

622. The period of oscillations o{ the pendulum on the surface of the Earth

is To=2n 1/7 and at an altitude of h above the Earth Ty =2n ’L
3

The number of oscillations a day Is N.-24x60x60+=1.i. Therefore,
at an altitude of A above the Earth the clock will be' slower by the time

Aty=N, (T, =T =k (1—%)

_— & R
The ratio between the periods Is ‘/’ 2 =R¥E
as follows from the law of umuuon Hencc.
At‘sm L] T 2.7 seconds

1 (he clock is lowered into a mine, the acceleration
ratio ls &‘—- since (—1—3- R - and  g=
-1-§-(R—-h)'p(——T|R_ 5 (see Problem 234).

Hence,

S
3
<
i
2

|
I -

Yn this case the clock will be siower by the time

(1_11.)__;135 seconds

Fig. 477 2R
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623. Each half of the rod with a small sphere on its end is a mathemati-
cal pendulum with a length d/2 that oscillates in the field of gravity of the
large sphere. In the field of gravity of the Earth the period of small oscllla-

tions of a mathematical pendulum is To=2n ; . According to the law

of gravitation mg=y mx; , and therefore
IRY
Ty=2n
° M5

where y=6.67x10-® cm?/g-s* is the gravity constant, Mg Is the mass of
the Earth, and R is the distance from the pendulum to the centre of the Earth.
Correspondingly, the period of small oscillations of the mathematical pen-

dulum with a length l=% in the field of gravity of the large sphere will be

T=2a ‘/ AL o 5.4 hours
77

624. The period of oscillations of a dulum Is
T=2n l/-‘i,
where g’ is the gravity in the P g i system.
In our case
g=Va+a

wh%z: g is the gravity acceleratlon with respect to the Earth.
us,

T=2 ]/ !
2 +a

626. T=2n '/‘ﬁ Use the plus sign If the acceleratlon of the hit is

directed upward and the minus sign If It is directed downward.

626. The oscillations of the block in the cup are sifilar to those of a
mathematical rmdulum, with the only difference that instead of the tension
of the spring the block is acted upon by the reaction of the support. There-
fore, the sought oscillation perlod Is

x
T=2n '/‘7

627. When M > m, the acceleration of the cup is a=%—p Therefore

(see Problem 626),
- R _ l/_M'
T=2n ‘/(+a 2n F
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1f F=0, i.e., with free falling of the cup, T=m and there are no oscilla-
tions. When F=Mg, we have T=2n L

628. The oscillations of the block will periodically displace the cup in a
horizontal J)laneA Hence, the oscillation period of the block will diminish,
since an additional variable acceleration directed horizontally will appear in
the coordinate system related to the cup (see Problem 624).

620. Let us compare the motion of the centre of the hoop with that of the
end of a mathematical pendulum with a length R—r. Both points describe
the arc of a circle with a radius R—r. Let us assume that the hoop and the
pendulum are at rest at the angle @y. On the basis of the law of conservation
of energy, we have the following expressions for the velocity vy of the hoop
centre and the velocity vy of the pendulum end depending on the angle ¢

un=V g (R—1) (05 §,—c05 Gn)
0p=V g (R—1) (c0s §p—c08 o)

(See Problem 207 for the kinetic energy of a hoop rolling without slipping )
It follows from these expressions that

v
.,,,=.VL_2
Since "‘f centre of the hoop moves ) 2 times slower than the pendulum, the

iod of motion of the hoop centre will be J/2 times greater than that of
he mathematical pendulum with a length R—r. Thus, we have for the

sought period:
T=2n ‘/ x=r
4

Let us note that when r — 0, we have T=2n TR' although it may
seem at first sight that if 7=0 there should exist the equality

r-znlfi
" 7

This can be attributed to the fact that the energy of rotational motion of the
hoo&odou not disappear when r — 0.

. Let the rod be initially deflected from the posltion of equilibrium
through an angle a. At the moment when the rod forms an angle p with the
vertical, the angular velocity o, of the rod wlll, on the basis of the law of
conservation of energy, be equal to
2g(myly T myly)

St (cos B—cos a)

e
Let us now consider a mathematical pendulum with a length &
In this case at the same angles @ and

0= l/.%‘- (cos f—cos @)

o=
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Let us so select ! that ©,=w,, For this It Is necessary that

mi}+myly

myly + myly

The nn lar veloclty characterizes the change in the angle B in the course of
time. Since w,=w,, the oscillatlon periods of the two pendulums are the same.
For a nuthumllu' pendulum

Tln‘/—

Therefore, the sought perlod Is

T=2n

631. This problem can be solved by me nme method as Problem 630. Let
the half-ring be Initlally deflected from the position of equilibrium through
the angle a. In motion, all the pol’n!s on (he h-ll-rinz have the same linear

velocity. The kinetic energy Is

When the lnl[ rlnl Is turned (hmgh the angle a—@, the change in the
potential energy Is

M% 7 (cos p—cos a)
since the centre of gravity s at a distance of %( from point O (see Prob-

lem _118).
Equating the changes In the kinetic and potentlal energles, we obtaln for

»-l/.(._:;—) (cos p—cos @)

it follows from the above that a mathematical pendulum with a length
% will have the same period of oscillations as the half-ring.
Thus, the sought perlod Is equal to

T=m ) g

632. In the pmlllon of equilibrium the spring ""k.ll be stretched by the

smount / that can be determined from the express
Let us assume Ihnt the welgh( is at rul 1! the initial moment of time and
the length of the spring changes by x, compared with the position of

equllibrium. 1f the system Is now left zlone. the weight wiil oscillate near the
position of eqoulhhrlnm with an amplitude equal to [x,|. With a weightless
pulley (M=0) the period of oscillations is

Ty=2n ‘/%
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Let us denote the displacement of the weight measured from the position
of equilibrium by x. The velocity of the weight as s function of x can be
found from the l=-v of conservation of energy

k 3
NAF”‘”‘“"=T+“TM'”"'

Bearing in mind that mg=kl, we find:

v='| / k(x3—x)
m

If M #0, the law of conservation of energy can be written as

1] 3
Mol gy MR R D,

-y i)

Thus, in the second case (M #0) the welgm moves ss if Its mass had
increased b{ M as compared with the first. case
e

Hence, the sought perlod is
T=2n l/ mtM

633, When the bottle is displaced from the position of equlhbr!um by x
the force acting on the bottle will be equal to F=— y,A, e Yo i the
specific weight ool the water. The minus sign means that. the force Is irected
agalmt the displacement x. According to Newton's second law, the oscillatlons

he bottle are determined by the equation ma=— y,Ax. This equation is
absolutely similar to the equation for the oscilln!lon o?n weight on a8 spring"

ma=— kx. Since fox the welght we have a=35= 1/ X, then the scills
tlon frequency of the bottle will be

It follows that

=25

1
second
634. The equation of motion of the mercury has the form

ma=— yA2x -

where x is the displacement of the mercury level from the pasition of equilib-
rium The equation of motion has the same form as in the case of oscillations
of a weight on a spring. Therefore (s« Problem 632),

T=2n == 1.54 seconds

NA

835. The force acting on the body is F=y%npml where  Is the distance
from the centre of the Earth and y 1s the gravity constant (see Problem 234).
242042
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Remembering that g-yglpR. this expression can be written as

F-mg{?
Here R is the radius of the Earth. The equation of motion of the body has
the form:

m=_ﬂr=—b

The force is rroportloml to the displacement from the pasition of equilibrium
and directed ard the centre of the Earth. Therefore, the body will perform
harmonic oscillations with a frequency

Vi /%
o=Va-V%
Hence, the period of oscillations Is

T=2n / R

[
The body will reach the centre of the Earth during
¢-—=— ‘/'— = 21 minutes

1t Is of interest that the time % does not depeﬂd at all on the distance from
the centre of the Earth at which the bodz gins to move, provided this
dlmnce Is much greater than the size of the 1
The force F acting on the weight deflected from the position of
equlllbrlum is 2f sin @ (Fig. 478). Since the angle @ Is small, it may be

assumed that F=2% or Femk, where k=2l

By using the formula
T=2n ‘/ 3

we get the following expression for the nugm quantity:
T=2n I
637. The perlod of osclllations of the weight on a spring Is

T=2n l/”TI

where R is the coefficient of elasticity of the spring equai to the ratio between
the force that caused the spring to stretch and its eiongation. k= T
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p) '

Fig. 78

‘When two Identical springs stretched by the force F are connected 1n series

=t E_*%
1T T 2
since the length of each spring increases by x. When such lﬁrinf: are connec-
ted in g:nllel. the forcg F, required to increase the length of each by x
should be two times greater than F.
Hence, ky==-l=""=2¢

With series connection
m om
Tym2n '/ Tt ‘/ o
and with parallel connection
Ty=2n 1/ *

Hence, ?=2. The perlod is halved.
]

638. Let us deflect both pendulums from the vertical in the same direction
and through the same angle. In this case the sprin{lwill not be deformed.
1t is easy 1o see that the pendulums released from this position will oscillate

in phase with a frequency of w= {- 1f the pendulums are deflected in

opposite directions through the same lnflu they will oscillate in antiphase
and the spring will be deformed. To calculate the frequency of these -
tions, let us find the force that returns the pendulums to the position ol
equilibrium. Upon deflection through the angle ‘? the force acting on the
mass m from the side of the spring is 2%/sin¢ The sum of (he'projections
of the forces of gravity and elasticity on a tangent to the circum!

so-called “restoring force” F, will be equal to

erence, the

F,=mg sin ¢+ 2k! sin @ cos ¢
(Fig. 479). Since cos @ =< | at small angles,
Fy=(mg+2)sing o F,=m (1+2;")=lnw
For a mathematlcal pendulum the restoring force is mgsin@ The frequency

of cecillations at small angles @ can be found from the formula 0= V !‘- .

In our case the part ol g is played by g+%.
24
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I/HL“
-

1
The period of oscillations Is

o

639, Yes, It can. For this purpose the
door should be gradually swung with a
frequency equal to the mluul requency
of oscillations of the door. Upon resonan-
ce, the amplitude of osclliations may be

Hence,

ver:
3/«). ‘me the law of conservation of
energy:

Fig. 79 % (mi% 4 Mr%) = Mgra —mgl (1 —cos @)

where @ Is the angular velocity of pulley rotation. Hence,

mid 4
Oscillatory motlon wlll be obtained If the angular velocity is zero at a
certain v-lue of the angle @. Here Mgra=2mg! -ln'% or, upon introdu-

cing “‘ml , we obtain T_"".?' To each value of a there corresponds
a definlte maximum deflection from the position of equilibrlum a that is

by the glven equation.
This eqml{on Is solved the u:lts( by the graphlcal method. For this
purpose, plot the curve y-lln' (Fig. 480). Hence intersection of thls curve

with the straight line ”=T wiil give us point A that determinea the value
of @ at the given a. (The value of @ that corresponds to the intersection of
this straight fine with another branch of the curve y—sln'% cannot be
obtained with the initial condltions given in the problem.)

Obvlouxl our solution of the equation will be other than zero only if a
is smaller than a certain limiting value of a, determined from the condition
that the straight llne ysa'a is tangent to the curve y_:ln'% at point C.

Figure 480 shows that a, s 133° Hence, n.,=2% =0.73. The oscilla-

tions are possible when % <a,==0.73.
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L3
2
].
stn*
; 2
7
A4
2,=07354% «
;ﬁo 7 ,j,!,;r Fig. 480

4-2, Blectrical Oscillations

641. Without a permanent magnet the oscillation frequency would be
doubled. When a sinusoidal current flowed through the coil of the télephone
It would cause the membrane to make two oscillations durin, : one period of
current oscillations because the intensity of Ihe magnetic feld H created by
this current would have the form shown in Fig. 48la, and the force of attra-
ction of the membrane does not depend on the sign of

hen there is a pemanenl magnet that generates “an intensity of the
magnetic field exceeding t! aximum intensity of the current field, the
diagram of the resulting m(enslly has the form shown in Fig.

or this reason one oscillation of the current will correspond 1o one of
the membrane, and the sound will be much less distorted.

842. The frequency of natural oscillations is 0= vic if L is in henries
and C In farads. As has been shown in Problem 591, for a solenoid

3
L=|0-'4"A:"4' henries. The capacitance of the capacitor is C= :Mx

1
X gx10m farads.



374 ANSWERS AND SOLUTIONS

@ /\

o)

¢ Fig 481

Hence,

_ d 1
©=3x1010 '/N A =X

The frequency of natural oscillations of a circui!
the Thomson formula

(a) If the 001[ contains the copper core, the periodic changes of the mag-
netic field of the coil wiil produce in the core eddy currents whose magnetic
field will weaken the magnetic field of the coil. This wiil reduce the inductance
of the coil and, consequentiy, increase the frequency .

(b) If the ferrite core is moved into the coii, the magnetic fieid of the
latter will increase. Acmnlmgly. the inductance L of the coil wili grow and
the frequency o will d

644, Undamped w:lll-twm will appear in the system (if the smaii losses
of energy for the radiation of electromagnetic waves are neglected.) When
the charge is distributed equaliy between the capacitors, the energy of the
electrostatic field is minimum, but the current intensity and the energy of the
magnetic field are maximum. The totai energy does not change, but one kind

uurg* is converted into another.

he dispiacement of the electron beam by the voltage supplied aiong
the vertical can be written as

X de Vo cos 0t =a cos of
(neh Problem 543). The displacement of the beam along the horizontai (axls
0

=#V Vs c0s (0f —@)=b cos (& —§)
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z

Fig 482

To find the trajectory, the time should be excluded from the data of the
equations. After simple tnnslormahum we have

a‘+- —Ews @=sin'g
i w.=%‘ then a'-+F=" This 15 the equation of an ellipse.

1f @y=n, then x:--—%v, i.e., the beam oscillates along the straight
line forming with the «x-axis an angle a determined by the equation
tan e=2 (see Fig. 482).

8468, The relation between the voltage and lime i1s shown in Fig. 483 The
voltage across the capacitor (curve Oa) increases until it reaches V,. At this
moment the tube ignites and the capacitor is discharged |hrougl| “the tube

v

a 4 ?’
% 2
% v 4
Vi

le— 7 —{ F3

Fig. 483
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(curve ab) until the voltage drops to V,. The process is then repeated and
relaxatlon oscillations with a period v appear.

The clursen( and dlschanm( current of the capacitor is not constant,
beuuse it depends on the voltage across the capacitor, and decreases with a
‘al the voltage. For this reason Oa, ab, bc, etc., are not sections of

647, W)un the capacitance grows, the time needed to charge the capacitor
to Vg lnd discharge it to V, increases. The period wlll therefore be longer
increase in will Muce the charging current of the capacitor and
will Increase the period.

. When the charge across the plates of the capacitor reaches its maxi-
mum, the plates should be moved apart. Here work must be performed to
overcome the forces of attraction between the plates. This work is spent to
increase the energy of the circuit. When the charge is zero, the plates should
be moved together to their original position. The energy in the circuit will
not change.

4.3, Waves

649. The tension of the string should be increased four times.
650. v=von, Where n=1, 2, 3, 4, and

— = 2_'
"‘-Id np' second
651. The plpe shoufd accommodate a whole number of half-waves.
A
Fh=l k=123 ..)
The frequencies of the natural uwllauons are

v,,_T—__ =kXx50

seeond

(e=340 m/s is the veloclty of sound r).

852, sound of the tuning lnrk will be intensified when the lrequem:y
of the nmml oscillations of the air cofumn in the vessel coincides with tl
frequency of the tuning fork. The natural oscillation frequency of the an

column in a tube closed at one end is vy=

;— where £ is the length

of the hlbe and ¢=340 m/s is the velocity of sound. The quantity & takes
values of 0, I, 3, Therefore, the possible water levels in the vessel
ddermlned hy the distance from the surface of the water to the upper edge
ol the vessel are
1,-2*"" £ ®=0,1,2,...)

W:u; ‘75‘ metre, two posltions of the water level are possible: 1,=25 cm
and =

068‘ Let us consider a_number of consecutlve posltions of the bullet fiying
along KA, namely, X, F, E, D, B, and A (Fig. 484). At each polnt the
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sing=—sz=—=

BH _ct_c
B

AB~u " v

654. The sound wave that reaches the man at point B (Fig. 485) is emit-
ted when the plane is at a certain point D (see the solution to Problem 653).
The distance CB=06 km.

The sought distance 1s

48=2¢ _pc
sina c
v;l;;re Quk is the velocity of the plane and ¢ the velocity of sound. Hence,
=9 km.

655. Ordinarily, the velocity of the wind at a certain altitude above the
ground 1s greater than at ils surface. For this reason the wave surfaces
which in immobile air have the form of spheres with their centre at the
point of the sound source (dotted lines in Fig- 486) change their shape. The
velocity of the waves is higher in the direction of the wind than against 1t.
;Ifhe approximate shapes of the wave surfaces are shown in Fig. 486 by solid
ines.

The sound propagates in a direction perpendicular at each point to the
wave surfaces. For this reason the sound propagating against the wind 1s
deflected upwards (curve AB}I and does not reach the man. If the sound pro-
pagates in the direction of the wind the sound Is deflected towards the ground
(curve AC) and the man hears it.

858. TV stations operate on wavelengths smaller than 10 metres. For such
waves the-ionosphere 1s “transparent™ and does not reflect the waves. Short
waves are practically propagated along a straight line, since they undergo
almost no diffraction “from such obstacles as houses, etc.
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Fig 485
657. To estimate the distance to an object by the position of the reflected
pulse on the screen of a cathode-ray tube, this pulse shonldl:mve not ear-
lier than in the time t and not later than in the time T=T after sending
the direct pulse. Hence, the minimum distance to the object is
ot

l=?=l20 m
and the maximum distance is

1=T =90km

660 The wave reflected from the roof will reach the aerial with a lag of
=10-%s. The veloc:ly of the cathode beam along the screen is

! - N N
V=17 where Af= )(625 s is the time during which the beam produ-
ces_one line (neglect the time of reverse travel of the beam).

The shilt of the images is Al=vt=78cm

. When the vibrafor is immersed in kerosene its capacitance C increases
e, times. The frequency of the namnl oscillaiions of the circuit is propor-
tional to —1= Therefore, the oscillation frequency will decrease Ve,
times. The frequency of the natural oscillations of the vibrator in a vacuum

is v,,=;7, and in a dielectric v= zl:/'_ .
e
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The wavelength that corresponds to this frequency In a vacuum is
A=S=2Ve=l4m

In short, this result can be obtained as follows. The wavelength in kero-
sene is A=2/ and increases Ve, times In a vacuum. Therefore,
[

660. The hcrizontai position of the aerial means that the electric vector
of the wave oscillates mainly in horizontal planes. Therefore, the magnetic
vector oscillates along a vertical.



CHAPTER 5
GEOMETRICAL
OPTICS

5-1. Photometry
661. The minimum illumination of a wall (Fig. 487) is
£ =lcose
1=

The minimum Hlumination of the floor is

Fig. 467 Fig 188
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1n both cases, the illumination of the edge of the table is
Fime it 1LH,

(m+5)™ " E'-(H:+T

Ts

e

Therefore,

The fllumination of the edge of the table will be decressed three time
f a normal to the plate forms an angle @ with the mrechml AS,,
the lllwminltnon of me pln(e will be

1

E=— (cos a+-cos (90° — )] ==X 2 cos 45° cos (a—45°)

For this reason the iilumination of the plate will be maximum if it is pa-
rallel to side S,S, of the triangle. The Illumlmllan is

Epar=V7 F
664. When the luxiliury and standard sources are used together the illu-
minations will be equal if
Lot
v
where /, is the luminous intensity of the standard source and /, that of the

auxiliary source.
In the second case the illuminations are equal when

where /, 1s the sought luminous intensity.
3
Hence /=273 —4001,,.
i

665. The illumination will be 25 times smaller.

668. The total luminous flux from the lamp is ®y=4n/. If the lamp is
fastened to the ceiling, the walls and the fioor recenve half of this flux. The-
refore, the sought flux is ®=2n/= m.

667. The Earth receives 5ozt of the total encrgy of the Sun

668. The quantity of llghi cnergy absorbed by the internal walls of the
cylinder in a unit' of time (luminous fiux) is the same in both cases. The
area of the internal surface of the cylinder will change, however, ,EIR, ll:es

1 Re

For this reason the illumiuation will increase R,/R, tunes, 1.e., 3
1
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Fig. 489

669. The illumination on the edge of the table is

E=l°°’ q’—R—costpsln'

where / Is the luminous intensity of the Iamp. R the radius of the table,
and @ the angle of incidence of the rays ‘F
The maximum value of £ is attained the mgle @ satisfies the equation

=L i
l—sin’w_faln P
l.e., when @=arcsin 3 (see Problem 407).

The lamp should be hung above the table at a height of h=¥ R0.TIR.

670. Tissue paper diffuses the incldent light rays in all dn‘ethons

If the paper is at some distance from the page, the diverging beams of
light reflected from the white portion of the plge (betwaen the Iet ers) overlap
on \he |Ide of the paper facing the text (Fig.

ult the K.P“ will be illuminated move or less uniformly, and the

dllnswn ol \I\e ligl .
1 the er s placed on the text, the illumination of the paj er side adjoi-
nlng the :xl will not be uniform. Aocordmgly the intensity of the diffused
light will be different at various portions of the paper, and the text can be read.

B-2. Fundamental Laws of Optics

671. The shadow will be equally distinct everywhere only if a point source
of light is used. The separate sections of an extended source throw shadows
that are superimposed on one another. The boundary of the shadow will be
the sharper, the smaller is the distance from the object to the surface on
which the shadow is formed, since the distances between the boundaries of
the shadows pmduced by the various sectlons of the source will be minimum.
It is for this reason that a man's legs give a sharper shadow than his hud

672. The pencil should be held parallel to the lamp an to tl
table as possible. As a result the s dow: sent by sep:
lam, be ost accurately superim,
is perpendicular lo the Inmp. the ;hadows from it will be so
mutually shifted that practically no shadow will appeas

673. This phenomenon can be observed only if llu angnllr distance between
the branches ls less than the xnﬂln diameter of the Sun. Let us assume, to
Introduce definite conditions, that the lower branch is thicker than the upper one.

te portions of the
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Fig. 490

To understand why the illumination inside the shadow changes as stated
in the problem, assume that we look at the Sun alternately from different
sections of the shadow

The Sun's disk can be seen entirely outside of the shadow. In section A
of the shadow (Fig. 235) the eye is ‘in the half shadow cast ;lhc lowa
branch, and only this branch is visible in front of the Sun's disk (Fij
Since the branch covers a part of the Sun’s disk, the |llummatmn of ﬁus
point will be weaker. Moving the eye farther to posmon B( ig. 235), we
slull see that lhe other brarch also partly covers the

for this reason the illumination w;ll e still less. Movmg larthﬂ, “the eye

is brighter lgln the ad.acen\ pms.

674. As can be seen from Fig. 491, we have H=Lsina, whlle sina=—
since DE==b 1s the cross-sectional diameter of the light cone on the ground.
With the angular dimensions of the Sun's disk B, we obtain L=T.

16
Therefore, H s =9 metres.

675. 1f the raiylls are turned in the periscope as shown in Flg. 492, the
sought ratio of the widths of the prisms ajb can be found from the simllarity
2 of the triangles:

L+1
1

676. The height of the mirror
should be equal to half the l|el
of the man. The distance from
lower edge of the mirror to the ﬂoor
should be equal to half the distan-
ce from the man's eyes to his feet
(Fig. 493).
877. L t & be the height of the
a object and @ the angle of incidence
of the rays on the mirror (Fig.494).
. c 1f the screen is at a distance of

Fig. 491 rect and an inverted shadows with
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their bases fitted against each other will be seen on the screen. The total
length of the shadow is 2. The shadow is illuminated by the Sun and
contrasts with the other portions of the screen illuminated by both direct
and reflected rays.
he screen is nearer, the length of the shadow is smaller than 2h and
ill_have portions that are illuminated neither by direct nor reflected rays.
878. A point source of light always produces a reflection that depends on
the shape of the mirror. The dimensions of the Sun are Gnite. Each small
section of the luminescent surface produces a bright spot that gives the shape
of the mirror. These spots from various portions of the Sun are superimposed
and produce a more or less diffused pattern. .

1f the surface on which the reflection is observed is far from the mumor,
the shape of the bright spot will not depend on the shape of the mirror. It
is only at a small distance from the mirror that the spot will reproduce the
shape of the mirror, since the angles at which the rays from the various
portions of the Sun fall onto the mirror differ very slightly from one another

D

Fig. 494
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Fig. 095

679. The reflected landscape is seen as if it were viewed from a point
::Iw ".he water surface at a distance equal to that from the camera lens to
e water.
680. The whole of the image of slmshl line AB can be seen only if the
eye is inside the hatched area in F
681. When mirror MN moves toward the wall, lhe posxtmn of lushl spot AB
on the wall will be invariable as can be seen in (S an S, are the
images of source S with the mirror in two poslhons MN nnd
dimensions of the light spot will not change either, consuntly remal-
niny aqv.ul to the double dimensions of thi
fcz he losses in reflection are neglect ed lhe AIIumlnatmn of the light
spot w1ll llmys be one-fourth of the illumination of the mirror. At the same
time the illumination of the mirror changes in vlew of the change in the
distance from the lamp to the mirror and the change in the angle of Inci-
dence ys. With a
K4 Vi £ small mirror t‘le maximum
il

wi
when the distance from
mirror _to  the wall s
' =’;la.maxswdiy
tance from the source of 1|
1o the point on the wall wh
the mnrm' I: brought uj
683, When the mlrlw |ums

lul ray will tum through 2a

since Ihe lnﬂs of incl

md refl 4 ncltuae "
Hence, \e angular velocity

ol rotatlon of ﬂf:nle:u ny

@®=2rnX2.
l;&y with ;h:hmlh II(M
moves al
o=4anR 2 62.8 m/s.
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684. (a) The beam reflected from the first mirror forms an angle 2a with
the incident beam (a is the angie of incidence). During the time ¢ the mirror
will turn through an angle of and the new angle of incidence will become
equal to a+of, as will the angle of reflection. Therefore, the angle between
the incident and reflected beams will increase by 2af, i.e., the reflected beam
will turn through an angle 20t.

In view of this, the angle of mcldence on the second mirror, provided it

not rotate, would P+ 20t, where B is the angle of incidence with
immobile disks. But the mirror also revolves through the an'lc a)t during the
time ¢, and therefore the angle of incidence becomes B-3wf. The zn fe of
reflection will be the same. Thus, after two reflections Ihe bum ‘II turn
lhrou(h the angle 3of from its direction with immobile mirrors. After three

ﬂ e beam will turn through S5wof and after n reﬂec(wns through

&lw ln this way its angular velocity will be Q=(2r—1) 20.
hen the mirror moves from the source with a velocit the image
wxll move away from_ the source with a velocity 2v and {rom the second
mirror with a velocity 30. Therefore, the second image moves with a velocity
3v with respect to the second mirror and with a velocity dv with respect to
the source. The velocity of the third image with respect to the source will
be 6v and the velocity of the n-th image 2nv.

685, (a) When the first mirror turns through an angle wf the reflected beam
will turn through an angle 2t (see the solution to Problem 684). Hence, the
angle of incidence on the second mirror will also increase by 2of, and, if the
mirror did not revolve, the angle of reflection would also ‘increase by 20!,
After two reflections the beam would turn through 20t as compared with the
case of immobile mirrors.

Since the second mirror does rotate, however, the angle of the beam inci-
dent on it decreases by wf during the time f. The angle of reflection decreases
by the same amount and for this reason the reflected beam will travel in the
same direction as with immobile disks.

Since this line of reasoning may be adogted lor any two consecutive reflec-
tions, the angular velocity ol ro(ahon of the beam subjected to n refiections
will be Q=0 if n is even, and Q=20 if n is odd.

(b) The first image moves away from the source with a velocity 20 and
from " the second mirror with a velocity v. Therefore, the second image moves
with respect to the second mirror with a velocity —uv, i.e., it is immobile
with respect to the source.

na
~MN' / K

Fig. 497
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Fig. 498 Fig. 499

Reasoning similarly, we find that lhe sought linear velocity of the a-th
image is zero if n is even, and 2v If n

688. The beam reflected from mirror ON forms with the incident beam an
angle @ (see Fig. 240) that does not depend on the -ngle of mcldenee-
Indeed, as can be seen from (nansle ABC, we have 2(i+4r). On
lhe other hand, m triangle OAB, we have a+(90° + 90'-—!):1&7‘

Hence, %“ 180°—22=60°. When the mirror romu. the direction of the
reflected beam does not chan

Thus, if the beam that IePon mirror OM is reflected from mirror ON, it
will alwny: get into the receiver. As can easily be seen in Fig. 497 sl\avlng
two extreme pocmons of the mirrors at which the beam gets Into the r
(OM, ON and OM’, ON’), this occurs during onesixth of a revol
For this luson one-sixth of all the energy of the beam will get into the
receiver during one revolution, which is a sufficiently large mluval of time.

687. No, it cannot, since rz?'s will reach the eye that produce the image
of only small porllons of the frame (see Fig. 498 showing the path of the
rays from (he extreme portions of the lnme A and B).

680, It Iollm/: from the similarity of triangles SOA, SOB, S;0A and S;0B
(Fig. 499) that the source of light S, its image S} in mirror OB and the
image S1 In mirror OA lle on a circle with its centre at point 0. We have
£5108S= LSOS.—w The virtual source S; is reflected from mirror A0 and
produces image S; lying cn the szme circle at a distance of 2¢ arc degrees
from source S. Image Sy of virtual source S} Is formed in mirror OB in the
same way.

Continuing our construction, we obtaln the third images S' and S; removed
from the source by 3¢ degrees and the fourth S§ and Si (removed by 4@
degrees), etc.

If n is even (n=2k), then image S} coincldes with Sk and will be on one
diameter with the source. Altogether there will be 22 —1=n—1 images.

25
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If n is odd (R=2i-1) it can
usllr be seen that the i-th ima-
ie on the continuations of

the mirrors and thus coincide
with the ((+ 1) thand all the sub-
seq . For this reason
there wlIl e 2 images, le.,

before.

m. sing the solution of

Problem 689, let us plot conse-

cutively the frst, md. third,
of source

mirrors (Fig. 500). All of them
will lle on a circle with a radius
O0S and the centre nl int O.
Maisan lntegu last i-th
images will either get onto points
C and D at which the circle in-
tersects the continuations of the
mln‘ors,F or vllhl_ Hcol.nddel.:llh

int diametrally oppasite to
Fig. 500 r T boy PP

urmber of tmages wil be a—l

If a is not an Integer, for example a=: ﬂ E
lntqs the last i-th images will lie on lrc CFD that I.! behlnd Mh the
first and the second mirrors and there will be no more reflections. Thus, the
total number of images will be 2i.

681, Let us plot the image of point B in mirror bd (Fig. 501). Let us
then construct image B, in mirror cd. Alw B, ls the Image of B, in mirror
a and B, is the Inua of By In mirror

t us connect points A and B,. Pclnt C is the polnt of Intersection of ad
wnn line AB,. Let us now draw line B,C from By, and connect point D at
vhlch this line intersects ac with By, E with B,, and F with B.

can be stated that broken Ilne ACDEFE is the sought path of the
::: ‘llcldzed since ByCB, is an isosceles triangle, CD Is the refiection of

Y
»

Y

Fig. 501
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A Similarly, It is easy to show

P lhcnt DE is the reflection of CD,

This solution of the problem

is not unique, since me beam

7 should not necasanly senl
initially to mirror

BINEL. 692, The coefficient of reflec

P4 tion of light from the surface of

water diminishes with a reduc-

5 tion ih the angle of incidence.

P If the observer looks down,

rays reflected at small angles

. reach his eyes. The rays reflec-

N, ted from the sea water at the

horizon reach the eyes at greater

angles.
~ 693. According to the law of

Fig. 502 refraction :‘%—n (Fig. 502).
Upon exit from the plate 3 07 _ 1 Gpon multiplying these jons, we

ini, n
getsin i=slni,, i.e., bum C leaving the plate is parallel to incident beam
AB. A glance at the drawing shows that a=i—. The sought displacement
of the beam is x=EC=BC sin (i —r).

_dsin (i—r)= _ cos i
=200 ggins (l e ‘)

And a maximum displacement of d can be obtained when i — 90°.
694. The angle of incidence of the ray onto AC and BC is 45°. "For total

internal reflection it is necessary that sin i > e

Hence, n> VT =14,

695. The angle o[ incidence of the ray on face BC is equal to the sought
angle a. For the ra be completely reflected from face BC, the angle a
should exceed the Ixm ng one.

Therefore, sina > —. where ny Is the refraction index of water.

Hence, @ > 62°30°.
696. This phenomenon is nothing but a mirage frequently observed in de-

t layer of air in direct comact with the asphalt has a smaller re-
Imhm mdex than the layers above. Total internal reflection occurs and the
asphalt seems to. reflect the light just as well as the surface of w:
. Let us divide the plate into many plates so thin that thelr nluctlon
index can be assumed constant within the limits of each plate (Fij
Assume that the beam enters the plate from a medium with a relnchon
index of n, and leaves it for a medium with a refraction index of n,.
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8

&)

EN Fig. 503

Then, according to the law of refraction,

sina_m
snp no
sinf _n’
siny n
siny_n*
snd A

sint_ny

sinx” n,

Upon multiplying these equations we get
sina_ny
sinx™ n,
Hence, the angle at which the beam leaves the plate
Ry
x=arcsin (— sina
Ry

depends only on the angle of incidence of the beam on the plate and on the
refraction indices of the media on both sides of the plate. In particular, if
ny=n,, then x=a.
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Fig. 504 Fig 505

Generally speaking, the angle 8 at which the beam is inclined to the ver-
tical is ulak; lu relrachon index n at any point on the plate by the
ratio n sin 8=const. If the refraction index reaches a value of

n=ngsin a anywhm insi de the plale, (nll internal reflection will take place
In this case the beam will leave the plate for the medium at the same angle
@ at which it entered the plate (Fig.

698. The munimum amount of water delermmed by the level x (Fig. 505)
can be found from the triangle MNF. We have NF=x—b=xtanr. From
the law of refraction

sin i
sinr=>—
n

Therefore,

since i=45° and n

Tbe amonn( of water required is V=1xa% =< 43.2 litres.
89. The man’s eyes are reached b* rays coming in a narrow beam from
an arbitrary point C on the bottom. They seem to the eye as issuing from
pomt C’ (Fig 506). Since Ai and Ar are very small, we can wnte:

AD=AC~A!=—AI
=AC’- A‘_mT Al

By equating the values of AB from triangles ABD and ABD’, we have

H h
oty A= e M
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Using the law of refraction, we can find the ratio i:—', indeed,
sini sin(i4-4i) _
sinr " A"

Remembering that Al and Ar are small, we have
sin At == Ai, sin Ar == Ar, and cos At = cos Ar == |
Therefore, the last equation can be rewritten as
sini4-cos{-Ai=nsinr4ncoss-Ar

Hence, :,—'=n%. Upon inserting this expression into the formula relating

A

Fig. 507



GEOMETRICAL OPTICS

Fig. 508

H and h, we find

When i=0, we have h= 2 i the

depth seems reduced by n times. As
i increases, h diminishes. The approxi-
mate dependence of the seumn; depth
on the angle i is shown in

The man’s eye is above point A of the
lake boUom

70! ?he pnlh of the ray in (he
prism is shown in Fig. 508. There i
an obvious relationship between (he

sls @ and B, namely, 2a+ B=180°,

Henee a. 72,
702. The palh of lhevay in the prism
is shown in Fig. 509. To avoid

1
full internal reflection on face BN, 1t is necessary that sin <. As can

be seen from the drawing, p=a~-r. Hence, the greater the value of 7, the
higher 1s the permissible value of @ The maximum value of 7 is determined

from the condition: sin r=-’||— (angle of incidence 90°).

Therelore, @pge=2arc sind- == §3%40',

g

Fig. 509

Fig. 510
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N
7 Y/
# Fig. 511

703. When consldering triangles ABC, AMC and ADC (Fiﬁ. 510), it is
e[uyt to see that r+7,=¢ and y=a+p—@. According to the law of re-
raction,

Upon solving this system of equations, we find that
e=a+p—v
and

sina 1 :
n=sinp ]/ { smpsin(@tp—p i (a-H!—v)} +

704. According to the initial condition, the incident beam and the beam

ﬂut has passed throu, I| Il|e rism are mutually perpendicular. Therefore,
@=/ a and also ;(Fi; 5“) The sum of the angles of the
uadnngle AKMN erefore, / KMN=90° and beam
7(M is incident onto lace BC at an angle of 45°. If we know the angles of
triangle KBM it is easy to find that =230°. In conformity with the law of

" sina
refraction m_n. Hence,

sin@=0.5n and a=arc sin 0.52

Since the full Internal reflection at an angle of 45° is observed only
when n>V'2, the angle @ 1s within 45°< a < 90°.

705. Paper partially lets through light. But owing to its fibrous structure
aud the great number of pores, the dissipation of light ls vevy high in all
directions. For this reason it 1s impossible to read the

When they fill the pores, glue or water reduce the dnssn ation of light,
since their refraction index is close to that of the paper. The light begins
to pass through the paper without any appreciable devnahnn‘ and the text
can easily be read.



GEOMETRICAL OPTICS 395

6-3. Lenses and Spherical Mirrors
1 l.s.

‘he convtx surface has a radius of curvature of R,=6 cm and the

ma one cm.
709. In the ﬁrst case the focal length is determined from the formula

=G (w+m)
Since in a vacuum the focal length of the lens is f, then

1 B=DF_g0 om
=

L1 1
KR =m—nr Heee b

n
In the second case the sought focal length is
f _(n—l)l

'Is

=—102 cm

“The lens will be divergent.
710. As shown in the solution of Problem 709

Therelore,

711. The image will be m+1 times smallc than the nb]u:(
712. The lamp should be moved two metres away from the
713. Obviously, one of the image will be virtual. Then!ore. deno(m( the
distances from tl{c sources of light to (he lens by a, and a, and from the
lens to the images by b; and b, we obtain:
1 11
aa= =T
T 5T

According to the |m|ul condlllon. ay+a;=! and b,=b,. Upon solving

this system of equations, we gel
2F
I(l + ‘/_‘-I_)
2

The lens should be placed at a distance of 6 cm from one source and 18cm
from the other.
714. Applying the Im'mula of a lens to both cases, we obtain

o=

1 1 1
— ——’— and "—’+b—,=l—
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Fig. 512

According to the Initial condition,
ay=a, +! and :—‘:-!,—3
)
(magnification in the first case);
b k=2
a ky

(magnification in lhe second case).
Hence, f=p =9 em

715. (1) For nns case the path of the rays is shown in Fig. 512a. From
the standpoint of reversibility of the light beams, point B can be regarded
as a source of light and point A as its Image.

Then, according to the formula of a lens,

1 1 1

a b

Hence, f=L‘bs=20 cm.

2) The pllh of the rays is illustrated in Fig. 5125. In this case, both the
umage a?nlnt A) and the source (point B) are virtual. According o the for-
mula of a lens .

716. On the btns of the ionnulu of a lens,
1
7+m=7
where g is the distance between the lens and the lamp. Therefore,
a'—ad+df =0
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ht

]

Fig. 518

Upon solving this equation, we obtain

Y=

Two positions of the lens are therefore poulble at a distance of a,=70 em
and lt a d-stmee of a,=30 cm from the lam,
there will be no sharp image on the screen, whatever
the pmiﬁtm ol ﬂm lm, since to obtain the image it is necessary that d=4.

TIT. In the fist case B2 'Zt. where a, and b, are the distances from the

object and the image to the Iu In the second case Ay
Th" lollovn from the solution of Problem 716 that a,-—‘ and b,=a,.

He=Vih,

718. On the basis of the formula of a mirror
L1t
a o T
The linear magnification of the mirror is
H_b

s
According to the initial conditlon, the angular dimensions of the image on
%e concave mirror are 1.5 times greater than those on the fiat mirror: f=1.5a

ig. 513).

fl is obvious that "
=ato
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Fig. 514
e
%
7 T f
Fig. 515
%
Fig. 516

Fig. 517
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When h<2a, @ and p are small. For small angles

% = l.5£
Upon excluding the unknown quantities % and b from the equatfons, we find
that I=3 a.

R 2f=3a=6 met
1ID The path of the ra |s shown m Fig. 514. Let us continue AB up to
its intersection with the Jocal plane of lens NN. The beam of parallel
rays after refraction in the Im so travels lhat the_continuations of the rays
should intersect at F’. Ray F’O is not refracted. Thus, ray CA passing to
pomt A n}nnllel to F'0 up to the lens.
the source and B is the imaj e, then the lens will be conver-
| Tlu position of the optical centre of the lens O and its foci F can be
f:\‘x‘nd by construction as shown in Fig. 51
the source and 4 is the xmage, the lens is divergent. The mpe\:hve
construcllon is illustrated in Flg
721. The centre of the lens O is l)le point of intersection of strai
SS’ and NyN,. The foci can easily be found by constructing the rays p-nllel
to ihe major o tical axis (Fig. 517).
Point 3 which is the optical centre of the lens, can be found by
ropp‘ perpendncuhr BO onto straight line N,N, (Fig. 518). Let us draw
an auxlfm) optical axis DO raullel to u 48" and extend straight line BC
until it intersects DO at point E lying in the (ocll plane. Let us drop a per-
endicular from £ onto N,N, to find point F, one of the maln foci of the
ens. By usm; the pmpeﬂy of reversibility of ‘the ray, we can find the other
mam focus F,

. The real or virtual. In both cases let us draw
-rbntmy n{ ADS’ and uuxllllry optlcal a ls BOC parallel to it to find uu
poslﬂoll of the Source (Flg. I y connec F the points of intersection B

C (of the auullary lxis with the focal sp lanes) to polnt D by slmghl
Imes, we can find the position of the source S, (If the image S’ Is real) and
S, (if the image Is virtu: J

4. Since the ray Incident on the mirror at Its pole is refiected symmetrl-
cally with respect to the major optlcal axis, let us plot polnt S, symmetrical
to S and draw ray SS; until It in-

V4 tersects the axis at point P (Flg.
This point will be the pole of the ‘mir-

A ror,
The optlcal centre C of the mirror
4 can obviously be found as the point of
z £ intersection of ray SS with axis NN'.
\ 5 The focus can be found by the usuai
of ray SM parallel to
/V] F 0 "2 the axls. The refiected ray must pass

through focus F (lying on the o) lml
axis of the mirror) and through S'.
728. (a) Let us construct, as in the
solution of Problem 724, the ray BAC
Fig. 618 and find point C (uphcal centre of the



Fig. 521
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mirror) (Fn( 521a). Pole P can be found b{ eonstruc!mr {-th of the ray
APA" reflected .1 the pole with the ald of symmetrical poinf The posi-
tion of the mirror focus F is determined by means of the usual conslmchon
of ray AMF parallel to the axis.

(b) This construction also be used to find centre C of the mirror and
pole P (Fig. 521b). The nletled ray BM vllll pll! plrllld to the optical
axis of the mirror. For this reason, to find t fet us first determine

point M at which ﬂnl ht line AM, plrlllel Io the opm:ll uns. intersects
the mirror, and then ede BM o the point of intersection with the axis at

726. (2) The uys reflected from the flat mirror increase the illumination at
the centre of the screen. The presence of the mirror is equivalent to the ap-
pearance of a new source (mm the same luminous intensity) arranged at a
distance from the screen three times greater than that of the first source. For
this :uwn the illumination should increase by one-ninth of the previous illu-
mination, 1.e.,

E, =251

(b) The concave mirror is so arranged that the source is in its focus. The
rays reflected from the mirror travel in a paralfel beam. The illumination
along the axis of the beam of pmllel n{l is everywhere the same and equal
to the illumination created by source at the point of the mirror
closest to it. The total Illummlllon at the centre of the screen is equal to the
sum of the |llumlmllm produced by the source at the centre of the screen
and reflected by the

Ep=2%2.251x=451x

L} The vlﬁnnl Imlfe of the oint source in the convex mirror is at a

he (r is the distance from the screen to the
swm) The lllmmons nux o emmzd by the virtual source is equal to that
of the real source incident on the mirror:

hoy =150,

Smce the solid angle w, of the flux incident on the mirror from source S

. 522) is one-fourth of the solid angle w, inside which the rays from vir-

lul “source S, propagate, the lumimous mlem:ty Iy of the virtual source is

one-fourth of lhe intensity of source S. For reason the virtual source

creates at the centre of the screen an |llumlnallon ol 4X(2.5)*=25 times smaller
that the real source. Hence, E.=2.34 ix.

Fig. 522
26—2042
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Fig. 523

727. Each section of the lens produces a full |mai|e irrespective of the other

sections. Therefore, there will be no strips on the photograph, and the image
wnll simply be less bright.

ny section of the lens gives an Image identical in shape to that
rrodnced by the entire lens. The layered lens can be therefore regarded as two
lenses with different focal lengths, but with a common optical centre. Accord-
ingly, this lens will produce two images: at point S, and at point S, (Fig. 523).
The image of the source will be surrounded by a ‘:ngm halo with a diameter
of ab or, respectively, cd on a screen arranged perpendicular to the optical
axis at point Sy or S,.

729. To prove that the visible dimensions of the Sun's disk near the hori-
zon and high above it are the same, let us project the disk In both cases onto
a sheet of paper with the aid of a long-focus lens. Both the lens and the
sheet should be perpendicular to the sunrays. A long-focus lens |s reqmred

use the dimensions of the image are proportional to the focal lengt

1f we measure the dimensions of the images, we see that they are eqlul

54. Opllul Systems and Devices

The mirror should be placed between the focus and a polnt lylng on
Ihe double focal length. The path of the rays is shown in Fig.
781. The divergent lens should be placed at a distance of cm from the
convergent one and the foci of both lenses wlll coincide. The path of the rays
is shown in Fig. 525.

|
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732, lmage A’B’ of the object in the spherical mirror will be at a distan-
ce by (Fig. 526) from the mirror determined by the formula of the murror
JLIS .
a, b R

Hence, b,=8 cm. Distance AA’ is 48 cm. Therefore, the plate should be pla-
ced at a_distance of 24 cm from object AB.

783. Two cases are possible:

(a) The mirror 1s at a distance of d=f+ R from the lens. The path ol lhe
beam parallel to the optical axis of the system and the image of object
are lliustn(ed in Fig 527. Image A’B’ (direct and real) is obtained to hlll

scale object in any paslunn

%) The mmor is at a distance of R from the lens (Fig. 528)

he image of object AB' also lull scale, will be inversed and vlr(uzi

with the object in an{l

734. The path of the uys m this_optical system Is shown in Fig. 529.
When the second lens is absent, the first one produces image A’B’ llul is at
a distance of b, =60 cm from the lens. This distance can be found from the
formula of the lens

1,1 1

y a%te R
<7 VA Image A’B’ is virtual with respect to

7 the second lens. Therefore,

R

where a,=b,—7d—3) cm.

a].
£ 75
/ g ence, 5 cm.
735. It follows from thz solution ol the
/z hat in the case of

previous problem ¢
convergent lenses at a distance d h'omuch
other the following equation is true

Y )
R A7
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In our case the dlvq'gent lens is tightly fitted against the convergent one
(d=0) and therefore
AR RRT
where f is the sought focal length of the system.
Hence, [= i

738. The light belm Isu from a point at a distance of a,=5
As follows from the formula of a luu. u-
continustions of tl a 8 nlncted by this lens intersect at a distance
by==4 cm from it (Fig. 530). This point coincides with the focus of the third
lens. For this reason the uys leaving the system wili travel in a paraliel
beam. The given system is telescopic.
737. Figure 53 Illmr:ts the path ol the ny through mz late from

S of the o} s a result
ﬂl r!inctloll ol Ight by the piate
ray BE seems to be issuing from

pa(nt K4 lhnl Iu the virtual image

oi S In the plate. Thus, the distance

the image of the object in

lha late and tlu&slsa ' =g—S§'.

The S AD=
=d—DC.

Assuming the angles of incidence
on the plate to be small, we have

Fig. 528
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Therefore, SS‘=d(|—l)=4 cm. Before the plate was inserted, the

screen had been at a distance of b= —a’—lsm cm, and after it was in-

serted at o distance of b=~ 1180 cm. The screen should therelore be

shifted by 60 cm.
788. In the sbsence of the mirror th: image A’B’ of object AB (Fig. 532)

will be obtalned at a distance of bsa—a— =180 cm from the lens. After
being reflected from the mirror, the Imlge will oecuyy poslmm A"B’ and

will be at a distance of H’'=b—1=80 cm from the o]

The layer of water with a thickness of d vlll shift lhe lm-ge ovar a distance
of H—H'= l—% , where n Is the refraction index of water. This fol-
lows directly from the solution of Problem 737.

Hence, H=H'+d I—— =86 cm.

789. Two cases are poulble

1) The optical axis of the lens Is perpendicular to the front face of the

ge. The rays reflected from the front face pass through the lens and pro-
duce an image of the point source that coincides with the source Iitself.

, z 5
_"‘K\ "'4‘
——

K S o

Fig. 630
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Fig. 531 Fig. 532

rays reflected from the rear face 'llll be deflected by an angle ¢ (Fig. 533)
determined by the equality I! %2 =" Since the angles are small ¢ == 2an.
The second image of the source wili be obtained at a distance d from the
first image, namely d=fp=
Hence, n=

2) The optical axis of the lens is perpendicular to the rear face of the
. The rays reflected from the front face will be deflected by an angle
634) and produce an image at a distance of d;=2af from fl

'
source.
The rays refiected from the rear face will be defiected by an angle 8 deter-
mined from the equations:
sina sin (@+8)
sln§=n' and sin 2a—p) =n
When the angles are small, 6=2a Sn—l) For this reason the second image
will be at a distance d.—!a(n—l) from the source. The total distance
between the images Is d=d,+dy=2anf.
Hence, n=y0y a8 In the first

case.

740. Since the image that coin-

' cides with the source s formed
owing to reflection from the part

of the mirror not covered by the
& liquid, the scmrce is obviously arran-
2z, at centre O of the hemisphere.

et us find the uslhon of lhe oth-

er image (poin n Fig. 535).

According to the Inl ul nlnchun

sina sin
Fig. 533 m’“’i’ and e

=ns°
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Fig. 534

As can be seen from the drawing, 8=P+2y, where y=a—p is thé angle

of incidence of the refracted ray on the mirror and (R—I—h) tan @ = (R—I? tana.
Neglecting h as compared with R, we can find from this system of equa-

tions tha

2R—!

2(R=1)

741. The image A’”’B"’ obtained in the system is shown In Fig. 536.
F, and F, are the foci of the iens and the mirror, and A’B’ is the image
produced ty the lens if its surface is not coated with silver.

The image A"B” produced by a concave mirror can be plotted, taking into
account that ray BO, aiter passing through the lens and being reflected from
the mirror surface, will travel along 08"; here / BOA=/ B"0A. Ray BC
emerges from the lens Kanllel to the optical axis of the system and after
reflection passes through F,.

The rays reflected from the mirror are reiracted in the lens once more and
produce image A’”’B”’. Point 8"’ lies at the iniersection of rays 08" and

n= =16

_/

Fig. 535
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Fig 536

CD. x-; 0B° passes through the optical centre of the lens after reflection

dis lhns not reiracted. Ray CD can be plotted as follows. After the first
refraction. in the lens and refiection, ray will travel in the direction of F,
and will be refracted in the lens once ‘more. Its direction lﬂer e
refraction can be found by the method described in Problem ray OD pa-
rallel to CF, is drawn through optical centre O untli It ln(eruzh the focal
plane of the lens. The sought ray is obtais y connec!

Since the rays are refracted in the lens (wlce. (uul Img(h I oi the :ymm
can be lound from the Iolluwmg ratio (ue Problem 735):

TR
where /,=—2'3 is the focal length of the mirror
f=7..'/_'--z 5 em
Therefore, the distance b to lmqe A"’B"‘ can be found from the formula
1
z+7=7

Hence, b

742. The focal length of the thin lens is f=——, where £ Is the radius
of the spherical surface,
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Let the rays parallel to the optical axis of the spherical surface fall on
it ‘com the air (Fig. 537). Alter being refracted on the surface, ray NK Is
deflected by an m?’ a—P from the optical axis.

As can be seen in Fig. 537a, we have OP tana=F,P tan (a—§).

" . sina

According to the law of refraction, by

Since these angles are small, ra == f, (@—f) and a=pn.

Therefore,

i1 the parallel rays are incident (rom the glass (Fig 537b), then similar
reasoning will give the equations:

::—:‘is‘; , and r tana =/, tan (B—a)

Since the angles are small, B-=na, and ra=/f, (f—a).
Hence, "=n_’-l'-"

743. Two cases are possible. the focus is outside the sphere, and Inside it.
Let us consider the first case. The path of the ray incldent on the sphere at
an angle i is shown in Fifl. 3

ing in mind that the angles i and r are small, we have, in accordance
with the condition of the problem,

BC=Rsina=Rsin@r—N @R @r—) L o_n)

The focus obviously iles outside the sphere when n < 2 and on the suriace
of the sphere if n=2.



410 ANSWERS AND SOLUTIONS

Fig. 538

The distance
CF= BCNWE 3 ,lnd pe=2(i—r) =

2(—=1)
n

-as can usll{I be found from Fig. 638.
t distance is
—_Rn
[=R+CF=5
Whenn > 2, the path of the ray is as shown In Fig. 639. The sought distance Is
}'=0F = CF—R
As can be seen from Fig. 639,
CF=ACcot (i—r) =

Hence,

744. Let us extend ray BF until it intersects the continuation ol the ray
Incldenl on the sghmusmllel to the optical axis (Fig. 538). It nslly

be seen that sectic that connects the point of intersection wmn the
centre of the sphere forms a right angle with the direction of the incident
ray. Triangle ODF s a right one, since

OFpes g 2 =D Rs (s Problem 743)

For this reason the main planes of sphere MN coincide and pass through its
centre.
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745. The focal length of the sphere Is
R _n
=g i=y=16cm

see Problems 743 and 744). By using lhe formula of a lens, and thls may
Le done because the main planes colncide, let us find the distance from the
centre of the lens to lhe image

b= e 15 cm
a—f
The image is virtual and is In front of the sphere.

746. The thin wall of the spherical flask can be regarded as a divergent
lens wilh a focal length of

_— . R
h= (n—l)(——L) (n—1)aR
R, R,
After passing through two such lenses at a distance of 2R from each other

(Fig. 540), the rays gorallel to the major optical axis (the flask dlameter)
will be so refracted that their continuations wlll intersect at the focus F of

Fe— 2R —* Fig. 540
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l?e system at a distance b from the second lens. According to the formula
of a fens,

1 1 1
¥R 3L

L +2R)

D=—\71—-k—

2(h+R)
Point D of the Intersection of AB (coatinuation of the Incldent ray) and CF
(continuation of the refracted ray) lles on the maln plane of the system at a
distance x from the second
It follows from the similari

triangles DCB and FCO that

Hence,

ity of trlangles ACB and F,CO, and also of

The maln plane lies at the following distance from the second lens
—-hR_

h+R
Therefore, the focal length of the system is

2Rb
WL

S h_ R
=== R ™ T =T
In view of symmetry of this optical system, the positions of the second
focus and of the other maln plane are obvious
747. A glance at Fig. 541 shows that the angle of refraction is
r=/ 0AB=/ ABO=/ OBC=/ OCB
and £ BAD=/ BCD=i—r
At polnt A the beam turns through an angle i —r, at point B through an
angle n—2r, and at point C through {—r. Therefore, the total angle through

Fig 541
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which the beam Is deflected irom the initial direction is
B=i—r4a—=2r+1—r=n+42—4

The angle r can be found lrom the ratio 3mi—p.
748. When a parallel beam of rays s incident on the dmﬂ the ray passin,
alm the diameter has an angle of incidence of =0 ile the angles
incidence of the rays above and below it may range from
(1) Using the results of the previous problem and the I:- of refraction,
we can find the values of 8 for varlous values of {:

Table 3

0° 180° 55° 138°20°
20° 160°24 60° 137°56"
40° 144°40° 65° 138°40
50° 139°40° 0° 140°44"

(2) A diagram of 8 versus i s shown in F‘i .

(3] The minimum value of the angle of deflection is approximately equal
1o 9, . The rays leaving (he drop_are nearly parallel when 8 =84/,
since in this case, as can be seen from Table 3 and the diagram, 8 changes
the slowest when i changes. An spproximate path of the rays in the drop
Is sftustrated i Fig 543.
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7.
g z Fig. 543

749. In accordance with the formula of a lens
1 1 1
atE=TF

The magnification Is

k=-h-=bj_—l=2l times

760. The condenser should produce a real image of the source on the lens
having the size of the lens. Therefore, using the formula of a lens and the
that its we can write two equations:

=T =y

Here x is the distance from the source of light to the condenser and y is

::le dlslulce from the condenser to the lens. According to the initial condi-
on, x+y=

B By :ancelllng x and y from the expressions obtained, we can find the focal
ength:

I_(d+D),_7lcm

The diameter of the condenser will be rnlnlmum I the slide Is behind it.
The minimum permissible dlameter is D2 1] c

751. Ground glass is needed to fix the plme In which the image is obtai-
ned, and to increase the angle of vision.

Transparent glass is used to examine the image produced by a lens In a
microscope. For this purpote a line is drawn on a transparent glass to fix
the locussm plane, and this line and the adjacent orlnon ol the 1may pm~
duced by the lens are fccussed in the microscope. se grouns
cannot be used, slnce the mucrouope will show all Ihe dlslor(lOIll due to lhe
ctruch-re of_the sur

782. (1) The Ilnterns wﬂl lppur equally bright, since the illumination of

the retina of the eye E=l;—. is the same for both lanterns. (Here L Is the
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luminance of a lantern, A the area of the pupil, and b the distance from the
crystalline lens to the retina.)

(2) The image of a far object Is closer to the lens than that of a near
object. For this reason a remote lantern produces a higher 1llumination of the
film and its image will be brighter on the photograph.

783. The illumination of the photographic film Is

A (a=n
E~ -~ S =

:
where s,=‘—, is the lens speed, [ is the focal length and a Is the distance

from the lens to the object being photographed (see Problem 752). it is ob-
vious therefore that the exposure in a camera with a short focal length shouid

be smaller.

764. The distances between the Sun and the Earth and between the Sun
and the Mcon are practicaily the same. For this reason if the Moon and the
wall had equal coefficients of reflection, their luminance would seem identical.
it can be assumed, therefore, that the surface of the Mcon consists of dark

rock.

765. In air, the extenal convex cornea of the eye collects the rays and
produces an image on the retina. The crystalline lens oniy helps in this.

The refraction index of the liquid inside the eye is very close to that of
water. For this reason the cornea refracts almost no light and the eye becomes
very far-sighted.

he refractive propertles of the comea are completely retained when the
swimmer is wearing a mask.

758. When the man looks at remote objects through his spectacles, he sees
them as he would see objects at a distance of a3—=60 cm without any spec-
tacles.

Therefore, when the man is wearing spectacles (see the solution to problem 735)

1 1 1
ate=TE
where a= .
‘When the man 1s without spectacles

]
ae

] 1
+5=7
Here b is the depth of the eye, 7'- the minimum optical power of the eye

and - the optical power of the spectacles, It is assumed that the spectac-
les m"ﬁu;a tightly against the eye.
ce,

of the eye with spectacles

1 I
oty
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Therefore,
1 1 1 1 1
@ wth=a Ty
nd a,=|
. The I ~sl Ied man when wearing his frlend’s spectacles can see
only vcry far ol Therefore, the distance g, of best vision of the eye of
the long-sighted mAn can be determined from the equatlon
LIy
o o

where g, is & very great distance (aI - ®) and D, Is the optical power of
the sp-mclu of the short-sighted m:
erwu D, of the specuclel that correct the defect of vision of
nu long-slght man can be found from the formula
1 1 _p
G Gy
where a,=0.25 metre is the distance of best vision of the normal eye.
‘I'Iu distance g, of best vision of a short-sighted eye can be found from the
equation
1

LI .
o o
If the short-sighted man wears the spectacles of his long- sxgmed Inelld.
the distance of best vision, i.e., the minimum distance a at which the short.
sighted man can easily read a small type, can be determined from the (armulu
1 _1_p
a g

Upon :nlvlng these four equations, we get a=12.5 ¢
7588. When an object with a height of I is enmmed from a distance of D,
the angle of vision @, is determined by the formuia

1
Q=5
1f the same object Is viewed nuouzh a m:(nllym] glass,
P= b+/ T

where I’ Is the height of the image (Fig. 544).
The angular mg‘llﬁmlon & &

where k=t ’-‘*,—” is the linear ‘magnification determined from  the
formula of a Izm (f is the focal length).



GEOMETRICAL OPTICS

417
7
U S
s—Ft | Sy - F
Fig. 544
Hence,

_Dodl_DLorf
N=7F T L

T
D

() When L=, we have N=7.

(2) When L=D, we have N=%+1_.;.‘

769. The magnification of a telescope is N=%l
length of the oblective and f, that of the e eplece.

ince in a telescope adjusted to infinity the distance between the objective
and the eyepiece is |, +fy,

D_h+th
b

. where f, is the focal

&

Here b is_the distance from the eyepiece to the image of the diaphragm.
According to the formuia of a Yerrs.

1
rFRt

Upon cancelling b from these equations, we find that
D_ 1t
b_h_
T=r=Y

760. Sharp images of remote objects wili be obtained with the convergent
lens in three dilferent positions. The iens can be placed in front of the di-
vergen! lens or behind it

27 - 2042
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Fig. 545
For the first position the distance d between the lenses can be found con-
sidering point K as the virtual Image of point A in the divergent lens (Fig. 545).
1 ] 1
“R=atT=T
RalI MN s parallel to the optical axis of the system.
lence,

a=f,—L

U
i
i 1_3.5 m

For the second position (the convergent lens is behind the diverﬁenl one)
the path of the rays is shown in Fig. 546. Regarding point A as the image
of K In the convergent lens, let us use the formula of a lens

=1
~h

1
FFati=
Hence,

The distance between the lenses may be d;=35 cm or dy=5 cm.

761. Let the rays coming from one end of the digmeter of the visible disk
of the Moon be directed along the optical axis of ffie system. The rays will
produce an image on the optical axis at point A (Fig. 547) removed by a
distance of {=45 cm from the divergent lens

z Fig. 546
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Fig 547

The rays coming from the other end of the diameter form, according to the
condition, an angle @ with the first rays. After passing through the system,
these rays will produce an image (point B) lying in a plane perpendicular
:o the optical axis and removed by the same distance ! from the divergent

ens.
To find the diameter of the imaf: D,=AB, let us consider the path of
the ray passing through the optical centre of the first lens.

In the first arrangement, the convergent lens is placed in front of the
divergent one at a distance of d;=3.5 cm. If we consider point E as the
virtual image of point O we can write

Using the similarity of triangles ABE and O,PE and remembering that
0,P=d, tang, we obiain

D, tang d._w
I4x, xy x,

Upon cancelling x; from these equations, we find that D;=0.72 cm.
In the second arrangement of the lenses (d,=235 cm), the path of the rays
is shown in Fig. 548. The diameter of the Moon's image D, can be found

£ 4 4
Z 7

D\ # 4
.z':—b

27*

Fig. 548
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from the equatfons:

dy lanwaﬂ
el Xy
(considering triangles EOP, EAB and OPO,) and
Lyl
&Tn b
(ctmshizfl'ln§I E as the image of 0,). Hence D, 2 0.01
In the third annnﬁmﬁnl (4._.‘5 cm) the path of Ihe uys will be some-
what different (Fig. 549) than that shown In Flg.

The equations for Dy can be written llmillr to the preceding cases as
follows:

Dy dytan @ __ dy@ 1 1
=T e N
Hence, Dy=0.18 ci
762. It follows Irom the formula ol a lens
1,11
N
that the magnification of the objective is
=t fo
* a—Fa

where b is the distance from the nmaE 1o the objective.

The real mveru magnification of the object pmduced by the objective can
be viewed through the eyepiece as through a mumllylnf glass, the virtual
image produced |h|s mni;l fying glass being arranged from the eye at the
distance of best vI

According to the lormuh of a mlgnllyln( glass

1

a r
‘where a; Is the distance from lhe image pmduced by the objective to the

eyeplece.
rhe magnification of the eyeplece is

a
The total magnification of the microscope L’:"

Foy (D+F,
¢=/.‘A,=0L_(F:;T"‘)= 180 times



CHAPTER 6
PHYSICAL
OPTICS

6-1. Interference of Light

763. No, it does not. The presence of {llumination minima on the inter-
ference pattern means that no quantity of light enters the given section of
space.

764. The maximum [llumination will be observed at an arbitrary point of
the screen C (Fig. 550) If the difference of the paths dy—d;=~A, where
2, ... is an integer.

o the Pythagorean theorem,

d=o+(mtg)

=0t (m—g)

whence
B—di=(d+4y) ([ds—d)=2hp!
In accordance with ‘he initial condition dy+-d; 2 2D. Therefore, dy—d; =
=kh 2 2%‘- . The distance to the &-th light band from the centre of the screen is
Ix,=$ . The distance between the bands is Ah=h.+,—h,=':"'3~
768. The distance between Interference bands is M=$ (see Problem 764).

In our case D=AB =% a+b, and I=S§,S, Is the distance between the images
Sy and S; of the source In the flat mirrors (Fig. 561). The value of [ can

c

LY

%%
7

&E\‘ e
)

Fig. 550
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2 L4
5
o
& 7 ~~~.51C
i = d
[

N Fg 551
be found from triangle S,SB:

] a
T=%g5 o 1=2%a

Hence,
_Aa+b)
="
he second coherent source is obtained in Lloyd’s experiment by
reflection of the rays fro or_AO. In reflection the phase changes by n
(loss of a half-wave) and the mlllnlons will be dlmped at poml 0 wher

(m dark) band.

767. The illumination on the screen will be intensified when d,—d,=kA.
The locus of points on the screen reached by rays from both swrtes with
this difference is a circle with its centre at point A (Fig. 552). For this reason
the interference bands will have the form of concentric circles.

‘When I=n) the illumination will be intensified at roml A (an interference
maximum of the n-th order) The nearesi bright interlerence band (circle) of

R\

S
) P

le— 7 —>+ 4

Fig 552
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P

/ ! N Fig. 553

the (n—1)th order is at a distance from point A determined from the equation
dy—dy =V (ah+ DP + Moy —V Dt hhy=(a—1) 2

: Bearing in mind the conditions of the problem that A € D and A <1, we get
pey e Vﬂbn"'—" N _ l/zm (,—D+|)

768. The difference between the path of the rays for the &-th bright ring is
dy—dy =V @y A=V iaky +ri=mr
Therefore,
=g VBF—BY @B

769. A semitransparent piate with an aperture can be used fto create the
second coherent source closer to the screen than the first one. On the basis
of Huyghens' principie, the aperture can be regarded as the secondary source
and an interference pattern will appear on the screen.

1f the distance between the sources is great, an interference pattern can be
ohl‘alned with the aid of a source producing waves very close to monochro-
matic_on

770. To find the distance Ak it is first necessary to calculate the distance
1 between the virtual sources and S, located at the point of intersection
of the continuations of the rays refracted by the prism faces.

For this purpose 1t will be the simplest to consider the path of the ray
normally incident on the face of the prism (Fig. 553).

No such ray actually exists, but it can be plotted by mentally extending
the upper prism downward. All the beams from a point source refracted by
a prism can be assumed to converge at a polnt, and this method is quite
permissible. Since the relrach: angle of the prism is small (the prism 1s
thin), the virtual images S, and S, of the source can be ngarded as Iymg at
the same distance from the prism as source S. It can be seen from Fi
that i=a and SA=aa. According to the iaw of relvacuun, r = na. %nnsh
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Fig. 554
dering triangie AS,B, we can write

-;—+aa.-na.n
Hence,
I1=2%a (n—1)
By using the solution of Problem 764, we find:
M,Eﬁ:_&%”’r =0.15 cm

71 N, where L Is the width of the interfrence pattern.

It can be seen from Fig. 266 that Lo=—1, where | 5 distance between

the vlrtnnl images S, and S, of the soume
Using the resuits of the pnvlo«s probiem, we get

dabat (a1 o
T@tnx

772. A biprism made of a substance with a refraction index n, deflects
rays by an angle
o‘=(§0“— 7) (ny—ny)

where n, is the refraclion index of the medium from which the rays fail. For
a biprism in air

N=

[
9.=(90’ ‘T) (ng—1)
1f the biprisms are equivalent, @, =@,. Hence,
8=p _l__1+ 180°

n,—l

For the values given in the initial condluons, o= 179°37°,
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Fig 555

773. The path of the rays in the system is illustrated in Fig 554. Here
S, and S, are the images of source S in the halves of the lens Obviously,

la

b=a=1

The distance { between S, and S, can be found from the similanty of
triangies SAB and SS,S,:
(=294
a—1f
The distance between adjacent interference bands on the screen is
Y L...‘DI—"’,ai‘ (Da—Df—af)=10-* cm

(see_Problem 764).
The sought number of interference bands Is
vl _d@+a)

Ak aAh

T74. The distance between the virtual sources S, and S, can be found by
the method described in the solution of Probiem 7 (Fig. 555).
The distance between interference bands is

anA(OI=Pa+tah)
da

28—2042
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Fig 556

The number of bands on the screen Is

L
N=A_I;

where L—%‘ Is the dimension of the portion of the screen on which interfe-
rence bands are observed. Theretore,

Nabfh
O=GarFam == ® <

‘The maximum possible number of bands can be determined from the condition
ad: + Nabk —bfNA =0
(here D — ®).
lence,
adi

_—f

Naas=p—amn

The number of bands Is finite, since the distance between them Increases as
the screen Is moved away, and the dimensions of the portion of the screen
on which the interference pattem appears grow.
775. The distance between the interference bands wlll not depend on the
osition of the screen only If the source is arranged In the focal plane of the
ns. This directly follows from the expression

A
Ah=a—d(Dl—Da+ah
obtained in solving Problem 774. When a=/,
M-%—IO" cm
at any value of D.
?ll; case the path of the rays is shown In Fig. 556. A glance at this

or
Iltustration will show that the number of interference bands will be maximum
when the screen is In position AB. The distance from the screen to the lens
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can be found Irom trisngle OAB, remembering that the angle n-% and
AB=R:

Rl
D="7-=2 meres

776. The iength of a light wave diminishes n tlmes In glass, since the
Irequency does not change and the veloclly decreases n times. This produces
an additional difference in the path between the coherent waves in the beams.

At s distance of d, the upper beam will accommodate k,-‘%" wavelengths,
and the lowes besm n,=5¥'+d¢§$ wavelengths st the ssme distance.
At any roln( on the screen the light waves will additionally be shifted with
respect to each other by &, —k, wavelengths. As a result, the entire interfe-

rence pattern will be displaced by ky—ky="42% (o 1)~ 100 bands.

The process of displacement can be observed at the moment when the plates
are Introduced. After this has been done, the Interference pattern on the screen
will be as before.

. The lens is too thick. Interference occurs only with thin flms. The sir
layer between the iens and the glass fs thin.

778. No, It will not. The difierence of the path between the waves meeting
on the screen and emitted by the sources S and S, or S and S, Is great.
In these conditions the spectra of various orders that correspond to the spect-
ral interval of the source are superposed in the same way as when the waves
are reflected from the boundaries of ick lm.

If the shield is removed, the only result wlll be suj Ition of monoto-
no:lulg changlng iilumination on ‘the interference pattern from sources S;
and S,.

7
2

I NN

Fig. 557
28
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779. When the rings are observed in reflected light, the intensity of the
interference beams Is about the same.

In transmilted light the intensity of one beam that was not reflected is
much higher than that of another beam that was reflected twice. As a result,
the maxima and minima will appear against the background of uniform illu”
mination, the light wiil not be extinguished completely and the entire pattem
will be less distincl than In reflected light.

780 In the absmce of contact, the radius of the filth ring Is determined

by the eqlnlion +2d—51 l| the dust 1s removed, the radius of this ning

1.8x10-4em.

can be found from the equatiol R

]
reduce lhe reflection factor it is necessary that rays / and
(F 557) reflected from the external and internal surfaces of the coat applied
to me optical ghn damp each other.
This wlll occur if

Bn=@h+D o

where I; =0, 1, 2, .... Hence, the minimum thickness of the coat is
Bin=15 -

Condition (1) cannot be satisfled for all wavelengths. For this reason, & Is
usuaily so selected as to damp the middle nt of the spectrum. The thickness
of the coat exceeds hnr, by an odd numl of times, since It is easier to
make thick coats than thin ones (2 quarter ol the wavelength thick).

0 observe an interference ;atlem. the maximum of the k-th order
corresponding to the wavelength A should not overlap with the maximum of
the (k+ 1)th order corresponding to the wavelenzth A+ 48\, where AL =100 A.

This will occur if (A+AM) R <A (R+1).

Hence, k<
The maximum permissible thickness of the layer h,,, satisfles the equation
2oy =(A+AM) kayy

where k_,,-A—lA-A It A is the wavelength corresponding to the middle of the
visible section of the spectrum (A=5,000A), then
haax == 1.3X10-3 em

If a thin film with a refraction index n Is used instead of the air layer,
the maxnmum thickness should be n times smaller than in the air layer.

784. Upon the interference of rays / and 2 (Fig. 558) reflected from diffe-
rent faces of the wed(e. the condl(lnn of the minlmum can be writt
follows: 2hn=~k\ (k=0,
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e — ] Fig. 558

Since the angle a is small, h == x
There(ore, the distance between lhe interference bands on lhe wedge is

m °
According to the formula for the magnlfication of a lens,
a ls the distance from the screen to the lens and b from the qu 1o the wedge.

Ax a
b

Since b=d—a, then according to the formula of a lens, 7+4——L Upon
clnoelllng a and b from these expressions, we can find the sought value of
the angle @

A _dF 4F yad—4ld ’—4/d

=Znar dt Vu- 4jd

The solution of this problem is nol a single one, because a sharp image
can be obtained on the screen with fixed d and / when the lens is in one of
two positions

6-2. Diffraction of Light
785. The radius of the first Fresnel zone can be found from triangles ADE
and DEB (Fig. 559):

':=a'—(n-x)'=(b+;) Gty

Since the wavelength ls small, x=——
2ax—x3.
e small value of x2, we finally obtain
-
1 atb

2(¢+b)

Therefore, 7
Neglecling
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Fig. 559
The same me(hod can be used to obtain the radil of the following Fresnel

2ones. For zone &
’ /" abRK
=V 55
786. A distance from a point source to the wave front of @ — o corres-

ponds *o a plane wave.
The sought radii of the zones are

= lim ;/H__*ﬁmx

(m the solution to Problem 785).
787. To solve the problem it Is necessary to calculate the number & of
Fresnel zones that can be accommodated in apertures with diameters of D

and D,.
Us(n‘ the resuits ol Problem 785, we have

Now it Is easy to find that k=3 (an odd number). When the aperlure is
5.2mm in diameler, it can contain lprroxim.l(ely lour zones (an even num-
Im) Therelcm. ?eam aperlure will reduce the iflumination at poinl B.

four Fresnel zones are open the dark spol on the axis of
lh beam is snn'ounded b{ bright and dark rings. When the aper-
ture is increased, the total il nmmalmn of the screen grows in magnitude,
but the distribution of the luminous energy on the screen so changes that
the mlmmum will be in the centre.
. The sought illumination will be maximum when one Fresnef zone is
accommodated 1n the diaphragm. With 2 view to the sofution of Probiem 786,
we have

D=2V R=02cm
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Fig. 560

790. The diffraction will be noticeable if the aperture accommodates a
small number of Fresnel zones, i.e., the radius of the aperture will be of
the same order as (or smaller than) the radius of the first Fresnel zone:

ab
l/n+b A=R
where R is the radius of the aperture.

When a=b5, we have ah > 2R?,

791. The Fresnel zones plotted in Fig. 560 make it possibie to determine
the luminous intensity at point B. The illumination at this point is created
by the first and subsequent Fresnel zones. If the dimensions of the screen do
not exceed considerably the radius of the first central zone, found from the
formula in Problem 785, a bright spot is sure to appear at point B with an
illumination only slightly differing from that which would have appeared in
the absence of the screen.

792. Approximately three metres.

793. Here it is more convenient to select the Fresnel zones in the form of
bands paraliel to the edges of the siit. The minimum will be observed in the
direction @ if an_even number of zones can be accommodated in siit A8
(Fiﬁ'n“‘)' This figure shows four Fresnel zones. We have b==2kx, where x
is the width of the Fresnel zone, k=1, 2, 3, ... . Here AK is the difference
in the path between the extreme rays sent by one zone:

AK =xsin w=%

Hence,

Therefore, the minimum will be observed in the direction @ If b sin p=

784. The rays incident on the pinhole of the camera [rom a remote point
source are nearly parallel. If there were no diffraction the dimensions of the
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M,

Fig. 561

bright spot would be equal to AB=2r (F(E 562). In view of difiraction,
the dimensions of the :rot will increase to DC. The distance OC s determi-
ned the angle @ tha glnva the direction to the first minimum (dark ring).
According o the note, in@ 2w A. Therefore, the radius of the spot

OC=r+ AC=r+dain var+%

This vaiue reaches the minimum (see the solution to Probiem 504) when
,_%‘. The optimum dimensions of the hole 7=}/ 3.

705. The angles that determine the directions to the maxima of the second
and the third orders satisfy the equations:
dsin @,=%\ and dain gg=31
Hence,

A=d(sin @;—sin w,)=24¢osw—";l')aln w—'_ﬁ) -
2 d(pp—@y)=da e 1.7 X 10~8cm

798. Sin p=1 corresponds o the maximum vaiue of k. Hence,

=Sy

A

797. For a spectrum of the first order to appear, d shouid be greater than
or equal to A. Therefore, the sought period of the grating must not be iess
than 0.02 cm.

798. The direction lo the frst i is ined by the exp
dsin @=A. The screen is arranged in the focal piane of the lens. Assuming
the angle @ to be swall, we have {=/g. Hence, 1="T_—_sxlo-‘ em

799. The length of all waves dimimshes in water n times (n Is the refrac.on
index of water). Hence, the angles @ that determine the directions to the maxima,
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Fig. 562

and the distances from the centre of the difiraction pattern to the maxima cor-
onding to various wavelengths, also decrease n lima slnce according to
lhe initial condition the angles ¢ are small and sin
e The spectra of different orders will be in conl -ct ll khy=(k+1)A,.
elore,

For this reason only the spectra of the sixth and seventh orders can be
parhally superposed. But this grating (see Problem 796) can give only the
spectrum of the fourth order for this range of waveiengths. Therefore the
spectra vnll not be superposed in our case.

When the rays are incident on the grating at an angle 8 (Fig. 563),
the dnﬂerence in the path between the waves issuing from the edges of adja-

o -first
\ mazimun
Fig. 558
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cent slits Is
8= BD— AC=dsin p—dsin®
These waves add up and intensify each other when
d(sing—sin B)=kA

where k=1, 2, 3, ... for the maxima Iyln( ll the rlfhl of the central one
(k=0) and A=—I. -2, =3, ... for t lying at |

The maximum order of the spec(rum wIII be ebs«ved vhm P=—90"
Thus d (—1—— )=k Hence, km—6. The spectrum of the sixth order

{ be obwved The minus sign shows that the spectrum lies to the feft

he central one.

. As follows from the formula d (sin @—sin 8)=kA (see the solution
to Problun 801), the period of the grating wili be minimum with tangential

Incidence of the reys: 0=90°. In this case dau-+.. Therelore, the perlod ol

the grating should satisfy the lnequality d>%.
803. In the genenl case, as shown In the solution of Probiem 801, the
sought condition will be
d(sin —sin 6)=kA
1t may be rewritten as

2d cos L‘;—e sin ?§_°=n

I d>H, then g0, Here cos®E8acont, and am250 @20
Therelore, the condltlon that determines the directions to the principal maxima
wiil take the for

dcos 6 (p—0) = kA
The grating constant diminishes, as It were, and becomes equal to dcos 6
msteaﬂ :I' d. The angles —6 are counled off from the direction of the iIncl-
dent ligl

6-3. Dispersion of Light and Colours of Bodies

804. As shown In Problem 703, the angle of incidence a, the refraction
angle of the prism @ and the reluchon index n are related to the angle B
at which the beam emerges from the prism by the expression

na=sinp ‘/‘(m-{-co( Q) +1
Therefore, we obtain the following equation for sinp

sina sinta
Sngtng Tanig fmg =0

sln? B (1 4-cot? @) +25In B s
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Fig. 564

or

2sin? B+ ¥ Zsin a+%—

Upon solving this equation, we find that
—1+ Vani—1
2V2
The solullon with the plus s|gn has a physical meaning. For red

smp 026. Therefore, 5%, For vlo]el rays sin B, ==0.31 and
= 156", The sought nn(leﬁlls 8=P,— Bo ﬂ,

sinf=
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Fig 566

805, For the red rays the focal length of the lens Is
R
=g o= m

and for the violet rays f,=25 cm.
According to the formula of a lens, the image produced by the red rays

al,

a—Jr

will be at a distance of b, =

at b, =50 cm.
The image of the source on the screen (Fig 564) will have the form of
a spot whse edges are coloured red.
he diameter of the spot d can be found from the similarity of triangles
ABE and CDE:

=58.7 cm and that from the violet rays

dstL;_blso,ls om
2

808. The sunrays falling on rain drops may be assumed to be parallel.
As they emerge from a drop alter being reflected once on its internal surface,
the rays diverge in all directions. Only the rays subjected to minimum defle-
ction are about parallel When these rays get into the eye, they produce
the maximum visual impression. These rays travel, as can be said, with the
maximum density. The other rays are diffused in all directions. As shown
in Problem 748, the angle of deflection for parallel rays is 138°. Therefore,
the angle between the sunrays and the direction to the rainbow is 42° (for
red_light) (Fig. 565).

The eye will receive light from the drops that are In the direction for-
ming an angle of 42° with the line passing through the eye and the Sun.
For violet rays this angle is about 40°.

807 The zrsl (primary) rainbow is observed owing to the rays that were

reflected once inside the water drops. Upon refraction, the violet rays undergo
the greatest deflection from the initial direction (see Problem 747) (és grows.
with n, since r decreases). For this reason the external arc will be red and
the internal one violet.

The reflectlon rainbow is caused by rays that were reflected twice inside
the drops. The approximate path of the ray is shown in Fig. 566. As can
be shown, the direction to the rainbow is 51° with the line that connects
the eye and the Sun. With two refractions and two reflections the colours
alternate In the reverse order: the external arc will be violet and the inter-
nal one
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The luminous intensity 1s much weaker after two reflections, for which
a reflection rainbow is much less intensive than the primary one.

808. The geographical latitude of Moscow, i.e., the angle between the
plane of the equafor and a normal to the surface of the Earth, is @="56°.
At this moment the Sun is in the zenith above the ‘northem tropic (latitude
@=23.5°). Hence, the angle between the direction to the Sun and the hori-
2on (Fig 567) is

B=90°—g+a="5730"

A rainbow can be observed only when the altitude of the Sun above the
h:nzon does not exceed 42° (see Fig 565) Therelore, no rainbow can be
observed.

0 r eye perceives a colour when its sensitive elements dre rrritated
by a light wave of a definite frequency. The frequency of light waves, howe-
ver, does not change during transition from one medium into another.

10. The green glass should be used. In this case the word will appear
black against Ihe Freen background of the paper, since the red colour of the
word “excellent” not pass through green glass.

I the red glass is used, the word wnnen by the red pencil will not be
seen against the red backgronnd of the paper.

811. Camera lenses predominantly r:ﬂecl the extreme parts of the visible
spectrum: red and violet (see Problem 782). A mixture of these colours pro-
duces a lilac tint.

812. The colours of a rainbow are pure spectral colours (see Problem 806)
since only a ray of a definite wavelength is seen in a given dlrection. Con-
\M‘scli’ the colours of thin films are produced by extingulshing (totally or
partially) of the rays of a certain spectral interval due to interference. The
colour of the film wlll supplement the colour of this spectral interval.

813. Under the force of gravity, the soapy water drains down onto the
lower porhon of the film, which is always thicker than the upper one. Hence,
the bands that show the locus of omis of equal thickness should be arran-
ged horizontally The light-blue (b green) lint is obtained when the long-
wave (red-orange) part 1s excluded lrom the’full spectrum (see Problem 812).
When the middle (green) part of the spectrum is extinguished, the remaining
rays impart to the fitn a purple (crimscn) hue, and when the short-wave
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(blue-vlole() rul Is excluded from the solld spectrum, the film will appear
yellow. he difference m the path of the mulnally exlln'ulshln( rays
Iorms the same number of hall-waves in all three ses, the yellow band
should be on top, followed by the purple band and by the light-blue band
at lhe bo(lcml

In the daytime the I|¢hl~blue light difiused by the sky Is added to
ellowish light of the Moon itsell. This mixture of colours Is percelved
‘e eye as a white colour. Alfter sunset the Il ght-blue colour of the sky

ls attenuated and the Moon acquires a yellowish hue.

. smoke is seen agalnst a dark background because it diffuses the
sunrays incldent [rom above. The particles of the smoke diﬁnse blue light
much” more Intensively than red or yellow light. Therefore, the smoke seems
blue in colour.

smoke is seen In transmitted light nﬁalnst the back round of a bright
sky. The smoke seems yellowish since the blue light Is di used In all direc-
llons and only the long-wave part of spectrum of white light reaches the eye.
816. A thin film of water mverlnﬁ a molst object reflects the incldent
white II¢M in cne definite direction. The surface of the object no longer dlffu-
ses white light In all directlons, and Its own colour becomes predominant.
The diffused light is not superposed on the light reflected from the object,
and for this reason the colour seems richer.
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