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CHAPTER 1: PHYSICAL QUANTITIES AND UNITS

DIMENSIONS OF A PHYSICAL QUANTITY

Physical quantities are divided into two groups:

(1)

(i)

Fundamental quantities: are quantities which cannot be expressed in terms of any
other quantities using any mathematical equation. Examples of fundamental physical
quantities are; mass (M), Length (L) and time (T).

Derived quantities: are quantities which can be expressed in terms of the fundamental
physical quantities of mass, length and time. Derived quantities are also called
dimensional quantities OR

Derived quantities are those physical quantities which cannot be obtained by
combining the fundamental quantities mathematically. Examples include; acceleration,
speed, power, force, etc.

Physical quantities that are not related to mass, length and time are called
dimensionless or non-dimensional quantities. Examples include; relative density,
refractive index, logarithms, trigonometric ratios, mechanical advantage, pure
numbers, etc.

Definition: Dimensions of a physical quantity shows the way a physical quantity (derived
quantity is related to the fundamental physical quantities, of mass, length and time
The symbol for dimensions is; [ ]

Examples:

(1) [mass] = M
(i) [length] =L
(i) [time] =T
(iv)  Area =length X width
= [Area] = [length] X [width]
=L X L
=12
- . __ displacement
(V) velocity = i
. __ ldisplacement]
= [velocity] = T el
= % =71
(vi)  volume = length X width X height
= [volume] = [length] X [width] X [height]
=L XL XL
=13
( ]
L 1)



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

change in velocity

(vit)  Acceleration = —
[change in velocity]

= [Acceleration]= [ime]

L1

—=LT?
T

(viii) Force = mass X acceleration
= [Force] = [mass] X [acceleration]
=MXLT2
=MLT 2
(ix) Workdone = Force X distance
= [Workdone] = [Force] X [distance]
=MLT %2 x L = ML?’T?

o workdone
(x) Power = ———
time
workdone
= [Power] = [workdone]
[time]
_ ML2T?

= ML2T3
Trial question: Find the dimensions for energy, pressure, impulse, momentum

Uses of dimensions
e Checking the consistency of equations
e To derive equations

Checking equations
For a correct equation, the units on the left hand side (LHS) should balance with those on the
right hand side (RHS). This implies that the dimensions on the LHS should balance with those
on the RHS. All correct equations should be dimensionally consistent. However not all
dimensionally consistent equations are correct.

Example
Test the following equations for dimensional consistency;
@0  S=ut+sat?
Solution

[LHS] =L

[RHS] = (LT *XxT)+ (LT >XT ?)=L+1L
Since dimensions on the RHS = dimensions on the LHS, the equation is dimensionally
consistent.

(i)  v?=8u?+4as
Solution
[LHS] = (LT~1)2 = [2T 2
[RHS] = I2T 2 + [2T~2
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Therefore, the dimensions on the RHS are consistent with those on the left hand side. However, it
can be seen that the equation is not correct because of the wrong values for the constants 8 and 4.
This is due to the fact that the constants 8 and 4 are dimensionless. Therefore, dimensional
analysis can be used to eliminate wrong equations, but cannot be used to prove the correctness of
a particular equation, since it does not provide any information about the correctness of numerical

1
factors such as > 2,me.t.c

Tl

(111) V= I T is the tension in the string of length / and mass m where V is the
velocity
Solution
[LHS] = LT 1

_ ’(MLT‘Z)XL
[RHS] = [————

Since [LHS] = [RHS], the equation is dimensionally consistent

(iv) v=u?+at
Solution
[LHS] = LT!
[RHS] = LT 2+ LT
~ [LHS] # [RHS] = the equation is wrong

Derivation of equations
If one has an 1dea about the factors upon which a given quantity depends, the method of
dimensional analysis can be used to derive equations.

Examples
1. Consider the oscillation of a simple pendulum. The period T may depend on mass, m,

length, /, and the acceleration due to gravity, g.
~Toxl*mYg? =T =k(I*mYg?
Where k 1s a dimensionless constant of proportionality
Using dimensions;
[LHS] =T
[RHS] = (L)*(M)? (LT ?)*
=T = (L)*(M)Y(LT?)*
Equating the corresponding indices of M, L, and T gives:

For M,
0=y ~y=0
For L,
O=x+4+2z zZ=—X
For T,
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Thus x = 1
2

o 1 _1
By substitution, T =k (lzmog 2)

:T:sz
g

Note: the method of dimensional analysis cannot give the values of the constant k. However other
mathematical methods show that k =2m

2. The period of vibration of a liquid drop is given by T = ka*p?y?, where k is a
dimensionless constant, a is the radius of the drop, p is the density of the liquid and y 1s
the surface tension whose dimensions are MT 2. Use dimensional analysis to find the
values of x,y and z.

Solution
T = ka*pYy*
[T]=T,lal=L, [p]=ML3 ,[y]=MT"2 =T =(L)**x(ML3)Y x (MT~?)?
Equating the corresponding indices;

ForL: 0=x—3y......... )
ForM:0 =y +z............ (i)
ForT: 1 =-2z.............. (iii)
1 3 1
.'.Z:—E’x:E ’y:E

1 a3p

3 1
=>T = kazpzy 2=k ~

3. The volume per second of a liquid flowing through a horizontal pipe of length / ,is given

X
by k’;—?, where k is a constant, p the excess pressure, a the radius of the pipe and n, the

coefficient of viscosity of dimensions ML~ *T~1. Find x

Solution
Volume/second = 222 = [Volume/second | = lolume] _ jap-1
time [time]

[Pl =L7*MT™2, [a] =L, ] =ML'T" L[] =L
L raper _ (IMT )@y
~ LT = (ML-1T-1)%(L)
Equating corresponding indices gives:
3=—-1+x
>x=4

Trial questions:
1. Inthe formula T = kE*PYp?, E is the energy, T is the period, P is the pressure, p is
density and k 1s a dimensionless constant. Find x, y and z

[Ans: =

1

— 5 —
;y— _E;Z_E]

[
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. For streamline flow of a non-viscous, incompressible fluid, the pressure P at any point 1s
related to the height h and the velocity v by the equation:

(P—a)=pg(h—>b)+ ip(vz — d), where a, b and d are constants, p is the density of

the fluid and g 1s the acceleration due to gravity. Given that the equation is dimensionally
consistent, find the dimensions of a, b and d; and hence their units.

[Ans: [a] = ML™'T™%2 | [b] =1L, [d] = [*T?]
. Assuming that the mass m of the largest stone that can be moved by a flowing river

depends on the velocity v of the water, its density p and acceleration due to gravity g,
kpv®
93
. Experiments show that the frequency, f of a tuning fork depends on the length, /, of the

prong, the density, p and young’s modulus, Y. Using dimensional analysis, show that
1

k (Y\2 . . .
f= n (;) where k is a dimensionless constant

where k 1s a dimensionless constant.

show that: m =

a

. Vander Waals equation is given by: (P + vZ) (v — b) = RT, where P is the pressure

exerted by a gas, T is the absolute temperature, v is volume of a gas, and a and b are
constants. Find the dimensions and units of a and b.
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CHAPTER 2: KINEMATICS

LINEAR MOTION
Linear motion refers to motion in a straight line

Definitions:
Displacement: This is the distance covered by a body moving in a specified direction. The SI unit
of displacement is metres (m).

Velocity: this is the rate of change of displacement. The SI unit of velocity is metres per second
(ms™)

Uniform velocity: this happens if a body undergoes equal displacements with in equal successive
time intervals, no matter how small the time intervals may be.

If the displacements in equal successive time intervals are not equal, the motion is said to be non-
uniform.

Acceleration: This is the rate of change of velocity

A body 1s said to be accelerating when its velocity increases, and is said to be decelerating when
its velocity 1s decreasing. However, if the velocity of a body is constant, then its acceleration is
zero. The ST unit of acceleration is ms™

Uniform acceleration: this happens if the velocity of a body changes with equal amounts in
equal successive time intervals, no matter how small the time intervals may be.

Displacement time graphs

a) Uniform velocity b) Non uniform velocity

Displacement / m Displacement /

?

Time/ s

.
—
Time/ s

c) Uniform acceleration

Displacement 7/
A~

Time/s
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Velocity-time graphs

. . : =0
a) Zero acceleration (uniform velocity) b) Uniform acceleration (with u )

N Velocity /ms™"
Vcloj‘iity Ims™" eloc

—> Time /s
Time /s ) .
tion
¢) Uniform acceleration (u # 0) d) Uniform decelera
- - = / -1
Velocntﬂ‘fms ! | Velocity /ms
—> Time /s

Time /s

e) Motion of a body thrown upwards, such that it then falls with uniform acceleration.

Velocity / "f{f‘

\‘i me'/s

Equations of motion

If the velocity of a body changes from u to v in a time t, then from the definition of acceleration,
v—u

Tt

Sat=v-—u
~v=u+at this is the first equation of motion

As the velocity changes steadily,
Average velocity = uzﬁ
From displacement = (average velocity) X (time)

s = (RTW) X (t) but from the first equation, v = u + at

[u+(u+at)]
Ss="—7—X (t)
__ 2ut+at?

2
1 .. . .
LSs=ut+- at? this is the second equation of motion
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Alternatively;
Consider a body with initial velocity u and final velocity v as it moves from A to B.

1 A

r

Velocity / ms™

k.

le N Time/s

Displacement = total area under curve
= Area of OABD + Area of ACB
Area of OABD = ut

AreaofABCZ%xt X(v—u)but v=u+at
= Area of ABC = %atz
~ Total area = ut + %atz = displacement

> s=ut+ %atz as before

Fromv=u+at, t = ?
+t + —
Buts:(u—) tzs:(g)x(u)
2 2 a
_ uv—uv—u?+v? _v?-u?
- 2a T 2a

~ v2 = u? + 2as, this is the third equation of motion

Examples
1. Two particles are travelling along a straight line AB of length 20m. At the instant when

one particle tarts from rest at A and travels towards B with a constant acceleration of 2ms"

2, the other starts from rest at B and travels towards A with a constant acceleration of Sms-

2, Find the time after which the two bodies collide and how far from A they collide.
Solution

2 -2

2ms” Sms

ndhiar S P

B
% d >le (20-d) ——>

Let the particles collide at a point P, a distance d from A
s=ut+ gatz
Particle from A Particle from B
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u=2~0 u=>0
s=d s=20—-d
a= a=>5

20 —d =§><5><t2 (1))

From (i) d = t2
Substituting for d in (1) gives:

20 — t?2 = 2.5¢2
= 20 = 3.5t2
~t=2.39s

d =2.39% =5.714m
They collide 5.714m from A after 2.39s

2. A motorcar moving with a uniform acceleration covers 5.5m in its 4™ second and 9.5m in
its 8™ second of its motion. Find its acceleration and initial velocity.

Solution
9.5m

5.5

y3

|
|
o 1 2 Z{ 4 7 8 9

4™ second 8™ second

Distance covered in 4® second = (distance covered after 4s) — (distance covered after 3s)
= 5.5 =(4u+1xax42)—(3u+1xax32)
2 2

Multiplying through by 2 gives;
11 = 8u + 16a — 6u — 9a

11=2u+7a..........(i)
Distance covered in 8™ second = (distance covered after 8s) — (distance covered after 7s)

=95= (8u+%><ax82)—(7u+%><ax72)
Multiplying through by 2 gives;
19 = 16u + 64a — 14u — 49a
19 = 2u + 15a.... ... ... ... ... (i)

Subtracting equations (i1) and (1) gives:
8=8a = a=I1ms?

h =t
O\ —t—

Substituting for a in equation (i1) gives;
2u =19 — 15(1)
2u=4 = u=2ms"

A train stops at two stations P and Q, which are 2km apart. It accelerates uniformly from
P at 1ms™ for 15s, and maintains a constant speed for a time before decelerating uniformly
to rest at Q. If the deceleration is 0.5ms™, find the time for which the train is travelling at a

3.

constant speed.
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Solution
_;Fﬁocﬁy!ms
i S
Sz
s Ss
P : Q,
— Kk 75 > 7 } 7 ? Time/s
S; + 5, + 53 =2000.........(0)

From v =u + at
v=0+(1%15) = 15ms™

For the deceleration, From v = u + at, 0 = 15 + —0.5¢,
= t, = 30s

s; =>x 15 x 15 = 112.5m
s, =15 X t; = 15t

s3 =X 30 X 15 = 225m

Substituting for s,, s, and s3 1n equation (1) gives;
112.5 + 225 + 15¢; = 2000
= 15t; = 1662.5

= t; = 110.83s
=~ The time for which the train 1s travelling at a constant speed = 110.83s

4. A car A, travelling at a constant velocity of 25ms™, overtakes a stationery car B. Two
seconds later, car B sets off in pursuit, accelerating at a uniform acceleration 6ms~. How
far does B travel before catching up with A?

Solution
A B
u=25msLtime=ta=0 u=0msLtime=t—2,a=6ms?
s:ut+§at2 s:ut+§at2
ns=250 ... i) 2 s=3(t=2)2..... (i)
Equations (1) and (i1) gives:
25t = 3(t — 2)?

>3t2-37t+12=0
~(t=12)(3t—1) =0 > eithert =12 0rt = %
Note that t = % cannot work, since the time taken by B will be G - 2) which gives a negative.

Therefore time taken by A before B catches it is 12 seconds.
From equation (1), s = ut = 25 X 12 = 300m
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Note that the same answer would be got by substituting for t in equation (i1).

Trial questions

. A car is being driven along a road at a steady speed 25ms™! when the driver suddenly
notices that there is a fallen tree blocking the road 65m ahead. The driver immediately
applies the brakes giving the car a constant retardation of Sms~. How far in front of the
tree does the car come to rest?

If the driver had not reached immediately and the brakes were applied one second later,
with what speed would the car have hit the tree? [Ans:s=2.5m, v=15ms™ ]

. A, B and C are three points which lie in that order on a straight road with AB = 95m and

BC = 80m. A car is travelling along the road in the direction ABC with a constant
acceleration a ms™. The car passes through A with a speed u ms™, reaches B five seconds
later, and C two seconds after that. Calculate the values of u and a

[Ans: u=4ms', a=6ms?]
. A train of mass 100,000kg starts from rest at station P and accelerates uniformly at 1ms
until it attains a speed of 30 ms™. It maintains this speed for further 90s and then brakes
are applied, producing a resultant breaking force of SOKN. If the train comes to rest at
station Q, Find the distance between the two stations. [Ans: 4050m |
. A ship of mass 107Kkg is travelling at 2ms™! when its engine is switched off. As a
consequence, the ship’s speed is reduced to 1.5ms™ in a distance of 100m. Assuming that
resistance to the ship’s motion is uniform, calculate the magnitude of the resistance.

[Ans: 87.5kN]

. A train starts from rest at station A and accelerates at 1.25ms™ until it reaches a speed of
20ms™. It then travels at this steady speed for a distance of 1.56km and then decelerates at
2ms™ to come to rest at B. Find the distance from A to B. [Ans: 1.82km]
. Two cars A and B are traveling along a straight path. The cars are observed to be side by
side when they are at point P of the path and again at another point Q. Assuming that A

and B moved with a uniform acceleration a; and az, prove that if their velocities are U
2(U1—Uz)(Uza1—U1a3)

(a;—az)?

and U; respectively, the distance PQ is given by;
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Motion under gravity
In absence of air resistance, all bodies regardless of their masses and composition fall with the
same acceleration, if they are at the same location near the earth’s surface. Such a fall is called
free fall.

Acceleration due to gravity, g
This 1s the rate of change of velocity of a freely falling body

Note:
e Unless otherwise stated, the value of acceleration due t gravity is 9.8 ms™
e G replaces a in the equations of motion
e g is positive for a body falling and negative for a body moving upwards

Note: For questions that have motion under gravity, we use arrow convention, such that ;

before substituting numerical values in the formulae for uniformly accelerated motion, they
should represent vectors in the same direction, or the arrows of the vectors should be in the
same direction. The table below, as well as the following examples will make this point more

clear.
T upward motion |l downward motion
v Negative Positive
u Positive Negative
g Negative Positive
h Negative Positive
Example

1. A stone is thrown vertically upwards with a speed of 20ms™ from a point at a height h
above the ground level. If the stone hits the ground 5s later, find the;
(1) velocity with which it hits the ground
(1)  the value of h
Solution

|

Considering upward motion
Fromv =u + at
—v =20+ (-9.81x5)

v = 29ms’!

From s = ut + %atz
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—h = (20><5)+§><—9.81><52
h=22.63m

2. A stone is thrown vertically upwards from the top of a tower and hits the ground 10s later,
with a speed of 51ms™. Find the initial velocity and height of the tower.
Solution
v=u+at
Considering downward motion, v = —u + at
=51 =-u+981x10
= u =47.1 ms™

s=ut+ %atz
a5 = (—47.1%10) + 2 x 9.81 X 107
= s=19.5m

3. A ball is thrown vertically upwards with a speed of 15ms!, from a point which is 0.7m
above the ground. Find the speed with which the ball hits the ground, and the time taken.
Solution
Considering the downward motion
fromv? = u® + 2as

v? =(-15)?+2x9.81 x 0.7
v = 15.4ms™*

From v = u + at

15.4 = —-15+9.81¢t
t =3.1s

Trial questions

1. A stone is dropped vertically from the top of an overlapping cliff, and hits the sea 3 seconds
later. The acceleration due to gravity at that location is 10ms™. Find the speed of the stone
as it hits the sea, and the height of the cliff. [Ans: v=230ms", h=45m]

2. A ball is projected from a point 2m above the ground with an upward speed of 3ms™.
Assuming that the acceleration due to gravity is 10ms~,find the;

(1) time taken for the ball to reach its greatest height above the ground
(11) maximum height reached
(1)  speed of the ball when it first strikes the ground

[Ans: (1) 0.3m (i) 0.45m (iii) 7ms™ ]

3. Two stones are thrown from the same point at the same time, one vertically upwards with a
speed of 40 ms™', and the other vertically downwards at 40 ms™. Find how far apart the
stones are after two seconds. [Ans: 160 m]

4. A ball is projected vertically upwards with a speed of 50ms™. On return it passes the point
of projection and falls 78m below. Calculate the total time taken [ Ans: 11.57s ]
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PROJECTILES
A projectile is anything which when given an initial velocity can be left to move on its own in
presence of a constant force field, such as the gravitational force field. The effects of air

resistances are neglected
Consider motion of a particle of mass, projected at an angle a to the horizontal with initial

velocity u

y—ml:ﬁ'"

PSS -

The particle has got both horizontal and vertical motion

Horizontal motion(x — axis) Vertical motion (y — axis)
Initial velocity,u, = ucosa ... ... .....(I) initial velocity,u, = usina ..... (ii)
Acceleration,a, = 0 ... ........ (iii) Acceleration,a, = =g ... . ceo o... (iV)

Fromv =u + at
vy =ucosa+ (0 xt)
=ucosa......(v) vy, =usina — gt ..... (vi)

From s = ut +%at2
X :utcosa+§><0 X t?

X =utcosda ... ..... (vii) y=utsina — ggtz v e (VL)
X

From equation (vii), t =
ucosa

Substituting for t in equation (viii) gives;

—u( e )sina L ( o )2
y_ Ucosa Zg U COS X

__ xusina gx?
" ucosa 2ulcosia
2
gx .
=xtanag ——... ... ... (Ix
2u?cos?a ( )
1 gxisec’a
But =sec’a @y= xtan@ —=———.......... X
cos?a y 2u2 ( )
2 2
gx?(1+tana .
= xtana — % ......... (xi)

Equations (ix), (x) and (x1) are equations of the parabola. They are called trajectory equations and
hence the projectile describes a parabolic path.
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Definitions:
Angle of projection, a: This is the angle between the direction of the projectile and the
horizontal.

OAB is called the trajectory and it is the path taken by the projectile.
Greatest height reached, H: This is the distance between the highest point reached by the

projectile and the horizontal plane through the point of projection.
From v? = u? + 2as

At maximum height, v =0, ~ 0= (usina)? — 2gH
= 2gH = u’sin*a
H = u?sin®a
2g

To get the time taken to reach the maximum point, we use v = u + at
~0=usina —gt

- usina

g
Time of flight, T: This the time taken by the particle(projectile) to move from its initail position
to its final positions along its paths.

From equation (viii), y = ut sina — %gtz
At B, y =0 ( see diagram)
= 0=uTsina —%g]"2
~0=T(usina — %gT)
Either T=01eatO ; or usina —%gT =0
. 1
= usina = EgT

2usina

g
It should therefore be noted from the expression of time of flight, T and that of time taken to

reach the maximum height, t that; T = 2t.This shows that the trajectory is symmetrical.

T =

Horizontal range, R: This is the distance from the initial position of the projectile to its final
position on the horizontal plane through the point of projection.

R:OB,al‘ldatB,R =X, t= T:Zusgina

From x = utcosa,
s
AtB,R=uTcosa =R :u( usgma)cosa'

2u?sinacosa . .
sR=— but 2 sin a cos @ = sin 2«
g

>R =

u? sin Zcx)
g

u?sin2a
)
It can therefore be seen that R can have a maximum value if sin 2a = 1, because the maximum
value of sine is 1

For maximum horizontal range, Rmax, we get the minimum value of R = (
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uZ

o Ripax = —
g

This happens when sin 2a = 1 = 2a = 90° and so a = 45°
- For maximum horizontal range, angle of projection should be 45°

Direction of motion
This is determined by the velocity of the projectile at a particular time.

h

y-—a.xig

2 — 2 2
Ve =10+ Uy

= v = /1? +v,2 = magnitude of velocity at any time t
tanf =2 =0 :tan_l(v—y )

Uy Ve
Butv, = usin® —gt and u, =ucos®

- 0 = tan-! (u sin6—gt )

ucosf

6 1s the angle which the direction of motion of the particle makes with the horizontal at that time,
t. If tan @ 1s positive, then 8 is above the horizontal, and hence the particle has not yet reached the
maximum point. If tan @ 1s zero, then the particle is at the maximum point. If tan 8 is negative,
then @ 1s below the horizontal, and hence the particle is falling after passing the maximum point.

Examples
1. A particle is projected at 20° to the horizontal and just clears a wall 10m high and 30m

away from the point of projection. Find the speed of the projection, velocity of the
projectile when it strikes the building and the time taken to reach the building.
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Solution

Initial velocity:

F = xtan@ — —£-
rom y=xtana ———- 2
10 = 30 X tan 20 — o2
2uUccos<20

=10 — 10.92 = =2
1.766u2
~ u = 73.76ms’!

Time taken:
From x =utcosa,

30=73.76 X t X cos 20

30
=>t= ——=0.43s
73.76 c0s 20

Velocity:
At the point when the particle strikes the building,
v, =ucosa = 73.76 X cos 20 = 69.3ms™!
vy, = usina — gt = (73.76 X sin 20 — 9.81 x 0.43) = 21ms™
v =12+ 1?=v69.3%2 + 212
=72.4ms™
Since velocity is a vector quantity, we need to also find its direction

tanf =2 =2L = 9 = 16.86°
vy 693

2. A shot is fired from the top of a cliff 200m high with a velocity of 500ms™ at an elevation

of 30°. Find;

(1) the distance from the point where the shot strikes the ground to the bottom of the cliff

(11) the time taken
(111)The distance from the ground to the highest point reached
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Solution

200

(1) From y =utsina — %gt2
Considering upward motion:
~200 = 500t sin 30 — > x 9.81 X t2

= 0 = 4.905t? — 250t — 200

t= 250++/2502—(4x4.905%(—200))
- 2X4.905

Since t can not be a negative, t =

250+257.95
9.81

= 51.76s

(11) From x = utcosa,
x =500 x 51.76 X cos 30

=22412.1m
2 aiml
(iii) From H = ——=
2g
2 aiml
H=22"°130 _ 3185.5m
2X%9.81
Required distance =200 + 3185.5
=3385.5m

. A particle is projected horizontally at 20ms™ from a point 78.4m above the horizontal
surface. Find the time taken for the particle to reach the surface and the horizontal distance
travelled in that time.

Solution

u=20ms™

From y = ut + %mﬁ2
Since the initial velocity is horizontal,u for vertical motion is zeroo
= 784 =X 9.81 X t2
t= 4s
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considering horizontal motion,a=g=0
=>x=ut
~x=20x4=80m

4. An object A 1s projected upwards from a height 60m above the ground with a velocity of
20ms at 30° to the horizontal. At the same time, another object B is projected from the
ground upwards towards A at 30° to the horizontal. A and B collide at height of 60m
above the horizontal ground, when they are both moving downwards, Find;

(1) The speed of projection of B

(1)  The horizontal distance between the points of projection

(111)  The kinetic energy of A just after collision with B, if mass of A = 0.5kg
Solution

A 1
60m :;60"1 T
, v
¢ X, > Xp
(1) If the particles collide at P, and considering A at the point of coincidence, the vertical
displacement,

y=0, a=30 andu=u, =20
From y:utsinot—%g’[2
:»0:20rsin30—§><9.81><t2
Either t=0,0r>x 20 —>x 9.81 X t = 0

>t =2.04s

Since the particles were projected at the same time, they should take the same time to
collide.

Considering particle B at the point of coincidence,
The vertical displacement, y = 60, = 30 and t = 2.04
From y =utsina — %gt2

= 60 = up X 2.04 X sin30 — =X 9.81 X (2.04)?

60 = 1.02u, — 20.4
. up = 78.8ms™
(1) From x =utcosa
X, = 20X 2.04 Xcos30=3533m and

( |
1 19 )
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xp = 78.8 X 2.04 X cos 30 = 139.25m
Total distance between them = x, + x;, = 35.33 + 139.25 = 174.58m

(i)  Kinetic energy = gmv2

But velocity of A after collision at P = 20ms-1, but in opposite direction
= K.e = ~x 0.5 x 202 = 100joules

5. Two footballers 100m apart, stand facing each other. One of them kicks the ball from the
ground such that the ball takes off at a velocity of 25ms™ at 45° to the horizontal. Find the
speed at which the second footballer should run towards the first baller in order to trap the
ball as it touches the ground, if he starts running at the instant the ball is kicked.

Solution

Second footballer
<

Consider the ball: At the point A, the vertical displacement, y =0
~From y =utsina — %gt2
= 0 = 25t sin 45 — > x 9.81 X t2

Eithert=01i.e at O 0r255in45—%x 981 xt=0

~ 49t =25X%Xsin4d5 = t=3.6s
From x = utcosa
x =23 X 3.6 X cos45 = 63.63m

Consider the second footballer:
He is supposed to travel a distance of (100 — x) = 100 — 63.63 = 36.37m
Since the second footballer starts running at the instant the ball is kicked and is supposed to run
so as to trap the ball as it falls, he should take the same time as that taken by the ball to land.
= He should take 3.6s

Distance _ 36.37
time 36

= 10.1ms

~ From speed =

6. In the following figure, a ball is projected with a speed u at an angle of 45° to the
horizontal from a point 1.5m above the ground as shown above. It passses through a
horizontal ringwith a velocity of 4ms™, at an angle of 60° to the axis of the ring. If the axis
of the ring 1s 0.5m and that the height of the ring is 3m,
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calculate:
(1) Time taken by the ball to hit the ground from the instant it passes through the ring,
(1)  Distance between the pole and the point where the ball hits the ground
(111)  Initial speed of projection
Solution
(1) Starting from the ring: Let the velocity of the ball at the ring be v = 4ms!

From y =utsina — %gt2
3 = 4tsin30 — =X 9.81 X 12

= 0=4905t*>+2t -3
—b+Vb2-4ac
a

Using — and since t cannot be negative, t=0.6s

(i)
From x = utcosa
x =4x%0.6Xcos30 =2.08m
Required distance =0.5 + x
= 0.5+ 2.08 = 2.58m
(111)  Since the horizontal velocity of the ball is the same through out its motion
Then u cos 45 = v cos 30

v cos30 4 cos 30 _
= = = u = 4.89ms™

T cos45  cos45

7. Two particles A and B are projected simultaneously, A from the top of a vertical cliff, and
B from the base. Particle A is projected with a speed of 3u, while B is projected at an
angle 6 above the horizontal with a speed of 5Su. The two particles collide after 2s. If the
cliff is 56m high, find the;

(1) Values of uand 6
(1)  The horizontal and vertical distances from the base of the cliff to the point of
collision of the two particles.
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Solution

From x = utcosé@
Considering particle A:
x = (3u) x2xcos0
25X =6U...... )
Cosidering particle B:
x = (5u) X 2 X cos@
= x = 10ucosf ...... .. (ii)
Equating the two equations,
6u = 10ucos®
=0 = cos !~ = 53.13°
10
From y =utsina — %gt2
For particle A: (1) y = (3u) X 2 X sin0 — % X 9.81 x 22
>y =19.6m
- Vertical distance from the base to the point of coincidence

=56 —19.6 = 36.4m
For particle B,

36.4 = (5u) X 2 X sin 53.13 —%x 9.81 x 22

36.4 =8u—19.6
u = 7ms™!
Substituting for u in equation (1) gives; x = 6 X 7 = 42m
This is the horizontal diplacement of the particles at the point of collision

Trial questions

1. A dart player stands 3.0m from a small soft board of mass 0.20kg which is suspended
freely. The player throws a dart of mass 0.05kg such that the dart leaves his hand with a
horizontal velocity at a point 1.80m above the ground. The dart strikes the board at a point
1.50m from the ground. Assuming that air resistance is negligible, calculate the:

(1) Time of flight of the dart,
(1)  Initial speed of the dart

(111)  Height to which the bottom of the soft board rises after the dart has embedded

itself into it
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2. The position vectorof a particle moving in the x-y plane at time t = 3.60s 1s 2.761 — 3.28;
m. At t=3.62s, its position vector is 2.791 — 3.33] m. Determine the magnitude v of its
average velocity during this interval and the angle 8 made by the average velocity with the

X-axis. [Ans: v=2.92ms!, 8 = —59.0°]

3.
In the figure above, a roofer tosses a small tool towards a coworker on the ground. What is
the minimum horizontal velocity vo necessary so that the tool clears point B? Calculate the
distance s of the point of impact for the tool. [Ans: vo=6.64ms™’, s =2.49m ]

4.

300 — TF

In the figure above, an outfielder experiments with two different trajectories for throwing to the
home plate from the position shown:
(1) u = 80ms’ and 6 =10° and
(i) wu=100ms' and 6= 15°
For each set of the initial conditions above, determine the time t required for the baseball to
reach the home plate and the altitude h as the ball crosses the plate.
5. Calculate the range of a projectile which is fired at an angle of 45° to the horizontal with a
speed of 20ms™. [Ans: 40.77m ]
6. A projectile is fired horizontally from the top of the cliff 250m high. The projectile lands
1.414 x 10°m from the bottom of the cliff. Find the
(1) Initial speed of the projectile
(1)  Velocity of the projectile just before it hits the ground
[Ans: (i) 198ms™ (ii) 210ms™ at 19.5° ]
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VECTORS AND SCALARS
» Vector quantity :

A vector quantity is that quantity which has both magnitude and direction
Examples include; velocity, momentum, Force, displacement, acceleration, weight, impulse, etc

» Scalar quantity:

It 1s that quantity which has magnitude only
Examples include; Temperature, volume, mass, distance, speed, energy, power, charge , density
etc

RESULTANT AND COMPONENTS OF FORCES
Resolving of forces

The component of the force F in any given direction 1s the effect of the force in that particular
direction.
Consider a force F acting at an angle 6 to the x-axis as shown below. Let AB represent the
force F and angle BXA = 90° AX and AY represent the horizontal and vertical components of F.
A
!

N ;

A
AX AY :
E-cos@ and E-sm@
AX = AB cos @ AY = ABsin 0
AX = Fcos@ AY = Fsin@

Hence the horizontal and vertical components are F cosf@ and Fsinf respectively
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Examples
1. Find the resultant of the forces shown in the figure below
N 6N
60°C\ 60°
4N
33N
Solution
Resolving,
Force,F Horizontally(-) vertically (T)
4 4cos0=4 4sm0=0
6 6 cos 60 =3 6 sin 60 = 3v/3
2 2 cos 60 =1 2 sin 60 =3
3 3v3¢c0s90=0 -3v/35in 90 =-3v3
2x=6 Ey =3

Y. x and ),y are the summations of the horizontal and vertical components of the resultant
force.
If F is the resultant force, then,

F=Jx+y?= |62+ (V3)’ =624N

Since force is a vector quantity, we also have to find its direction

}'1L
5 sy=\h
e I‘;;zﬁ _-'i
tang =25 =3 5 9 =16.1°
zy 6

Therefore, the resultant force is 6.24N and makes an angle of 16.1° to the horizontal

2. In the figure forces of 4N, 6N and 2.83N act on a particle O.
(1) Find the resultant force,
(1)  Find the acceleration of the particle if it has a mass 2kg
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Solution

(1) Resolving,

Force,F Horizontally(-) vertically (T)
4 -4 cos 60=-2 -4sm60=-3.5
2.83 2.83cos45=2 2.83sin45=2
6 6 cos 30 =33 3 sin 30 =-3
Y.= 3V3 Yy =—45

Resultant = Jz X +Yy’ = J(N?)Z +(—45)2=6.88N
1\

=3
h 0

Ty =—4.5

_ Xx _ 45 — 0
tanS—Ey—Sﬁz 6 =40.9

Therefore the resultant force is 6.88N and is 40.9° below the horizontal

(11) Force =mass X acceleration
= 6.88 = 2a
.~ a = 3.44ms?
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3. Find the resultant of the forces in the figure below

3N
Solution
Resolving,
Force,F Horizontally(-) vertically (T)
2 -2 cos 60 = -1 -25sin 60 =-+/3
3 3cos0=3 3sin0=0
7 -7 cos 55=-4.02 7 sin 55 =-3
Y= -2.02 5, =4
Resultant= Y x° + Y y* = /(=2.02)2 + (4)2=4.481 N
tang =X = 2% = g = —63.21°
>y —2.02

The resultant is 4.48N at 63.21° below the horizontal

Trial questions

L. T 20N
35N
30°
60 O
4.0N
Three forces of 3.5N, 4.0N and 2.0N act at a point O shown in the figure. Find the resultant
force [ Ans: 1.07N at 15.5%]
2.
30N 25N
40°|20°
607 /M 75N
20N
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A body , M of mass 6kg is acted on by the forces of SN, 20N, 25N and 30N as shown. Find
the acceleration of M [Ans: 5.52 ms™ ]

Relative motion

This 1s the observed motion of one moving object with respect to another.
For a person in a moving vehicle, trees and buildings near the road appear to be moving in the
opposite direction, yet those that are far appear to be moving in the same direction.
If a car B moving with velocity VB overtakes another car A moving with a velocity VA, the
passenger in car A sees car B apparently moving towards him.However, the person in car B sees a
gradual catching up. In this case, car A appears to be stationary as B overtakes it .
The velocity car B appears to have to an observer in car A 1s called the velocity of B relative to A.

Therefore the velocity of B relative to A is the resultant velocity of B when A appears stationary.
One way of making a moving body stationery is by reversing its velocity. The velocity of B
relative to A is written as;

BVa or Vea = Vp—Va
Similarly
aVe =Va — Vs is the velocity of A relative to B
=>aVe=-8Va

The direction in which a vessel or boat or air craft is heading is called the course. If the vessel 1s
affected by wind or current (not in the same direction). It will be pushed off its course. The
direction in which it actually moves is called track.
The angle between the course and the track is called drift.
The vessel’s speed along the track is its speed relative to the ground or sea bed. This is called the
vessel’s resultant speed/ ground speed.

Resultant velocity

Since velocity is a vector quantity with both magnitude and direction, two velocities can be
combined to form a single velocity. Such velocities are usually met in problems of crossing a
river by a boat or swimmer.

Consider a problem of crossing a river from a point on one bank to a point on the other bank.
Assuming that the banks are parallel, we shall consider two cases;

Case 1:
If one is to cross from point A on one bank to a point B directly opposite to A on the other bank,
course set by the boat or swimmer must be upstream.

]3 River bank

—_—
—_— Direction of
v 0 water current
.

o

A River bank
In the figure, v, is the velocity of water current and v, the velocity of the boat or swimmer in
still water.
Resolving velocities; v, sinf = v,
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The resultant velocity in crossing the river is along AB and is given; v, cos 8

It is instructive to note that in this case the boat or swimmer crosses the river by the shortest
distance.

Case 2:

If the river is to be crossed by the shortest time possible (as quickly as possible), the course of the
boat or swimmer is directly across (perpendicular) to the river bank, such that the water current
carries the boat or swimmer down stream.

River bank _

———
Direction of
water current

River bank
Resultant velocity,

v =02 + v.2
Ve

This resultant velocity is at an angle 8 to the horizontal, where tan 8 = -
5

: . AB
Time taken to cross the river = =
5

The distance BC, which the boat or swimmer moves down stream = v, X t

[

Examples
1. A boy who can swim at 2ms™ in still water wishes to swim across a river, 150m wide. If
the river flows at 1.5ms™, find;
(1) The time the boy takes for the crossing and how far downstream he travels, if he 1s
to cross the river as quickly as possible,
(1)  The course that he must set in order to cross to a point exactly opposite the
starting point, and the time taken for the crossing

Solution
(1)
River bank
—_—
Direction of
water current
River bank A
v, = 1.5ms™, v, = 2ms™!
Time taken = 22 = 222 = 755
Vs 2
Distance down stream =v, X t = 1.5 X 75 = 112.5m
(i1)

Let the course be set at an angle 6
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. . 15
Vs Sinf =y, = sinf = —

3
w0 =48.6°
The course set is therefore upstream at an angle of (90 — 48.6) = 41.4° to the river bank
Speed across the river = v, cos @ = 2 cos 48.6

Time taken = ——o— = 113.41s

2c0548.6

2. A boat crosses a river 3km wide flowing at 4ms™ to reach a point on the opposite bank
Skm upstream. The boat’s speed in still water is 12ms™. Find the direction in which the

boat must be headed.
Solution
C B River bank
e
Vs oL H
A River bank

v = v, + v, and BC = 5km

In order to cross the river and reach a point C Skm upstream on the other bank, the course must
be such that the resultant velocity v is in the direction AC.

From the diagram, tan 8 = g = 0 =59°

Resolving;
(=) —vsinf =v,—vscosa
> vsin59 =12cosa —4 ........(I)

() vcosf =v,sina
= vcosbh9 =12sina...............(ii)
Dividing equations (1) and (1) gives:

12cosa—4

tan59 =———— = 20sina = 12cosa — 4

12sina

Dividing both sides by 4 and then squaring both sides gives;
25sin?a = 9cos?a — 6 cosa + 1
But sina = 1 — cos?a = 25(1 — cos?a) = 9cos?a — 6 cosa + 1
34cos?a —6cosa—24 =0
This is a quadratic equation in cos @ which yields cos @ = 0.933

2 oa=21°
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= the boat should be headed at 21° to the river bank upstream

Trial question

. The banks of a river are parallel and 50m apart and a current flowsat 8ms™. A bot with a

speed of 10ms™! in still water sails from a point A at one bank to point B directly opposite

on the other bank.

(1) Find the direction in which the boat is steered, and the time it takes to cross the
river

(1)  Explain why the shortest time of crossing is achieved when the boat 1s steered in a
direction perpendicular to the banks, and find where the boat reaches on the
opposite bank.

[Ans: a@ = 36.9°%,8.33s, 40m ]
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CHAPTER 3: NEWTON'S LAWS OF MOTION

First law

It states that; Everybody continues in its state of rest or of uniform motion in a straight line
unless an external force is applied on it. This law expresses the idea of inertia
Inertia of a body is the reluctance of that body to start moving (if at rest) or to stop moving (after
it has started moving)

Second law
It states that; The rate of change of momentum is directly proportional to the applied force and
it takes place in the direction of force
If initial momentum = mu and final momentum = mv, then

Change in momentum = mv — mu
mv—mu

The rate of change of momentum =

mv—mu

From the second law; F

= F — kmv;mu

where k is the constant of proportionality
F=km (ﬂ) but — = acceleration, a
t t
> F =kma
For a force of IN, the acceleration caused on a body of mass 1kg is 1ms™

~l=kx1x1=>k=1
This gives F = ma

Third law

It states that: Action and reaction are equal and opposite. This means that if two bodies say A and
B are placed together and A exerts a force (action) on B, then B exerts an equal and opposite force
(reaction) on A.

Note that action and reaction forces occur in pairs and act on different bodies.

BODY IN ALIFT

Consider a body of mass m kg standing on the floor of a lift which is moving with an acceleration
of a ms

Case 1: when the lift is moving upwards

R
a ms™?
W =mg .
The resultant force that acts on the lift is given by; F=ma
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Total upward force between the two forces gives the resultant force on the body in the lift, and
since the lift 1s moving upwards, this resultant force should be acting upwards, implying that
R>mg

R-mg=ma , R=m(a+g)

Case 2: when the lift is moving downwards

ams?

VLV=mg

For downward motion, mg should be greater than R(mg > R), and still the difference between the
two gives the resultant force.

mg—R = ma,

R =m(g—a)

Case 3: when the lift is moving either up or down with a constant velocity, then its acceleration is
Zero.
R—mg =mx0
R=mg

Examples
1. A man whose mass is 70kg stands on a spring weighing machine inside a lift. When the

lift starts to ascend, its acceleration is 2.5ms™!
(1) The reading of the weighing machine,
(1)  The reading of the weighing machine when,
(a) The velocity of the lift is uniform,
(b) The lift comes to rest with a retardation of Sms™

Solution
(1) R=m(g+a)
R =70(9.81 + 2.8)
= 861.7N
Note that the value of the normal reaction gives the reading of the weighing machine.
(1)  (a) When the velocity is uniform, (b) a=-5ms™
acceleration =0 From R = m(g + a),
R=mg R=70(9.81 -5)
R=70x9.81 =336.7N
=686.7N

2. A body hangs from a screen balance supported from the roof of a lift. The lift has an upward
acceleration of 2.5ms™ and the balance reads 60N.

( |
1 33 )
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(1) What 1s the weight of the body?
(11) Under what circumstances the balance will read 40N?
(111) What would the balance read if the cable of the lift breaks?

T%

!

¢W= mg

a=2.5ms?

Note that the reading of the machine gives the value of tension, T.
T=60N
From T-mg =ma, T=m(a+g)
60 =m(9.81 +2.5) =>m=4.87kg

But, Weight, W=mg
= W=4.87x9.81 =4.87N

(11) From T=m(g + a),
40 =m(9.81 + a), but, m=4.87kg
40=4.87(9.81 + a)
40=47.78 + 4.87a
a=-1.596ms™
Therefore, the balance will read 40N, when the lift is retarding at 1.596ms™

(111) The reading of the balance would be zero, and the lift would fall freely with acceleration due
to gravity.

Trial questions
A lift of 950 kg is carrying a woman of mass 50kg

(a) The lift 1s ascending at a uniform speed. Calculate the :
(1) Tension in the lift cable
(1)  Vertical force exerted on the woman by the floor of the lift
(b) Sometime later, the lift is ascending with a downward acceleration of 2ms~.Calculate the :
(1) tension 1in the lift cable
(11) Vertical force exerted on the woman by the floor of the lift
[Ans: (a) 9800N, 490N upwards (b) 7800N, 390N upwards]
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Examples on application of F = ma

L.

An engine of mass 5000kg pulls a train of 5 trucks each of mass 2000kg along a horizontal
track. If the engine exerts a frictional force of 50,000N, and given that the frictional
resistance 18 S000N, calculate the

(1) Acceleration
(1)  Tension in the rope used for pulling
Solution
Trucks, Engine F = 50,000N
- ngine, = 50,
m; = 10,000k > < m =5000kg [ >
T T
For the engine for the trucks
Resultant force =F — (T + f) Resultant force = (T — 1)
mia=F—(T+1) mya=(T-1)
5000 x a=50000 — T — 5000 10000 x a=T — 5000
5000a=45000-T ....... (1) 10000a=-5000+T .......... (11)
Solving the two equations simultaneously gives;
a=2.67ms> and T =31700N

In the figure below, two blocks A and B of masses 8kg and 4kg respectively are in contact
on a horizontal table. A constant horizontal force of 10N is applied on block A as shown
below. There is a constant frictional resistance of 3N between the table and block B but
there 1s no frictional force between A and the table.

Calculate the: (1) acceleration of the blocks
(11) Constant force between the two blocks
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Solution
Considering body A considering body B
Resultant force = 10 — R Resultant force =R — f
S5a=10-R ... (i) 4da=R-3.......... (11)
Solving the equations simultaneously gives
a=0.778ms> R =6.1IN

3. Two particles of masses 5kg and 10kg are connected by an inextensible string which
passes over a smooth fixed pulley. Find the acceleration of the system and the tension in
the string.

Solution

SgI 10¢

Considering the 5kg particle, R=T-mg =5a=T —5g........(0)
Considering the 10kg particle, R=mg-T = 10a =10g — T ....... (ii)

Solving the two equations simultaneously, gives;
9.81

a= gg =22 =327ms? and T=654N

Trial questions

1. The motion of a lift, when ascending from rest, is in three stages. First, it accelerates at 1
ms~ until it reaches a certain velocity. It then maintains this velocity for a period of time,
after which it slows, with a retardation of 1.2ms~, until it comes to rest. Find the reaction
between the floor of the lift and a passenger, of mass 100kg, during each of these three
stages. [Ans: 080N, 980N, 860N ]

2. A lift travels vertically upwards from rest at floor A to rest at floor B which is 20m above A,
in three stages as follows. At first, the lift accelerates from rest at A at 2 ms™ for 2s. It then
travels at a constant speed and finally it decelerates uniformly, coming to rest at B after a
total time of 6.5s. Find the magnitude of the constant deceleration.

( |
1 36 )
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If the mass of the lift and all its contents 1s 500kg, find the tension in the lift cable during the
stage of its motion when it is accelerating upwards [Ans:4ms~ , 5900N ]
. Bodies of mass 6kg and 2kg are connected by a light inextensible string which passes over a
smooth fixed pulley. With the masses hanging vertically, the system is released is released
from rest. Find the acceleration of the system and the distance moved by the 6kg mass in the
first two seconds of its motion [Ans:4.9ms™, 9.8m ]
. Particles of mass 0.6kg and 0.4kg are connected by a light inextensible string passing over a
smooth fixed pulley. Initially both masses are hanging vertically, 30cm above the ground. If
the system is released from rest, find the greatest height reached above the ground by the
0.4kg mass. [Ans: 66¢cm |
. A particle of mass m; lies on a smooth horizontal table and is connected to a freely hanging
particle of mass m> by a light inextensible string passing over a smooth fixed pulley at the
edge of the table. Initially, the system is at rest with m; at a distance d from the edge of the
2d(mq+msz)
mag
Particles of masses m; and m, with m; >m; are connected by a light inextensible string
passing over a smooth fixed pulley. Initially, both masses hang vertically with mass m; at a
height h above the floor. Show that if the system is released from rest, the mass m, will hit

the floor will hit the floor with a speed ,W and that the mass m; will rise a
1 2

table. Show that the time taken for the mass m; to reach the edge of the table is

(m2—mq)h .
———2 after this occurs.
m2+m1

Hence or otherwise, show that if m; = 4.5m and m; = 5.5m and that m, takes 2 seconds

further distance

before hitting the floor, then; x = g g

. Particles of masses m; and m» with m, > m; are connected by a light inextensible string
passing over a smooth fixed pulley. The particles hang vertically and are released from rest.

Show that the acceleration of the system is % and that the tension in the string is
1 2

Zmlng

mq+msz

. A car of mass 900kg tows a trailer of mass 600kg by means of a rigid tow bar. The car
experiences a resistance of 200N and the trailer a resistance of 300N. If the car engine exerts
a forward force of 3kN, find the tension in the tow bar and the acceleration of the system.
The engine 1s now switched off and brakes applied to produce a retarding force of S00N.
Assuming that the same resistances apply, calculate the retardation of the system. Also
comment on the nature and magnitude of the force in the tow bar for this case.

[Ans: 1300N, 12ms?,  Zms?, thrust of 100N]

. A lorry of mass 3000kg tows a trailer of mass 1000kg along a level road and accelerates
uniformly from rest to 18ms™ in 24s. The resistances on the lorry and trailer are proportional
to their masses and total to 1200N. Find the;
(1) Driving force exerted by the engine of the lorry
(11) Tension in the tow bar

[Ans: 4200N, 1050N]
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10. A truck A of mass 1000kg pulling a trailer of mass 1000kg pulling a trailer of mass 3000kg.
The frictional force on A 1s 1000N, on B it is 2000N, and the truck engine exerts a force of
8000N. Calculate
(1) the acceleration of the truck and the trailer
(11) The tension in the tow bar connecting A and B

[Ans: a=1.25ms?, T =5750N]
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LINEAR MOMENTUM
Momentum of a body is a product of its mass and velocity.

Momentum is a vector quantity and its direction is that of its velocity. When a force, F is applied
on a body, it can change the body’s velocity form « to v. the size this change depends on the size
of the force and the time for which it acts on the body.

From Newton’s second law of motion, F = ma

but a:?

=~ Ft = mv — mu = change in momentum
The product Ft is called impulse

Impulse is the product of force and the time for which the force acts, and its equal to the change
in momentum of the body during that time. It’s a vector quantity; whose direction is the same as
that of the force. It follows from the equation above the units of impulse are either Ns or kgms™.

Example
A body of mass 2kg initially moving with a velocity of 1ms™ is acted upon by a horizontal force
of 6N for 3 seconds. Find the:

(1) Impulse of the given body

(1)  Final speed of the body

Solution
(1) Impulse =Ft=6 X 3 = 18Ns
(1) Ft=mv—-mu=>18=2v-2x1
-~ v = 10ms!

Principal of conservation of momentum
It states that if no external forces act on a system of colliding objects, the total momentum of the
objects in a given direction remains constant.

Explanation

F.., ° K,

Suppose that bodies, A and B, are involved in a collision and that no external forces act on them.
From Newton’s third law, the force on A due to B, Fas and the force on B due to A, Fp/a are
equal and opposite, such that the resultant change in momentum is zero and hence it remains
constant.
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Proof
Before collision During collision After collision

Smooth surface
From Ft = mv — mu,
For the body of mass m; : Fit = myvi— miu

For the body of mass m> : Fat = movs — mows

But the impulse of the bodies are equal but opposite; = F;t = —F,t

S MgV — Myy = —(MyV, — Myly)
muy + myy, = myvy + myvy

Total momentum before collision = total momentum after collision

Therefore the total momentum remains constant

Note:

e If two particles moving in the same straight line collide, there is a short period of contact
during which each particle exerts a force on the other. At any instant, the forces exerted by
impulse exerted by each body on the other is equal but opposite, since the time taken for
action and reaction to act on the particles is negligible.

e It 1s assumed that during the short period of contact, the effect of any other external forces
which act on the particles is negligible

Explanations
1. Explain why a long jumper should normally land on sand

Solution

. . .. change in momentum
The force F exerted on a long jumper on coming to rest is given by F = g

time taken
Since the change in momentum is constant, it implies that if the time taken in coming to rest is

increased, then the force exerted on the knees of the jumper reduces. This is what exactly the
sand does by enabling the jumper to take more time to come to rest than if he landed on a hard
surface. This prevents damage on the legs of the jumper

2. Explain why a goal keeper draws his hands backwards when catching a fast moving
hard ball.
Solution
The goal keeper has to reduce the momentum of the ball to zero and hence draws
hands backwards to increase the time to bring the ball to rest and this will in turn
reduce the force on the hands. This is not only less painful but also reduces the
likelihood of the ball bouncing out of his hands.

3. When a bats man strikes a cricket ball, he follows through in order to keep the bat in
contact with the ball for as long time as possible. This increases the impulse and

( |
1 40 )
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therefore produces a larger momentum change and so increases the speed at which the
ball leaves the bat.

Types of collision
Elastic collision: This is the type of collision where momentum and total kinetic energy are
conserved and the particles separate after collision.

u u, Vi Vs
-'—Iﬁ"- — —_— ——

Before collision During collision After collision

Smooth surface
Le myuy + myu, = myv; + myv,

1 1 1 1
and Emlulz + Eﬂftzuz2 = Emlviz +5m2v22

Inelastic collision: This is the type of collision where momentum is conserved but total kinetic
energy is not conserved. Some of the energy changes to heat and sound which are not recoverable.
The particles stick together (coalesce) and move with a common velocity after collision. An
inelastic collision in which the two colliding objects stick together and move as a single body
after collision 1s called perfectly inelastic.

—
u, _ty
AN m, + m,
m, n, m, m,
Before collision During collision After collision

Smooth surface /°

myu, + myu, = (my; + my,)v
oy = M1y +MaUz
m1+m2
Examples
1. For bodies of masses m; and m, with initial speeds u; and u, before collision and a
common speed v after an inelastic collision, derive an equation for the kinetic energy lost.
Solution

. . .. 1 1
Kinetic energy before collision = Emlulz + Emzuz2

. . .. 1 .
Kinetic energy after collision = (my +my)v? ... (1)

Also myuy + myu; = (my + my)v
N Ml +Malz
m1+m2
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Substituting for v in equation (1) gives;

2
: : 1 MU, +mou
Kinetic energy after = = (m; + m (M)
gy > (my 2) ———
_ (mquy+mauy)?
2(mq+mz)

Kinetic energy lost = kinetic energy before collision —kinetic energy after collision
(myuy +myu,)?
2(mq+my) ]
_ {m1u12+mgu22) (myuq+myu,)?
N 2 - 2(mq+mz)
_ (m1u12+m2u22)(m1 +mp)—(myug+mous)?

L 1 1
=~ Kinetic energy lost = (Emlulz + Emzuzz) -

2(m1+mz)
m1u12+m1m2u12+m1m2u22+m22u22—(mlzulz+m22u22+2m1m2u1u2)
2(my1+my)
2 2_ 2 2_
_ MmMumaU“tMmiMalU“ —2mymaili Uz _ Mmymsp\uy FU“—2U1 U5

2(my+my) 2(my+m3)
mqmy; (ul—uz)z

= kinetic energy lost = 2(m,+1my)

2. A particle of m; moving with a velocity u; makes a perfectly elastic collision with a
stationary particle of mass m,. After collision, the first particle moves in the original

direction with a velocity v; while the second particle moves in the same direction with a

velocity v,. Show that v; = % and v, =
1 2

2mquq
m1+m2
Solution
From conservation of momentum,
myuy + myu, = myv; + myv, butu, =0
=>m(u, —v) =myvy ... ... ()
From conservation of kinetic energy,
%mlul2 = %mlvlz + gmzvz2
my (uy? — v1%) = myv,?
S>my(uy —v)(uy +vy) =myvy2 (i)
Dividing equations (1) and (11) gives:
U+, =0,
SV =V — Uy
Substituting for v, in equation (1) gives:
my(uy —vy) = my(uy +vy)
S MU — MV = MUy + My
= (my —my)uy = (my + my)v,
vy = (my—my)u,
m1+m2
Also, from (1) my[u; — (v, — uy)] = myv,
> mauq + MUy —myv, = My,
2Mmq g

v, =
2 mq+msz
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3. Balls A, B and C of masses mi, m> and ms respectively lie on a horizontal surface as
shown below.

The balls are initially at rest. Ball A 1s projected with a velocity v1 and moves towards B
making a perfectly elastic collision with B. If B moves and makes a perfectly inelastic

collision with C, show that both B and C will move with a velocity,
_ 2mymayvy
T (my+mp)(mp+ms)
Solution
Let v2 be velocity of A after collision with B and vg be the velocity of B after collision with A
Consider A and B (elastic collision)

Conservation of momentum: m;v; = myv, + myvg

=>v2=%f‘2”’* ........... (i)

U3

Conservation of kinetic energy:
;mﬂhz = %mlvzz + %mszZ
> mv 2 = muy2 +myvg? (i1)
Substituting for v, in equation (i1) gives;

2
M4 =1 T
myv2 =my (—1 L 2 B) + m,vp2

mq
2 _ 2 2
myv,° = (Myv; — myvp)” + mym,vp
= 2mymyv,vp = my2vg? + mym,vg?

= 2myvy = (my +my)vg

2mqivy

Dvp=——

m1+m2

Consider bodies B and C (inelastic collision)
myvg + 0 = (M, + ms)vs

Substituting vy gives:

2m1v1
m,————={m mq )V

2 my+m, ( 2 + 3) 3
2m1m2v1
— = m mq )V
my+m, ( 2 + 3) 3

2mimsi1y
S vy =

(my+my)(my+m3)

4. A particle P of mass m; moving with a speed u; collides head on with a stationary particle
of mass my. If the collision is elastic and the speeds of the particles after impact are v and

v2, show that for ¢ = %, then
1

1] 2

(1) e = e (1) Q gains % of the total energy of the system
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Solution
(1) miu; = myvy + myv,
S>m(Uy —v) =Mmyvy oo (1)
From conservation of kinetic energy,

imlul2 = %mlvlz + 3??121722
my(uy —v)(uy +v) =myuv? (ii)
Dividing equations (1) and (i1) gives:
U+ =1
SV, =V, Uy
Substituting for v, in equation (1) gives
my [uy — (v, —uy)] = myv,
= 2u; — vy, = E172
my
2 2u; = (14 P)v,

vz _ 2

u; 149

(i)  Initial energy = %mlulz +0= %mlul2

Energy of Q after collision = %mz v,

1 2 2

i - MUy mius? _ mg (v

Fractional gain in energy =2 === (—2)
Emgvlz mavy mi \uj

my _ Y2 __2
Butm—l—(p and o 1to
_ . 2 \2_ 4
Therefore fractional change in energy = ¢ (m) 1)’

5. Two bodies of masses 3kg and 5kg traveling in opposite directions on a horizontal surface
collide. The velocities of the 3kg and 5kg bodies before collision are 6ms™ and Sms™
respectively. They separate after collision and move in the same direction in which the
5kg block was moving before collision. Given that the velocity of the Skg body after
collision is Ims™, find the speed of the 3kg body impact and the percentage loss in energy
if there is any (if at all it 1s there)

Solution
-1
6ms”) Sms” -~ =

5k

I After collision

Before collision
From conservation of momentum, m;u; + myu, = myv; + myv,
Since momentum is a vector quantity (taking directions of velocity), we have to take into account
the directions of velocity given
Considering all velocities to the right (=) to positive:
(3x6)+5%x(=5)=3x(-v)+5x(-1)
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2 1
= v =7ms
. . .. 1 1
Kinetic energy before collision = Emlulz +3 mou,?

:§x3x62+§x5x52= 116.5 Joules

Kinetic energy after collision = %ml V2 + 3??121722
1 2\% 1
= X3 X (E) +2X5X (—=1)? = 3.2 Joules

Loss in energy = Kinetic energy before — kinetic energy after collision
=116.5-3.2=113.3

Percentage loss in energy = % X 100 =97.3%

= ‘t o>

<

An alpha particle A of mass 4 units 1s incident with a velocity v on a stationary helium nucleus B
of mass 4 units. After collision, A moves in direction BC with a velocity g, where BC makes an

angle of 60° with the initial direction AB. The helium nucleus moves along BD. Calculate the
velocity of rebound of helium nucleus along BD and the angle it makes with the direction AB.
Solution
Let x be the velocity of helium after impact.
Consider the conservation of horizontal momentum:

4v+0=14 G cos 60) + 4(x cos @) ........(0)
Consider the conservation of vertical momentum
0+0=4(3sin60)+4(xsin6)............ (ii)

From (1) v = Ecos 60 + x cos 6

v
v=z+xc059

3v
cosf = PR (111)
From (i1) 4xsin@ = 4 X gsin 60
= xsinf = %
~sinf = AEL
4x

But cos?6 + sin?6 = 1




A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

2
() + () =1

9v? 3w?
16x2 = 16x2
1202 1
16x2
12v2 43
X = =—v
16 2

Therefore the velocity of helium after collision is ? %

3v NE}
From cos @ = and x = SV

cosf = 3 — 3x2
4X§v 4x\3
NEY

-'-C059=? =60 = 30°

7. An object X of mass M, moving with a velocity of 10ms™ collides with a stationary
object Y of equal mass. After collision, X moves with a speed U, at an angle of 30° to its
initial direction, while Y moves with a speed V at an angle of 90° to the new direction.
(1) Calculate the speeds U and V
(1)  Determine whether the collision is elastic or not

Solution

X 10ms! Y Oms*!

O~

(1) Applying the conservation of horizontal momentum,;
M x 10 = MU cos 30 + MV cos 60
_ ViV
10=U>+3
>20=UV3+V............. )

Applying the conservation of vertical momentum;
M X 0 = MU sin 30 — MV sin 60

0=Y_ VE
2 2
SU=VV3. oo oon.. (i)
Substituting for U in equation (1)
=>20=3V+V

~V = 5ms!
From equation (ii) U= 5 X v/3 = 8.66ms
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Total kinetic energy before collision = % X M x 102 = 50M ]

Total kinetic energy after collision = %M X 52 + %M(Sﬁ)z = E’TM + 757:4 =50M ]

Kinetic energy is conserved hence it is an elastic collision

Trial questions
. A ball A of mass 10kg moving with a speed of 8ms™ collides with another ball B of mass

20kg initially at rest. After the collision, A and B move in directions making angles of 30°
and 45° respectively with the initial direction of motion of A. Calculate the speeds of A
and B after the collision. [ Ans: 5.85ms™, 2.07ms™ ]

. Two balls P and Q of masses m; and m» respectively lie on a smooth surface in a straight
line. If the balls are projected with velocities ui and u> respectively in the same direction,

show that on colliding elastically, then P will move with a velocity vi given by;
_ (mlz—mzz)ul—i-z‘mlmz(ug—u1)+2m22(u1—ug)

v
1 mlz_mzz

. A body of mass m; traveling with a speed of u; makes a head on collision with a
stationary particle B of mass ms. If the collision is elastic, and the speeds A and B after
collision 1s elastic, and the speeds of A and B after collision are vi and va respectively,

show that for X = m, then;
my

. Uy X+1 .V 2X
@ v, X1 (i) v, X-1
- e _ 1+

(ll) X - (ul—vl)

. A body explodes and produces two fragments of masses m and M. If the velocities of the

fragments are u and v respectively. Show that the ratio of the kinetic energies of the

fragments 1s i—l = g where E; 1s the kinetic energy of m and E; is the kinetic energy of M.
2

A car of mass 1000kg traveling at a uniform velocity of 20ms™ collides perfectly inelastic
ally with a stationary car of mass 1500kg. Calculate the loss in kinetic energy as the result
of the collision. [Ans: 1.68 X10° T ]
. A snooker ball X of mass 0.3kg moving with a velocity S5ms™, hits a stationary ball Y of
mass 0.4kg. Y moves off with a velocity of 2ms™ at 30° to the initial direction of X and X
moves at an angle @ to its initial direction. Find the velocity of X and the value of 6

[Ans: 3ms™ ,8=27°]
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Ballistic Pendulum

E(-____‘_"_--....

L
——

Wooden block

The ballistic pendulum is a device used to determine the speed of a bullet. Consider a bullet of
mass m traveling horizontally, and incident with a velocity u ms™ on a stationery wooden block of
mass M, suspended by a light vertical string of length ,/. If the composite body (the block and the
bullet), moves with a velocity v after collision, and given that the composite body comes to rest a
height h above the original position of the wooden block,
From conservation of momentum,
mu+0=(m+M)v

_ (m+Mv -
DU=T—— (1)
From conservation of energy,
K.e of composite body just after collision = P.E of composite body at a height h

~(m + M)v? = (m + M)gh

>v=,2gh ........... (11)

Substituting for v in equation (1) gives;
u = (m+M),/2gh
- m

Also from the diagram,
x+h=1l sh=1-x
But cos 6 :? = x =1lcosf
h=1-1cosf =1(1—-cosB)
From equation (ii) vZ = 2gh
Substituting for h gives, v? = 2gl(1 — cos 0)

~ 0 =cos?! (1 - :—;)

Therefore, depending on a particular question scenario, any of the variables can be calculated.

Example
A bullet of mass 20g traveling at a speed of 200ms™ embeds itself in a block of mass 980g

suspended by a string, such that it swings freely. Find:
(1) The vertical height through which the block rises,
(1)  How much of the bullet’s energy becomes internal energy
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Solution
u=200,v=?, m=20g =0.02kg,M = 980g = 0.98kg
(1) From conservation of momentum,

mu= (m+ M)v
= 0.02 x 200 = (0.98 + 0.02)v
v =4ms™!
From conservation of energy;

~(m + M)v? = (m + M)gh
=-x42=981xh
h =0.82m
(1)  KE before collision = imuz + gM X0 = % X 0.02 x 2002 = 400 Joules

KE after collision = % (m+ M)v? = %x 1 X 4% = 8 Joules
The difference in energy becomes internal energy
= internal energy = 400 — 8 = 392 Joules

Trial questions
1. A bullet of mass 20g is fired horizontally with a speed of 200ms into a 2kg block of wood

suspended by a string 1m long. The bullet is embedded in the block. The bullet is embedded
in the block. Calculate the maximum inclination of the string to the vertical
[Ans: 37°]

2. A bullet of mass 10g travelling horizontally at a speed of 100ms™ strikes a block of wood of
mass 900g suspended by a light vertical string and is embedded in the block which
subsequently swings freely. Find the
(1) Vertical height through which the block rises
(1)  Kinetic energy lost by the bullet

[Ans: 6.2 X102 m , 49.99]]

3. A bullet of mass 40g is fired from a gun at 200ms™ and hits the block of mass 2kg which is
suspended by a light vertical string 2m long. If the bullet gets embedded in the wooden
block. Calculate the maximum angle the string makes with the vertical and state the factors
on which the angle of swing depends [ Ans:52.4°]

4. A bullet of mass 20g travelling horizontally at 100ms™ embeds itself in the centre of a block
of wood of mass 1kg which is suspended by a light vertical light 1m in length. Calculate the
maximum inclination of the string to the vertical [Ans: 37° ]
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Force on a surface

When a particle of mass m is traveling horizontally at a speed,u strikes a wall, it rebounds
with an equal but opposite momentum.
Change in momentum = mu — (—mu)
=2mu
But impulse = change in momentum
= Ft =2mu

2mu
. F = T

Where t is the time for which the body is in contact with the surface

Consider a jet of water striking a surface and doesnot rebound. Here, the surface is said to have
destroyed the momentum of the water. This loss in momentum is equal to the impulse of the force
exerted on the water by the surface.

If the amount of water hitting the surface per second 1s known, then momentum destroyed per
second can be calculated.
Impulse = change in momentum
= Ft = momentum destroyed
Ift=1s
F X 1 = momentum destroyed per second
.~ F = Momentum destroyed per second

Examples
1. Water issues horizontal from a horse of cross sectional area Scm? at a speed of 10ms™.

The water strikes a vertical wall with out rebounding. Find the magnitude of the force
acting on the wall if the density of water is 1000kgm.
Solution
A =5cm?=0.0005my, v=10ms™, p = 1000kgm>, F =?
F = Momentum destroyed per second
But Momentum = mass X velocity
= Momentum per second = (mass per second) X (velocity) ..... (i)
Also mass per second = (volume per second) X (density) ... ... ... (iii)
But volume = Area X height
= volume per second = Area X height per second
But height per second = velocity
= volume per second = Area X velocity
= 0.0005 x 10 = 0005m’s
Substituting for volume per second in equation (ii1) gives;

( |
1 50 )
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Mass per second = 0.0005 x 1000 = 5kgs™!
Substituting for mass per second in equation (i1) gives
Momentum per second = 5X 10 = 50kgms~
Therefore from equation (i) Force = 50N

2. A ball of mass 500g, is traveling at a speed of 10ms™ at 60° to the horizontal strikes a
vertical wall and rebounds with the same speed, at 120° to its initial direction. If the ball is
in contact with the wall for 8 x 107s. Calculate the average force exerted on the wall by
the ball.

Solution

Considering the horizontal component of motion, and taking the velocity towards the
wall as positive;
v=10cos60 = 10 X 0.5 = 5ms™*
This implies that horizontal velocity of the ball after impact with the wall is -5ms™
From momentum = mass X velocity
Momentum before impact=0.5 X5 = 2.5
Momentum before impact = 0.5 X =5 = —2.5
Change in momentum = 2.5 — -2.5 = S5kgms™

change in momentum 5
ButF = =% = = 625N
time taken 0.008

Conveyer belt
Suppose a substance say sugar/sand falls from a pipe vertically onto a horizontal conveyer belt
moving forward at a constant speed of v ms™ as shown in the diagram below

— sand
—— horizontal momentum = O
E final momentum belt
AT bl S ‘_no O O_l

As the sugar strikes the belt, its horizontal velocity is zero hence horizontal momentum equals
zero. If sugar is falling at a rate of R kgs™, in time, t seconds, the mass on the belt is Rt kg.

On the belt, the substance moves with a velocity v ms™ so it gains a velocity v in 1 second. This
means that every second, a substance of mass R kg is accelerated from rest to a speed v

( |
1 o1 )
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After time t, momentum = Rtv kgms™
Change in momentum = Rtv — 0 =Rtv

The rate of change of momentum = % = Rv

But from Newton’s second law; Force = rate of change of momentum
=>F=Rv
Therefore the force experienced on the conveyer belt is equal to the product of the belt speed and
the rate at which the mass is added.

Example
Sugar falls onto a conveyer belt at a constant rate of 100gs™ and the belt maintains a horizontal

velocity of Sems™. Find the force necessary to maintain this constant speed of the belt.
Solution
Rate R = 100gs™* = 0.1kgs™
Velocity of the belt = 0.05ms™!
But F=Rv
=0.1x0.05=5%x10"3N

Recoil velocity of a gun
If a bullet of mass m 1s fired from a rifle of mass M with a velocity of v ms-1. Initially, the total
momentum of the bullet and rifle is zero.
From the principle of conservation of linear momentum, when the bullet is fired, the total
momentum of the bullet and rifle is still zero, since no external force has acted on them.
So if V 1s the recoil velocity of the rifle, then

mv(bullet) + MV (rifle) = 0

&MV =—mv
The momentum of the rifle is equal and opposite to that of the bullet, thus V = gv where V is the
recoil velocity of the rifle in the opposite direction of that of the bullet.

Trial questions
1. Jinja factory waste pipe emits fluid of density 1200kgm™ through a pipe of cross-sectional
area 25x10* m?. The fluid leaves the pipe horizontally with a speed of 8ms™ and strikes a
vertical wall without rebounding. Find the magnitude of the force acting on the wall.
[Ans: 192N ]
2. Two pendula of equal length 4m have bobs A and B of masses 3M and M respectively.
The pendula are hung with the bobs in contact as shown in the figure.
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Q)G)

Bob A is displaced such that the string on to which its attached makes an angle 60° with
the vertical, and released. If A makes a perfectly inelastic collision with B, find the height
to which B rises. [Ans: 1.13m |
. A ball of mass 0.2kg falls from a height of 45m. On striking the ground, it rebounds in
0.1s with two-thirds of the velocity with which it struck the ground. Calculate
(1) Momentum change on hitting the ground
(1)  The force on the ball due to the impact [Ans: 10 Ns, 100N ]
. A ball of mass 0.05kg strikes a smooth vertical wall normaly four times in 2 seconds with
a velocity of 10ms™. Each time the ball rebounds with the same speed of 10ms™. Calculate
the average force exerted on the wall. [Ans: 2.0N ]
. A hose directs a horizontal jet of water moving with a velocity of 20ms!, onto a vertical
wall. The cross sectional area of the jet is 5 X 10 m?. If the density of water is 1000 kgm
3, calculate the force on the wall assuming the water is brought to rest there.

[Ans: 200N ]
. A tennis player strikes the tennis ball with her racket while the ball is still rising. The
ball’s speed before impact with the racket vi = 15ms™ and after impact its speed is v, =
22ms!, with the shown directions

If the 60-g ball is in contact with the racket for 0.05s, determine the;
(1) magnitude of the average force exerted by the racket on the ball
(1)  angle made by the resultant with the horizontal

[Ans: 43.0N, 8.68° ]
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CHAPITER 4: SOLID FRICTION

Friction is the force that opposes the relative motion of two surfaces in contact. The direction of
functional force is always opposite to the direction of motion of the body. Bodies which can move
across each other without encountering resistance are said to be smooth, while those whose
relative motion is resisted are said to be rough. Solid friction can either be static or kinetic friction

Static friction: This is the force that opposes the relative motion of two surfaces in contact which
are at rest but have a tendency to start moving. It prevents motion

Kinetic friction: this is the force that opposes relative motion of two surfaces, which are already
in motion. Kinetic friction is also called dynamic or sliding friction. It slows down motion

Mechanism of friction
Consider a body of mass, m resting on a rough surface and that a small force P is applied on a
body as shown below

W=mg

For small values of the applied force P, it is observed that the body does not move. This implies
that R=mg and P =F i.e the body is in equilibrium

Experiments show that even when P is gradually increased, motion does not take place until a
particular value of P is reached. This means that the frictional force between two surfaces
increases as the tendency to move increases, up to a limiting value. When the limiting frictional
force 1s reached, the body is at a point of starting to move (Point of impending motion)

Therefore, limiting friction is the maximum force that opposes relative motion of two surfaces in
contact, if the two surfaces were not in motion originally.

Laws of solid friction

(1) Friction acts parallel to the surfaces in contact, and in a direction so as to oppose their
relative motion

(11)  The frictional force does not depend on the area of contact of the given surfaces
provided that the normal reaction is constant, but depends on the nature of the surfaces
in contact.

(111)  (a) When the surfaces are at rest, the limiting frictional force (static friction) is
directly proportional to the normal reaction R
1.e F X R = F = ugR where i, 1s the coefficient of static friction
(b) When motion occurs, the kinetic friction is directly proportional to the normal
reaction but does not depend on the relative velocity between the two surfaces
1.e F xR = F = R where p;, 1s the coefficient of kinetic friction
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Molecular theory explanation of solid friction
Friction is a surface phenomenon. Consider two rough surfaces in contact as shown below

Surface 1
F N \

Surface 2

>

Experimental evidence shows that the area of contact of the two surfaces is very small. Therefore
the pressure exerted on the surfaces is very high. As a result, molecules of the surfaces are
pushed into close proximity, hence forming welds on welded joints. This creates some degree of
interlocking between these irregular projections of the surfaces. Therefore these welds have to be
broken before motion can take place, hence an opposing force is developed (This explains why
solid friction 1s maximum just before motion takes place). This explains the first law.

When the area of contact is reduced, the number of contact points remain approximately the
same, and hence the resisting force is not affected, which explains why friction is independent of
area. This explains the second law.

An increase in weight (and hence normal reaction) of the upper surface increases the pressure at
the welded joints. This leads to a greater degree of interlocking, and hence a bigger force is
required to cause motion. This explains why friction is dependent on (directly proportional to)
normal reaction, and hence explains the third law.

Experiment to determine the coefficient of static friction

Rough table

Scale pan

Procedure

Known masses are added onto the scale pan in bits until the block of known mass m is just about
to slide, when the maximum frictional force is reached. The total mass, M of the scale pan
together the added masses 1s determined.

Either:
At the point of impending motion,
Limiting frictional force, F = weight of the scale pan together with the added masses
UsR = Mg butR =mg

Mg
- ‘us_——g

_M
> U =—
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__ weight of scale pan together with added masses

weght of wooden block
Alternatively:
The process is repeated for different values of m (obtained by adding known masses to the
block), and the corresponding values of M determined.
A graph M against m is plotted, and it’s a straight line through the origin, whose slope gives the
value of the coefficient of static friction, yug
Note: in this experiment, one of the given alternatives is enough for a particular experiment.

Experiment to determine the coefficient of dynamic/kinetic/sliding friction

Rouglh table

Scale pan

Procedure
Known masses are added to the scale pan, and each time a mass is added, the block of mass m is
given a slight push. A certain time comes when the block continues to move with a constant
velocity after being pushed. The mass M of the scale pan together with its contents is determined.
Either:
For motion,
Kinetic friction, F = weight of the scale pan together with the added masses

1R = Mg butR =mg

— Mg

“ M = e
M
:“k:;

__ weight of scale pan together with added masses

weght of wooden block

Alternatively:

The process is repeated for different values of m (obtained by adding known masses to the
block), and the corresponding values of M determined.
A graph M against m is plotted, and it’s a straight line through the origin, whose slope gives the
value of the coefficient of kinetic friction, p;
The reader should note that much as the setups for the two experiments are the same, the
procedures are different.

The reader can also determine the coefficients using an inclined plane by reading the reference
books.
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Examples

Three blocks A, B and C of masses 5kg, 3kg and 2kg respectively are arranged as shown above,
and the system is released from rest. If the coefficient of sliding friction between the block A and

the table is % , calculate;

(1) The acceleration of the system
(1)  The tension in the strings
Solution

(1) F = uxR but p, = % and R = 5g
1 5
=>F = > X 5g = ;g
Block A:
Net force=T, — T, — F
:>5a—T2—T1—§g ......... (1)
Block B:
Net force=3g - T,
=3a=3g—Ty .ccc......... (11)
Block C:
Net force =T, — 2g

=2a=T,—2g........... (111)

Adding the three equations ie (1) + (11) + (1i1) gives;
Sa+3a+2a=T,-T—2g+3g—T,+T, —2g
= 10a = %g ~a= :—Og = 0.28ms™

(11) Substituting for a in equations (i1) and (111) gives;
3x028=3%x981-T,=>T, =28.6N
2%x028=T,—-2x%x981>T, =20.18N
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2. The diagram below shows three masses connected by inextensible strings which pass over
smooth pulleys. The coefficient of friction between the table and the 12.0 kg mass 1s 0.25

30°

— e — —

12.0 kg
r{\ table

9.4 kg 6.7 kg

S S I T P A A S Yy
If the system is released from rest, determine the
(1) Acceleration of the 12.0kg mass
(1)  Tension in each string
Solution

AH
[¥]
—

T>

l 12¢g l

9.4¢g 6.7¢g

(1) Vertically when the body is at rest:
R+ T,;sin30 = 12g
R +% = 12g sincesin30 = %
>R =12g —%
But F = uR where u = 0.25 = i

=>F=2(12g-2)=3g-2

Considering the 12kg mass;
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T, —T,cos30 —F =12a
V3 1\ _
T, -T2 - (3g—2) = 124

T,- 27, -3g+2=12a
T,-3g+T; (:-L2) = 124
T,—074T, —3g=12a ............... (1)
Considering the 9.4 kg mass;
94—-T,=94a .................... (i1)

Considering the 6.7 kg mass;

Adding equation (1) and (11) gives;
6.4g—0.74T, = 214a ................. *)
Multiplying equation (ii1) by 0.74 gives;
0.74T, —4.958g =4958a .................... (**)
Adding equation (*) and (**) gives;
1.442g =26.358a

_ 1.442x9.81
~ 26358

= 0.537 ms™

(i1)
FromT; —6.7g = 6.7a
T, = 6.7 % 0.535+ 6.7 X 9.81 = 69.32N

From 9.4 —-T, =9.4a
T, =9.4x%x981—-94x0.537 =87.17N

3. A tractor of mass 2.0 X 10° kg is used to pull a car of mass 1.0 x 10° kg to which it’s
connected by a chain whose mass is negligible. The tractor pulling steadily moves the car from
rest along a horizontal road through a distance of 12.5m in 5s. The coefficient of kinetic friction
between the tyres of the tractor and the road is 0.4, while that between the tyres of the car and the
road is 0.2. Find the;

(1) Tractive pull exerted by the tractor’s engine

(11) Power developed by the tractor’s engine
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Solution

“——®F (Tractive or driving

force)

(1) From the information given,
m; =2x10° kg, my = 1x103 kg, pu; =04, u, =0.2,u =0,s = 12.5m,t = 5s
From S:ut+%at2,12.5:0><5+§><a><52 = a = 1ms~?
Also fy = uy X R,  but R, = m,g =2x10%g
= f; = 0.4 X 2000g = 7848N
fo =1, XR, but R, =m,g =1 X 10°g
= f, = 0.2 X 1000g = 1962N
For the car,
Net force=T — f,
>ma=F—-T-f,
=~ 2000 X1 =F —2962 — 7848
= F = 12810N
F is the tractive or driving force

(i1)

Workdone .
Power = ——  But Workdone = Force X distance
time taken
Fxd d d :
= Power = — = F X - But == velocity

= Power developed = Fv
But v=u+at 2v=0+1x2.5=25ms"
= Power developed = 12810 X 2.5 = 32025Watts

7. A S5gbullet is fired horizontally into a 2.995kg wooden block resting on a horizontal
surface 1s 0.2. The bullet remains embedded in the block which is observed to slide 25¢cm
along the surface before coming to rest. Find the velocity of the bullet just before
collision.

Solution

m; = 5g = 0.005kg, m; =2.995kg
Let v’ be the velocity of the block and bullet just after collision
Using the conservation of momentum; miu; + mpu; = (mg + mo)v’

( |
1 60 )
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= 0.005u; =2.995 x 0 = (0.005 +2.995 v’
= 0.005u; = 3v'
u, = 600v" ... .......(0)

From Newton’s third equation of motion, v? = u? + 2as
Considering the composite body just after collision,

u=v,v=v"=0,5s =25cm = 0.25m,a =?
From newton’s second law, F =ma but F = uR" = uR"” = —ma
Note that we use the reaction of the composite body (bullet and block)
The negative sign is due to the fact that the force, F is a retarding force, and therefore causes a

deceleration, as opposed to an acceleration.
—uR" _ —0.2x(0.005+2.995)g _

La=———= (00052995)  — —0.2 X 9.81 = —1.962ms™
Therefore, 0 = (v')? 4+ 2 X (—1.962)0.25
v’ = 0.99ms™*
But from equation (1)

u;,; = 6000’
Substituting for v’, u; = 600 X 0.99 = 594ms!
Therefore, velocity of composite body after collision = 594ms!

Trial questions
1. A bullet of mass 10g fired horizontally with a speed of 200ms™ into a 4kg wooden block

at rest on a horizontal surface. The bullet remains embedded in the block which is
observed to move a distance of 20m before stopping. Calculate the coefficient of friction
between the block and the surface. [Ans: 0.063 ]

2. In the figure below, masses A and B are 6kg and 1kg respectively, and the coefficient of
friction between body A and the table is 0.2.

R T T T, E

B

If the system 1s released from rest, find the frictional force experienced by A and state whether
motion will occur or not.
[Ans: 9.81N, no]
3. [If for the figure in question 2, A and B are respectively 1kg and 500g and that the

coefficient of friction between A and the table 1s %_, and the system released from rest with

A 3m away from the pulley, and B 2.5m above the floor, find the :
(1) Initial acceleration of the system

(11) Speed with which B hits the floor

(111)  Speed with which A hits the pulley

[Ans: 1.09ms? , 2% ms?, 1.48ms™ |
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4. In the figure below, A, B and C are masses of Skg, 2kg and 3kg respectively. When the
system is released from rest, body B descends with an acceleration of 0.28ms™.

A

Y

C B

Find the coefficient of friction between body A and the table. [Ans: % ]

5. Two particles A and B of mass 2kg and 4kg respectively are connected by a light
inextensible string which passes over a smooth pulley attached to the edge of a rough
horizontal table. The particle A is held at rest on the table 4m from the pulley with the

string taut, and B hangs vertically below the table and A is E .A 1s released. Find the

magnitude of the tension in the string as well as the acceleration of each particle. After B
has fallen a distance 2m, it hits the ground and does not rebound. Find the distance from
the pulley at which A comes to rest.

32 7 4
Anss—=gN ,—gms? ,-m
[ 15 g '15 g 9 ]
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MOTION ALONG INCLINED PLANES

1. Smooth surface

Consider a body of mass m placed or resting on a plane which is inclined at an angle 8 to
the horizontal. The plane exerts a normal reaction R, which by newton’s third law should
be equal to the component of the weight perpendicular to the plane.
= R =mgcos @
Also, revolving parallel to the plane shows that the component of weight down the plane is
mgsin6.
% If the body is moving down the plane;
Net downward force = mgsin 6
= ma = mgsinf
~a=gsinf
¢+ If the body is moving up the plane
Net upward force = —mgsin 8
= ma = —mgsinf
~a=-—gsind
However, it should be noted that the motion up the plane cannot take place unless there is an
upward force, or the body is given an initial velocity. In either case, the equations should be
changed to suit the number of forces acting on the body parallel to the plane.

2. Rough surface

*

** Motion down the plane (friction acts upwards)

R =mgcosf
Net downward force =mgsin8 — F
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ButF =uR = umgcos6
= ma = mgsinf — umgcosf
~a=(sinf — ucosh)g

*

** Motion up the plane (friction downwards)

Assuming that an upward force F acts parallel to the plane (upwards), such that it causes
the body to move upwards, and assuming that the frictional force is f”.
R = mgcos @
Net upward force = F — mgsin@ — f'
But f' = uR = pmgcosé
> ma=F — mgsinf — yumgcoso

Examples
1. A body A of mass 13kg lies on a rough plane inclined an angle 8 to the horizontal, where

sinfg = % The coefficient of friction between the plane and the body is 0.1. From A, a

light inextensible string passes up the line of greatest slope and over a smooth pulley, to a
body B of mass 1kg. If the system released from rest, find the;
(1) Acceleration of the system
(1)  Tension in the string
(111)  Distance moved by A after 3s
Solution

(1) Consider body A:
f=pR,u=01, R= mgcosd = 13 xﬁx 9.81
= f=01x12x9.81=11772N
Net force=13gsind — f — T
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ﬁnm:13x981x%—lrﬁ2—T

~13a+T=37278 ................... (1)
Consider body B:
Net force=T - 1g
>1Xa=T-g
a—-T=-981 ............... (11)
Adding two equations (1) + (11);
13a+T =37.278

+ a—T =-981
1l4a+ 0 = 27.268
a = 1.692ms™

(11) From equation (i1) , T = a + 9.81
=T =1.692+9.81 =11.772N

(111)  From newton’s second equation of motion
S=ut+ %atz
u=0a=1962,t =3s
§=0X3+2x1962 x 32
S =8.83m

2. An old car of mass 2.0x 10° kg and tractive pull of 4.0 X 10°N climbs a track which is
inclined at an angle of 30° to the horizontal. The velocity of the car at the bottom of the

incline is 30ms™ and the coefficient of sliding friction is a%‘ Calculate the;

(1) Distance traveled along the incline before the car makes a halt
(1)  Time taken
Solution

g=30°

m=2.0x103, u=0.25u=30,v=0,F =4.0 x 103
f =uR = 0.25 x 2000 X 9.81 X cos 30
= f = 4247.85N

Net force=F — f —mgsin6

= 2000a = 4000 — 4247.85 — 2000 x 9.81 X sin 30

-10057.85 )
= ———=-5.03ms”
2000

From v? =u?+ 2as
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0=30%2+2x (=5.03) xs
~ s =8946m
(i1)
Fromv = u + at,
0 =30+ (—5.03)t
-~ t =5.96s

3. In the figure shown, blocks A and B have masses 8kg and 16kg respectively, and are
connected by a light rigid rod. The blocks slide down the plane, and the coefficient of
kinetic friction between block A and the plane is 0.25, while that between block B and the
plane 1s 0.5.

"/

o=

Calculate the acceleration of each block, and the tension in the rod.
Solution

Consider block A:

g = 0.25, Ry = mygcos 30 :8g§

fa = 1aRy = 0.25 x 4gV3
=16.99N

Net force =8gsinf — T — f,

= 8a =8x%x9.81 Xsin30—-T —16.99

8a =2225-T...... (1)

Consider block B:

g = 0.5, Rg = mpgcos30 = 16g§

fs = ugRp = 0.5 x 8gV3

=67.97N
Net force=T — fgz + 16gcos 8
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= 16a = T — 67.97 + 78.48
16a =T —10.51 ....... (ii)

Adding the two equations gives;

24a = 32.76
~a=1.36ms?

Substituting for a in equation (1) gives;

1.

8x1.36+T =22.25
~ T =114N

Trial questions

A body of mass 2kg is held at rest on a rough sloping roof at a distance of 2m from the
-1

edge of the roof. The roof is inclined at an angle @ = sin %to the horizontal and the edge

of the roof 1s 14m above the horizontal ground floor. The body is then given an initial

velocity of 1ms™ down the line of greatest slope. It falls to the ground vertically and

rebounds to a height of Sm. If the coefficient between the roof and the body is 0.25, find

the speed of the body;

(1) At the edge of the roof

(11)  Just after the first collision with the ground floor

(111)  If the collision lasts 0.02s, find the average force which the body floor exerts on the
body. [Ans: 4.086ms™ , 9.9ms™, 2665N ]

A mass of 4kg lies on a rough plane which is inclined at 30° to the horizontal. A light

inelastic string has one end attached to its mass, passes up the line of greatest slope, over a

smooth fixed at the top of the plane and carries a freely hanging mass of 1kg at its other

end. The system i1s released from rest with coefficient of friction being ﬁ Calculate the:

(1) Acceleration of the system,
(1)  Tension in the string,
(1)  Kinetic energy of the 1kg after 3s
[Ans: 0.603ms™, 9.207N, 6.54] ]
In the figure shown, the 80g block is placed on an inclined plane, and the block rests
against a spring. The system is released from rest.

If the coefficient of static friction between the block and the incline 1s 0.25,
(1) Determine the maximum and minimum values of the initial compression force in
the spring for which block will not slip upon release,
(1)  Calculate the magnitude and direction of the frictional force acting on the block if
the spring compression force 1s 200N
[Ans: (1) Fnax = 453N, F min = 84N, (i1) f = 68.4N up the incline |
A body of mass 100g rests on a rough horizontal surface and has a light string, inclined at
20° above the horizontal, attached to it. When the tension in the string is 5x 107N, the

( |
1 67 )
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body is found to be in limiting equilibrium. Find the coefficient of friction between the
body and the surface. What would the tension in the string have to be for the body to
accelerate along the surface at 1.5ms™ ?

[Ans: 0.48 , 0.66N ]
. A force F acting parallel to and up a rough plane of inclination#, is just sufficient to
prevent a body of mass m from sliding down the plane. A force 4F acting parallel to and up
the same rough plane causes the mass m to be on the point of moving up the plane. If u is
the coefficient of friction between the mass and the plane, show that 54 = 3 tan 8
. A particle of mass 250g is released from rest at the top of a rough plane which is inclined at

sin~! E to the horizontal. The coefficient of friction between the particle and the plane is %
and the plane is of length 2.5m. Find whether the particle will slide down the plane, and 1f
it does, find its speed on reaching the bottom. [ Ans: yes, 2§rns‘l ]

. A body slides down a rough plane inclined at 30° to the horizontal, the coefficient of kinetic
friction between the body and the plane is 0.4, find the velocity after it has travelled 6m
along the plane. [Ans: 4.25ms™! ]
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CHAPTER 5: WORK ENERGY AND POWER

WORK

When a body 1s moved by action of a constant force, the work done is given by the product of the
force in the direction of motion and the distance moved.

Consider the figure below in which a constant force Facts on a body such that the body moves
through distance s

The force is in the direction of motion, and therefore; Work done = F X s

However, if the force acts at an angle € to the horizontal as shown below,

The component of force in the direction of motion is Fcos 6
Therefore the work done to move the body through a distance s is, (Fcos8) X s
~ Work done = Fscos 6
Note:
e The SIunit of work done 1s Nm or Joules
e Work done is a scalar quantity

We should therefore be in position to explain why it is easier to pull a lawn mower than to push it.
Consider a gentleman pushing a lawn mower as shown below

Forces acting onlawn mower

The applied force F has a vertical (down ward component) Fsin 8. This component increases the
weight of the lawn mower, and from Newton’s third law, the normal reaction increases. Since the
frictional force f is directly proportional to the normal reaction, i.e f « R, then the frictional force
increases, hence making the pushing difficult. However, in pulling, the vertical component of the
applied force 1s upwards, and hence reduces the resultant weight. The normal reaction reduces,
and hence the frictional force, which makes the pulling easier.
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POWER
This is the rate of doing work or the rate of energy
- Power = workdone % —Fx s
” " timetaken  t t

But %: velocity = Power = Fv

The SI unit of power is Js! or Watts

Examples
1. A train of mass 500 tonnes has a maximum speed of 90kmh while moving up an inline of

1 5—10 against frictional resistance of 100,000N. Find the maximum power of the

sin™
engine.
Solution

9= sin_1% ,= sinf = 5—10,]’ = 100000, m = 500000

Vinax = 90kmh ! = 22990 _ 95151
3600

When velocity is maximum, acceleration is zero
~ Net force =F — f —mgsin@
= 500000x 0= F — f —mgsin@
~F=f+mgsin6
= 100000 + 500000 x 9.81 X 5—10
= 198100N

But Power = Fv
= When speed is maximum, power 1s also maximum, such that, Pmax = Fvmax
Pmax = 198100 X 25
= 4952500 Watts

2. A car of mass 750kg resting on a level road is uniformly accelerated for 10seconds, until
the speed is 18kmh!. If the resistance to motion is 5gN, calculate the power of the car 10
seconds after starting the motion.
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Solution

18X1000
3600

m=750,v=18kmh™! =

Fromv =u+ at
5=0+10a = a = 0.5ms™
Net force=F — f
>ma=F—f
750X 0.5 =F —5x9.81
~ F =424.05N
ButP=Fv
=> P =424.05 x5 = 2120.25 Watts

ms!, =5ms,u=0,t=10

Trial questions
. A body of mass 10kg is pulled a distance of 20m across a horizontal surface against

resistance totaling 40N. If the body moves with a uniform velocity, find the work done
against the resistances. [Ans: 8007 |

. A rough surface is inclined at an angle ¢ to the horizontal. A body of mass m is pulled at
a uniform speed x up the surface by a force acting along a line of greatest slope. The
coefficient of friction between the body and the plane is p. If the only resistances to
motion are those due to gravity and friction, show that the work done on the body is;

mgx(sin ¢ + u cos ¢p ) where g is the acceleration due to gravity

. A car of mass 800kg, working at a constant rate of 15000W ascends a hill of sin™! é

against a constant resistance to motion of 420N. Find ;
(1) The acceleration of the car up the hill when traveling with a speed of 10ms!
(1)  The maximum speed of the car up hill,
(111)  The acceleration of the car down the same hill at the instant when its speed is
20ms™, resistance being constant.
[Ans: 1.25ms™ , 30ms™ , 0.5125ms™ ]

ENERGY

This 1s the ability of doing work, or it’s the measure of the capacity to do work. Therefore, if a
force does work on a body, it changes the energy of the body. Mechanical energy is divided into
two 1.e Kinetic energy and potential energy.

Kinetic energy

This 1s the energy of a body by virtue of its motion

Therefore, when a force does work on a body so as to increase its speed, then the work done is
measure of the increase in the kinetic energy of the body.
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Suppose a constant horizontal force F acts on a body of mass m which is initially at rest on a
smooth horizontal surface, such that after moving through a distance s along the surface, the body
has a velocity v.

Work done = F X s but F = ma
> W.d =mas..... (i)
From Newton’s third equation of motion, v? = u? + 2as

Since u=0, v? = 2as
v2
=>a=—

Substituting for a in equatzi;n (1)
W.d=mxLxs=mp?
2s 2
The quantity %mv2 1s defined as the kinetic energy of a body of mass m moving with a velocity

ofv.1e

Kinetic = %mvz.
It can therefore be noted that a body be noted that a body at rest has zero kinetic energy.
However, if the velocity of the body had changed from u to v, then from v? = u? + 2as

2_.,2
5q= vE—U
2s
And substituting for a in equation (1) above gives;
v2_u2

W.d =mXx

1 2 1 2
XS =-mv‘—-mu
25 2 2

The quantity G mv? — imuz) 1s equal to the change in kinetic energy of a body of mass m

from an instant when its velocity is u to an instant when its velocity is v.
This therefore means that the work done 1s equal to the change in kinetic energy. This is the
work-energy theorem.

The work-energy theorem states that the work done by a resultant force on a body is equal to the
change in kinetic energy of the body.

Examples
1. A cycle of mass 200kg traveling at 144kmh on a horizontal road is brought to rest in a

distance of 80m by action of brakes, and frictional forces. Find the

(1) average stopping force
(1)  time taken to stop the cycle
Solution
m = 200kg,u = 144kmh™ = =22 = 40ms™ , s = 80m, v=0

Initial kinetic energy = ~mu? = = x 200 x 40? = 160000]
Final kinetic energy = %mv2 = % Xx200x0=0

= change in kinetic energy = 160000 — 0 = 160000
Work done = change in kinetic energy
= F X s =160000




A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

. F _ 160000 _ ZOOON
(11)
FromF =ma,a = — % the negative sign means that the car is decelerating or retarding
= 22— _10ms?
200
Fromv =u+ at,0 = 40 + (—10)t = 10t = 40 ~t=4s

Note that one could get the same results by using v? = u? + 2as to find the value of the
acceleration.

2. An object is projected with a velocity u at a height H vertically upwards,

(1) Explain how its kinetic energy varies with height above the ground
(11) Sketch a graph to show the relationship in (1) above
Solution

Let the body be projected vertically upwards with velocity u, and v be its velocity at a height h.
In the diagram, h 1s the height above the point of projection as it ascends.

v?2 =u? - 2gh
. . 1 2 1 ) 1 2
Kinetic energy = >mv* = Em(u — 2gh) = Smu® —mgh
This 1s the kinetic energy of the body as it ascends. It can therefore be seen from the expression
of kinetic energy that;
e K.e decreases linearly with height h
e K.e becomes zero when the body is instantaneously at rest when it reaches maximum

height
e As the particle begins to descend, its kinetic energy begins to increase linearly distance
descended.
K. E |
.. descent below point
. of projection
Lot
2 m escent
ent
A

3. In the figure shown, three forces 90N, 40N and 24.5N act on a block placed on a smooth
plane inclined at an angle of 60° to the horizontal.
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24 SN o

40

Calculate the:
(1) Acceleration of the block
(1)  Gain in Kinetic energy Sseconds after moving from rest.
Solution
24 5N N

(1) If the block is not to move off the plane, then 24.5 = mgcos 60
= 24.5 =m X 9.81 X cos 60
~m = 5kg
Considering the upward motion along the plane;
Net force = 90 — (40 + mgsin 60)
~ma =90 — 40 — mgsin 60

=>5a=50—5><9.81><?

a = 1.5ms™
(1)  From Newton’s second equation of motion
v=u+at Butu=0, a=15andt=5
~v=0+15x%x5=75ms"!
Gain 1in kinetic energy = Final kinetic energy — Initial kinetic energy
= %mv2 — %mu2
Butu=0,= %mu2 =

~ Gain in kinetic energy = %mv2 = % x 5 x (7.5)? = 140.6Joules

Trial questions
1. A body of mass 6kg, initially moving with a speed of 12ms™, experiences a constant
retarding force of 10N for 3 seconds. Find the kinetic energy of the body at the end of this
time. [Ans: 147] ]
2. A cricketer throws a ball of mass 0.40kg directly upwards with a velocity 40ms and
catches (receives) it again 8.0s later. Draw labeled sketch graphs to show:
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(1) The velocity

(1)  Kinetic energy

(111)  Height of the ball against time over the stated 8.0s. Show the numerical values of
the given quantities.

Potential energy
This is the energy possessed by a body by virtue of its position above the ground. Therefore if a
body of mass m kg is raised vertically through a distance h metres, then,

Workdone against gravity = mgh, where g is the acceleration due to gravity

Similarly, if a body is lowered vertically, its potential energy decreases.

It should therefore be noted that the work done against gravity is a measure of potential energy.

= Potential energy = mgh
This 1s called gravitational potential energy

However, a stretched or compressed spring also has potential energy, called elastic potential
energy.

. . 1 . . .
Elastic potential energy = > ke? where; e is the extension or compression of the

spring, k 1s the force constant of the spring.
The constant of the spring k is obtained from Hooke’s law 1.e F < e
> F = ke

n k= g The SI unit of k is Nm'!

Examples
1. A block of mass 0.2kg is released from rest at the top of a smooth plane inclined at 30° to

the horizontal. The block compresses a spring placed at the bottom of the plane by 10cm
before it momentarily comes to rest. If the force constant of the spring is 20Nm,
determine the distance the block has travelled down the incline before it comes to rest and
its speed just before it reaches the spring.

Solution

Mass=0.2kg, u=0, e=10cm=0.Im ,k=20Nm
Elastic potential energy = %kez = %x 20 x 0.1%2 = 0.1Joules
Gravitational potential energy =mgh  but h = x sin 30
=mg X ix = 0.2 X 9.81 x 0.5x = 0.981x
But from the conservation of energy,
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Gravitational potential energy = Elastic potential energy
= 0.981x = 0.1
~x=0.1m

Kinetic energy = potential energy
1 2
= Jmvt = 0.1
22X 02xv2=01

v = Ims’!

2. A 12kg block is released from released from rest from a rough plane inclined at30° to the
horizontal from a point 0.9m from the base. The coefficient of kinetic friction between the
block and the inclined plane 1s 0.25.

(1) With what speed will the block reach the bottom of the incline?
(i1)  If the block is projected up the incline with a speed of 20ms™', how far up the
incline will the block travel?
Solution

h =0.9sin30
= h=045m

Potential energy lost by the block = Kinetic energy gained + work done against friction
in moving down the incline

Potential energy = mgh, Kinetic energy = %mvz, work done = f X d
Where: v is the velocity of the bottom of the incline, f the frictional force, and d the

distance travelled by the block along the plane.

=>mgh=§mv2+fxd ......... @)
f = uR where R = mgcos0
= f=umgcosB =0.25 X 12 X 9.81 X cos 30 = 25.49N
Thus from equation (1);
12X 9.81 X 0.45 = % X 12 X v* + 0.9 X 25.49

52.974 = 6v? + 22.941
v =2.24ms!




A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

(i1)

s

h'=ssin30= h ==
u=20,v=0,f =25.49N
Kinetic energy lost = Potential energy gained + work done against friction
> %mu2 —%mvz =mgh'+f Xs
~X 12X 207 =12X9.81 X+ 2549 X 5

2400 = 58.86s + 25.49s
= 5 = 28.45m

3. (a) Explain the energy changes which occur when a pendulum is set into motion.
(b) A simple pendulum of length 1m has a bob of mass 100g. It is displaced from its
mean position A to a position B so the string makes an angle of 45° with the vertical.
Calculate the;
(1) Maximum potential energy of the bob
(ii) Velocity of the bob when the string makes an angle of 30° with the vertical [Neglect
air resistance|

Solution

(a)

Before the bob is released at point A, it possesses potential energy. When the bob is
released, the potential energy starts reducing as it goes to equilibrium but as potential energy
reduces, Kinetic energy is gained as it goes through point B and increases until it reaches the
equilibrium position (Point C). At equilibrium, all the potential energy is lost and therefore the
bob contains only kinetic energy which makes it rise again as it starts losing the kinetic energy
and gains potential energy at point A’.

In summary; At A: Potential energy is maximum, Kinetic energy = 0
At B: Potential energy and Kinetic energy
At C: Kinetic energy, Potential energy =0
At A’: Potential energy, Kinetic energy = 0
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(®) @)
At B;
h=1-1cos45 =1(1—cos45) butl=1m
=> h=1-cos45 =0.293m
Maximum potential energy = mgh butm=100g =0.1kg
=0.1 X 9.81 x 0.293 = 0.2874]

(11) The potential energy 1s lost as it is converted to kinetic energy, thus when the
sting makes an angle of 30°, the bob possesses both kinetic energy and potential
energy

When the string makes an angle of 30°,

h=1-1cos30=1(1—-cos30) butl=1m

=>h=1-cos30 =0.134m

Potential energy = mgh = 0.1 X 9.81 X 0.134 = 0.1315J

Kinetic energy = gmv2 = %x 0.1 x v2 = 0.05v?
From the principle of conservation of mechanical energy;
0.1315 + 0.05v2 = 0.2874

0.05v? = 0.1559 = v? =3.118
~ v =1766ms"

Trial questions

1. A bullet of mass 10g is fired at short range into a block of mass 990kg resting on a
smooth horizontal surface and attached to a spring of force constant 100Nm™. The bullet
remains embedded in the block while the spring is compressed by a distance of 5.0cm.
Find the :
(1) Elastic potential energy
(11) Speed of the bullet just before collision with the block

[Ans (i) 1.25 X107 Joules, v=50 ms™ ]

2. A constant force pulls a body of mass 500g along a straight, smooth, horizontal surface.
The body passes through points P and Q is at distance of 3m from P, find the magnitude of
the constant force acting on the body.

[ Ans: liN ]
3. In the figure below, two springs A and B of force constants k; and k> respectively are
connected. They are stretched as shown, by a force, F.

A B
| |
) | y I |
N ity f‘-——‘t——*!
N A F
: dk
If the net force at the at the contact is zero, show that y = ﬁ
1 2
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Pump raising and ejecting water

Consider a pump which is used to raise water from a source (well or tank) and then eject it at a
given speed. The total work done is the sum if the potential energy in raising the water, and the
kinetic energy given to the water. The work done per second gives the rate (power) at which the
pump 1s working.

work done per second = P. E given to the water per second + K.E given to water per second

Example
A pump draws 3.6m> of water of density 1000kgm~ from a well 5m below the ground in every

minute, and issues it at ground level through a pipe of cross sectional area 40 cm”. Find:
(1) The speed with which water leaves the pipe,
(1)  The rate at which the pump is working
(111)  If the pump is only 80% efficient, find the rate at which it must work.

Solution
(1)
Volume =3.6m> and time =60s = volume per second = %
But volume per second = Area X velocity = 5000 Y
40 3.6
V=—
10000 60
= v = 15ms’!
(i1)

Mass per second = (volume per second) X (density) = g x 1000 = 60kgs™

Kinetic energy per second :% X (mass per second) X v? = i X 60 X 152 = 6750]s!

Potential energy per second = (1mass per second) X g X h = 60 X 9.81 X 5 = 2943]Js
Power = 6750 +2943 =9693 W
(1)
Power output = 9693 W, Power input = ? , Efficiency = 80%

Efficiency = Power outPit » 100%

power input
9693
=~ 80% =—x100%
Pin

= P, = 1211625 W

Trial question
A water pump working at a constant rate of 900W draws 0.3m’ of water from a deep well and
1ssues it through a nozzle situated 10m above the level from which the water was drawn after
every minute. If the pump is 75% efficient, find the velocity with the water is ejected and the
cross sectional area of the nozzle. [ Ans: 8.6ms™, 5.81cm’ ]
Principle of conservation of mechanical energy
It states that in any mechanical system, the total energy remains constant provided that there are
no dissipative forces.

Dissipative forces are forces where work done against such a force cannot be recovered.
Examples of such forces are; air resistance, friction, viscous drag e.t.c

( |
179 )
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Consider a body of mass m projected vertically upwards with a speed u from a point A, a height h
above the horizontal ground. Assume that the body has a velocity v at a point B, a height y from
the same ground. Also assume that throughout its upward motion, air resistance is negligible.

¥

At A:
Kinetic energy, k.e = %mu2 and potential energy, p.e = mgh
But Mechanical energy, m.e =k.e + p.e
> me, = imu2 + mgh
At B:
Kinetic energy, k.e = %mv2 and potential energy, p.e = mgy
But Mechanical energy, m.e =k.e + p.e
> m.eg = gmv2 + mgy
From the principle of conservation of mechanical energy, m.ey, = m.ep

gmu2 + mgh = gmvz + mgy

Proof of the principal of conservation of mechanical energy
Consider the situation above;
AtpointB;s=y—h and a=—-¢g
From v? = u? + 2as, v?> =u? —2g(y — h)
Multiplying through by%m gives: %mv2 = %m[u2 —2g(y — h)]
%mv2 = %mu2 — mgy + mgh
= %mvz + mgy = %mu2 + mgh
w M.ey = Mm.eg
Alternatively;
Consider a body released from a point A such that it falls to the ground,
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Since the body is just released, u=0
~ k.ey = gmuz =0 and p.ey, = mgy
m.ey, =k.eq + p.ey =mgy
At B;
s=y—h and a=g
Fromv? =u? +2as = v?=2as=2g(y—h)
1

Kinetic energy at B, k.eg = %mv2 = Em[Zg(y —h)]

= mgy — mgh
Potential energy at B, p.ep = mgh
m.eg = k.eg + p.eg = (mgy — mgh) + mgh

Principle of conservation of energy

It states that energy can neither be created nor destroyed but may be changed from one form to

another. Therefore the total energy of a system is always constant.

Conservative forces
These are forces for which;

e The work done to move a body from one point to another is independent of the path taken
and only depends on the initial and final positions of the body. In the figure, ifa
conservative force acts on a body at A, the work done in moving the body from A to B 1s

the same regardless of whether the body takes either of the paths 1, 2 or 3

e The work done in moving a body round a closed path is zero. Therefore in the figure, if a
conservative force acts on a body at A such that the body is moved from A to any point

and then back to A, the work done by such a force is zero.

e Mechanical energy of a body onto which a conservative force acts is always a conserved
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Examples of conservative forces include; gravitational force, electrostatic force and elastic
force.

Non-conservative forces are forces for which the work done against such a force in
moving a body from one point to another depends on the path taken, the work done to
move a body round a closed path is not zero, and mechanical energy of a body onto which
such a force acts is not conserved.

Examples of non-conservative forces include; air resistance, friction, viscous drag etc.
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CHAPTER 6; STATICS

Moment
Moment of a force is the product of the force and the perpendicular distance of action from the
pivot.
Moment = Force X Perpendicular distance
Therefore, a force cannot have a moment about a point on its line of action. The SI unit of
moment is Nm and not Joules.

Example
Calculate the magnitude of the moment about the base point O of the 600N force.

Solution
There are two methods that can be used to find the required moment

Method 1: Finding the perpendicular distance between the force and the pivot

From the figure; d = 4 cos 40 + 2 sin 40
=4.35m
From Moment = Fd,
Moment = 600 X 4.36 = 2610N
Note: This method requires that the perpendicular distance is interpreted and found correctly

Method 2: Finding the components of the force, the perpendicular distances from which to the
pivot can easily be found.
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F, = 600 cos40 = 459.63N and F, = 600sin40 = 385.67N
Perpendicular distance of F, from O is 4m
Perpendicular distance of F,, from O is 2m
Moment due to Fx = 459.63 X 4 = 1838.52Nm
Moment due to Fy =385.67 X 2 = 771.34Nm
Total moment at O = Moment due to Fx + Moment due to Fy
=1838.52 +771.34
=2610Nm as obtained before
It can therefore be noted from the above example that the moment of a force about any point is
equal to the sum of the moments of the force about the same point.

COUPLE
A couple 1s pair of equal, opposite and parallel forces, whose lines of action do not coincide.

|

Al B

YF
Consider two equal and opposite forces of magnitude F acting at a distance d apart. The two
forces constitute a couple. These two forces cannot be combined into a single force since their
sum in every direction is zero. Their effect is entirely to produce a tendency of rotation.
Moment of a couple is the product of one of the forces and the perpendicular distance between the
forces. The moment of a couple is called torque

~. Torque = F X AB

Also consider the two forces to be acting in a plane of a card board as shown in the figure below:

If the two forces act such that they cause a tendency of rotation in the anticlockwise direction

about point O, then total moment is the summation of the two moments
>M=-FXa+F(d+a)=Fd
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Since the moment of a couple contains no reference to the dimensions of a which locates the
forces with respect to the pivot O, it follows that the moment of a couple is independent of the
pivot position for as long as it is on the line of the perpendicular distance between the two forces.
Therefore, it following points should specifically be noted about couples and moments. They can
be referred to as properties of a couple;

e A couple tends to produce rotation

e The moment of a couple is the same about any point in a plane of the lines of action of the
forces that constitute the couple.

e A couple cannot be replaced by a single force, but can be replaced by any other couple of
the same moment,

e The resultant of two or more couples is a couple whose moment is the sum of the
moments of the individual couples.

Work done by a couple

Consider two equal and opposite forces F acting along the tangent of a wheel of radius r. If the
couple causes the wheel to rotate through an angle ¢ from AB to CD as shown above,

Distance moved through by each force, s = % X 2mr

But 360° = 27 radians
Therefore, if @1is in radians, then % X 2nr = @r
Since Work done = Force X distance, then;
Work done by each force =F ¢r
But there are two forces acting on the wheel = Total workdone = 2Fpr = (2Fr) X ¢
But torque = Force X Perpendicular distance between the forces
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= F X2r =2Fr
- Total work done by a couple = (Torque) X ¢
NB: ¢ should be in radians

The reader should note that an understanding of the knowledge about forces, couples and
moments 1s essential for the study of equilibrium in the proceeding section. This 1s due to the fact
that many of the difficulties students find in applying equilibrium principles can be traced to
errors arising from failure to observe and apply correctly procedures of these concepts

EQUILLIBRIUM
Statics as part of physics primarily deals with the description of the conditions of the force which
are both necessary and sufficient to maintain the state of equilibrium. This part of equilibrium
therefore takes the central part of statics, and should therefore be mastered.
A particular body is said to be in equilibrium if a number of forces act on it but it does not move
or rotate.

Conditions of equilibrium

1. The resultant of all forces that act on a body should be zero. The components of forces in
both x and y directions should be zero. This implies that the acceleration of the body should
be zero, and so the body should be in translational equilibrium.

2. The sum of clockwise moments about any point must be equal to the sum of anticlockwise
moments about the same point. This is the principle of moments. It can also be stated as:
The algebraic sum of moments of the forces about any point should be zero. This implies that
the body should be in rotational equilibrium.

Types of equilibrium

1. Stable equilibrium:
When a body in stable equilibrium is tilted, its centre of gravity is raised above the
original position. On release, it returns to its original position without toppling.

2. Unstable equilibrium:
This is when a body is slightly displaced, the centre of gravity is lowered hence it cannot
return to its original position

3. Neutral equilibrium:
When a body is slightly displaced, the centre of gravity and potential energy are
unchanged and constant.

How to improve stability
e Increasing the base area
e Lowering the centre of gravity
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Centre of mass:
This is the point at which an applied force produces acceleration but no rotation.

Centre of gravity:

Centre of gravity of a body is the point of application of the resultant force of attraction on
the body due to the earth.

Experiment to determine the centre of gravity of an irregular lamina
Three holes are made at well-spaced intervals around the edge of the lamina. The lamina is

suspended on a clamped pin passing through one of the holes and the plumb line i1s hung from
the pin so that it is in front of the lamina.

- oz sheat of card

centre of gravey

The plumb line position is marked along the laminar by two pencil marks that are later joined to
make a line.

The procedure is repeated with one of the other holes and the plumb line position marked as
before.

The position of intersection of the two lines is the centre of gravity.

Examples

1. A uniform beam AB of mass 4kg is hinged to a wall at end A and held horizontally by a wire
joining B to a point C which is on the wall vertically above A. If a stone of mass 10kg 1s
hinged at B, and given that ZABC is 30°, find the force:

(1) In the wire connecting B to C
(1)  Exerted by the beam on the hinge
Solution
(1) Taking moments about point A,

T 1s anticlockwise, 4g and 10g are clockwise, and R does not have a moment about A
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Let AB =2/
= E=2!sin30°

1
=2x— =1
2

sum of clockwise moments = sum of anti clockwise moments
4gx1+10gx2l=T x 1
24gl =TI
~T =24g =24 x9.81 =235.44N
(i1)

Resolving;
(1) Resolving,
Forces Horizontally(-) vertically (T)

4g 0 -4g

10g 0 -10g

T -235.44 cos 30 235.44s1n 30

R R cos a Rsin a

>.E., = Rcosa — 2039 Y E,=Rsina—19.62

Since the body is in equilibrium, then  F, =0 and Y F, =0
~ Rcosa—2039=0 and Rsina—19.62=0
Rcosa = 203.9.......(0) Rsina =19.62...... .. (i0)

Rsina _ 19.62

Rcosa  203.9

~tana = 0.09622 = a = 5.496°
203.9 — 2048N

C0S5 5.496

Therefore, the force at the hinge is 204.8N at an angle of 5.496%t0 AB.

Dividing eqn (i1) by eqn (1) gives;

From equation (1) , R =

2. A uniform ladder 3m long and of mass 17.5kg, rests with its upper end A against a smooth
vertical wall, and the lower end B on a rough ground. What must be the coefficient of
friction between the ground and the ladder be for the ladder to be inclined at 60° to the
horizontal without slipping? What is the reaction at B?

Solution

Let R and S be the normal reactions from the ground on to the ladder, and from the wall onto

the ladder respectively. Since the ladder is in equilibrium, then the sum of forces in any

particular direction should be zero.
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S S
3 sin 80

—

Vertically (T):R = 17.5¢g

=> R =17.5%x9.81 =171.68N

Horizontally (=) : S =f

Taking moments about point B:

S X 3sin60 = 17.5g X 1.5 cos 60

17.5X9.81X1.5Xc0s 60

S = - = 49.56N
3xsin 60
ButS=f = f =49.56N
Since f = uR; u:%:%:ﬂ.w

Total reaction at B=,/f2 + R2

If the reaction 1s at an angle @ to the horizontal, then tan 8 = — =

=+/49.562 + 171.682
=178.7N

R _ 17168

f 4956
f =73.9°

The following points about solving problems of equilibrium should be noted:

It is important to draw a clear diagram that shows all the forces acting on the body, or
ladder like in the above case

Much as such things as angles should give a clear view of the angles they represent, there
1s no need of using a protractor to draw the diagram

A smooth surface can only exert a force at right angles to itself — the normal reaction
There 1s no point in resolving in more than two directions

It is always an advantage to resolve perpendicular to an unknown force

It 1s usually an advantage to take moments about points where unknown forces are acting.
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Trial questions

. A beam of mass 20kg and length 2.4m is hinged at A which is a point on a vertical wall.

The beam 1s maintained in a horizontal position by means of a chain attached to a point in
a wall 1.5m vertically above A. If the beam carries a load of 10kg at a point 1.8m from A,
calculate the:
(1) Tension in the chain
(1)  Magnitude and direction of the reaction at A

[Ans: T=323.73N and R=301.17N ]

A uniform rod AB of length 4x and weight 30N is smoothly hinged at its upper end, A .
The rod is held at 30° to the horizontal by a string which is at 90° to the rod, and attached
to it at C where AC = 3x. Find the ;

(1) Tension in the string
(1)  Vertical component of the reaction at A
(111)  Horizontal component of the reaction at A
[Ans: (1) T=17.4N, (i1) 15.0N upwards (i11) 8.7N away from B]

A sphere of weight 40N and radius 30cm rests against a smooth vertical wall. The sphere
1s supported in this position by a string of length 20cm attached to a point on the wall.
Find the; (1) tension in the sting

(11) Reaction due to the wall
Hint: Make use of the fact that there are three forces actin on the sphere
[Ans: T = 50N, R = 30N at 90° to the wall]

. A uniform beam of mass m and length 2/ has its lower end A resting on a rough horizontal

ground and is kept in equilibrium, at an angle of 45° to the vertical, by a rope attached to

end B. If the rope makes an angle of 60° with BA, and given that the tension in the rope is

T, show that, T = m—6g_, hence, or otherwise, find the tension in a rope which is used to hold

a uniform beam AB of mass 100kg and length 2/ with its lower end A resting on a rough
horizontal ground, and making an angle of 20° with the horizontal, such that the rope
makes an angle of 40° with BA. [Ans: T=716N ]

. Arigid rod PQ has length 2m. A body of mass 12kg hangs from P and another body of

mass 8kg hangs from Q. The system is suspended from a point A of the rod, where A is
x m from Q, and 1s in equilibrium with the rod horizontal. Find the value of x
[Ans: x = 1.2 m]

. A uniform ladder of mass 40kg and length 5m, rests with its upper end against a smooth

vertical wall and with its lower end at 3m from the wall on a rough ground. Find the
magnitude and the direction of the force exerted at the bottom of the ladder.
[Ans: 418.7N at 69.4° to the horizontal]

. A mass of 5kg 1s suspended from end A of a uniform beam of mass 1.0kg and length

1.0m. The end B of the beam 1s hinged in a wall. The beam is kept horizontal by a rope
attached to A and to a point C, in the wall at a height 0.75m above B.
(1) Draw a sketch diagram to show the forces acting on the beam
(1)  Calculate the tension in the rope
(111)  What 1s the force exerted by the hinge on the beam.
[Ans: T=89.N, R =72.0 at 3.9° above the horizontal]
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8. In the figure below, if a horizontal force P is required to begin rolling the uniform cylinder
of mass m over the obstruction of height h,

Show that P = %T:_hz
9. If an oil drum of diameter 70cm and mass 80kg rests on a stone like in the diagram in
question 8, find the least horizontal force applied through the centre of the drum which
will cause the drum to roll over the stone of height 10cm. [Ans: 471.6N |
10. A sphere of weight 20N and radius 15cm rests against a smooth vertical wall. The string 1s
supported in this position by a string of length 10cm attached to the point on the sphere

and to a point on the wall as shown below.

10
(1) Copy the diagram and show all the forces that are acting on the sphere
(1)  Calculate the reaction on the sphere due to the wall
(111)  Find the tension in the string [Ans: R =15N, T =25N ]|
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PRESSURE IN FLUIDS
Pressure is the force exerted normally on a surface of area 1m”. The SI unit of pressure is Nm™ or
Pa. Pressure in fluids is a scalar quantity since it 1s transmitted equally in all directions, and so
there 1s no single direction along which it acts.

Derivation of hpg

mmsssmstssanee.-e

Crossectional area, A

= /

Consider a column of liquid of depth h and density h in a container of cross sectional area A.
Volume of liquid = [ XwX h=Ah
Mass of liquid=Vp = Ahp
Weight of liquid = mg = Ahpg

This weight 1s the force exerted on the container by the liquid.

Force Ahpg

But pressure = —— =
p Area A

= hpg
Therefore, the pressure in liquids is independent of the cross — sectional area, and shape of the
vessel in which it’s poured. The pressure acts in all directions, and it depends only on the depth,
h, the density, p and on the atmospheric pressure.

Density: Is the ratio of mass to volume. = Density = % . The SI unit of density is kgm™

Other units used include gem™
1 gem™ = 1000kgm™

Experiment to determine the density of an irregular solid which floats in water

A thread is tied to the irregular solid and its weight in air Wi determined. A sinker such as a stone
1s attached to the 1rregular solid, and the weight W> of the two in air 1s determined. The sinker and
the solid are completely immersed in water of known density and their weight W3 is determined
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by a spring balance. The sinker is detached from the solid and the weight Wy of the sinker only
when in water is determined.

Weight of irregular solid in water = W3 —W;4

Wy

= Relative density of irregular solid = Wi ws—wy)

From Density = Relative density X Density of water,

The density of the irregular solid can be determined

Relative density (R.D)
RD= Density of a substance mass of substance
' Density of water mass of an equal volume of water

weight of a substance

N weight of an equal volume of water

Any of the above formulas can be used to find the R.D of both liquids and solids.
To find the R.D of solids only

mass of substance in air

RD=

Apparent loss of mass of the substance when in water

weight of substance in air

B Apparent loss of weight of the substance while in water ( Upthrust)

To find the R.D of liquids only

apparent loss in mass of a substance when in the liquid

apparent loss in mass of the substance when in the liquid

Apparent loss in weight of a substance when in the liquid

Apparent loss in weight of the substance when in the liquid

Example
A block of mass 0.1 kg is suspended from a spring balance. When the block is immersed in water

of density 1000kgm, the spring balance reads 0.63N. When the block is immersed in a liquid of
unknown density, the spring balance reads 0.70N. Find the;

1) Density of the mass,
11) Density of the liquid.
Solution

1) Mass of solid in air = 0.1kg
= Weight of solid in air = 0.1X9.81 = 0.98IN

Weight of solid in water = 0.63kg
Apparent loss of weight of the solid in water = 0.981 — 0.63 =0.35IN
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weight of solid in air

RD=

Apparent loss of weight of solid when in water

0.981

=— = 2.795
0.351
Density of solid

But R.D = 22V of = 2.795 =L
Density of water 1000

Density of solid = 2.795 x 1000 = 2795kgm™
11) Apparent loss of weight of solid in liquid = 0.981 — 0.7 = 0.281N

apparent loss of weight of a sold in the liquid

R.D of liquid = _ —
Apparent lopss of weight of the sold while in water
0.281
=—— =0.8
0.351

=~ Density of liquid = 0.8 x 1000 = 800kgm™

Archimede’s principle

It states that when a body 1s wholly or partially immersed in a fluid, it experiences an upward
force (up thrust) which is equal to the weight of the fluid displaced.
It should be noted that up thrust is also called buoyant force, and so the tendency of a fluid to
exert an upward force on a body immersed in it is called buoyancy;

Examples
1. A string supports a solid iron object of mass 0.81kg totally immersed in a liquid of density

800kgm™. Calculate the tension in the string if the density of iron is 8000kgm™.
Solution
Weight of iron=mg=10.18 X 9.81 =1.77N

mass 0.18

=——=225x10"m’

density 8000

Volume of iron =

= Volume of liquid displaced = 2.25 x 10° m’
= Mass of liquid displaced = (2.25 x 107) x 0.081 =0.018
= Weight of liquid displaced =0.018 X 9.81  =0.177N.

SNaaaaaes

string

But from Archimedes principle, up thrust is equal to the weight of the liquid displaced.
~ u=0.177N
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But from equilibrium, Mg=T +u
=1.77=T+0.17, T=1.593N

2. A specimen of an alloy of silver and gold, whose densities are 10.5gcm™ and 18.9 gem™
respectively, weighs 35.2g in air and 33.13g in water. Find the composition by mass of the alloy,
assuming that there has been no volume change in the process of producing the alloy. Assume
that the density of water is 1gem™

Solution

3 3

ps =10.5gem™ ,p, = 189 gem™
Let the volume of silver be v; and that of gold be vy,
Also, let the mass of silver be m; and that of gold be m,.
Mass of alloy in air, my = 35.2g .

Mass of alloy in water, mgy = 33.13g

= mg+ mg=352 ... (1)
Mass of alloy in air 35.2
R.D of alloy = _f YA = — =17
Apparent loss in mass while in water 2.07

Density of alloy = R.D x density of water =17 x 1 = 17gcm 3

Volume of alloy = 3:5—?2 = 2.07cm?®

Volume of alloy = v, + vy = —=+ —£= £ 4 €
L 207="1s_ e (ii)
07=—%— —%

But from equation (i), mg= 35.2 - ms

ms 35.2—mgs
10.5 18.9

-~ 410.79 =369.6 — 10.5m + 18.9m; = m, = 4.9g

Substituting for m, in equation (ii) gives: 2.07 =

Substituting for mg in equation (i)gives : mg = 35.2 —4.9 = m, = 30.3g

Trial questions
1. A piece of metal of mass 2.60g and density 8.4g/cm? is attached to a block of wax of mass

1.0 g and density 0.92g/cm’. When the system is placed in a liquid, it floats with wax just
submerged. Find the density of the liquid.
[Ans: p=1.13 X 10 gcm™]

2. A cubical block of wood of side 12cm floats at the interface between oil and water with its
lower surface 4cm below the interface the heights of the oil and water columns are 10cm
each. If the density of oil is 0.8gem™ and that of water is 1 gem™, calculate the ;

1) Mass of the block,

11) Pressure on the lower surface of the block.
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Proof of Archimedes principle

l Atmospheric pressure, H

: .-——Liqm‘d of density p

Consider a solid body of cross-sectional area A immersed in a liquid of density p.
Pressure on side AB=H + h, pg = downward force on AB = A (H +h; pg)
Pressure on side CD=H + h, pg = Upward force on side CD = A (H +h, pg)

Since h, > h,, the upward force is greater than the downward force
= Resultant upward force (up thrust) = A (H + h, pg) — A (H+ hy pg)
~ Upthrust=Apg(h, — hy) oo (1)
Also volume of solid = Ah = Volume of liquid displaced=Ah  Buth=h, — h,
= Volume of liquid displaced = A (h, — h;)
= Mass of liquid displaced = A p (h, — h;)
= Weight of liquid displaced =Apg(hy,— hy).eeveeeiini.. (11)

It can be seen from equations (1) and (i1) that up thrust is equal to the weight of the liquid
displaced which is Archimede’s principle.

The reader should note that up thrust depends on the density of a body relative to the medium
(fluid) in which it 1s. This explains why a helium filled balloon rises up to a certain height in still
air and then stops. Initially, the balloon rises because the up thrust due to air is greater than the
weight of the balloon, resulting from the fact that the density of air is greater than that of helium.
As the balloon rises up, the density of the air decreases, implying that up thrust also decreases.
The balloon stops rising when it’s at a height when the up thrust is equal to its weight.
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Experiment to determine the relative density to a liquid using Archimedes principle and the
principle of moments.

” d, e d,

v

A

Sinker

While in air, the sinker (solid) and weight W are attached to the meter rule as shown above. The
weight 1s adjusted until the meter rule balances horizontally. The distances d; and do are measured
and recorded.

If W1 1s the weight of the sinker in air, then taking moments about the pivot gives:

Wido = Wdi

The sinker 1s then immersed in water in a beaker while keeping do constant. The position of the
weight W 1s adjusted until balance is restored. The distance d» 1s measured.
If W 1s the weight of the sinker in water, then taking moments about the pivot gives:

Wado=Wdo =W, =W22 .. (ii)
0
d,

L

L ]
& ot | i 8

The sinker 1s then immersed in a liquid in a beaker while keeping do constant. The position of the
weight W 1s adjusted until balance is restored. The distance ds 1s measured. If W3 is the weight of
the sinker in water, then taking moments about the pivot gives:

Wido = Wds =W, =W-—= (111)

apparent loss of weight of the sinker while in ligiuid

By definition relative density =
y y apparent loss of weight of the sinker while in water
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Wi _w )y wk- w ):@
do do do do di—d,

Where d, > d, > ds

It should be noted that one of the advantages of such a method is that relative density can be
determined even when the weights are not known.

FLOATATION
A body floats in a fluid if its density is less than that of the fluid in which it is place.

The law of floatation states that a floating body displaces its own weight of the liquid in which it
floats.

Proof
For the floating body to be in equilibrium, Up thrust = Weight of floating body
But from Archimedes principle, Up thrust = Weight of fluid displaced
- Weight of floating body = Weight of fluid displaced, which 1s the law of flotation.
It can therefore be correctly said that: Mass of floating body = Mass of fluid displaced

Examples
1.

A solid metal cube of side 8.0 cm floats vertically at the interface between water and mercury as

shown above. The lower surface of the cube is 1 cm below the interface. Given that the density of

mercury is 13600kgm™ and that of water is 1000kgm™, calculate the density of the metal.

Solution

Volume of metal cube =Ixwxh =8x8x8=512em®>=5.12 x 10~* m3

Volume of mercury displaced =8 X 8 X 1 = 64cm® =6.4 x 1075 m?

= Mass of mercury displaced = volume X density =( 6.4 X 107°) x 13600 = 0.87kg
Volume of water displaced=8 X 8 X 7 = 448 cm® = 4.48 x 10~*m?

( |
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= Mass of water displaced = volume X density =(4.48 x 107*m?3) x 1000 = 0.448kg
=~ Total mass of liquid displaced = 0.448 + 0.87 = 1.318kg

But from the law of floatation, mass of floating object is equal to mass of liquid displaced
= Mass of the metal cube = 1.318kg

. mass . _ 1318
From density = pa— density of cube T 1o
=2574.2 kgm™
2. A hydrometer consists of a spherical bulb and cylindrical stem, which has a cross sectional

area of 0.6 cm?. The total volume of the bulb and the stem is 14.3 cm®. When immersed in water,
the hydrometer floats with 7.6 cm of the stem above the water surface. When in alcohol, it floats
with 2.0 cm of the stem above the surface. If the density of water is 1 g/cc, calculate the

density of alcohol.

Solution
Volume of hydrometer above water is equal to volume of its stem above the water

=Ah=0.6 X 7.6=4.56 cc
Therefore, volume of hydrometer in water = 14.3 —4.56 =9.74 cc.
It therefore follows that volume of water displaced = 9.74 cc.

mn

Mass of water displaced= (volume) X (density) =9.74 X 1 = 9.74g
From the law of floatation, a floating body displaces its own weight of it liquid in which it floats.
= Mass of hydrometer = 9.74g
When the hydrometer is placed in alcohol:
Volume of alcohol displaced = 14.3 — (Ah) = 14.3 — (0.6 X 2) = 13.1cc
Therefore, mass of alcohol displaced = (volume) X (density) =31.1 X p = (13.1p)g
But, mass of hydrometer should be equal to the mass of alcohol displaced.

= 9.74 = 13.1p ~ p=0.744g/cc
Therefore, density of alcohol = 0.744g/cc
= 744kgm™

( |
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3. An alloy contains two metals X and Y of densities 3.0 X 10°kgm 2 and 5.0 X
103 kgm ™3 respectively. Calculate the density of the alloy if;

1) The volume of X 1s twice that of Y,
11) The mass of X is twice that of Y.
Solution

(1) Let the volume of Y be v. = Volume of X is 2v.
Also let the mass of X be x, and thatof Y be y

From density = v:ifnie , 3000 = i = x = 6000v..............0) and
5000=Y=v=2 ... ii)
v 5000

Substituting for v in equation 1) gives:

b 5
x=06000x (m),:y = p X
Therefore, total mass of alloy=x +y =x+ E x = ( % x) kg
Also, volume of alloy =2v + v = 3v

11

But density = —— = GY_ 1x , but from equation 1), x = 6000v
volume 3v 18v
= Density = % =3.7x 103 kgm™3

(1)  Let the mass of Y be m. = mass of X is 2m.

Let the volume of X be Vy, and that of Y be V.

3000=2"2 = y,= )
Ve 1500
5000=" = m=5000Vy........c......... if)
Vy
Substituting for m in equation 1) gives: v, = Sizz? = v, = % Uy
3 13
Total volume of alloy = vy + vy, = vy + o = (E v )m?
Also, total mass of alloy = 2m + m = (3m) kg
., mass - __3m__ 30m
From density = — Density of alloy =5 T, 1
But from equation 1), v, = Fn:;o .
. _ 30m _ 3 -3
=~ Density of alloy = D 3.5 X 10° kgm
1500

4. A simple hydrometer consisting of a loaded glass bulb fixed at the bottom of a glass stem
of uniform cross-sectional area sinks in water of density 1.0g/cc, so that a certain mark x

100
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on its stem 1s 4.0 cm below the surface of water. When placed on a liquid of density
0.9g/cc, the hydrometer floats with the mark 6.0 cm below the surface of the liquid. How
far below the surface will the mark be if the hydrometer is placed in a liquid of density
l.1g/cc.
Solution
Let the cross sectional area of the stem for the hydrometer be A.
Also, let the weight of the hydrometer in air be W.

While in water: Volume of water displaced = 4A,
Mass of water displaced = volumeX density =4A X 1 =4A
Weight of water displaced = 4Ag
While in the first liquid: Volume of water displaced = 6A,
Mass of water displaced = volume X density = 64 X 0.9 = 5.44
Weight of water displaced = 5.4Ag
While in the second liquid; Let the distance from the surface to the mark be x
Volume of water displaced = Ax,
Mass of water displaced = Volume X density = Ax X 1.1 = 1.1Ax

Weight of water displaced = 1.14xg

Apparent loss of weight of the hydrometer while in a liquid

Relative density =

Apparent loss of weight of the hydrometer while in water

Wq —5.4Ag

Considering water and the first liquid; RD=
Wa_4'Ag

Density of a substance 0.9

But relative density is also equal to: R.D = . =—=09
Density of water 1
=09 = ":f,;_—f:q‘;g = 0.9 w, — 3.64g = w, — 5.44¢g
v We = 1848 .. e e (D)
Considering water and the second liquid; R.D= Wa—114xg
Wa_4Ag
But Relative density is also equal to: R.D = density _Of asubstance _ 11 _ 4 9
density of water 1
211 = % = 11w, — 4.44g = w, — 1.14xg

n W, = 44Ag — 11AXG o e e e (D)
Equating the two equations gives: 18Ag=44Ag— 11Axg = 26 = 11x

Therefore, x = 2.36 cm

101
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5. A cubical block of steel 12cm on each side is floating on mercury in a vessel. The density
of steel is 7800kgm™ and that of mercury is 13600kgm.
1) What 1s the height of the block above mercury level?
11) Water of density 1000kgm™ is poured into the vessel until it just covers the steel
block. What is the height of the water column?

Solution

Volume of steel block =12 x 12 x 12 =1728cm?3
Weight of steel block = vpg =(1728 x 107°) x 7800g
Let h be the height of the block above the mercury surface.
Volume of the mercury displaced =12x12x (12—-h)
~ Weight of mercury displaced = 144(12 — h) X 107° x 13600g
from the law of floatation, weight of steel block = weight of mercury displaced
~ (1728 x 107°) x 7800g = 144(12 — h) X 107® x 13600g = h = 5.12cm

Volume of water displaced = 12 X 12 X h = 144h x 107°m?
Weight of water displaced = (144h X 107°) x 1000g
Volume of mercury displaced = 12 x 12 x (12 — h) = 144(12 — h) x 10~®* m?

102
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But weight of steel block = weight of water displaced + weight of mercury displaced

~ (1728 x 1076) x 7800g = (144h X 107 ) x 1000g + 144(12 — h) X 1076 x 13600g
~ 1728 x 78 = 1440h + 19584(12 — h) = h = 0.18cm

6. A cubical block of wood 10cm along each side floats at the interface between oil and
water with its lower surface cm below the interface. The heights of oil and water columns
are 10cm each. The density of oil is 800kgm~ and that of water is 1000kgm".

(1) What 1s the mass and density of the block?

(1)  What is the pressure on the lower surface of the block?

Solution
= o Y
Tt o] Bom
/ 1h o ol
height which affects | [7em
pressure on lower xS D,
surface of block : 4; cm
X >walc
7 cm

Hamme o

Note that oil floats on water because water is more dense (has a higher value of density).
Volume of oil displaced =7 x 10 x 10 = 700cm?

Mass of oil displaced = (700 x 107°) x 800 = 5.6 X 10™*kg
Volume of water displaced =3 X 10 x 10 = 300cm® = 300 x 10~°m?3
Total mass of fluid displaced =5.6 x 107 +3 x 1071 = 8.6 x 10 1kg
But mass of floating body = mass of fluid displaced. = Mass of block = 0.86kg
Density of block = ——— = 2.5 = 860kgm ™3

volume 10X10x10x10~¢

(1) Pressure due to oil column = hpg = % x 800 x 9.81 = 784.8Nm~?

Pressure due to water column = hpg = S—G x 1000 x 9.81 = 294.3 Nm 2

Total pressure on lower surface = 784.8 +294.3 = 1079.1 Nm ™2

Trial questions

1. A solid weighs 237.5g in air and 212.5g when totally immersed in a liquid of density
0.9g/cc. Calculate the :

(1) density of the solid,

—
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(1)  Density of a liquid in which the solid would float with i of its volume exposed above
the liquid surface. [ Ans. (i) p = 9500kgm 2 (ii) p = 1190 kgm 3]
2. A block of wood of density p floats at the interface between immiscible liquids of
densities p;and p,, such that three quarters of the block’s volume is in the liquid of density
p,. if the whole block is coverd by the liquids, and given that p,> p,, show that:
P2— P1
=3
P— P1

In the figure above, a water proof block of wood in form of cube of side 400mm is floating in a
tank of salt water with a 150mm layer of oil floating on the water. Given that the density of oil is
900kgm™, that of salt water 1030kgm™ and that of wood 800kgm, calculate the height h of the
block above the surface of the oil.

[Ans h=70.4mm]

4. A block of wood floats in water of density 1000kg m~ with 2 of its volume submerged. In

oil it has % of its volume submerged. Find the densities of wood and oil.
[Ans: poi; = 740.74, pyater = 666.67kgm 2]

DENSITY ROD
This is an instrument used to measure the relative density of liquids.

Procedure
Let the cross-sectional area of the density rod be A.
The rod is submerged in a liquid of density p, and its length, s; submerged in the liquid is noted.
The rod is then submerged in water of density p,, and its length, s, submerged in the water is
noted
When the rod is floating in the liquid: Volume of liquid displaced = As;
Mass of liquid displaced = Ap,s;

Weight of liquid displaced = Ap;s:g
But from the law of floatation: Weight of liquid displaced is equal to the weight of the floating
rod.
- Weight of floating rod = Ap;518 ..v v wev vee e 1)
When the rod 1s floating in water: volume of liquid displaced = As,

( ]
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Mass of liquid displaced = Ap,s,
Weight of liquid displaced = Ap,s,g

Similarly, weight of floating rod = Ap,S,8 ..o 11)
But equations (1) and (i1) are equal, = Ap;S,;8 = Ap,5,8
WP _ %2
] - Pz S1
But, Density of a substance (P — Relative density = Relative density = 2
Density of water (pz) S

The reader should note that this method of determining relative density has an advantage that the
relative density can be got even if the densities of the substances are not known.

Example
1. A hydrometer floats in water with of its 72% of its volume submerged. The hydrometer
floats in another liquid with 80% of its volume submerged. Find the relative density of the

liquid.
Solution

Let the volume of the hydrometer be v, the density of water be p,,,, and that of the liquid be p;.

While in water: Volume of water displaced = % %

Mass of water displaced = % Pw V

Weight of water displaced = % Pw VE

From the law of floatation, weight of hydrometer = % Pw U e, (1)
While in the liquid:  Volume of liquid displaced = % %
Mass of liquid displaced = % pLV
Weight of liquid displaced = % p1 Vg
.. (i)

Similarly, weight of hydrometer = %pl 177 RO
72 80
Pw V=P Vg

Equating equations (1) and (i1) gives: 100 00
= 2= , But 2L = Relative density
Pw 80

= Relative density = 0.9

S’
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CHAPTER 7: FLUID FLOW
Types of fluid flow
There are two types of fluid flow, turbulent flow and streamline/steady/laminar flow.

Streamline flow

This is a type of fluid flow where the successive particles passing at a certain point have the same
velocity. Equidistant layers from the axis have the same velocity, and lines of flow are parallel to
the axis of the tube or pipe.

It can be noted that the paths that represent the direction of the velocities of the particles of the
fluid are called streamlines or lines of flow.

Turbulent flow

This is a type of fluid flow where successive particles passing at a certain point have different
velocities, and are disorderly. Equidistant layers from the axis have different velocities, and lines
of flow are not parallel to the axis of the tube or pipe.

The difference between a streamline and a line of flow is that a streamline is a curve whose
tangent at any point is along the direction of the velocity of the fluid particles at that point.
Streamlines never cross. On the other hand, a line of flow is the path followed by a fluid particle.
However, in steady flow, the streamlines coincide with the lines of flow.

Experiment to demonstrate streamline flow and turbulent flow

Potassium permanganate solution from a reservoir is fed into the flowing water by a fine jet. The
clip 1s used to control the flow of water along the tube. A fine coloured stream is observed along
the centre of the tube for low flow velocities. This type of flow is called stream line. As the rate of
flow increases, the coloured stream starts to break up and the colour rapidly spreads throughout
the tube. This demonstrates turbulent flow.

Reservoir

- ' I
\Glass tank kept Jet
full of water
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Motion of fluid in a tube/pipe of non-uniform cross-sectional area

Consider a fluid such as water of negligible viscosity (Non-viscous) flowing steadily in a tube of
non-uniform cross-sectional area in the direction shown.
Also, assume that the velocity at the entrance point, Q is v, , the pressure is P; , and that the cross
sectional area 1s A, , while the velocity at point R is v,, the pressure is P,, and that the cross
sectional area is A, . (Assume that [; and [, are so small that the parameters A, P and v remain
unchanged between the regions QS and RT)
If the fluid moves from QR to ST in a short time At, then the volume between Q and S is equal to
the volume between R and T.
Volume between Q and S = A,[; and Volume between R and T =4, [,

= A= Ayly D)

A 1 :
- A—l = L_Z and since A; > A,.thenl, > [
2 1

Therefore, since the distances [, and [, are covered in the same time interval, [, must be covered
faster than [,. This implies that implies that v, > v, .

Therefore, the fluid flows faster at a narrow part than at a wider part.

It can also be noted that since the volume of fluid entering the tube should be equal to the volume
of fluid leaving the tube, then; mass of fluid entering the tube per second is equal to the mass of
fluid leaving the tube per second

From Mass= (Volume) X(density), if the density of the fluid is p

. A4l
Mass entering mass per second A;l; p = Mass per second = %
. : 451
Similarly, mass leaving per second = %
Agly p Agly p 1 l2
At At 1At 2 At
distance . ..
But e—— velocity,= A1V = AUy e ee e e (10)

. . A .
It can still be seen from equation 11) that: A—l = :—1, and since A; > A, thenv, > v,
2 2

Equations 1) and 11) are called equations of continuity.

( ]
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Therefore, if A is the area and v is the velocity, then Av = constant.
"Av 1s known as flow rate of volume flux.

It should be noted that the equations are only true for an incompressible fluid, such that its density
1s constant throughout the tube.

An incompressible fluid is one in which changes in pressure produce no change in the density of
the fluid. Liquids and gases are taken to be incompressible.

Example

A lawn sprinkler has 20 holes each of cross-sectional area 2X 1072 ¢m? . the sprinkler is
connected to a hose pipe of cross sectional area. If the speed of the water in the hose pipe 1s
1.5ms™, estimate the speed of the water as it emerges from the holes.

Solution

Directionof flow

For sprinkler: 4"'=2x 10~2¢m? = 2 x 107% m?

Since it has 20 holes, then; total area As=20 X 2 X 107¢ m?

=40 X 107%m?
For hose pipe:
An=24cm? = 2.4 X 1074 m?
V, =15ms !
From the equation of continuity, Anly = A,

= (24x107*)x1.5=(40x107°) x V,
~ V= 9ms~1
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DANIEL BERNOULLYI’S PRINCIPLE

i":[Vertical manometer

Direction of

Sluid flow
When a fluid is at rest, pressure is the same at all points on the same horizontal level. When the
fluid 1s in motion, pressure is not always the same, for example: consider the diagram above; the
pressure at the different points is shown by the height of the fluid in the vertical manometers.
Pressures are high at parts A and C and falls in part B, but the velocity of the fluid 1s greatest in
the narrow part B, and least in the wider parts A and C. It therefore follows that a decrease in
pressure is accompanied by an increase in velocity.

Derivation of Bernoulli’s principle
Consider an imaginary tube in a fluid between points X and Y which are at heights h; and h> from
the horizontal.

2
[h, )
Horizontal level
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Let for end X, the pressure be Pi, the cross-sectional area be A1, and the velocity of fluid be vi;
while at end Y the pressure is P2, the cross-sectional area is A, and the velocity is v2. Also,
consider the cross-sectional area of the tube to be constant at a particular time, for a small time
interval At.
A fluid in stream line flow has three types of energy

1) Pressure energy,

11) Potential energy,

111) Kinetic energy.

Pressure energy is the energy possessed by the fluid by virtue of its pressure at a particular point.
OR
It’s the work done by the pressure in moving a fluid through a small displacement.

For end X:
Work done by the pressure P; in a short time interval At is given by:
Work done = (force)x (distance) but Force = (pressure)X (area)

— Work done = (P1A1)X(d) but distance, d = (velocity) X (time taken)
= Work done = (P1A1) X( vy At) = P;A,v,At
-~ Pressure energy = P; A, v; At
Kinetic energy = %mvf
But mass, m = density X volume = ( p) X (44l;) but l; = v,At
Mass, mi = pA,;v;At = Kkinetic energy = 3 (pAv At )v?

Potential energy = mgh
~ Potential energy = (pAv,At )ghy
Therefore total energy at end X is given by:
Pressure energy + Kinetic energy + Potential energy

= P A At + ~(pAviAt)v? + (pAv,At )ghy
Similarly; Total energy atend Y = P,A,v,At + %(,(JA2 V,At v + (pA,v,At)gh,
If it’s assumed that the fluid is:
1) incompressible,
11) non viscous, and
111) that the flow is stream lime, then;
From conservation of energy, total energy at X should be equal to that at Y

» PAwAt 4+ Z(pAv At v} + (pAviAt)ghy = PAvaAt + < (pApvpAt)vi +
(pAzv, At )gh,

But volume of fluid entering at X should be equal to the volume leaving at end Y

Le. (pAv,At) = (pA,v,At)

1 1
“ Py + Spvi + pghy = P+ Spvi +pghy

Since Py, P,, v4, V5, hy and h, are randomly chosen, then;
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=P+ gpvz + pgh is a constant
The above equation is called Bernoulli’s equation

Therefore, for a pressure P at any part of the tube with a velocity at the same point being v, and
the density of the fluid assumed to be constant then Bernoulli’s principle can be stated as below,

Bernoulli’s principle states that the sum of pressure at any part, the kinetic energy per unit
volume and the potential energy per unit volume is always a constant

OR

The total energy of any incompressible and non-viscous fluid in a streamline flow remains
constant throughout the flow.

1 . 1
NB.K.E of mass m =~ mv? = K.E per unit mass = =2 v?
1mv2 1 1
. 5 m
« K.E per unit volume = 2—— = ~= v? = E,(w2

Also, P.E of mass m = mgh .. PE per unit mass = gh = PE per unit volume = pgh

Example
A fluid of density 1000kgm 2 flows in a horizontal tube. If the pressure between the ends of the

tube (i.e. at entry and exit) is 10° pa and 102 pa respectively, and given that the velocity of the
fluid at entry is 8ms ! calculate the velocity of the liquid at exit.

Solution
From Bernoulli’s principle, P + %pvz + pgh = constant
= P, + spv} + pghy= P, + ~pvi +pgh,
But since the tube is horizontal is horizontal, h; = h,
~ P+ %Pvf = P+ %pv%
= 1000000 +§ X 1000 x 82 = 10000 + %x 1000 x v3

~ v, =452 ms™?
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Flow of a fluid from a wide tank
ArmospheriTrasure P

From Bernoulli’s equation, P; + %pvf + pghy= P, + %pv% + pgh,

P+§Xp><02+ pghy = P+%Xp>(v§+pg)<0

1
=>5v2:gh V:JZE

Example
An open tank holds water 1.25m deep. As small hole of cross sectional area 3cm? is made at the

bottom of the tank. Assuming that the density of water is 1000kgm™, calculate the mass of water
per second initially flowing out of the hole.

Solution
Mass = (volume) X (density) = mas per second = (volume per second) X (density)

But volume = (area) X (distance) = volume per second = (area) X (distance per second)
distance

time
= Volume per second = (area) X(velocity)

= Mass per second (area) X (velocity) X ( density)
Velocity = /2gh =v2 % 9.81 x 1.25 =4.95ms™*

~ Mass per second = (3 X 107%) x 495 x 1000 = 1.49kgs~!

But distance per second, = = velocity

Trial questions
1. Water stands at a depth at depth H 1n a vertical tank. A hole is made in one of the walls at
a depth h below the water surface. The emerging stream of water strikes the floor at a distance
from the tank. If the stream of water takes a time t to strike the floor, show that:

) t= F%"” ii) R = 2./h(H — h)

2. A tank empties through a length of horizontal capillary tubing inserted near its base. After
being filled with water, the tank empties in 100 seconds. When the water 1s replaced with
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another liquid Y, it takes 165 seconds for the tank to empty. If the relative density of liquid Y
is 0.87, and the coefficient of viscosity of water is 1.2x 10" Nm ™2, find the coefficient of
viscosity of liquid Y.(Read the section about viscosity first before attempting this question)

APPLICATION OF BERNOULLI’S PRINCIPLE

1. Consider a thin sheet of paper held at one end, such that it’s horizontally below the lips,
with the other end sagging under its own weight.
On blowing steadily over the top of the paper, the sagging end of the paper rises. This is
due to the fact that the air above the sheet of paper is higher than that under it. From
Bernoulli’s principle, this implies that the pressure of air below 1s greater than that above,
and so there 1is a resultant upward force on the paper which provides the lift.

2. Consider a person standing close to a rail way line.
The air between the person and a moving train has a higher velocity than that behind him.

It therefore follows that the pressure in front of the man is less than that behind him.
This causes a ‘pull’ on the man towards the train

3. Aero foil lift

Highvelocity = low pressure

Aerofoil

owvelocity => high pressur

poor

Lift

The curved shape of the aero foil creates a faster flow of air over its top surface as compared to
the lower one. From Bernoulli’s principle, the pressure of air below is greater than that above, and
so there 1s a resultant upward force on the aero foil. This produces a lift on the aero foil. The
aero foil (and therefore the lift produced) is applied on the wings of an aero plane at takeoff.

Example
A particular air craft design calls for a dynamic lift of 2.4x 10* N on each square metere of the

wing when the speed of the air craft through the air is 80ms~1. Assuming that the air flows past
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the wing with streamline line flow and that the flow past the lower surface is equal to the speed of
the air craft, what 1s the required speed of the air over the upper surface of the wing? (Assume that
density of air is 12.9kgm™)

Solution

1 1
P, + EPV% + pghy = P + Epvf +pgh;

Where, P, is the pressure on upper part, P, pressure on lower part, v, the velocity of air on
upper part, v, velocity of air on lower surface and A = 1m? the area of the wing

hi=hy=h = P, + ~pv? = P+ ~pv3

1 1
. Pp— P = Ep(vf —vi) = 5 X 1.29 x (v — 80?)
But; dynamic pressure (force of dynamic lift) = (pressure difference) X (surface are of wing)
= 24000 = [ix 1.29 X (v — 6400)] x 1 = v, = 208.8ms™*

Trial questions
In his test experiment on a model aero plane in a wind tunnel, Rashid found that the flow speeds

on the upper and lower surfaces of the wing are 8 1ms™ and 57ms™! respectively. If wing surface
area is 3.2m? and density of air is 1.3kgm™ , find the dynamic force on the wing.
Ans. 6.9kN (2 sf)

4. FLOW METERS

These are devices used to measure the rate of flow a fluid i.e. fluid velocity, or volume per second
of a fluid through a pipe.

e Pitot-static tube

-\ Pitot tube
-|(gives total pressure)

Static pressuretube
]

The total pressure exerted by a flowing liquid has two components; static pressure, which is the
pressure it would have if it were at rest, and dynamic pressure, which is the pressure due to its
velocity. The total pressure is measured by the Pitot tube, while the manometer connected at right
angles to the pipe (static tube) measures static pressure.

From Bernoulli’s principle, P + ipvz + pgh = constant
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Static pressure and dynamic pressure = P + pgh, and dynamic pressure %pvz

Static pressure + Dynamic pressure = Total pressure

= Dynamic pressure = Total pressure - Static pressure

% pv? = Total pressure - Static pressure

2
= v= \/5 X ( Total pressure — Static pressure)

The reader should at this point therefore be able to describe an experiment to determine the
velocity of water in a uniform pipe

Example
Water flows steadily along a uniform flow tube of cross sectional area 30cm? . The static pressure

is 1.2x 10°pa and the total pressure is 1.28x 10° pa. Assuming that the density of water is
1000kgm, calculate the:

1) flow velocity,

11) volume flux,

111) mass of water passing through a section of the tube per second.

Solution
1) V= J% X (Total pressure — Static pressure)
v= JL X (1.28 — 1.20) X 105 = v = 4ms~?
1000

11) Volume flux = volume per second = (area) X (velocity)
=(30x107%) x4
=0.012

111) Mass per second = (volume per second) X (density)
=0.012 x 1000
= 12kgs™
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¢ Venturimeter

This is a horizontal tube with a constriction at one part. The tubes X and Y measure the pressures

at the respective parts of the tube.

>, rere

Direction of
fluid flow

From Bernoulli’s principle, P + %pvz + pgh = constant
1 2 1 2

= P + Spvi + pghy = P+ Spv; +pgh,

But since the tube is horizontal h; = h,

1 1
~ P+ 5:01712 = Pz"‘gﬂ”%

1 1 1 _
= P,—-P,= Epv% - Epvz = Ep(v% —V2) )
For incompressible fluid, A,V; = A,V, = v; = %vz

1

Substituting for v,in equation i) gives: P, — P, = i p(vs— (i_zvz)z)
1
1 A2
- P P= v (1-%)

1 A,
But P, — P, = hpg, ~ hpg = Spvi[l- (A—l )2] = v, =

Once, v, 1s determined, v, can be determined by substitution, and hence volume per second A,

v; or A,v,or can be found. Getting an equivalent v, is left as an exercise to the student.

Example

Water flows along a horizontal pipe of cross-sectional area cm which has a constriction of cross -

sectional area 12cm? at one part. If the speed of the water at the constriction is 4ms™,

1) Calculate the speed of water at the wider section.
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11) Given that the pressure at the wider section is 1.0x 10> pa, and that the density of
water is 1000kgm™, calculate the pressure at the constriction.

Solution

: 4, 12 _
1) A v, = A, =>v1:Ev2:£><4:1m51

The reader should note that there is no need to first convert the cross-sectional areas to SI units
since we are taking their ratios, otherwise they would have been converted first.

1) From Bernoulli’s principle, P + %pvz + pgh = constant
1 .2 1 2
= P + Spvi + pghy = P, + Spv; +pgh,
But since the tube is horizontal is horizontal, h; = h,

1 1

P1 + 5,01212 = P2 + E,GV%
1 2 2

= P— P = 5,9(172_171)

2 100000— P, = =X 1000 X (42 — 12) = P, = 9.25 X 10*pa

Trial question
Oil of density 800kgm~ flows steadily through a horizontal pipe of non-uniform cross section. If
the pressure of oil is 7cm of mercury column at a point where the velocity of flow is 60cms™,
what is the pressure at another point were the velocity of flow is 85¢ms™. (Given: density of
mercury is 13600kgm) [Ans: 6.891cm of mercury column]
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VISCOSITY
This is the resistance within the fluids. Liquids that pour easily are more viscous than those that
pour very fast. For example engine oil, syrup, glue, etc. are more viscous as compared to water,
milk paraffin etc.
The viscosity of a liquid also affects the motion of a solid through it, for example if different
liquids are put in different measuring cylinders and a small bearing made to fall through each
liquid, the ball falls faster through a liquid of lower viscosity.

Explanation of viscosity

For a flowing fluid, molecular layers in contact with the sides of the tube are practically stationary
because of the attraction between the molecules of the tube and those of the fluid. (Adhesive
forces). The successive layers towards the center must therefore slide over one another against the
attraction between the molecules of the individual layers (cohesive forces). This effect results into
layers towards the center of the tube moving faster than those towards the sides of the tube.

Since the velocities of the neighboring layers are different, a frictional force occurs between the
various layers of the fluid.

The frictional force is directly proportional to the area of the molecular layers and to the velocity
gradient. This is Newton’s law of viscosity.

If vi and v are velocities of neighbouring molecular layers a distance h apart, their velocity
Change inVelocity __ v,—1;

gradient 1s given by;

Distance of seperation  h

Therefore, velocity gradient is the change in velocity between molecular layers of a fluid

separated by a distance of one metre.

-1
ms —
=5 1

The SI unit of velocity gradient is

£l - . T —12
From Newton’s law of viscosity, F « A, and F « %

It can be noted that liquids that obey the two conditions above are called Newtonian liquids

Combining the two conditions gives; F « A —'72:1

SF=n(A=2) . @)

Where 7 is a constant of proportionality known as the coefficient of viscosity. The value of this
constant depends on the nature of the fluid

Definition

. . F
From equation (1) n = m

h
Therefore, coefficient of viscosity is the frictional force acting on an area of 1m? of a fluid when

it’s in a region of velocity gradient 1s™.

Alternatively;
Coefficient of viscosity can be defined as the tangential stress which layer of a fluid exerts on
another layer in contact with it when the velocity gradient between the layers is 1s™

The SIunit of n = = Nsm™?

m2s—1
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Dimensions of 1:
-2
[n] _ [Force] _ MLT = ML-1iT-1

V22— LT~
Arealx —] 2
[ Ix|=5 L2x=

Note: (1) Viscosity in liquids is due to molecular attraction between molecules of neighbouring
layers and therefore energy is required to drag one layer over the other.

(11) Viscosity in liquids decreases with increase in temperature. This is due to the fact that
the viscosity in liquids is due to intermolecular forces of attraction such that as temperature
increases, the intermolecular forces are broken down, and so the molecules travel faster and
further apart.

POISSEULLES FORMULAR FOR FLUID FLOW
Pipe / tube

/

Consider a streamlined flow of a liquid of coefficient of viscosity 71 in a horizontal tube, of
radius, a, length 7 and cross sectional area A, with the ends of the tube maintained at pressures Py
and P».

If P 1s the pressure difference then; P = P, — P,

- P, —P. P
Pressure gradient = % =7

Therefore, pressure gradient is the change in pressure of a fluid in a tube of length one metre.

The volume of liquid flowing out of the tube per second depends on

» The coefficient of viscosity, 1
» Radius of the tube , a

. - P
» Pressure gradient, N

P

Volume per second o 1, volume per second « aa volume per second o n
. . . P
Combining the expressions gives: volume per second « na n

=Volume per second = k (na g)

Where k 1s a constant of proportionality

Using dimensions
[Volume per second] = [n] X [a] X [?]
= [3T~1 = [MLT1)* x [L]Y x [ML™2T~2]?

Equating corresponding indices gives:
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3=—x+4+y—-2z, —-1=-x-2z , O=x+2z
Solving the three equations simultaneously gives:
z=1,x=-1, and y=4

1 4
Therefore, Volume per second = kn~ta* G) = k‘:ﬂP
Other experiments show that k = g
ma*p
8nl
This i1s known as poisseulle’s formula for fluid flow

= volume per second =

Note: (1) The formula only holds for laminar/steady flow and hence not very fast flow
(1) The radius can be » instead of @ in which case the equation changes correspondingly

Experiment to determine the coefficient of viscosity of a liquid using poisseulle’s formula
l'a

‘. RIS
L Thermometer
Liquid
||A
: Capillary tube
Constant head -
apparatus s F:;:'

l.iquid/ Beaker

collected

Over flow

The liquid passes from a constant head apparatus through a capillary tube and the volume of
liquid collected in a beaker in a certain time (measured using a stop clock) is measured. The
height /2 can be changed by altering the position of the tube T. for different heights, h of the
capillary tube below the top level of the liquid in the constant head apparatus, the volume of the
liquid flowing into the beaker in a given time 1s determined.

The results are tabulated including values of volume per second

A graph of volume per second against the height h is plotted, and its looks like the one shown.
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.

From Poisseulle’s formular,
rna'P
8nl

Volume per second

Volume per second =

But pressure, P = hpg

na'(hpg)
snl

_ na'pg,
8n/

= Volume per second =

~Y

mwa*p

8nl

The equation 1s in the form y = mx; where the slope m of the linear part is given by;

4
Ta“P
= =
N aml

a, the radius of the capillary tube is measured using a micrometer screw gauge, the height h and
length / can also be measured, and if the density of the liquid is known, the coefficient of
viscosity can be calculated.

Note: (1) The temperature from the thermometer should be constant throughout the experiment
(1) Liquids which are obtainable in large quantities, and which can flow easily such as
water are suitable for this method,
(111) The constant head apparatus is to ensure that the rate of liquid flowing through the
capillary tube is steady/uniform

STOKE’S LAW
Solid sphere

YYYY
V Y {' Y

Viscous fluid

V YYY

<<55

Consider a solid sphere moving through a viscous fluid as shown above. As it moves, there is a
retarding force, F called viscous drag/viscous force, which opposes its motion in the fluid
Viscous drag 1s the force that opposes the relative motion of a body in a fluid.

The viscous drag depends on:

» Coefficient of viscosity, n
» Size of body (radius,r)
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» Velocity of the body, v
~ Fon®v¥r? = F = kn*vVyr?

Where k is a constant of proportionality
Using dimensions; [F] = [n]* x [v]Y x [r]?
> MLT 2 = (ML T 1)* x (LT"1)Y x (L)?
Equating corresponding components gives;
x=1 1= —x+y+z, 2=y+z

Solving the three equations simultaneously gives;

x=1 y=1 ahdz=1
Other experiments show that k = 6m

~ F = 6mvr This 1s called Stoke’s law

Vertical motion of a body in a viscous fluid
Consider a sphere falling vertically in a viscous fluid in a beaker as shown. At any time, three
forces act on it; its weight acting downwards up thrust due to the weight of liquid displaced acting
upwards and viscous drag acting upwards.

<Viscous fluid

Solid body \.:

As the body accelerates downwards its velocity increases and from F = 6mnur, the viscous drag
also increases. However, since the body is already completely immersed in the liquid, up thrust
remains constant (since no more fluid is being displaced)

A point is reached when W =F + U. This implies that the net force acting on the body is zero.
The body therefore continues to move down the fluid with a constant velocity called terminal
velocity. Therefore, terminal velocity i1s the maximum velocity attained by a body when falling
through a viscous fluid.
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Velocity time graph for a body falling through a viscous fluid

A

Vel. | ms™

No acceleration
(Constant velocity )

time | s
At terminal velocity, W=F+U ............ (1)
If density of body = p , density of fluid = o, terminal velocity = v,, coefficient of viscosity for
the fluid = n and the radius of the body is 7,
Then, F = 6mn vyr (viscous force at terminal velocity)

W =mg = vpg, butv = gm‘3, >W= gm‘?’pg
Up thrust, U = weight of fluid displaced = gm‘%'g
Substituting for W, F, and U in equation (1) gives;
4 3 5 — 4 .3
JTrpg = 6mn vor + JTroog
=S gm‘?’(p —0)g = 61N VT
4
sr2(p —0)g = 6n v

__ 2gr?
- 91}0

2 2
= p-0) orve=(p—0)

Example
27 spherical rain drops of the same mass and radius are falling down with a terminal velocity of

15cms™. If they coalesce to form a big drop, what will be its terminal velocity? (Neglect the
buoyancy due to air).

Solution
Let the radius of the big drop be R, while that of each of the 27 small droplets be r

Volume of each droplet = gm‘3
Volume of 27 droplets = 27 X G m’g)
Volume of big drop = gnRS

From conservation of volume (i.e since volume remains unchanged),
gnRS =27 x Gm’g)
~R3*=27r*= R =3r

2
But terminal velocity = 2% (p — a) but since buoyancy due to air is negligible, ¢ = 0
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: ; 2012
=Terminal velocity = =22

2 2
=~ For small droplets, v; = % = 15cms™ and for big droplets, v, = zg:i
2 2

Thus v R _GnT_ 9 = v, =91,

v, r? r2

Butv, =15 = v, =15x9 =135cms? =1.35ms™

Experiment to determine the coefficient of viscosity using Stoke’s law
A fluid/liquid of known density,o is put in a tall transparent glass tube. Two reference marks A
and B are put on the tube and the distance, h between them 1s measured

i Tall t t
e .gl%ss tube

B & Viscous fluid

Solid snhere : _ :
A solid sphere of known density,p is made to fall through the liquid and the time, t taken while it

. : . h
falls between the marks A and B is measured. Terminal velocity, v, = "
The radius r of the sphere is measured using a micrometer screw gauge.

2
The coefficient of viscosity n can be calculated from: n = z;g_: (p—o0)
0

However for practical purposes, the experiment is repeated with different solid spheres of
different radii, and the corresponding terminal velocities, v, determined. The results are tabulated
including values of 7 2.
A graph of vp against 1? is plotted and it is a straight line through the origin as shown

vy /ms™'
2g(p-=0)

n

is in the form y = mx , where the slope,
m=28(P=0)

m

From v, = r’, the equation

2g(p-0)

- n= 9m
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: . d -0) (d\? -
Alternatively, since r = = ,then v, = 26(p9) (—) SV, = glp—9) d?
2 on 2 187

Where d is the diameter of the solid sphere
Therefore, a graph of vo against d? can the plotted, and the corresponding slope, m determined

Trial question
The table below gives the times of fall of steel spheres of different diameter falling through a
distance of 50cm in a viscous liquid of density 1260 kgm™

Diameter/ mm | 2.0 2.2 24 2.6
Time/s 8.36 6.89 [5.80 |4.093

If the density of steel is 7800kgm, plot a suitable graph and from it determine the coefficient of
viscosity of the liquid.

(Hint: start by calculating the terminal velocities, vo for each steel sphere, and then plot a graph of
Vo against d?) [Ans: n = 0.246Nsm™]

Examples
1. A spherical rain drop of radius 2.0 X 10~*m falls vertically in air at 20°C. If the densities of air

and water arel.2kgm™ and 1000kgm™ respectively, and that the coefficient of viscosity of air at
20°C is 1.8 X 107° pa s, calculate the terminal velocity of the drop.
Solution

Vo = 28079 2 byt r=2.0x 10~*m, p=1000, c =12, =18%x10"°
on

—4n2
__2x(2x107*)"x9.81
T o9x(1.8x1079)

0.000784
0.000162

= 4.84ms’!

= v, x (1000 — 1.2) =

2. A metal sphere of radius 3.0 X 10™3m and mass 4.0 x 10~ *kg falls under gravity, centrally
down a wide tube filled with a liquid at room temperature (25°C). The density of the liquid is
800kgm™. The sphere attains a terminal velocity of 45cms™. The tube is emptied and filled with
another liquid of density 1000kgm™ at the same temperature. When the metal sphere falls
centrally down the tube, it’s found to attain a terminal velocity of 20cms™. Determine the ratio of
the coefficient of viscosity of the second liquid to that of the first liquid at room temperature.
Solution
For the metal sphere, r = 3.0 X 10"®m and m = 4.0 x 10~ *kg

Volume =27r® =2 x Z x (3.0 X 107°)° = 1.13 x 107m?

Mass __ 4ax10™*
Volume = 1.13x10~7

But density, p = = 3540kgm™

2 2
n="%-(p-0)
Consider the first liquid: v, =45 x 10~?ms™?, ¢’ =800 ,n’ =?

I 2gr? r .
n' = %(p —0") e (D)
0
Consider the second liquid: v, = 20 X 10~2ms™?, ¢ = 10000 ,n"" =?
" 2gr? " ..
N =5 (p—0") et (D)
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Dividing the two equations gives;
2gr2

n' _ 91;0.'.'(‘0_6”) _ v’ (p—o7)
T 2gr? T H(p—
n 287, vo''(p—or7)
ovgr P=9") 0

_ (45x1072)x(3540—1900) __ 1143

(20x102)%(3540—800) 548
r

=209
1

3. A steel sphere of diameter 3 x 10~3m falls through a cylinder containing a liquid x. When the
sphere has attained a terminal velocity, it takes 10.8 seconds to travel between two fixed marks on
the cylinder. When the experiment is repeated using another steel sphere of diameter 5 X 1072,
with the cylinder containing liquid y, the time of fall between the fixed points 1s 4.8 seconds. If
the density of liquid x is 1.26x 10%kgm™, that of liquid y is 0.92x 10%kgm™ and that of steel is
7.8x 10%kgm™, determine the ratio of the coefficients of viscosity of liquid x to that of liquid y, if
the temperature remains constant throughout.

Solution
Let the distance between the two reference, marks on the cylinder be h

-3
210~ — 0.0015m

For liquid x, terminal velocity vy = % and radius r, =

—3
For liquid y terminal velocity vy, = ﬁ ,and radius r, = Sx% = 0.0025m

2 2
Fromn = c%D(,o —0)

For liquid x :
2
= 2><9.81><((;.0015) (7.8 x 10% — 1.26 x 10%)
9%(103)
0.34645 -
= Ny = T ............ (1)
For liquid y:
2
n, = —h—“‘*"g;x((""’)"”) (7.8 X 10% — 0.92 x 10°)
(=
044995 .
= Ny = PR ELEITELEEL (ll)

Dividing the two equations gives;

Mx _ 0.34645 h

ny  h 0.44995
W lx=0.77

My

Viscosity in gases

Viscosity in gases 1s due to momentum transfer between the neighbouring layers of gases. The
viscosity in gases is directly proportional to the average speed of the gas molecules, and since the
average speed of the gas molecules increases with increasing temperature viscosity in gases
increases with increasing temperature.
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CHAPTER 8: MECHANICAL PROPERTIES OF MATTER

Mechanical properties of materials are concerned with the behavior of such material under the
action of forces. Such properties include strength, brittleness, toughness, ductility, stiffness,
elasticity etc.

Strength is the ability of a material to withstand or to resist an applied force before such a
material breaks. Examples of materials that are strong are metals.

Stiffness is the ability of a material to resist a change in shape or size 1.e. it’s the ability of a
material to resist being bent. Examples of such materials are metals, a piece of chalk, etc.

Ductility 1s the ability of a material to be hammered, bent or rolled into different shapes. It
therefore follows that a ductile material stretches elastically first, then stretches plastically before
it breaks when a tensile force acts on it. Examples of such materials are metals such as steel and
iron.

Brittleness

Brittle materials are substances that bend very little and they suddenly crack without any warning
when a force acts on them. They undergo plastic deformation. Brittle materials fracture at low
strains close to their elastic limit. Examples of brittle materials include glass, bronze, ceramic etc.

ELASTICITY

This is the ability of a material to regain its original length, size or shape when an applied tensile
force is removed.

When a tensile force is applied on a material, the material stretches due to its particles being
pulled further apart from one another. As a result, an extension is produced.

The extension produced depends on:
1) Size of the force applied on the material see (Hooke’s law below),
11) Nature of the material,
111) Original length of the material (a long material produces a longer extension)
1v) Cross sectional area of the material a thin material produces a bigger extension as
compared to a thick one.

Hooke’s law states that the extension of a wire is directly proportional to the applied force
provided that the elastic limit is not exceeded.(F o< e = F = ke)
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A graph of extension against force.

r s
Extension / m

Force / N

0

From O to L the graph is a straight line and this means that the applied force is directly
proportional to the extension, and so Hooke’s law 1s obeyed. Beyond L, the graph is no longer
straight implying that the applied force is no longer directly proportional to the extension. L is
called the elastic limit. When the wire stretches beyond L, it becomes plastic. Point B is called the

yield point of the wire. Beyond point B, the extension of the wire increases rapidly when more
load 1s added, and the wire finally breaks.

Tensile stress and strain

E Wire

Cross-sectional area, A

Consider a force F being applied to stretch the wire of original length [ and cross sectional area, A
so that the wire stretches by an eaxtension e.

Tensile stress is the force acting on an area of 1m? of a material.

Force

- Stress —— the SI unit of stress is Nm? or pa.
Area
Di ) fstress: [st ] = [Force] _ [MLT™2]
imensions of stress: [stress Tared] 7
=ML T2

Strain is the extension per unit length.

- Extension
. Strain = ————
Original length

Strain has no units, and hence no dimensions.

Young’s Modulus of elasticity (E) is the ratio of tensile stress to tensile strain.
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Just like stress, the SI unit of E is Nm ™2 or pa, and so its dimensions are ML 1T ~?

Examples
1. A uniform steel wire of density 7800kgm ™" weigh 16g and is 250cm long. It lengthens by

1.2mm when stretched by a force of 80N. Calculate, the

3

1) Young’s modulus of elasticity for steel
11) Energy stored in the wire.
Solution
. _Fl .
1) PRI IIRTRPPPRPR 1)
Also, volume = 4/ and still, volume = =
density
A== = A==
P o 2 2
o . L. o _ _ FL__ Fl’p _ 80x(2.5)2x7800
Substituting for A in equation 1) gives: E 20D em T (2x10-5)x(16x10%)

~ E=2.03x 10'*Nm™?

11) Energy stored Z%kez, but from hooke'slaw,F xe = F =ke

Therefore, substituting for k gives: Energy stored = ;F e = % x 80 X (1.2 x 107?)
= 48x107?]

2. A vertical wire 350cm long, diameter 0.1cm has a load of 8.50kg applied at its lower end
If its Young’s modulus is pa, calculate the;

1) Extension of the wire,
11) Energy stored in the wire.
Solution

: Fl

1) E= E
Fl 8.5x9.81)X3.5
Area, A = mr? = = ( - )
nr?E (2x1011)x="x(5x1074)2

Extension e = 1.9x 10~3m.
ii) Energy stored = %kez = %F e

=§ X (8.5%9.81) x (1.89 X 1073) = 8x 107%]

Trial questions
1. The table below is for a uniform metal bar of length 63cm, width 10.8cm, and thickness

3.50mm fixed at one end and a tensile force applied at the other end.
Tension/N 170 285 | 505 | 780 |[815 |8I15 815

Extension/mm | 0.2 03 0.5 0.8 1.0 1.2 1.5
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Plot a suitable graph, and from it determine Young’s modulus of elasticity for the metal bar, and
its yield point.

Which point (set of values) in the table would require experimental checking?

2. A copper wire 20cm long and of diameter 0.96mm stretches when loaded according to the
table below.

Load/kg 0 2 4 6 8 10
Extension/mm | 0 0.7 1.4 2.0 2.8 345

Plot a suitable graph, and from it determine Young’s modulus of elasticity for the copper wire
in question. Also find the work done in stretching the wire when a load of 9kg is applied.

Experimental determination of Young’s modulus of Elasticity of a ductile material

Rigids rt .

Comparison wire, P 1

M emnier scale
variable mass
Mass for kéeping the
comparison wire taught

light scale pan

Two thin, long wires P and Q of the same material are suspended from a common rigid support.
Initial loads are added to the ends of P and Q to remove kinks 1.e. to make them taut.
The diameter of wire Q is measured by a micrometer screw gauge at several places and the

. daz . .
average, d value calculated. The cross sectional area A= S Is determined.

The original length, / of the wire is measured. Various loads are added at the end of the test wire
Q and the corresponding extensions caused are read from the vernier scale, but after each
reading, the load should be removed to check that the wire returns to its original position,
implying that the elastic limit has not been exceeded.

The original length, 1 of the test wire is measured from the rigid support to the vernier scale.
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The results are tabulated and a graph of load against extension is plotted, and its slope, s
determined

sl
Young’s modulus, E = "

Alternatively A graph mass (in kg) is plotted against extension in meters, then,

5 sl
Young’s modulus, E = 7‘%

Note: the test wire should be long such that measurable extensions are produced. It should also
be thin such that there is no need of use of bigger stretching masses in case the wire is thick
which are difficult to handle, especially in the lab.

Two identical wires are used to eliminate errors that would result due to any changes in position
due to bending of the rigid support (yielding of the support when loads are added to Q). It also
eliminates errors due to changes in temperature.

It is left to the student to establish why the wire should be free of kinks at first.
A graph of stress against strain or a ductile material

A
Stress

A is the proportionality limit,

L is the Elastic limit,

B is the Yield point,

C is the Breaking (maximum) stress,
D the wire breaks

Straiq

Between O and L, the material returns to its original length when the applied stress is reduced
to zero. If the material is stretched beyond the elastic limit, the molecules of the material slide
over each other and the material becomes plastic. On reducing the stress to zero, the material
does not recover its original length. As the long is increased further, the extension increases
rapidly and the wire becomes narrower and finally breaks.

Therefore, the breaking stress of a material is the corresponding force per unit area of the
narrowest cross section of the material (wire)

Elastic limit is the maximum load which a body can experience and still regain its original size
and shape when the load is removed.
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OR

It’s the load beyond which the material stops undergoing elastic deformation and starts
undergoing plastic deformation.

Yield point is the load beyond which the material stops undergoing plastic deformation and
after any further increase in load leads to a rapid increase in extension until the material breaks.

Elastic deformation region 1s the region over which a material returns to its original length when
the stress 1s removed.

Plastic deformation region is the region over which a material does not return to its original
length when the stress is removed. The material retains some of the extension.

It 1s instructive to note that during plastic deformation, the mechanical energy gained by the
stretched wire 1s dissipated as heat, and therefore, unlike elastic deformation, the energy is not
recovered when the load is removed.

Energy stored in a stretched wire

Consider a wire of original length 7 stretched by and amount e on applying a force, F, such that
the elastic limit is not exceeded.

When the wire is unstretched, the force acting on it is zero.

Therefore, the average stretching force = % = iF

Work done in stretching the wire = (average force) X (distance) = (% F) x (e)
But the work done in stretching the wire is stored as energy in the wire

. Energy stored in a stretched wire = %F e

From E =L F = Eed
Ae l
Substituting for F in the expression for energy gives:
1 EeA
Energy stored = 5 X (T) Xe
_E e2A
21

Alternatively: consider the graph of force against extension as shown below

Fa
o 3 (xd:-&r) z
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The small work done dw in extending the wire from x through a small distance to (x+dx) 1s given
by: Sw = F éx.
But from Hooke’s law, F ««x = F = kx
dw =kxéx = dw = kxdx
The total work done in increasing the extension from 0 to e is therefore given by:
e e
w = [ kxdx = 7]0

Therefore, work done in stretching the wire = 3 ke = Energy stored by the wire.

It can be noted that this work done/ energy stored is equal to the area under the graph of force

against extension.
Comparing this energy stored with the one derived earlier, 1.e. equation shows:
Ee?A
21
Ee2A
T

Energy stored = % ke? and that energy stored =

Equating the two ‘energies’ gives: % ke? =
= k = %
Energy stored per unit volume

For a wire of cross sectional area A, and original length /.
Volume = 4/ and since energy = % Fe

. _ Energystored _ (1/21:'8)_2 _ 1 (E) (E)
Energy stored per unit volume ot = a1 =5 <) X3

F e .
But - = stress, and T = strain.

-~ Energy stored per unit volume = g X (stress) X (strain)

Trial question
A wire of length 7 and cross- sectional area, A has a force constant k. the wire 1s stretched to a

length (I + x) by a constant force.

1) Assuming Hooke’s law, show that k = %
1) Show that the energy stored per unit volume of the wire = %E ( J—f ) ?

Force in a metal bar due to expansion

g

\

N
N
”t\ Metal bar with fixed supports
N
A\

If a metal bar is heated, 1t will expand. However, if the bar 1s prevented from expanding by fixed
supports, then large forces will be set up with in the metal bar. These forces will be equal to the
tensile force that would have caused the same extension if the bar was free to expand
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change in length

The coefficient of linear expansivity, « =
P ty, (original length)x(temperature change)

e

= = e = a/(AH)

EeA E(al(AB))A

ButF = =% = F = = Ea(A0)A

Energy stored = %Fe = gx (Ea(AB)A) x e? = éEa’z(&Q)zAl

Examples
1. A uniform metal bar of length 1.0 cm and 2cm diameter is fixed between two rigid

supports at 25°C. Young’s modulus for the metal bar is 2.0x 10 pa, and the coefficient

of linear expansivity, @ = 1.0 X 10~5k 1. If the temperature of the rod is raised to 75°C,
2. Find the:

1) Force exerted on the supports,

11) Energy stored in the rod at 75°C.

Solution

EeA E(al(26))A

) F=2=% =F= = Ea(00)A

But area A = 7r? = 2 x (0.01) = 3.14 X 10*m?
F=(2.0 x 1011) X (1.0 x 1075) x (50) X (3.14 X 107%) = 31400N

ii)  Energy stored =§Fai(ﬂ9) = %x (31400) x (1.0 x 1075) x (1) x (50) = 7.85J

2. A metallic rod of temperature has its ends rigidly fixed. If the temperature of the rod is reduced
to 8, °C find the stress in the rod in terms of young’s modulus, E, the coefficient of linear
expansivity, a and the temperature change.

Solution
_ Stress

in) = EE
~ Strain = Stress = (E) X (Stram) =F 7
Bute=alAd = al(6 — 6,)

al(f

= Stress = E x [ =] = Eq(6 - 6,)

3. A copper wire of length 200cm and diameter 1.22mm is fixed horizontally to two rigid
supports which are 200cm apart. Find the mass of the load which when suspended at the
midpoint of the wire produces a sag (depression) of 2cm at that point.
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Solution

%///

N

\

mg

(AC)? = (1)? + (0.02)> = AC =1.0004m -~ BC = 1.0002m
Therefore new length of the wire = AC + BC = 1.0002 + 1.0002 = 2.0004m
= Extension = 2.0004 — 2.0000 = 0.0004m
Area of wire = mr?
r=0.6lmm= 6.1x10"*m = A = % X (6.1 Xx107%) = 1.17 x 10~ °m?2.

FromF = E%q, the force is the tension in the wire,= T = #
10 —6 —4
(12.3X10 )X(l.lle() )X(4X10 ) _ 288N
Resolving vertically; (T): 2Tcos6 =mg = m = ZTCgOSB where cos 6 = j—g

_ 2x(28.8)x( 0-02/; 5002) =0.1174k
9.91 . y
=1174g

4. One end of a copper wire of length 0.8cm and diameter 0.5mm 1s welded to a steel wire of
length 1.6m and diameter 1.0mm, while its other end is fixed. A load of 10kg is suspended
from the free end of the steel wire. If young’s modulus of steel Ec is 1.2x 10 pa,

calculate the;

1) Extension which results,
11) Energy stored in the compound wire.
Solution
S
7, =0.8
5| n=025mm = 2.5%<10*m
§: . 44‘ = 7
O | E =1.2x10" pa
e, = 7
7, =7
7, =1.6
rn=0.5mm = 2.5%<10 *m
E| =2
E, =2.0x10" pa
e, = ?
7, =2
-
¥
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A, =12 = % X (2.5 X 1074)2 = 1.96 x 10~ 7m?

A, =mr,% = Z X (5 X 1074)? = 7.85 X 1077m?

It can be recalled that if the wires are in series as in question, then the stretching force is the same
for both wires. However, if the wires are arranged in parallel as will be seen in latter examples, then
it’s the extension that is the same.

EeA Ei1e1A
FromF:T, le%
1

(1.2 x 101) X (1.96 x 1077) x e,
0.8

= 10x9.81 =

e ez = 1 X 10_3m
Therefore the total extension e; + e, = 4.44 X 10~3m
Energy stored = =Fe = = x (10 x 9.81) X (4.44 x 107%) = 0.213 Joules

5. A uniform wire of unstretched length is attached to two points A and B which are 2.4m
apart and in the same horizontal line. When a 6kg mass is attached to the midpoint, C of
the wire, the equilibrium position of C 1s 0.52m below the line AB. Neglecting the weight
of the wire and taking its modulus of elasticity to be 2 x 10**Nm ™1, find the:

1) Strain in the wire,

11) Stress in the wire,

111) The energy stored in the wire,

1v) State any assumptions made.

Solution
Consider triangle BOC:
(BC)2=(0C)2+(0OB)?
= (BC)?=(0.52)*+(1.2)> ~BC=131m
2.4m

1.2m 1.2m
Q

. 2x(BC)= 2x131 =2.62m
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Original length = 2.51 = extension = 2.62—2.51 = 0.11m
e 0.11

Strain = YT 0.044
(ii) Stress=E x Strain = (2 x 1011) x (0.044) = 8.8 x 10%pa
(iii) cosf == 0 = 66.6°
Resolving vertically at point C’ gives:
TcosO +Tcosf = 6g

_6g _ 6x9.81 _
:T_ZCOSQ _FD'—?_ 74.13 N

1.31

Energy stored = %Fe Z%x TXe

==X 74.14 X 0.11 = 4.077 Joules
(1v) It 1s assumed that the elastic limit is not exceeded.

6. A copper wire and steel wire each 2.0cm long and 3.0mm? cross-sectional area are laid
side by side on a rigid support. The composite wire is placed vertically with the lower end
supporting a mass of 1.2kg. Assuming that E for steel is 2.0x 101! pa and that for copper is 1.2 X

10 pa, calculate the tension in each wire, the potential energy of the whole system, and state
any assumptions made

Solution

DAUMHIMIIMIMMIMIIIAAAAANRNNSINN

Copper Steel
e €
l, l
4 A,

1 .!g

Fl EeA

From E =— , F=—
eA 1

Eie A Es;e;A

T-]_: 151441 and T2:222

1y Iz
But T, +7T,=12g
Ejejd; | EzezA; =1.2¢g

oty
Iy Iz
From the question, 4, = A, =3 X 107°m? [, =1, =2.0m
And since the wires are in parallel, then the extensions produced in either wire are the same
> e =e=e

« (B +E;) 7 =12g
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-6
= (2.0 x 101t + 1.2 x 101t )@e = (1.2 x 9.81)

~ e=1.22625x 107°m

11 -5 —6
T, = Eieid; _ (12x10'1)X(122625x1075 )x(3x107°) —44145N and

I 1

11 -5 —6
. T, = Ezezdz _ (2.0x10')X(122625x1075 )x(3x107°) —73575N

I 1

Potential energy = %Fe = %x (T, +T,) Xe
— 1 % (4.4145 + 7.3575) x (2.45 x 1075) = 14.44 x 1075 Joules

2

The assumption made is that the elastic limit is not exceeded

7. A light rigid bar 1s suspended horizontally from two vertical wires one made of steel and
the other made of brass, as shown in the figure.

e

Steel

Brass

Each wire 1s 2m long. The diameter of the steel wire is 0.6mm, and the length of the light rigid
bar 1s 0.2m. When a mass of 10kg is suspended from the centre of the light rod, the bar remains
horizontal. If young’s modulus of elasticity for steel, Es =2.0x 10''pa, and that of brass Ep =1.0X
10 pa, calculate the

1) Tension in each wire ,

11) Extension of the steel wire and the energy stored in it,

111) Diameter of the brass wire

1v) If the brass wire were replaced by another brass wire of diameter I mm, where would
the mass be suspended so that the light rod remains horizontal?

S’

(
{ 138



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

Solution
Steel Brasj
e €
L l
4 4,
AT, AT,

For steel: For brass:
d, =06mm=>r=03mm=3x10"* d, =?
For equilibrium of the light rigid rid,
T,+ T,=10g.............(1)

Taking moments about point O gives; 0.1 XT; =01XxT, =T, =T,

Substituting for T in equation 1) gives: 2T; = 10g =T, =T, = 5g

() T, =

EeA EseiA

From F=—, T, = =22
1 Iy

_ Tily (5x9.81)x2

= 0.0174

T EA;  (2x1011)x(2.83x1077)
e, =e,>e, =0.0174

Energy scored ——Fe = %x (5x9.81) x (0.0174) = 4.27 x 10 *Joules

Epes Ay = A, = Tol, (5x9.81)x2

I, T Epes  (1x1011)x(0.0174) =5.6x107°m?

Butarea A, = mr? :>r—f ’56%0 =134 x10*m

ad,=2r=268x10"*m
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Sreel' Bras
€ e,
l, l,
A A,
ATu AT,
¢ X - (0.2 - x) m

10g

For this case, diameter for brass, d=1mm = r =5 X 10°m

=4, =mr? =Z x (5x107°)? = 7.85 x 107" m?

Taking moments about point O gives: xT; = (0.2 — x)T,

Ece A Epes A
But’ Tl — & and TZ s E
Iy I
- (B2 - (225) 02
1 2

Alsoe;, =e,and l; =1, 2 E;A;x = E;A,(0.2 — x)
(2x1011) x (282%x1077) x (x) = (1 x10*) x (7.85x1077) x (0.2 — x)
= 56400x = 78500(0.2 —x) -~ x=0.116
Therefore, the mass should be hanged at 0.116m from the steel wire.

. A rubber cord of a catapault has a cross sectional area of 1.2mm and original length and
0.72m, and 1s stretched to 0.84m to fire a small stone of mass 15¢g at a bird. Calculate the
initial velocity of the stone when it just leaves the catapault. Assume that young’s modulus
for rubber is 6.2x 108Nm2. State any assumptions made.

Solution

: EAe 6.2x10%)x(1.2x107¢)x0.12
Force stretching rubber, F = - = ( ) (ﬂ - )

Energy stored in rubber = %Fe = % X 124 X 0.12 = 7.44]

= 124N

Kinetic energy of stone = gmvz
“mv? = 7.44 = >x 0.015 x v? = 7.44
> v =315ms™?!

Trial questions

. A copper wire and steel wire each of lengthl.5m and diameter 2mm are joined end to end

to form a composite wire. The composite wire 1s loaded until its length becomes 3.003m.
If young’s modulus of steel is 2.0x 101! pa and that hat of copper is 1.2 x 10''pa,
1) Find the strains in the copper and steel wire,
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11) Calculate the force applied.
[Ans. Strain in copper = 0.0013, strain in steel = 7.5x 10~*. Force = 4.7x 10?N ]
2. Two identical cylindrical steel bars each of radius 3.0mm and length 7m rest in a vertical
opposition with their lower ends on a rigid horizontal surface. A mass of 4.0kg 1s placed
on the top of one bar. The temperature of the other bar is to be altered so that the two bars
are once again of equal length. Given that the coefficient of linear expansivity of steel is
1.2x107°K*
(1) By how much should the temperature be altered?
(11) Find the energy stored in the bar due to the temperature change
[Ans: 0.58K, 9.6 x 1071J]
3. Two wires of steel and phosphor bronze each of diameter 0.40cm and length 3.0m are
joined end to end to form a composite wire of length 6.0m calculate the tension in the wire
needed to produce a total extension of 0.128cm in the composite wire.
(Given: E; = 2.0 X 10'*Nm™2 and E, = 1.2 x 101'Nm™2)
[Ans: 100.5N]

Work hardening

When a metal is deformed by bending it repeatedly, it becomes harder and brittle, and its
resistance to plastic deformation increases. The increase in deformation leads to an increase in
the density of dislocations. This process is called work hardening of metals.

Plastic deformation

Metals have certain planes which are rich in atoms | these planes are called atomic or crystal
planes. During plastic deformation, some atomic planes of the material slide over each other.
Movement of dislocations takes place, and on removing the stress, the material does not
recover its original length and shape. There is also a corresponding loss in mechanical energy.

Elasticity of non — metals
Consider this graph.

~
Stress

.

Strain

Glass has only a small elastic region, no plastic region (deformation), and fractures easily.
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Its brittle and concentration of stress at any crack in glass makes it break. It also has no yield
point

Rubber stretches very easily without breaking compared to metals such as steel and copper.
It’s less stiff than metals. The range of elasticity for rubber is greater, and hence its value of
Young’s modulus of elasticity 1s much smaller than that of most metals.

Such behavior for rubber is due to its molecular structure. Rubber consists of coiled molecules
and the molecules uncoil when it’s stretched. It becomes stiff when the molecules are fully
stretched. Rubber does not undergo plastic deformation.

Potential energy and force between molecules
The potential energy of the molecules is due to the interactions between given molecules and

the surrounding molecules.
a

P

P.E between molecules is given by, V = —

Where a and b are constants p and q are powers of molecular separation, r the positive term

with constant a indicates a repulsive force and the negative term with constant b an attractive
force.

Graph of potential energy (V) against molecular separation, r

PE} A

A long part AB the potential energy is positive and P.E is negative along part BCD. For a
distance r < rg, repulsive forces exceed attractive forces between the molecules. At separation
r = ro , the attractive forces and repulsive forces balance.. The potential energy is therefore
minimum at » = rg which corresponds to equilibrium separation of molecules, at absolute
zero, where the thermal kinetic energy is zero.

F or r > rpattractive forces exceed repulsive forces so that molecules return to equilibrium
position when slightly displaced from it. So the molecules of a solid oscillate about their
equilibrium or mean position.
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Common observations that are explained by surface tension

1. A drop of water may remain clinging on to the tap as if the water particles were held in a
bag.

2. Some insects such as pond skaters are able to walk over the surface of the water without
getting wet.

3. A steel needle can be made to float on water despite its greater density.

F. F

............ iquid surface

cross-section of needle

The floating needle creates a depression in the liquid surface so that the surface tensional forces, F
which act in the surface now have upward directed components which are capable of supporting
the weight of the needle.

4. Consider a thread placed on a sop film which 1s supported by a ring as shown below.

There are equal and opposite forces (surface tensional forces) on each side of the thread and
therefore the thread stays where it has been placed.

However if the soap film 1s punctured or broken in the middle of the loop in the region bounded
by the thread, there are no more forces inside the thread, and so the only forces acting on it are
outward.

As a result, the thread 1s pulled into a circle.
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Therefore, surface tension 1s a property which makes a free liquid surface act like a stretched skin.
Surface tension is due to intermolecular attraction in the liquid surface and it’s these forces that
produce a skin effect on the surface.

Consider a liquid surface below

Imaginary line drawn ¢e==zszsccsssrrssannssmnrrrsanssnnrrey

in a hiquid surface 3_'_"_-7-‘:—L|'quid surface

Definition: Surface tension () is the force acting perpendicular to one side of an imaginary line
of length one meter drawn 1n the surface of a liquid

The S I unit of y is Nm™2.
: . . __ [Force] _ MLT?2
Dimensions of y: [y] = Lengtn] — 1
s [y]l=MT"?

Molecular theory explanation of surface tension

Consider a liquid shown below

liquid surface

Molecules such as D and E deep inside the liquid are attracted equally in all directions by the
surrounding molecules. The attractive forces balance the repulsive forces and therefore, the
average intermolecular forces between them and the surrounding molecules is zero.

However for molecules A, B and C in the liquid surface, the average molecular separation is
greater than that of the molecules deep inside. Since there are more liquid molecules below them
than above, molecules in the liquid surface experience greater attraction from their neighbours
below. This puts the molecules in the liquid surface in a state of tension and hence the liquid
surface acts like an elastic skin. This phenomenon is called surface tension.
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Effect of temperature on surface tension

T

temperature / °C

When the temperature of a liquid increases, the mean kinetic energy of the molecules of the liquid
increases. The forces of attraction between the molecules will decrease since the molecules spend
less time in the neighborhood of a given molecule; hence surface tension decreases with increase
in temperature as shown in the graph.

Experiment to show that surface tension of a liquid decreases with increase in temperature

Procedure
Lycopodium powder or some light dust is sprinkled on the surface of water in a flat metal dish.
One side of the dish is heated with a candle.

Observation
It will be noted that the particles of the powder will be swept away from the heated portion,
implying that the surface tensional forces can longer hold the particles in their previous positions.

Conclusion

Surface tension of liquids decreases with increase in temperature.

It should however be noted that impurities, detergents or soap solution also decrease the surface
tension of a liquid.

Angle of contact

tangent to mercury surface

tanfml to water surface

0 0

beaker

When water 1s poured in a clean beaker or a capillary tube, the meniscus curves downwards,
whereas for mercury the meniscus curves upwards.
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Angle of contact is the angle between the solid surface and the tangent to the meniscus at the
point where it touches the liquid, and measured through the liquid.

For water, 6 1is acute, 1.e. less than 90°. This is due to the fact that the adhesion forces between
the liquid and the solid surface is greater than the cohesion forces between the liquid molecules.

For mercury, 8 is obtuse, i.e. 90°< 8 < 180°. This due to the fact that the cohesion forces

between the liquid molecules is greater than the adhesion forces between the liquid molecules and
the solid surface.

Factors affecting magnitude of angle of contact

1. Nature of the liquid,
2. Nature of the surface of the container ( solid surface),
3. Impurities of the liquid.

The reader should note that liquids with acute angles of contact such as water rise in a capillary
tube, and for the same reason, they spread over and wet a clean glass surface when split on it. On
the other hand liquids with obtuse angles of contact such as mercury are depressed in a capillary
tube. For the same reason, mercury gathers itself into pools and forms drops when spilt on a clean
glass surface. It therefore does not wet the glass.

Experiment to determine angle of contact

s/

s liquid such as water 1quid such as merc

A clean flat plate 1s dipped into the liquid and tilted until the liquid surface on one side of the
plate is horizontal up to the line of contact.

The angle a between the flat plate and the liquid surface is measured by means of a protractor,
suitably placed against the edge of the plate. The angle of contact 8 = 180 — «

CAPILLARITY

When a capillary tube 1s immersed in a beaker with water, the water rises in the tube to a height
above the surface due to surface tension. The narrower the tube, the greater the height. This is due
to the fact that the adhesive forces between water molecules and glass molecules are greater than
the cohesive forces between the water molecules. The water therefore rises up the tube so that
more water molecules are in contact with the glass, and a concave meniscus is formed. When on
the other hand the capillary tube is placed inside mercury, the liquid 1s depressed below the
outside mercury level. The depression decreases as the diameter of the capillary tube increases.

( ]
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This is because the cohesive forces between mercury molecules are greater than the adhesive
forces between the mercury and the glass molecules. Mercury therefore sinks down the tube such
that more mercury molecules remain together, and a convex meniscus is formed.

| «—capillary tubes—=

Definition: Capillarity 1s the rise or fall of a liquid in a capillary tube.

Tube of insufficient length

If a capillary tube of insufficient length is put in a liquid, the liquid rises to the top of the tube the
meniscus changes its shape until an equilibrium at a smaller height is reached, and the meniscus
acquires a new radius of curvature.

Derivation of an expression for h

Consider a liquid which rises up in a clean glass capillary tube, the liquid stops rising when the
weight of the raised column acting vertically downwards equals the vertical component of the
upward forces exerted by the tube on the liquid.

Resolving vertically, (T), Fcos8 =W =mg = Fcosf =mg

But mass, m = (volume)X (density) = vp, and volume,v = mr?h

D)

Force

F cosf =nmrlhpg =

—_ Tf‘rng was swm ass wma

( ]
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(2mry)cost

Substituting for Fin equation 1) gives: h = e

| — (2mry)cos6O
~ mr?pg

Note: if 6 is acute, then cos 8 1s positive and therefore h is positive, implying that the liquid rises
up in the tube. If @ is obtuse, cos@ 1s negative and therefore h is negative, implying that the liquid
falls in the capillary tube, below the level of the surrounding.

Example

A capillary tube of diameter 0.4mm i1s placed vertically inside:
i) A liquid of density 800kgm™ and surface tension 5X 10"2Nm™!
and angle of contact 30°,
11) Mercury of angle of contact and surface tension 0.52.
For each case, calculate the height to which the liquid rises in the tube.
Solution

d=04mm = r=02x10"3m
)  y=5x10"2 6 = 30°

_ 2ycosb _ 2x(5%10%)xcos30°

= = = 0.032m
ypg (0.2x1073)x800x9.81

h

i) y=052 0=139° p=13600

2ycos@ 2x(0.52)xcos139°
h=2reesd . __2x(052) = —0.0294m
Ypg (0.2x1073)x13600x9.81

The negative sign just means a depression.
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Measurement of surface tension of a liquid by the capillary method.

I

—k travelling microscope
apillary tube —F

< pin
tand S

i f——beaker

-

meniscus '/

~4—clean liquid

A clean capillary tube which is supported by a stand 1s placed in a beaker containing a clean
liquid of known density,p and angle of contact, 6.

A pin bent at right angles at two paces is tied to a capillary tube with a rubber band. The pin is
adjusted until its sharp point just touches the horizontal level of the liquid in the beaker. A
travelling microscope 1s focused on the meniscus and the reading, s: on the scale is recorded. The
beaker is removed and the microscope is focused on the tip of the pin. The scale reading s> 1s
recorded. The liquid column, h = |s, — 54|

The diameter of the capillary tube, and hence its radius, are measured using the travelling
_ hrpg

microscope. =
p 2cosf

Note that though out the experiment, we assume that the weight of the small quantity of the liquid
in the meniscus is negligible, and that temperature remains constant.

Pressure difference in a bubble (Excess pressure within a bubble)
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Consider an air bubble which is spherical and of radius r formed inside a liquid of surface

tension y. In the figure shown F is the surface tensional force, P is the external pressure acting on
the bubble, P- 1s the internal pressure acting inside the bubble.

Let the cross sectional area, A of the bubble be r?.

=§ = F = ylbutl=2nr ~ F =2nry
When the bubble is in equilibrium,
Force due to P1 + Surface tensional forces = Force due to P»
PIA+2nry = P,A = Pyar?+ 2nry = P,nr?

2
~ mr?(P,_ Py) = 2nmry = P,_ P, = ?]f

P,_ P; is the pressure difference.

. . .2
Therefore pressure difference across an air bubble is ?y

Example
Calculate the pressure inside a spherical air bubble of diameter 0.1cm blown at a depth of 20cm

below the surface of a liquid of density 1.26x 103kgm 2 and surface tension 0.064Nm 1.
(Given: Height of mercury barometer is and density of mercury is 13.6x 103kgm—2)
Solution

h = 20cm

P> = internal pressure, P1 = external pressure
H = (height of barometer) X p mercury X g
=13.6x 10° x 0.76 x 9.81
=101396.2pa
Pressure due to liquid column = h py;44iq8
=(20x1072) x 1.26 x 10® x 9.81
=247.212 pa
=~ Total external pressure, P1 =247.212 + 101396.2 = 101643 .4pa

2 2
Excess pressure, P> - P :?}' = P,= P1+7y
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2 % (0.064)

P, =1016434+ ——— < =
2 t 005 x 102

1.02 x 10%pa

Pressure Difference across a soap bubble in air

A soap bubble has two liquid surfaces in contact with air one inside the bubble and the other
outside. Therefore, surface tensional forces
=2X (2mry) = 4mry

If the bubble is in equilibrium,
Force due P; + Surface tensional forces =Force due to P,
P A+4mry = P,A = Pyar? + 4nry = Pymr?

mr? (P,— Py) = 4mry = P,— P = L

P, — P, is the pressure difference.

Therefore pressure difference across soap bubble is 4??

Note that the pressure inside a soap bubble is greater than the outside (external pressure due to
air), otherwise the combined effect of the external pressure and the surface tension forces in the

soap film would cause the bubble to collapse. (The same argument can be extended to an air
bubble)

Example
A soap bubble has a diameter of 4mm. calculate the pressure inside it, if the atmospheric pressure

is 10° Nm ™2 and that the surface tension of soap solution is 2.8 X 10 2Nm ™.
Solution

PZ_P]_:i_Y:) P1+ g: P2
4% (2.8x1072)
2x1073

~ P, = 10° + = 100056pa
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Pressure difference across a spherical surface
H = atmospheric pressure H = zllmosphcnc*pressure
f f .

. °P. —_

Consider the two situations as illustrated.
The pressure on the concave side of each liquid surface exceeds the pressure on the convex side

by 2?}' where r 1s the radius of curvature of the surface.

For water: P, — P, = ZVC:SS but P, = H and P, = H — hpg
«H—(H-hpg) = X — hpg = 2?:"
h=2L (Iffe=0
2 (1ff 6.=0)
If0#0, h= 2ycos6 where 6 is the angle of contact.
For mercury:
P,— P, = Zyi—osg but P, = Hand P, = H + hpg
. __ 17 _ 2ycos6 __ 2ycos@
~(H+hpg) —H="—— = h——pgr
Examples

1. Mercury 1s poured into a glass U -tube with vertical limbs of diameters 2.0mm and 12.0mm
respectively. If the angle of contact between mercury and the glass is 140° and the surface tension
of mercury is 0.52Nm!, calculate the difference in the levels of mercury. (Density of mercury
1.36x 10*) kgm™3)

Solution
PB_PA= 2]—’:;)89 = PB_PA+ 2}’:;)59
( ]
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H = atmospheric pressure
d = 2mm
: d, = 12mm
r, = lmm r, = 6mm
= 1x107 m = 6x107m

o = 1.36x10"kgm™
y= 052
0 = 140°

Since B and C are at the same level,

Pe=Py o Bo= Py+ 220 i)
2
Also, Py —Pp = 220 — p= pp+ 220 if)
1 1
But.P. — Pp = hpg = | Py + 222 | — [ pp + 2228 | = ppg
2
_ _ 2ycos6 2ycosd | _
Also,Py = P =H = [ = ]—[ - ]—hpg
. _ 2ycosf _ 2ycos@
“h= [ pers ] [ pery ]
_ 2%0.52Xc05140 _ 2x0.52Xc05140
(1.36x10%)x9.81%(6x1073) (1.36x10%)x9.81x(1x1073)

=49x10°m

2. A U-tube with limbs of diameter 7mm and 4mm contains water of surface tension 7 X

1072 Nm~1 angle of contact 0 and density 1000kgm™. Find the difference in the levels.
Solution

The reader is advised to follow the steps as those taken in the previous example to show that for
this case,

\"‘—J r1
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[ 2ycosf ]

_ [ 2yco

e
e-wg-m 12
el (5)- (1)]
2:0((:;:;81) [ 2x1073 ) - ($ ) ]

h=3.1mm

3. A glass U-tube is such that the diameter of one limb is 4.0mm while that of the other is
8.0mm. The tube is inverted vertically with the open ends below the surface of water in a beaker.
Given that surface tension of water is 7 X 1072 Nm ™!, angle of contact between water and
glass is zero, and that density of water is 1000kgm=, what is the difference between the heights

to which water rises tin the two limbs

Solution
" /
A n = 2mm = 2x10”°m
N""/ r rn = 4mm = 4X10-‘3m
Bf *Pc 2
o &2 =72x10">Nm™
B .
o 0 = 0°
. 2y 2y -
For the small limb: (P, — Pg ) = - = Py= P+ e 1)
1 1
For the large limb: (Pc — Pp) = 22 = Pc= Pp+2L . ii)
2 1
ButPy= P = Pp+— = Pp+ 2L . iii)
1 2
P, =Py = Zy(—— —) but Py = Py and Py — Py = hpg

- hpg_Z}’(——%) = h= %[(r_t)_(?’_lg)]
-2
e (- ()

=7.34mm
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4. The internal diameter of the glass tube of a mercury barometer is 3.5mm. The barometer reads
752.4mmHg. Find the correct reading of the barometer after allowing for the error due to surface
tension. Density of mercury is 13600kgm™, its surface tension is 0.52Nm™, and its angle of
contact is 140°

Solution
. _ P
The depression due to surface tension, h = 2yeos
_ 2X0.52Xc05140 — —341%10-3

(1.75X1073 )x13600%9.81

The negative sign indicates that the barometer reading 1s lower by 3.41mm.

= The correct reading of the barometer 1s 752.4 + 3.41 = 755.81 mmHg.

Surface Energy
This is the amount of work done to produce a fresh surface of liquid film of area 1m?.
Relationship between surface tension and surface energy

-

----------...--¢=

2]

Consider a liquid film stretched on a rectangular metal frame. Supposed that the film is stretched
1sothermally from BC to B’C’ through a distance x against the surface tensional force, F so that
the surface area of the film increases. Surface tensional force = yl. However since there are two
liquid surfaces in contact with air, F = 2 x (yl) = 2yl
Work done in enlarging the surface force distance = (ForceX (distance) = ( 2yl) X (x)
=y (2y1)
But, ( 2yl ) is the total increase in the surface area of the liquid film.
~Workdone=y XAA = y= workdone

change in surface area

We can therefore have an alternative definition of surface tension as:
Surface tension is the work done in enlarging a surface of a liquid film bylm? under isothermal
conditions.
An alternative SI unit of surface tension is Jm.
Note: that this work done is stored as surface energy in the liquid film.
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Examples
1. Calculate the amount of work done in breaking up a drop of water of radius 0.5cm into
tiny droplets of water, each of radius 1 mm, assuming isothermal conditions. Also
determine the number of droplets formed given that the surface tension of water is 7 X
1072 Nm™1,
Solution

R=05cm=5x10"2mandr =1mm= 1x103m.
Let n be the number of droplets formed

Volume of big drop = gnR3 = %x % X (5%107%)?2 =523 x 107" m?

Total volume of tiny droplets =n X [g nr3 ] =n(4x107°).

But the volume remains the same; = 523 x 1077 =n(4x107°) ~» n =125
Therefore, there are 125 droplets.

Surface area of big droop 4mR? = 4 X % X (5x1072) = 3.14 x 10~*)m?.

Surface area of 125 small droplets = 125 x (4mr?) = 0.01257m?

Change in area, AA = (0.01257 — 3.14 X 107*)=1.23 X 107*m?.

But work done = (surface tension) X (change in surface area) = (7 x 1072) x ( 1.23 x 1072)
=8.6 X 107* Joules.

2. A liquid drop of diameter 0.5cm breaks up into 27 tiny droplets all of the same size. If the
surface tension of the liquid is 0.07 Nm, calculate the resulting change in energy.
Solution
Diameter=0.5cm = r = 0.25cm = 2.5x 103m,n = 27
Let the radius of the tiny droplets be x.

Volume of tiny droplets =n (g fog) and volume of big drop = gm‘3
4 4
w27 X (Emﬂ) = 3T X (25%x107%)°® = x=83%x10"*m
Surface area of big drop = 4nr? = 4 X % X (2.5 x 1073)2=7.85x 10~ 5m?.

Surface area of small droplets =27 X (4mx?) = 27 X [4 X % X (8.3 x 107%)?]

= 2.34 X 10~ *m?2,
Change in surface area, AA = (2.34 X 107*) — (7.85 X 107°) = 1.55 X 10™*)m?
But work done = (surface tension) X ( change in surface area)
=(7x1072) x (1.55x 107%) =1.09 X 1075 joules.
The change in energy is equal to the work done = 1.09 x 107> joules.

3. Calculate the change in surface energy of a soap bubble when its radius decreases from
5cm to 1em, given that the surface tension of soap solutionis 2 X 1072)Nm™1.
Solution

Initial area = 47R? = 4x = x (5% 1072)2 = 0.0314m?
Final area = 47r? = 4 x = x (1x 1072)2 = 0.001257m?
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Change in surface area = 0.03014m?
Since it’s a soap bubble; change in surface area 2 X (0.03014 ) = 0.06029m?
But work done = (surface tension) X (change in surface area) = (2 X 1072) x (0.06029)
=1.21x 1073 joules.
=~ Change in surface energy = 1.21x 1072 joules.

Relationship between surface area and shape of a drop

The area of a liquid surface has he least number of molecules in it under surface tensional
forces.

Surface area of a given volume of a liquid is therefore a minimum, and according to
mathematics, the shape of a given volume of a liquid with minimum surface area is a sphere.
This 1s why the meniscus and small droplets of a mercury and rain drops are spherical in
shape approximately.

Small mercury droplets are spherical while large ones flatten out

A small drop takes on a spherical shape to minimize the surface energy which tends to be
greater than the gravitational potential energy. Therefore the gravitational force cannot distort
the spherical shape due to the very small mass of tiny droplets.

A large drop flattens out in order to minimize the gravitational potential energy, which tends
to exceed the surface energy. Due to its large weight, gravitational force distorts the spherical
shape of large drops. The shape of the drop must agree with the principle that the sum of
gravitational potential energy and surface energy must be a minimum.

COMBINED BUBBLES

1. Casel

Consider two soap bubbles A and B of radii r; and 2, where r2 > r; If the two soap bubbles
come into contact and have a common interface, then the radius of curvature, r of the common
interface can be calculated using pressure differences.

For A: Pl-sz—V =>P1=H+j—*’

1 1

ForB: Py— =j—’-" . P2=H+i—y
2 2

Since the interface is convex towards B,P1>P> - P, — P, = —
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T e ) _ vy ¥
Substituting for P, and P, gives: (H + - ) (H + - ) =

r

1 1 1 1712
. = —— —o0orr=—+%
T 1 T2 T2—T
. 4 4y (1o— T
. Pressure difference = ¥ = ¥ (2-7)
T Tl TZ

2. Case2

Consider two soap bubbles A and B of radii r1 and r» which come together and coalesce to
form a single bubble. To find the radius, r of the common interface of the resulting soap
bubble, we use conservative of surface energy.

For A: surface energy =2 X [ (4nr?) Xy |
For B Surface energy =2 X [ (4nrf) Xy |
When the drops are combined, surface energy = 2 X [ (4mr?) Xy |

By conservation of energy, 8nr?y + 8nriy = 8mnr?y

s+ ri=r? = r= [P+ 1f

. 4 4
Pressure difference = -~ = - i4 >
T i+ 713

Examples
1. Two soap bubbles of radii 2cm and 4cm respectively coalesce under isothermal

conditions. If the surface tension of the soap solution is 2 X 1072 Nm ™1, Calculate the
excess pressure inside the resulting soap bubble.
Solution

r=+v22+4+ 42 =20 ecm= V20 X 1072 m

4y _ 4ax(2x1072)

Excess pressure = = Hoxioz - 1.789 pa

2. Two soap A and B of radii 67cm and 10cm respectively coalesce so as to have a portion of
their surfaces in common. Calculate the radius of curvature of this common surface and
hence the pressure difference.
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Solution
r=22 = 2°_015m
T2—T1 10—6
—2
Pressure difference = 47? = % = 0.667pa.
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CHAPTER 10: CIRCULAR MOTION
Circular motion is the motion of an object moving in a circular path with uniform speed about a

fixed point. Consider a particle of mass of mass m moving along the circumference of a circle
centre O, and radius r as shown in the diagram.

If the particle covers a distance s in a time t, then its speed v is given by;
g

V==
t
As the particle moves a distance s, it goes through an angle 66. If §6 is in in radians, then;
s=1d6
N Y
V=% T Tx
56  ade e
ASt_)O’E_)E:)v_rE

But the rate of change of the angle §6 with time, (dg/ dt) 1s called angular velocity, w

sw=2%
T odt

Angular velocity is the rate of change of the angle for an object moving in a circular or path about
the centre.
The SI unit of angular velocity is radians per second

v
SV =wr  or (.U=;

Period, T : is the time taken to make one complete revolution.
distance 2mr

, > T=2%

speed TW

For a complete revolution, s = 2nr,and v = rw and from time =
~T=2

w
The SI unit of period is seconds

Frequency, f: is the number of revolutions or cycles made in one second.
1 w

f:;:—

21

Examples:
1. A particle moving in a circular path of radius 50cm has a speed of 12ms™. Find the

angular speed of the particle in

(1) Radians per second
(1)  Revolutions per minute
Solution
(1) v=12ms? andr=50cm=0.5m
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v 12 .
Butw =-= i 24 radians per second
T .

(11) 2w radians =2 360° = 2w radians = 1revolution
. 1 ) ) 1 .
~ 1radian = ;revolutwns = 1 radian per second = ;revolutwns per second

: 1 )
24 radians per second = 24 X p revolutions per second

=24 X i X 60 revolutions per minute

=229.18 revolutions per minute.

2. Calculate the velocity of the earth which has a radius of 6400km and a period of 24hours.
Solution
Radius = 6400000m, T = 86400s

21T ‘I)
From T=— andw ==
()] T

p = 2T _ 2X6400000x7
T 86400

=465.42ms™!

Trial questions
1. A particle moves along a circular path of radius 3m with an angular velocity of 20 rads™.
Calculate the:
(1) Linear speed of the particle
(1)  Angular velocity in revolutions per second
(111)  Time taken for one revolution
[Ans: v=60ms?, w = 3.2revs?, T=0.31s]

2. Winnie and Annah stand on a playground roundabout respectively 50 cm and 175 cm
from the centre. The roundabout moves with constant angular velocity and Annah’s speed
is found to be Ims™. Find
(1) The angular velocity of the roundabout in rad s
(1)  The time taken for the roundabout to complete ten revolutions
(111)  Annah’s speed

[Ans: 2 rad s, 107s , 3.5 ms™]

2
. . I?
Derivation of a = .
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Suppose a particle of mass m i1s moving in a circle or a circular path of radius r with a uniform
speed v. The velocity at A is U, in the direction of tangent AC. After a short time, At, the
particle is the particle is at B, and is moving with a velocity vz in the direction of tangent CB.
Since the velocities are in different directions, they are different.

BC = |vg | = v,CA = |=v4| = v and BA is the change in velocity
change in velocity

~ acceleration,a = ;
time taken

BA
=>a= i
If At 1s small, then ZLBCA = A8 1is also small, and since Ba is approximately an arc,

~BA=vA0 > a=1%
At

A8 a0 do
AsAt - 0,— — — but—=w
At dt de

v
~a=vw butw=-
2
v
Sa=—=rw?
T

Note: This acceleration is directed towards the centre of the circular path.

Centripetal force
This is the force which keeps a body moving in a circular path and is directed towards the centre

of the circular path.
2
From F = ma, if F is centripetal force, then a = v? =rw

mv?

F:T:Tn&rm2

2

Example
A body of mass 2kg moves with a constant angular speed of 5 rad s around a circle of radius

10cm. Find the magnitude of the force that must be acting on the body towards the centre of the
circle.
Solution
F =mrw? =2x0.1 x5%=5N

Trial questions
1. A particle of mass 0.2kg moves in a circular path with an angular velocity of 5 rad s
under the action of a centripetal force of 4N. What is the radius of the paths?

[Ans: 0.8m |
2. What force is required to cause a body of mass 3g to move in a circle of radius 2m at a
constant rate of 4 revolutions per second? [Ans: 3.8N ]
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Vertical Circle
Consider a body of mass m whirled in a vertical circle O by a string of length 7, equal to the
radius r of the circle moving with a constant speed v. Also consider the three positions of the
body as it moves 1in a circle. The tension in the string varies as the body moves. It should

however be noted that in whatever case, the resultant force towards the centre of the circular path

2
1s the centripetal force, F = %

oo
pee——— . J - . ~ ,"'- m, ’ .
’ ] " . a: “l . r" T) .‘\‘
:I .: "i T; H ) :‘ l‘:
‘|\ "l' ‘\‘ . "" mg " . " . »
b ‘rl 3 A Meagaueentt T T Seagage
“"A o=
mg
\—-’
At A:
Resultant force towards the centre = mg — T,
2 2
:ﬂ:mg—h =T =g+mg
T T
At B:
Resultant force towards the centre =T>
mp? mp?
= - = TZ R TZ =
At C:
Resultant force towards the centre = mg + T3
2 2
:)%:mg‘l‘]"s .'-T3:%—mg

It can therefore be noted that tension in the string is greatest when the body is at the bottom of
the circle. It’s at the same position that the string is most likely to break

Examples

1. A stone of mass 500g is attached to a string of length 50cm which will break if the tension
in 1t exceeds 20N. The string 1s whirled in a vertical circle, the axis of rotation being at a
height of 100cm above the ground. The angular speed is gradually increased until the string
breaks.
(1) In what position is this break likely to take place, and at what angular velocity?
(11)  Where will the stone hit the ground?
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Solution

- -

(1) The string 1s most likely to break at the bottom of the circle since it’s at this point that the
string has maximum tension in it.

2
T:%+mg=mrw2+mg

m=0.5kg, r=0.5m
~20=0.5x%0.5x w?+ 0.5 % 9.81
w? = 60.38
w=7.8rads?
(1) Consider the motion of the body when the spring breaks,
y = utsinf +%gt2
y=0.5m,6 =0, = 0.5 :%x 981 x t2 = t = 0.32s

Alsox =utcosf = x =ux032Xcos0 =0.32u

But w :;:)v =rw =0.5%x7.8
~x=05%x78x0.32=1.25m

2. A particle of mass 2kg 1s suspended from a fixed point O by a light inextensible string of
length 20cm. The particle is projected from the lowest point A with a horizontal speed of
5ms™ and describes a vertical circle. When the particle is at point B, then the tension in the
string is T N, where OB makes an angle of 45° with the downward vertical. Determine the
speed of the particle and the tension in the string at B.
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Solution
Zero P.E levelt—————=2a-Bpe™ L N2gcosds
2z
At A:
Kinetic energy = %mu2 = % X 2 X 52 potential energy = mgh
=25] since h=0, P.e =0
= kinetic enegy + potential energy = 25]
At B:
Kinetic energy = %mv2 = % X 2 X v? potential energy = mgh buth=r—r cos 45

=p? > Pe=2g(r—rcos45)
=2g(02-02x v,i?) = 1.15J
= kinetic enegy + potential energy =1.15 + v?
From the principle of conservation of mechanical energy, total energy at A should be
equal to total energy at B, thus
25=1.15+v?
=> v =v25-1.15 = 4.88ms’!

Also, from the figure; Net force towards the centre =T — mg cos 8
2
% =T —2gcos45

AT =248 52981 x-L = 252.02N
. &

Trial questions

1. A bucket of water is swung in a vertical circle of radius 64m in such a way that the bucket
1s upside down when it is at the top of the circle. What is the minimum speed that the
bucket may have at this point if the water is to remain in it? [Ans: 25.06 ms™ ]

2. An aero plane loops the loop in a vertical circle of radius 200m with a speed of 40ms™! at
the top of the loop. The pilot has a mass of 80 kg. What is the tension in the strap holding
him into his seat when he is at the top of the loop? [Ans: 60N ]

3. In the figure below, ABCDE, is a truck in a vertical plane. The track is straight from A to
B, circular from B to D, and then straight from D onwards. O is the centre of the circular
paths, and R is the radius. The track is smooth from A to E and rough from E onwards
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(coefficient of kinetic friction, ). A small slider of mass m is released from rest while in
position A and then slides along the track.

1 ﬂmo—slidcf of mass m

2R

Determine the:

(1) Normal force NB exerted by the track on the slider just after it passes point B,

(1)  Normal force NC exerted by the track on the slider as it passes the bottom point C
(111)  Show that the distance s traveled along the incline past point E before the slider

AR . _ _
el [Ans: NB=4mg, NC =7mg |

stops 1s given by s =

In the figure above, ABC is a smooth track in a vertical plane. The curved section xCy is a

circular arc of radius of curvature 75c¢m. A ball bearing of mass 60g is released from A

and 1t moves along the track throughout its motion. Calculate the;

(1) Speed of the ball bearing at B,

(11) Speed of the ball bearing at C

(111)  Reaction between the track and the ball bearing at a point C
[VB=32ms',Vc=22ms, F=02N]

. A particle of mass 5 kg is slightly disturbed from rest on the top of a smooth hemisphere

of radius 4m, and centre O, which has its plane of a horizontal ground.

(1) Show that the particle leaves the surface of the hemisphere at the point P,where the

angle between the radius PO and the upward vertical is cos™? 2

(1)  After leaving the surface of the surface of the hemisphere, the particle hits a
vertical wall situated perpendicular to the horizontal diameter through O and at

distance of 53£ m from the centre of the hemisphere. Find the height of the particle

above the ground when it hits the wall. [ Ans: %m]
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Conical pendulum
Consider a particle of mass m attached to the lower end of a light inextensible string, the upper
end of which 1s fixed as shown in the diagram.

When the particle 1s whirled in a horizontal circle of radius r, at a constant speed v, the string
describes the curved surface of a cone and turns at a constant angle,6 to the vertical. This
arrangement is known as a conical pendulum.

There are only two forces acting on the particle, the tension in the string, and the weight of the
particle.

Since the tension T is at an angle 8 to the vertical, it can be resolved into two components, a
horizontal component (Tsin ) towards the centre of the circular paths which gives the

centripetal acceleration, and a vertical component (T cos 8 ) which should be equal to the weight
for equilibrium.

Therefore resolving;

- Tsinf ....... (1) TTcos@=mg............ (11)
Dividing eqn (1) by eqn (11) gives:

2
tanf = —
rg

2

>0 =tan 1=

rg

Also from the diagram, the triangle below can be drawn,

r
From the triangle, r = [ sin 8 and h=1lcos8

. T h
= sinf =7 and cosS:I

Substituting for sinf in eqn (1) gives:
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r

2
mv
T1=

mi(rw)?

=TIw
ST = =mlw? oo (iif)

Substituting for cos @ in eqn (i1) gives:

Equating equations (111) and (1v) gives:

mlw? = 9t

-o={®

Period = — =

::-|tt:.|
||
lex‘

Q
h

Frequenc @ -
q Y=~

II
[x%]
:1|"‘
o
S
S

Examples:
1. For an arrangement as the one above (conical pendulum), show that:

2 1
(l) v = (%) /2 (ll) T = %(TZ + hz)l/z

Solution
(1) v=rw and w:\/@:v:r (%)
s p2 =29
Y
- v=(29)"

(i) T= mlw? butw= J% and 1> = r? + h?
=>T=m({?+ hz)l/?l%
m 1
=2 (r2 + h?)'/2
2. A mass of 0.2kg is whirled in a horizontal circle of radius 0.5m by a string inclined at 30°
to the vertical. Calculate the :
(1) Speed of the mass in the horizontal circle
(1)  Length of the string
(111)  Vertical height from the point of suspension to the centre of the circle
(iv)  Angular speed
(v) Period

Solution
(1) T cos@ =mg
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0.2x9.81
=>T=

cos 30
. 2
(11) Tsinf = %

2 rTsinf
=S Vvs=

’2.27><0.5Xsin 30 ]
L 1.86ms™

(1) r=Isinb
T 0.5

Dl=——== =1m
sinf@ sin30

(iv) h=lcos@
=1X cos 30 = 0.866m

—_ bV _ L6s
T r 05
=3.36rads?

(V) W

. . 2T 2X3.14
(vi)  Pertod = —=——
w 3.36

=1.87s

3. A pilot banks the wings of an air craft so as to travel at a speed of 540kmh™! along a
horizontal circular paths of radius 8km. Calculate:
(1) The centripetal force
(1)  Angle the pilot should bank the air craft

Solution
v = 540kmhr—1 = 540 % = 150ms” and r=8000m
2 2
(1) a=%=2% - 8ims?
T 8000

2 2
(i) tanf=L=—0_=02867=0=16°

rg  8000x9.81

Trial questions

1. A particle of mass 0.20kg is attached to one end of a light inextensible string of length
50cm. The particle moves in a horizontal circle with an angular velocity of 5.0 rad s with
the string inclined at an angle @ to the vertical. Find the value of 6

[Ans: 37° ]

2. A particle of mass 0.25kg is attached to one end of a light inextensible string of length 3.0m.
The particle moves in a horizontal circle and the string sweeps out the surface of a cone. The
maximum tension that the string can sustain is 12N. Find the maximum angular velocity of
the particle. [Ans: 4rads'] ]
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3. An astronaut, as part of her training, is spun in a horizontal circle of radius Sm. If she can
withstand a maximum acceleration of 78.5ms™, what is the maximum angular velocity at
which the astronaut can remain conscious? [Ans: 3.96 rad s |

4. A light inextensible string AB of lengh 2/ has a particle attached to its midpoint C The
ends A and B of the string are fastened to two fixed points with A a distance / vertically
above B. With both parts of the string taut, the particle describes a horizontal circle about
the line AB with a constant angular speed w. If the tension in CA 1is three times that in CB,

show that, w = 2 J%

5. A pendulum bob of mass 0.2kg is attached to one end of an inelastic string of length 1.2m.
The bob moves in a horizontal circle with the string inclined at 30° to the vertical. Calculate
(1) The tension in the string
(11) The period of the motion [Ans: (1) 2.27N (i1) 2.04s ]

Applications of circular motion

1. Motion of a car around a circular track
Consider a car with centre of gravity G which is at a height h above the ground
negotiating a bend on a level track. Also assume that the distance between its rear tyres is
2a

For circular motion, the frictional forces f; and f> at the wheels of the car supply the
centripetal force.

mv?

i = @)

-
Since the car does not move off the road, then the sum of upward forces must be equal to

the sum of downward forces.

Taking moments about the centre of gravity G:
fixh+f,Xh+SXa=RXa

>(fi+tfoi)h=R-=-S)a.............. (1i1)
Consider equations (1) and (i1),

Substituting for f; + f, 1n equatioin (ii1) gives:
mhv?

SR-Ss="2" (iv)

ar
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Consider equations (i1) and (iv)

R+S=mg
Adding the two equations gives: +
mhv
R N S - ar
mhv?
2R =mg + o
R+S=mg
Subtracting the two equations gives: —
__ mhv?
R - S - ar
25 = mg — mhv?

ar
1 hv?
>85= Em(‘g — ?)
It should be noted that if S = 0, then the car is just about to overturn, topple or upset.
_1 hv?
=>0= Em(g - ?)

hv?

ar

ar ar
- ‘UZ - g_ :> v = g_
h h

If the car 1s driven at a velocity v = /%, then its at a point of toppling/overturning/upsetting.
Therefore, for no toppling/overturning/upsetting, then v < /%

Ifv> /%, then the car overturns/topples/upsets

It can therefore be noted that for upsetting/toppling/overturning;
e The centre of gravity should be high 1.e h should be large
e The bend should be sharp i.e r should be small
e The distance between the tyres should be small i.e a should be small

Also if the coefficient of friction between the tyres and the ground is p,

mv?

2
Then from equation (i), uR + uS = % > u(R+S5)=

mv?

—= v=urg

If the car 1s driven at a velocity v = /urg, then it’s at a point of sliding/skidding/slipping.
Therefore, if v > | /urg, the car slides/skids/slips

T

Substituting for R + S, umg =

It should also be noted that for sliding/skidding/slipping,
e The bend should be sharp i.e r should be small
e The road should be slippery 1.e u should be small
e The vehicle should be moving at a speed v > m 1.e moving too fast.
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Example
A bend on a level road forms a circular arc of radius 75m. The greatest speed at which the car can

travel around the bend without slipping occurring is 63kmh™. Find the coefficient of friction
between the tyres of the car and the road surface

Solution
v=63kmh™! = 63 x 22 = 17.5ms’!
3600
v2 17.52
v= Jurg > pu= 5 7axenl - 0.42

2. Motion of a car round a banked or inclined track, with no tendency to skid.
Consider a car negotiating a bend inclined at an angle 6 to the horizontal. Assuming there
1s no tendency to slide/skid/slip at the wheels of the car, 1.e there is no tendency to
slide/skid/slip at the wheels of the car, i.e there are no frictional forces

Tothecentreof
thecircular path

e

2

Resolving: — Rsinf = % ......... (1) T RcosB@=mg........ (11)

1.'-"2

Dividing equation (1) by (i1) gives; tanf = o

= v=,rgtanf

Example
: : L 5 :
A car moves around a circular path of radius 75m which is banked at tan—?! 5o the horizontal.

At what speed should the car be driven if it’s to have no tendency to slip?
Solution

— _ S5 _ 1
=> v=,rgtanf = J75>< 9.81 X > =17.51ms™.

3. Motion of a car round a banked track, with a tendency to skid

Case 1: when speed is maximum
When a car is moving as fast as possible, the maximum frictional force uR acts in such

a way to prevent the car from slipping up the plane. This implies that the frictional force
acts downwards.
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Tothecentre of

thecireular path
F -

Tocentreo,
circular path

Resolving:

muv?

<—Rsin9+,uRc059:T ............. (1)

TRcosf =mg + puRsinf
= RcosO —uRsin8=mg........... (11)
Dividing eqn (1) by eqn (11) gives:
Rsin@+uRcosf _ v?
Rcos@—uRsin@ - 5
tanf+u ﬁ

Dividing every term by R cos 6 gives: 1-ptand  rg

Case 2: when speed is minimum

Tothecentreof
thecircular path
B 3

When the car 1s moving as slowly as possible, the maximum frictional force uR acts in such a
way to prevent the car from slipping down the plane. This implies that the frictional force acts
upwards.

Resolving:
. mv? )
<—Rsm9—,uRc059:T ............. (1)
TRcosO +uRsind =mg ............ (11)

Dividing eqn (1) by eqn (11) gives:
Rsin@—pRcosf __ v?

Rcos@+uRsind - 5

tanf-p _ v?

Dividing every term by R cos 6 gives:

Example
A car travels around a bend on a rough road which is a circular arc of radius 62.5m. The road is

1+utan@ - rg

banked at tan—! % to the horizontal. If the coefficient of friction between the tyres of the car and
the road surface is 0.4. Find the:
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(1) Greatest speed at which the car can be driven around the bend without slipping occurs
(11)  Least speed at which the car can be driven around the bend without slipping occurring
Solution
- tan6+p _ v? 5 _ (tan@+p)rg
(l) 1-utané@ - rg = V= 1—-ptan@

(%+0.4)><52.5x9.31

1—0.4->(1—52
=600.9
5 Upare =24.5ms™!

tan8—p)r.
— = 172 — ( wrg
1+utan@ rg 1+utan@

tanf-pu _ v?

5
(55-04)x62.5%9.81

1+0.4 ><1—52
=72
5 VUi =2.7ms™
Notes:
1. At this point we should be in position to explain why a racing car can travel faster on a banked
track than on a flat track of the same radius of curvature.

"'-—-—-——
Tocentre of circular paths

v 2
Rear view
r of car

--------- b L

When the track is flat/unbanked, its only the frictional force f acting on the wheels that
provides the centripetal force such that when the liming frictional force is exceeded, slipping
occurs.

Tothecentreof

the circular path
e ——

vl

r

On the other, when the track is banked, the normal reaction has a component, R sin 6 towards
the centre of the circular paths. Therefore the centripetal force is provided by the friction
together with this component of the normal reaction (centripetal force = f + R sin 9).
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This centripetal force is larger than when the track is flat, and so a racing car can travel faster
on a banked track than on a flat truck.

2. We should also be able to explain why it’s necessary for a bicycle rider moving round a
circular path, the frictional force at the ground provides the inward force towards the
centre of the circular paths (centripetal force).

This force provides a moment about his centre of gravity. The rider would therefore have a
tendency to fall off in a direction away from the centre of the path if this moment is not
counterbalanced. However, when the rider leans towards the centre of the path, his normal
reaction bears a moment about his centre of gravity, which counter balances the moment due

to friction.

3. We should also calculate the angle at which an aircraft should bank to change its course

Trial question
1. A car of mass 1000kg moves around a banked track at a constant speed of 108kmh™.

Assuming the total reaction at the wheels is normal to the track, and the radius of curvature
of the track i1s 100m, calculate the

(1) Angle of inclination of the track to the horizontal

(11) Reaction at the wheels [Ans: (i) 42.53°, (ii) 13314.08N ]
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CHAPTER 11: GRAVITATION

Kepler’s laws of planetary motion
1. All planets describe ellipses about the sun as one focus
i1.  The imaginary line joining the sun and a moving planet sweeps out equal areas in equal
time intervals.

Therefore, if the planet takes the same time to move from A to B as from C to D, then
the shaded areas should be equal.

i1, The squares of periodic times of revolution of the planets about the sun are directly
proportional to the cubes of the mean distance, r from it.

TZ
=5T?2xr® orT? = krdor — = constant

Newton’s law of gravitation
It states that the force between two given bodies is directly proportional to the product of their
masses and inversely proportional to the square of their distances apart.

Therefore, if M and m are masses of two particles which are a distance, r , apart, then;
FxMm....(i) and F « iz i)
T

Combining the two equations;

Mm
F « T‘_
GMm
72
G 1s a constant of proportionality known as the universal gravitational constant.
Fr?

Mm

= SI unit of G is Nm’kg™?
G=6.67 x 10" Nm?kg 2

=> F=

Dimensions of G:
[FIX[r?] _ MLT™2XL? _ 3. 5., 4
6] = MIx[m] — MM LT=M
From the dimensions of G, i.e [G] = L3T2M ™1, it can be seen that G can also be expressed in
m3s2kg™?!
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Exercise
Show that the units for G i.e Nm’kg % and m®s 2kg™?!

However, as seen above, the value of the universal gravitational constant G = 6.67 x 107! is
G . . .
small. Therefore, from = % , for bodies of small / ordinary masses, the force of attraction is

extremely small, and so cannot cause any noticeable motion. This explains why the gravitational
force of attraction between two bodies of ordinary masses is not noticeable in everyday life. The
only attraction that we notice is that due to acceleration due to gravity of the earth because the
earth is massive.

Experiment to determine the Universal gravitational constant G (Boy’s experiment)

Highly Torsjon(quartz) wire

TTL po!ish&bar |

® |©

Two 1dentical small gold spheres a and b of known masses m each are suspended from the ends of
a highly polished bar of known length /. The bar is in turn suspended by a long, fine torsion wire of
known torsion constant C. Two identical large lead spheres A and B of masses M each are then
respectively brought near the small gold spheres a and b.

Because of the attraction between the two pairs of spheres near each other, a couple is set up, such
that two equal but opposite and parallel forces F act at the ends of a polished bar.

The bar 1s as a result deflected through an angle 6 (in radians) which can be measured by the lamp
and scale method.

If d 1s the measured distance between the large and small spheres, then F = G?Zm

But, Moment of a couple = one of the forces, F X Perpendicular distance between the forces
_ GMm _ GMml
= Xl="5
Also resisting or opposing torque T in the torsion wire is given by; T = c8, where c is the
torsional constant of the wire.
However, for the polished bar to stop rotating, then the opposing torque T produced by the torsion

wire should be equal to the deflecting torque.

GMml
2 — ¢

__ cBad?
T Mml
On substitution form, M, ¢, d, /, and 6
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Note:

The torsion wire should be very sensitive such that big enough deflections are obtained, which
can accurately be measured by the lamp and scale method, and the whole setup of the apparatus
should be small such that it can easily be screened from air convectional currents.

To show that Newton’s law of gravitation is consistent with Kepler’s third law
Consider a plane of mass m moving with a speed v in a circle of radius r, round the sun of mass

M. Gravitational force of attraction F of the sun for the planet is given by;
GMm
F=—
T

Planet (mass m)

Since the planet is moving in a circular path, then there should be a centripetal force for keeping it

2
moving in a circle. This force given by % 1s provided by the gravitational attraction of the sun.

= Gravitational attraction = Centripetal force
GMm _ mv?

r2 T
GM .
2 _
=— ... 1
A @
21 2n
Butv =rw and fromT:—,a):?
(]
27T
SV =—
T
2.2
2_471'?" .
VEE o (11)

Equating equations (1) and (i1) gives;

T T GM
Since 4, m, G, M all have the same values (are constants) irrespective of the planet being
considered,

2
Then ZiM 1s a constant
=>T? =krs
~ T? oc r® which is Kepler’s third law

Mass and density of Earth
Consider the Earth to have a mass M, and radius re, and assume that it’s spherical, such that the
mass 1s concentrated at the centre.
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For a body of mass m on the Earth’s surface, then there is a force of attraction equal to mg acting

on it where g 1s the acceleration due to gravity.

From Newton’s law of gravitation, the force of attraction by the earth on the body should be G%n
e

It therefore follows that the two forces are equal
GMm

= - =m
Te
. —_ gre®
M= =
For g=9.81ms?, r.= 6400km and G =6.67 X 10" Nm’kg™
2
M= 9.81><(64-00><}i)i)0) — 6.0 X 1024kg
6.67 x 10

Since the earth is spherical, Volume = %mf
2

.. Mass __ gre 3 _ 3g
But Density = Volume = G X anr,d ~ 4mGr,
3x9.81
= = 5500kgm™

4XTX6.67x10711x(6400x1000)

Mass of the sun
Consider the earth orbiting the sun, with 7, as the radius of the earth’s orbit about the sun.

arth (mass M, )

Mgv? GMsM,

and Gravitational force = —

Ts Ts
Equating the two equation gives;
Mgv? _ GMgM,

As before, Centripetal force =

Ts Ts

GM, .
Svi="5 ... (1)
Ts
21
Butv =nrw andw:?
2mrs 5 _ 2m?rg? .
= SV =—— ... 1
T T? (i)
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GMs _ 2m?rs?
Thus ===
s T

am?rgs

= M, =
GT?
But the period of the Earth’s orbit around the sun is 1 year = 365 days
=365 X 24 X 3600 s =31536000s
Forrs =1.5x 10" m and G=6.67 x 10! Nm’kg”

3
_ axa?x(1.5x1011)
5 7 6.67x10711x(31536000)2

R 2% 10%%g

Examples
1. A satellite is launched in a circular orbit about the equator at a height of 3.6 X 10*km

above the surface of the earth. Given that the mass of the earth is 5.98 x 102*kg, and that
its radius 1s 6400km, find the;
(1) Radius of the orbit
(11) Speed with which the satellite 1s launched
(111)  Period of the satellite
Solution

(i)  r.=6400km = 6.4 X 10°m
h=3.6x 10*%km = 3.6 X 10’m

r=nh +re
=3.6 x 107 +6.4 x 108
=424 %x10"m
(11)
GMm _ m_vz
r2 7
GM
S>v= [—
T
_ Ja.a7x10—11x(5-9;8><1“24) = 3067.12ms™
4.24%10
(iii)

9 GM  4m?r?
Ve = — =
T T2
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4m2r3 4m2r3
5T2 =—— -~ T
GM GM

J 4xm2x(4.24x107)3

(6.67x10711)x(5.98x1024)

= 8.7 X 10*s

2. Calculate the ratio of the mass of the Earth to that of the sun given that the moon moves
round the Earth in a circular orbit of radius 4.0 X 10°km with a period of 27.3 days and
the orbital radius of the Earth round the Sunis 1.5 X 108km and its period is 365 days.

Solution

. . M
The question requires us to find ;‘g
5

Te/m = 4.0 X 10%km = 4.0 x 10%m
For the earth and the moon;
GMaMm _ Mmnv
Te/mz - Te/m

sp2=e ()

2n
Butv =rw, and w =
Te/m To/m

Equating the two equations gives;
4 2 3
GM, = T;”—/;“ .................. (*)
e/m
For the Sun and Earth,
GMsMg _ Mevz

2T 4m2rg )2 .
Butv =rw, andw = — = v? = —2= (iv)
Ts/e Tsye

Equating the two equations gives;
GM, = e (*%)
Ts/e
Dividing equation (*) by equation (**) gives;
GM, _ T Py Ts/e”

2
GMs Te/m 47{2?’5!93
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My 1”e/?'n3><Ts/ez

Mg Te/mzx Ts/e’
To/m = 27.3 days = 27.3 X 24 X 60 X 60 = 2.4 X 10°s
Ts/e = 365 days = 365 X 24 X 60 X 60 = 3.2 X 107

3 2
M, _ (4.0x10%)"x(3.2x107)"
Mg~ (2.4x10%)2x(1.5x1011)3 —

= 3.4 % 10°°

Trial questions
1. When a space shuttle is in an orbit at a mean height of 0.33 x 10%m above the surface of
the earth, it requires 91 minutes to complete one orbit. Find the value of the mass of the
Earth. [Ans: 6.0x 10%*kg ]
2. The Earth of mass M. describes a circular orbit of radius 7. about the sun of mass Ms and
radius 75 at an angular velocity 2.0 X 10~ "rad s due to gravitational attraction. Given that

B/e = 200 , calculate the density of the sun. [Ans: 1100kgm™ ]

Ts
3. The distance of Jupiter from the sun is 5.2 times the distance of the earth from the sun.
Assuming that both orbits are circular, find the time Jupiter takes to complete its orbit, if
the earth takes one year.
4. Two binary stars of masses m; and m» respectively rotate about their common centre of
mass with an angular speed w. Assuming that the only force acting on the stars is the

mutual gravitational force between them, and the distance between them is d, show that:
1
G 2 . : _r
= M, where G i1s the universal gravitation constant

dz

ACCELERATION DUE TO GRAVITY

e Relationship between g and G
A body of mass m on the earth’s surface experiences a force equal to mg. If M 1s the mass of the
Earth, which is assumed to be concentrated at its centre, the gravitational attraction by the Earth

. . GMgm
on the body is; —5
e
GMm _ _ GM, ;
- — =mg =>g= 2(1)
e Te

e Variation of g with height
For a body of mass m at a distance » > r. from the centre of the Earth, if the acceleration due to
gravity at that point is g, then;
GMm

GM ..

2 = ’a"?’?,g"r = g’ = PCRTIELEEEE (11)
Dividing equation (i1) by equation (1) gives:
g _GM, re’

g r2  GM

2 2
g __Te r_Te
riakEad .
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Since 7,2 and g are constants, g’ o le
Therefore, for points above or outside the earth’s surface, the acceleration due to gravity varies as
inversely as the square of the distance » from the centre of the Earth.
On the other hand, for a body of mass m which is inside the earth, i.e at a distance » < . from the
centre of the earth. If the acceleration due to gravity at that point is g’, then;

GMm rigr Te’g
2

G

€ and from equation (1), M, =

" =mg =M=

If the Earth is assumed to have uniform density,p, then ; M = gm‘eSp
3

M r
Therefore, — = —
Me 713
Substituting for Me and M:
rigr G r3 ;T
— — — :) — =
G re’g Te3 & Te &

It can therefore be seen for values of » < r,, then the acceleration due gravity varies directly with

the distance from the centre.

The reader should however note that throughout the derivations, it has been assumed that the
density of the Earth is uniform, which is not actually true. However, it is normal practice to make

this assumption at this level
It can therefore be summarized that;
e Inside the earth surface i.e for » < r., then acceleration due to gravity , g’ « r

e Outside the earth surface i.e for » > r., then acceleration due to gravity, g’ o =

Graph showing variation of g with distance from the centre of the earth

gt
Earth's, Surface
g' — g - — — ——ee
" o r .: r
15/ Inside Earth ; Qutside Earth
FET i

L 4

From the graph, and the equations obtained above, it can be seen that the acceleration due to
gravity reduces as one moves away from the Earth’s surface. This explains why the diffusion of
gases 1s easier in the outer space than at places near the Earth’s surface. It’s however also due to

little atmosphere in the outer space.

Note:
The force acting on a body of mass m at a distance » from the centre of the earth is given by;
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F=mg =¢g= %
g’ is called the gravitational intensity or gravitational field strength.

The SIunit of g’ is Nkg™ or ms™

Gravitational intensity can be defined as the force acting on a mass of 1kg placed in the Earth’s
gravitational field.
OR
It 1s the force of attraction of a planet on a mass of 1kg

Examples
1. At what distance from the Earth’s surface will the acceleration be g of its value at the

earth’s surface?

Solution
On the Earth’s surface, mg = GZ‘;m >g= G;‘" .............. (1)
Away from the Earth’s surface, mg’ = G":Zm >g' = Gﬁe ......... (ii)
Dividing the two equation gives:
§:i:iex&:;—i but g’ :%g
:)%:;—22 ~r=.8r2 for 1,=64x10°
E

r=,8x(6.4x10°)2 =181 x10"m
r 18 the distance from the centre of the earth, and so we have to subtract the radius of the earth
from this value to get the distance from the Earth’s surface.
Required distance, 7 = r—r. =1.81 x 107 — 6.4 x 10° = 11.7 X 10°m

2. A body weighs 63N on the Earth’s surface. How much will it weigh at a height equal to
half the radius of the Earth, above the Earth’s surface?
Solution
1

Radius of Earth, 7. = 6.4 X 10°m = h = ~7e=3.2 X 10%m

ot

r=re +h =9.6x10%n
W =mg
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For W=63N,m =% = 22 = 6.422kg

g 981

Also for a body placed at a point from the centre of the Earth, G’:’f—“;m =mg

=> GM, = gr,? =9.81 X (6.4 x 10°)?
GM, = 4.02 x 10™ ... ... ... (1)
When the body is at a distance » from the centre of the Earth,

acceleration due to gravity at that point.
= GM, =g'r? = g'(9.6 x 10%)?
GM, = (9.6 x10%2%¢g .......... (i1)
Equating equations (1) and (i1) gives;
(9.6 x 10%)2 g" = 4.02 x 1014

; _ 4.02x10™ >
>g = ox1of)? = 4.36ms

Weight of the body W' at that point = mg’ = 6.422 X 4.36 = 28N

GMzm
r2

= mg’ where g’ is the

Variation of g with latitude
The acceleration due to gravity varies slightly from one place to another on the Earth’s surface.
For example, its value for a body at the pole is different from what it is when the body i1s at the
equator, its value at the poles being slightly higher. This variation is due to:

e The Earth is not a perfect sphere. Therefore, all places on the Earth’s surfaces are not at
the same distance from the centre of the Earth. For example, a body at the equator is
slightly further away from the centre of the earth compared to one at the poles, and hence
feels a smaller gravitational acceleration. The nearer the place with respect to the centre of
the earth, the greater the value of g.

e The acceleration due to gravity also varies due to the effect of the Earth’s rotation.

The Earth rotates about its axis once in 24 hours. A body on the surface of the also rotates with
it in a circular path. Since the body is in a rotating frame, it experiences an outward centrifugal
force against the inward force of gravity. The effect of the Earth’s rotation therefore reduces the
acceleration due to gravity. At the poles, the radius of the circular path is zero, and so there so
there 1s no effect of the Earth’s rotation on the value of acceleration due to gravity. However at
the equator, the radius of the circular path 1s maximum, and so the effect of the Earth’s rotation on
the value of the acceleration due to gravity is maximum.

Parking (Geostationary) Orbits

A parking orbit is a path in space of a satellite which makes it appear to be in the same position
relative to the observer at a point on the Earth.
The period of the satellite should be equal to the period of the Earth ( =24 hrs), and the satellite
should be moving in the same direction as the Earth is rotating.

A satellite in a parking orbit is also referred to as a geosynchronous satellite
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Example
Calculate the radius of a parking orbit for an Earth satellite, and find the height of this orbit above

the Earth’s surface.
Solution

“~m_l}-|§#_‘ ) -”___/'

2
. . . muv
For circular motion, centripetal force = —

o . GM,
Gravitational attraction of the planet by the earth = rjm
mv? _ GMym .2 _ GM, :
—=— SVE == (1)
2
Also, from = rw, and o = ?n ,
__2mr Lo _ 4Am?r? ..
Sv== SV = (11)
; ; GMe  4m?r?
Equating two equations: " =
2 471'2?"3 _ 2
=>T°%= o but GM, = gr,
4m2r3

For a parking orbit for the Earth, its period should be equal to the period of the Earth, which 1s 24
hours. T = 3600 X 24 = 86400s

- (86400)2 = axm?xrd

" 0.81x(6.4%106)2

o= 3J(86400)2><9.31>;(6.4><105]2 — 424 % 107m
4xT

Radius of orbit =4.24 x 107m
h=r—r,=424X 107 —6.4%x 109 =3.6 x10'm

Trial question
A communication satellite is placed in an orbit such that it remains directly above a fixed point

on the earth’s surface at all times.
(1) What 1s the period of this satellite?
(1)  Explain why the satellite must be in orbit above the equator
(111)  Show that the correct height for the orbits does not depend on the mass of the satellite.
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Uses of the parking orbits
Parking orbits are used in worldwide telecommunications

B

A set of three or more satellites are launched in a parking orbit as shown in the figure. Assuming
that it required that radio signals be transmitted from A to B, the signals can be transmitted from
A to a geosynchronous satellite P, then re-transmitted from P to another geosynchronous satellite
Q, then to R, and finally to B.
The signals could also take the paths;
A-P-S—-R-B
It should however be noted that the use of satellites in communication by putting them in a
parking orbit is only possible when the satellites’ orbit are in the equatorial plane, and that only
‘line of sight communication’ is possible on satellite communications, implying that
communication can only occur provided that there is no obstruction between the transmitter, the
satellite and the receiver. This is the disadvantage in communication using geostationary
satellites.

Weightlessness
» Casel:

Consider a body of mass m hanging from a spring balance which is suspended from the roof of a
lift. If the lift moves down with an acceleration of a ms-2, then;

mg — T =ma. If the lift is moving with a constant velocity, then a = 0, and so mg = T, implying
that the spring balance gives a reading of the weight of the body.
However, if the lift falls freely such that its downward acceleration is a is equal to the
acceleration a 1s equal to the acceleration due to gravity g, then;mg—-T=mg=>T =0
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It therefore follows that the spring balance would register the mass of that the spring balance
would register the mass of the body as being zero, and so the body is said to be weightless

» Case2:
Consider an astronaut in a space craft which is orbiting the Earth as shown in the figure.
Space cra R.Jl.! o
Astronout —— rE: [T
J,r"" Ymg" -
- ;
‘+. i

At a particular height of the orbit, its possible for the space craft to move such that its centripetal
acceleration is equal to the acceleration due to gravity at that height.
2a=¢g
~mg —R=mg 2R=0

The astronaut therefore experiences no reaction from the space craft, and so becomes weightless.

Therefore weightlessness can be defined as the condition of zero reaction experienced by an

astronaut in accelerating space craft.

Gravitational potential
Gravitational potential at a point due to the gravitational field of the Earth is the work done in

moving a body of mass 1kg from infinity to that point.

~ FromF = GMZm, if m = lkg,
T
Then F':G"'f;u:G—tf
I T

Consider a body of mass 1kg being moved from A to B through a small distance Ar, where B is
at a distance » from the centre of the earth as shown below.
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1
I
;

—.

Work done in moving the body through a distance Ar is given by; Aw = FAr

= dw = Fdr
But F:G—f zdw:G—Tdr
T T

Therefore, the total work done in moving the 1kg mass from infinity to some point a distance »
from the centre of the earth in its gravitation field can be obtained by summing the small works
done from infinity to that point.
~dw = ;G—f dr
T

> W =GM [ r2dr

= 6M |- %];
=om[-(3-2)| = om(-3)
Therefore gravitational potential = — GTM

. . G
On the earth’s surface, » = r,, = Gravitational potential = — r—M
e

It should be noted that if a body being moved from infinity to a point close to the earth’s surface
1s not of mass 1kg, then the work done is not gravitational potential, but is called gravitational

potential energy or simply potential energy.
GMm

Therefore potential energy = — "

GMm

On the earth’s surface, potential energy = — -
e

Gravitational potential energy of a mass m at a distance r from another mass M is defined as the
amount of work done in bringing the mass m from infinity to a distance r

T GMm

dw = Fdr, w= [

T _ _ 11"
—-dr = GMm [_r~?dr = GMm [— ;]m
GMm

-~ PE = —
T

The negative sign implies that the potential energy at infinity is zero and greater than the
potential energy at points close to the Earth’s surface. The decrease in P.E as the mass m moves
in from infinity towards the mass M implies that the work done by the gravitational force of
mass M on a mass m is positive. This follows from the work energy theorem.
However the amount of work done against the gravitational force of mass M to move the mass m
from a distance r; fo position r; is given by;

S’

(
{ 189



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

w=GMm (i — 1) = change in potential energy

T1 T2

ESCAPE VELOCITY

Consider a rocket of mass m fired from the Earth’s surface such that it escapes from
gravitational influence of the earth. The rocket requires a particular velocity, and hence a
particular amount of energy to escape. The velocity that the rocket should have is got from the
fact that;

Kinetic energy lost = Potential energy gained
GMm

1
>-mu*=0--
2 Te

= ’ZGM but GM = gr,?

=
— ,Zg“rez _
Su= —— A 28T,

If , =6.4 x10°m and g = 9.81ms™
uU=+v2x981x%6.4x%x10° =~ 11kms™

For other planets, the escape velocity, v = ’zf:'f = ,/2g'r" ,where g'is the acceleration due to
gravity for the planet and r’ the radius of the planet.

For example the escape velocity on the surface of the moon of radius 1.72 X 10%m and mass
7.36 X 10??kg can be found as below,

v _JZGM_ sz(6.67x10—11)><(7.36x1022)
= =

=2.39 X 10%ms?! =2.39%kms™

1.72x10€

Definition:

Escape velocity is the vertical velocity that a body should be given at the surface of a planet
(such as Earth) to so that it just escapes from the gravitation attraction of the planet.

OR

It is the minimum velocity with which a body is projected in order that it may escape the earth’s
gravitational pull.

It is after knowing the concept of escape velocity and the effect of of mass on the gravitational
force of attraction between bodies that we are able to explain why the moon has no atmosphere,
yet the sun has atmosphere

Because of its small mass, the gravitational pull of the moon 1s too weak to hold lighter gases
such as helium and hydrogen. These gases therefore have average molecular velocities of order
of escape velocity of the moon (which is & 2.5kms™). The gases therefore escape and the moon
remains with no atmosphere. It is for the same reason that the moon is cold.

However, because the sun has a large mass, its gravitational pull is stronger, and it has a much
higher escape velocity ( & 620kms™) and so gases can never have enough velocities to escape.
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Trial question
The gravitational potential E at the surface of a planet of mass M and radius R 1s given by E =

- where G i1s the universal gravitation constant. Derive an expression for the lowest velocity,

v, which an object of mass m must have at the surface of the planet if it is to escape from the

planet. [ Ans:v = (ZGTM)%]

ENERGY OF A SATELLITE
Consider a satellite of mass m launched from the Earth’s surface of radius re into an orbit of
radius r as shown in the figure.

While in orbit, the satellite has both potential and kinetic energy.

. GMym -
Potential energy on the earth’s surface=—— ............. (1)
Te

GMzm

2
Centripetal force on the body = % and Gravitational force on the satellite =

mv?  GM,m GMym
w—=——2mvi=—"
T T
dividing through by 2 gives;
1 2 GMem
Smve =——

=~ kinetic energy =

= kinetic energy

GMzm ..

From equations (1) and (11), it can be seen that the potential energy is twice the kinetic energy but
of opposite sign

Also for the satellite in orbit,
Mechanical energy = Gain in potential energy + Kinetic energy
_( —GMsm —GMem) + GMzm
T Te 2r
GMsm  —GMgm = GMgm GMs;m  GMgm 1 1
—e—e+e:e—e=GMe(___)
Te T 2r Te 2r

Since GM = gr,?, total energy = m gr,? (ri - 2—1?’)

However, if a body or satellite is not launched from the earth’s surface;
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Then; mechanical energy = potential energy + kinetic energy
_GMem GMem
= +
T 2r
_ GMem (_ 1) _ —GMpym
T 1+ 2~ er
_ 2
Since GM, = gr,%, Mechanical energy (total enegy) = —TZ‘?"‘*’

It should be noted, that due to friction of the Earth’s atmosphere, the radius of the orbit reduces
—GMsm

and from P.e = , it follows that the potential energy reduces as well. Also from

GMem . . . . 1 - ..
Ke= zi , kinetic energy increases, and since K.e = Emvz, it follows that velocity increases as

well.

Also, since potential energy is twice Kinetic energy, and potential energy has reduced,
Mechanical energy also reduces, and if no precautions are taken, the satellite may burn due to the
heat produced by friction.

From the expressions for kinetic energy, potential energy and mechanical energy, a graph of
energy against distance from the Earth’s centre can be sketched.

Positive Energy

Negative Energy
From the graph, as the distance from
the centre of the Earth increases;
L s K.e decreases, P.e¢ increases and
Y M. e increases
Examples

1. A mass is released from a point at a distance of 10R from the centre of the Earth, where R
1s the radius of the Earth. Find the speed of the mass at a point a distance of 7R from the
centre of the Earth

Solution
Consider the body to have been released from A, and that when at B, it’s a distance of 7R
from the centre of the Earth.
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At A:
Since it was released, u=0 =2 k.e=0
Pe= —GMgm — —GMsm
’ T 10R
Mechanical energy at A=P.e + ke
_ —GMsm +0= —GMym
10R 10R
At B:
. GM 1
Kinetic energy = Z:m = Emv2
Potential energy = — ™ — _G::"m
—GMem

= Mechanical energy at B = %mv2 +—

Basing on an assumption that mechanical energy is conserved, then mechanical energy at A
should be equal to the mechanical energy at B.

1 —GMgsm —GMzm
= -mv?+ =
2 7R 10R
1,2 _ ZGMe  GMe
2~ 10R 7R
12 = 10GM,—7GM, _ 3GM,
2 70R ~ 70R

But GM, = gr,2 = gR?

6gR? 6gR
ooz SR [eeR
70R 70

But g=98landR=64 X 10°m > v =

6X9.81X6.4X10°
70

=2.3x 103 ms?

2. A satellite of mass 100kg is launched in a circular orbit at a height of 12800km about the
surface of the earth.
(1) Find the period of the satellite
(1)  Calculate the mechanical energy of the satellite
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(111)  What would happen if the satellite’s speed was halved while it’s in orbit?
Solution
(1) r, = 6.4x10°m andr = 1.28 X 10®m

LT = J4n2r3 _ J4><:rr2><(1.28><103)3

grg? 9.81x(6.4x106)2
=4.5 x 10%s
(i1)
Mechanical energy = Potential energy + Kinetic energy
_ —GMzsm + GMgsm — —GMzm
T 2r 2r

— 2
But GM, = gr,? = Mechanical energy = %
_ 9.81x(6.4x106)°

2x(1.28x108)

= 1.57 X 10%J
(111)

.. GMgm __ mv? 2 _ GM, ;
Initially , == vi=— NN ()

1 2
When the speed 1s halved, Gf"’zm = M = p? = 2 (11)
1]
Equating equations (1) and (i1) gives;
GMe _ 4GMp

T To
Ty = Ar
Therefore, the radius of the new orbit is four times the radius of the original orbit, and from

G . -G
ke= Mim, it follows that k.e reduces, from P.e = Memt

, potential energy increases and hence
mechanical energy increases
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3. A rocket is launched from the Earth’s surface with a velocity v. If h is the maximum

2
height above the earth’s surface it would go, show that: h = 2; ie,,z , Where re 1s the
e
radius of the earth.
Solution

While on the earth’s surface;

1 —GMgm
K.e ==-mv? and P.e = ——
2 Te
1 2 GMem
= me =-mv?—
2 Te

At maximum height;

. 1 —GMsm
Speedis zero, > ke=-mx0?> = 0 and p.e= ——
’ 2 Teth
—GMsm
m.e =
Teth

From the principle of conservation of mechanical energy, mechanical energy at the Earth’s
surface should be equal to the mechanical energy at the maximum point reached.

1 GMgm  —GMem  mv?re—2GMem  —GMgm
= _mvz - 0- el _ e =] e _ e
2 Teth Teth 2Tg Teth
But GM, = gr.”,
o . . vi-2gre —gré
Substituting forGM,, and dividing through by m gives: — T
e

Cross multiplying gives: v?r,, v?h —2gr? -2greh = -2gr2 = v?r, = 2greh - v2h

127,

~ h(2gr,—v?) =v%, oh= py—

Trial questions

1. A satellite of mass 66kg is in orbit round the earth at a distance of 5.7R above the
earth’s surface, where R i1s the radius of the earth. If the gravitational field strength at the
earth’s surface is 9.8 Nkg™', calculate the centripetal force acting on the satellite.
Assuming that the earth’s radius 1s 6400km, calculate the period of the satellite in orbit.
[Ans. F=14.4N, T=2116800s]
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. A radio astronomy research satellite of mass 200kg circles the earth in an orbit of radius
%, where R 1s the radius of the earth. If the gravitational pull on a mass of 1kg at the

earth’s surface is 10N, calculate the pull on the satellite.
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Any motion that repeats itself after a certain period of time is called a periodic motion, and if such
a motion can be represented in terms of sines and cosines, then it is called harmonic motion.

Definition: Simple harmonic motion (s.h.m) is a periodic motion whose acceleration is directly
proportional to the displacement from a fixed point, and it is directed towards that point.

Characteristics of s.h.m

e [tis periodic

e Its acceleration is directly proportional to the displacement from a fixed point

e Its acceleration is always directed towards directed towards a fixed point in the line of
motion,

e Mechanical energy is always conserved

Practical examples of s.h.m
e Pendulum bob
e Balance wheel of a watch
e Pistons in a petrol engine,
e Strings in musical instruments

Consider a body P moving in a circular path of radius r with a constant angular velocity of w, as
shown. Let the perpendicular projection of P onto the diameter of the circle be B. As P moves
along the circle, B moves along A’ OA.

r 1s the maximum displacement from the rest position, and is called the amplitude

From the figure; x=rcosf andy =rsiné
Butw:% =0 =wt

sx=rcoswt and y=rsinwt

For » = 4 = amplitude, x = Acoswt and y = Asinwt

dx da .
=— = (Acoswt) = —Awsinwt
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= % = % (—Aw sin wt) = —w?(A cos wt)
But Acoswt = x >a=—-wx
Since -w? is a constant, then a « x
Therefore, if any motion can be shown to obey a = —w?x, then that motion is simple harmonic.

The negative sign on the right hand side of the equation means that the acceleration is directed
towards the equilibrium position, for if it were not there, it would imply that the body goes on
accelerating and will never return to the equilibrium position.

Graph of a against x for s.h.m

as

Y

Also from v = —Aw sin wt
A y = JA - x*
. . VAZ=x2
But sin 8 = sin wt = " al LV =—wVA?2 —x?
Since the square root of a number always results in a positive and negative value, then;
v =twVA? — x?

It can be noted from the expression for velocity that velocity 1s maximum when x = 0. This is at
the centre of oscillation

Vina:= Aw
It can also be seen that velocity is zero when x = 4, i.e at the point of maximum displacement,
where the particle or body 1s momentarily at rest.
It should therefore follow that acceleration is zero at the centre of oscillation, 1.e when x = 0, and
maximum when x = 4 5 gy = |—w?A]
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Graph of velocity against displacement for a body in s.h.m

Velocity

A

h
Kf_/ dfspl:(cmem
v

Graph of displacement against time for a body in s.h.m

e\ N

iz \ ;‘4: im?

Case 1:

Consider a particle starting from point P’'at a time t = 0, and after a time 7, it is at position P"

¢4P"0A = (6 — ¢) and since 0 = wt, 2£P"0A = wt—
~x =Acos(wt —¢d) and y = Asin(wt — ¢)
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Case 2:

Also , if a particle starting from point P’ at a time 7 = 0, and after a time t, its position P"'.
LP"0OA = (6 + ¢) andsince 6 = wt, 24P"0A=wt+ ¢
~x = Acos(wt + ¢) and y = Asin(wt + d)

For the two cases above, the angle 8 is called the phase angle/phase difference/epoch. This angle
depends on the position of the particle commences.

Examples
1. Given that x = 8 cos (0.5?’[13 + g), describes the displacement of a particle from rest
position, find the;
(1) Amplitude,
(1)  Frequency
(111)  Period
(1v)  Maximum velocity
(v) Maximum acceleration
(vi)  Phase angle

Solution
Comparing the given equation x = 8 cos (0.5:¢t + g) m with an already known equation

x = rcos(wt + ¢), shows that;
(1) Amplitude r = 2m

(11) wt=0.5nt = w =051

H 1 w
and since frequency = —=_—
frequencyz% = 0.25 Hz
(i) Period T=———— = — =45

frequency T 025
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(iv)  Vma=Aw = 0.57 X 8 = 41 ms™

(V) @max = |—w?x| but for maximum acceleration, x =4
S Apgr = —w?A = (0.5m)? X 8
= 21?2 ms™

(vi)  Phase angle ¢ = g rads

2. A particle is moving simple harmonic motion of period 8.0s and amplitude 5.0m. Find the:
(1) Speed of the particle when it is 3.0m from the centre of its motion,
(1)  Maximum speed of the particle
(111)  Maximum acceleration
Solution
Since in the equations for speed and acceleration we have w, it should therefore be obvious that
we shall need w in our calculations. Our first task should therefore be finding w.

From T = Z—H,cu =2 _ 2% _0785rads!
w T 8.0

(1) v=+wVA? —x%2 ,but A=50 and x=3.0
= v = +0.785V5% — 32
= +3.14ms!
(i1)
Vima= Aw = 0.785 X 5 = 3.93ms™

(111)
Amax = W?A = 5% 0.785% = 3.08ms™

3. The displacement y of a mass vibrating in simple harmonic motion is given by y =
20 sin 107t, where y is mm and t is in seconds. Calculate the:
(1) Velocity when 7 = 0,
(1)  Acceleration when 7 = 3s
Solution
(1)
v = % = %(20 sin 10mt)
=200m cos 107t
Whent = 0, v = 2007 cos(10m x 0) = 2007 cos 0 = 2007 mms

dv d d
i) a=_= E( 2007 cos 10mt) = 200m — (cos 10mt)

= 2007 (107 (- sin 10mt)) = —2007? sin 107t
For t=3s, a==—-200m?sin30m = 0 mm s
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Trial questions

1. A particle moves with simple harmonic motion about a mean position O. When passing
through two points which are 2m and 2.4m from O, the particle has speeds 3ms™” and 1.4ms™
respectively. Find the:

(1) Amplitude of the motion,

(1)  Greatest speed attained by the particle

(111)  Maximum acceleration

(1v)  Velocity of the particle Im from O

[Ans: 7 = 2.5m, Vimax = 2ms™, amax = 5, Var 1m =4.58ms™ |
2. A particle is moving with simple harmonic motion of period 16s and amplitude 10m. Find the
speed of the particle when 1t 1s 6.0m from its equilibrium position, also find how far the particle is
from the equilibrium position 1.5s after passing through it, and its speed at that instant.
[Ans: v =3.Ims?, x=56m,v’ =3 3ms? ]

3.

A ¢

I
4.0m 2.0m

et
ot T

P
|

3.0m
3.5m
4.0m
The figure above shows the positions of a particle as it executes simple harmonic motion of
period 24s about point O, between points A and B. Find the time taken for the particle to move
from :

(i) OtoC
(i) DtoB
(i) CtoE

[Ans: toc = 2.0s, tpg = 2.8s, tce = 2.1s ]
4. The displacement f of a body moving with simple harmonic motion is given by
x = 3.5sin(4t + 0.2). Find the amplitude, w, period, T, velocity, v at a time t=1.5s.
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Examples of oscillatory motion which approximates simple harmonic motion include;
Simple pendulum, mass on a helical spring, liquid in U-tube, piston in a gas filled
cylinder, floating cylinder in a liquid.

THE SIMPLE PENDULUM
Consider the motion of a pendulum of mass m suspended at the end of a light inextensible string
of length, /, which is fixed at the other end O. Assume that the bob is given a small
displacement x, and that at that point, the string makes at an angle 8 with its equilibrium
position as shown below.

“

P
mg cos 0

Equilibrium
Position
When the bob is released, a force mgsin 8 acts on it and causes it to return or move towards the
equilibrium position. This force is called a restoring force.
~ F=—mgsinf
but for small values of 8, triangle 0A’A = a right angled triangle, where Z0A'A = 90°

~sinf = 3—:
X
> F = —mg-
But F =ma, = ma = —mgi: ......... ()

The negative sign means that the acceleration acts towards the equilibrium position, the bob is
moving away from the equilibrium position, and so the displacement x is measured in a
direction opposite to the force.

From equation (1), driving through by m gives: a = —g%

This equation is in the form a = —w?x, where w? = %

Therefore, since a o« x, the motion of the simple pendulum bob is simple harmonic motion
:)w:J% andfromT:%,T:Zrc\E ........ (11)

N
’f_Zﬂ: I

Also from f =

Nle
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It can be seen from equation (i1) that the period of oscillation of a simple pendulum bob is
independent of its mass.

It has been assumed that the displacement the is small (i.e small angle 8), and that effects due to
air resistance are negligible.

Note:

The bob eventually comes to rest due to the presence of dissipative forces arising from the air
molecules. The mechanical energy of the bob is gradually changed to internal energy of the
surrounding air molecules and the amplitude reduces with time.

Determination of the acceleration due to gravity g

» Using a pendulum bob

For different values of the length / of the string, time 7 for say 20 oscillations of the swinging
pendulum bob 1s measured.

The values are tabulated including values of the period T and T?. A graph of T? against / is
plotted, and it’s a straight line through the origin as shown.

-~
T!/s? slope, m:E and

: T
: 2
5 From r=zn‘{z, r.2
! g g
{ Which is in the formof y = mx, where :
' 2 2

.................. B slope, m:jﬁ—, = g=-9£~

g m
im,

However in practice, the graph in the preceding case may not pass through the origin as stated.
This could be due to:

e Air resistance

e Uncertainty in the measurement of the length /,

e The angle of swing being big (greater than about 10°)
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» Using a spiral spring of known force constant

G0l O £ B B B

Suspend the spring from a retort stand. Attach a pointer to the spring so that it is
horizontal and note its position.

A mass M is suspended from the end of the spring and the extension e it produces is
noted.

The mass is then slightly pulled down and the periodic time T for the oscillations is
noted.

The procedure is repeated for other masses in steps and the results recorded in a table
including a column for T?.

A graph of T? against e is plotted and its slope S is obtained

2 2
The slope S :% :>g:4%
Note: There may be possible errors due to
- Bad timing of the oscillations

- Incorrect reading of the extension e

Examples:
1. The period of oscillation of a pendulum on Earth is 3.50seconds. What is the period of

oscillation of the same pendulum if it is taken to the moon where the acceleration due to
gravity is 1.67ms™
Solution

On Earth; g.=9.81 ms?, T = 3.50s

While at the moon, gm = 1.67ms™? , Tm = ?

2 2 2
From T2 = ‘%z, T,? = ‘;lez (i) and T2 = ‘;lmz ......... (i)

. . T2  gm goTo?
Dividing the two equations: ==+, T,, = [=—
Tm Be &m
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T = f—g'gl’;ffl)z — 8.48s

2. show that the principle of conservation of mechanical energy also applies to an oscillating
bob of a simple pendulum
Solution
Let the bob be displaced through a small distance, x to one side, such that the string makes a
small angle 6 with its initial direction

From the diagram; tan 8 = %and cos@ :%
But for small angles, cos8 ~ 1 — %92 and tanf =~ 6
2l=1-2p25y=1(1-16%)
h=1-y=1-[1(1-162)| =210
bt $=0 > h=31(5) =37

2
PE=mgh = ng xT] = %m%xz

ME=PE + KE =§m§x2 +%mv2

. dx
Fromx = Asinwt,v = pls wA cos wt

~M.E = %m%(ﬂ. sin wt)? + %m(wA coswt)? = %m%sinzwt + %mszzcoszwt
ng%Az (sin?wt + cos?wt) but sin®wt + cos?wt =1

~ME= %m%AZ = constant

Therefore the principle applies to an oscillating simple pendulum bob.

Trial questions
1. The table below shows data for different lengths, / and the corresponding periods of
oscillation T of a simple pendulum
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Length, / 0.20 0.300 | 0.40 0.50
Period, # 0.90 1.09 1.25 1.40
(1) Plot a suitable graph and use it to determine the value of the acceleration due to
gravity,

(1)  Explain why the graph may not pass through the origin

2. If a pendulum has a period of 1.5s at the earth’s surface. What would be its period at a
height of 6000km above the Earth’s surface, assuming that the radius of the earth is

6400km.

> Horizontal motion

[T=291s]

Smooth horizontal

BN

A

N

.

Mass in equilibrium position

F isthe restoring force

Vhendisplaced and released

Consider a spring of force constant k fixed at one end, and attached to a body of mass m
placed on a smooth horizontal surface on the other end. It can be shown that when the spring
1s slightly displaced through a distance x and then released, it executes simple harmonic

motion.

~ma=-kx and so,

a=

k
—=X
m

From Hooke’s law, the restoring force , F « x = F = —kx

Therefore, since a o x, motion of the mass is simple harmonic

k ’k
Fromw?==, w= |[—=T=
m m

Frequency = pm

1

1 k

2wy m

21 m
w k
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» Vertical springs

Spring with mass attached to it
Spring hanging freely  but in equilibrium position
R N N

Restoring force F

Consider a spring of force constant k being suspended from a fixed point, and that when a body of
mass m 1s suspended at the end of the spring, it causes an extension e on the spring. From
Hooke’s law, this extension is directly proportional to the tensional force in the spring.
~Txe =>T=ke
But since in the equilibrium position the body is not moving, T = mg
Thus mg = ke ........... (1)
When the body is slightly pulled downwards through a small distance x below the equilibrium
position, total extension=(e +x )
Therefore, T = k(e + x)
There are two forces acting on the body at this point but the resultant upward force F is the
restoring force and is given by;
F =—(T"—mg)
= F = —[k(e + x) — mg] but from eqn (i) mg=ke

~F=—[ke+kx—ke]=—-kx butF =ma

k
= ma= —kx L a=—-—X
m
S k
The equation is in the form a = —w?x , w? = ~

Therefore, since a « x, motion of the mass is simple harmonic

From w? = — w—fzn—ZI

From equation 1) - = E >T=2n J;

NB: It has been assumed that the displacement of the mass is small, effects due to air resistance
are negligible, and that the mass of the spring is negligible.

Determine of the value of the spring constant
One end of the spring is clamped and a known mass m is attached to the other end of the
spring. The mass is displaced, and the time 7 taken for 20 oscillations is recorded. The
experiment is repeated for other known masses. The results are tabulated including values of T
and T?.
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A graph of T? against m is plotted and it’s a straight line through the origin
‘s A

T?/s*

------------------

m/kg,r_

However the fact the spring passes through the origin is only true when the mass of the spring in
question 1s negligible. This i1s however not always true in practice, and so the graph does not
pass through the origin. If the mass of the spring is mz,, then the effective mass is (ms + m)

+ + 42 42
=>T=2m ﬁms—km and 50T2:4n2($):%m+%m5

The equation is in the form y = mx + ¢, such that if a graph of T?2against m is plotted, it’s as
shown below.

slope, s = BD -ﬁi
PeS=38 k
:>k=i£

s

Also, Intercept, ¢ = if—m,

Substituting for k gives: ¢ =

m/kg, Therefore, m, =

“w o

The reader should therefore be able to describe an experiment to determine the mass of the
spring.

Example
A helical spring gives a displacement of Scm for a load of 500g.
(1) Calculate the period of small vertical oscillations
(1)  Find the maximum displacement produced when a mass of 80g is dropped from a height
of 10cm onto a light pan attached on to the spring.
Solution
(1) e = 5cm = 0.05m, m = 0.5kg

Butk e = mg = k = 28 = 23X981
e 0.05
= 98.1Nm™
Also, T = ZTII =21 X |- = 0.45s
( 209 )
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SRAR

Gravitational force lost by the body, potential energy = energy stored in the spring

= mgh = %kxz

2meh 2x0.08x9.81x0.1
X = J L J =0.04m
k 98.1

COMBINED SPRINGS
Case 1: Vertical springs

» Parallel combination

SRR e R

Consider two springs of force constants k; and k> are arranged parallel to each other, and a mass
m placed at their other ends. If the mass is pulled downwards through a small displacement x. The
extension that will be caused in each spring is the same, and will be x.

The restoring forces 1s each spring are:
F]_ = _klx al‘ld FZ = kzx
Total restoring force, F = F; + F, = —kyx +-kyx

Therefore, ma = —(k; + k,)x

(k1+k3)
m
- - - - 2 2 k‘1+k2
This equation is in the form a = —w“x, where w* =——=

( ]
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Therefore, since a « x, motion of the mass is simple harmonic.

k1+k2 kl‘l'kz 2T m
— . — _— — T —
From w? = W= >T=—=2m

m ’ m w kitk;

1 1 k{+k
Frequency f=-=— [=—2
q Yf T 21T m

Note that if the springs are identical, then k; = k> =k

2k 2k
=>a=—-—=x,and so w? ==
m m

. _ m _1 |2k
Period, T =27 J; and frequency, /= J;

Trial question

A light platform is supported by two identical springs each of force constant 40 Nm™, as shown in
the diagram below.

i

pfaorm

(a) What weight should be placed on the centre of the platform in order to produce a
displacement of 3.0cm?

(b) With the weight in (a) above on the platform, the platform is depressed a further 1.0
cm and then released, such that it oscillates in simple harmonic motion.
(1) Calculate the frequency of the platform
(1)  Calculate the maximum acceleration of the platform

[Ans: (1) 24 N,f=29Hz, a=3.3ms? ]
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»  Series combination

Consider two springs of force constants ki and k> respectively connected in series and
fixed at the upper end, and a known mass m fixed at the lower end. If the mass 1s pulled
downwards through a small distance x, there will be different displacements x; and x> in
the respective springs, as shown in the figure

Butx; +x, = x oo (1)

However, since the springs are in series, the restoring force F in the springs is the same.
From Hooke’s law,

F F
F=—-k,x; andF = —k,x, =2 x;=—— andx, = -
1 2
F
Substituting for x; and x, in equation (i) gives; —— + o =X
2
ki+k
> — ( - Z)F =X
kiko
kik kik
:-F:—(—:l Z)x :>ma:—(—1 Z)x
1 [ kik
Therefore, a = —— (L) x
T k1+k2
kaky
This equation is in the form a = —w?x, where w? P —
1 2
Therefore, since a o¢ x, motion of the mass is simple harmomc.
1 [ kik 1 [ kik
From,wzz—(lz) W= —(12)
m k1+k2 T kl‘l'kz
ki+k
>T== ( : 2)
kikz

1_ 1 kik
Frequency f === — ( ! 2)
T 2w\ m \kq1+k2

Note that if the springs are identical, k; = k> =k

1 (k? 1( k k
Sa=-—— —)x:——(—)x,(md S0 w? = —
2m m

. _ 2mk __ 2m _1 |k
Period, T = 2m = = 21 ’ p and frequency, f ’ po—
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Case 2: Horizontal combined springs

» Springs connected together, with the mass, m at the end

E Direction of displacement

Smooth surface

Consider two springs of force constants ki and k> connected together, fixed at one end, and a mass
m attached to the other end as shown above.
Let the mass be displaced to the right as shown through a distance x, such that the extensions
caused in the respective springs are x; and x.

X1+ X =X e (1)

The restoring force is the same for both springs, and if the force is F,

F F
F=-k,x; andF = —k,x, =2x;,=—— andx, = ——
k1 ko
_ ) . N F F
Substituting for x;, and x, in equation (i) gives; — ot =X
1 2
ki+k kik
:>_(¥)p —x ., ma= _(#)x
kik2 ’ kqitko
1 [ kik
Therefore, a = —— (#) X
m \kq+ko
. L 1 [ kik
This equation is in the form a = —w?x, where w? == (L)
T k1+k2
Therefore, since a o« x, motion of the mass is simple harmonic.
1 [ kik 1 [ kik
From,wzz—(—lz) W= _(_1 2)
m k1+k2 T kl‘l'kz
21 1 (kq+k
=T =2Z=2r |- (%)
w m\ kiko
1 1 |1 [ kiks
Frequency f==-=— —(—)
Note that if the springs are identical, k; = k> =k
1 (k2 1(k 2 k
S2a=——(—)x=—-—=(—)x,and so w* =—
m \2k k\2m 2m
. 2mk 2m 1 k
Period, T = 2m = 2m |[— and frequenc =— |—
’ k2 k q y’f 2w 2m
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» Springs fixed and mass placed between the springs

Smooth sutﬂzce

If the mass in the figure is displaced through a small displaced through a small distance x, say to
the right as shown above, the spring of force constant ki is extended by x while the spring of
force constant k> 1s compressed by the same distance x. The restoring forces in either springs are
different, are different, but are all in the same direction, opposite to the direction in which the
mass has been displaced.

F=—-kix; and F = —k,x,
The total restoring force F on the mass is the sum of these two forces.

>F=F +F,=—-kix; +—kyx,

ki+k
~ma=—(k;+k)x =2a=- (%)x
: .. ki+k
This equation is in the form a = —w?x, where w? = =2

m
Therefore, since a o« x, motion of the mass is simple harmonic

k1+k2 k1+k2

From w?

T=—=2m
w kl"rkz

1 1 k{+k
Frequency, f==-=— |[=—2
quency, f=—=— =

It should be noted that if the springs are identical, then; k; = k> =k
2k 5 2k
=>a=——x,and so w* = —
m m

Period, T = 27‘[\/% and Frequency,f = — 2k

1
2wy m

Example
The figure below shows a mass of 200g resting on a smooth horizontal table, attached to tow

springs A and B of force constants k; and k> respectively.

SN

The block is pulled through a distance of 8cm to the right and then released.
(1) Show that the mass oscillates with simple harmonic motion, and find the frequency of
oscillation, if k; = 120 Nm™ and k> = 200Nm!
(1)  Find the new amplitude of oscillation when a mass of 120g is dropped vertically onto
the block as the block passes the equilibrium position. Assume that the mass sticks to
the block.
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Solution

(1)

ki+k 120+200 _
w:J1 Z:J = 40 rads™

m 0.2

f=2="22_—637Hz

2m 2x3.14
(i)  Let A =8cm = original amplitude, A" = New amplitude,m = 200g ,m’' = 120g
Also let vinax = maxmum velocity at equilibrium position for m,
And v',,,, = maximum velocity at equillibrium position for m + m’
V mar = WA =40 X (8 x 1072) = 3.2ms™
From the conservation of momentum, mv 4 = (M 4+ M)V 10
2 0.2x3.2=032V 00 = Vmax = 2ms™
From conservation of energy, New K.E max = Elastic P.E max
1 , 1 1 ,
- Zmv max2 = 5(*"71 + kz)xz =3 (ki +k3)(A )2
§x3.2>< 22 :%x 320 x (4")2
~A'=632cm
OSCILLATION OF A LIQUID IN A U-TUBE

ExrcrrIllforce

Eqm’!:'brmm. position When the liguid is displaced

Consider a liquid of density p in a U-tube of uniform cross sectional area A, that the liquid is at a
height 7 in either limb of the tube.
Total length 7 of the tube occupied by the liquids 1s 2/
Volume of the liquid, V = Al =2h4
Mass of liquid, m=Vp
=>m=2hAp .........(D)

If an external force F is applied to one side of the tube for example by blowing gently, the levels
of the liquid will for a short time oscillate above the initial equilibrium position.
There 1s a resulting excess height of 2x of liquid in one limb as compared to the other due to the
external force. There is therefore a resulting excess pressure P in the limb.
P=2xXpXxXg=2xpg
But Force = pressure X area => F = —2xpg

( ]
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2xpgA
~ma=-—-2xpg=>a= — ZZPEZ — —%x
o . : 2xpgA
Substituting for m from equation (1) above gives: a = — % =— % X
s>a=-5x
h
This equation is in the form a = —w?x, where w? = %

Therefore, since a o« x, motion of the mass is simple harmonic

T=2—”=2T[JE
w g

Andf— -1 g

2wl h

Note: The oscillations of the liquid are heavily slowed down due to viscosity, and so die outin a

short time.
It 1s assumed that the displacement of the liquid is small, and the viscous forces or viscosity are

negligible.

Example
A hydrometer 1s made to float in a liquid and there after given a small vertical displacement after

which it is released. Show that the hydrometer executes simple harmonic motion.

Solution

Let the hydrometer be displaced through a small displacement x downwards from the equilibrium
position. Also, let the cross sectional area of the stem for the hydrometer be A.

Assuming that in the equilibrium position, volume of the hydrometer in the liquid is V, then; from
the law of floatation, a floating body displaces its own weight of the liquid in which it floats.

=

R Hydromerer 0

| Hydrometer | .-

: Whmdlspiaced e
In equ1l1br1u1n pos1t10n We1ght of the l1qu1d d1splaced by the hydrometer = mg = Vpg, p is the
density of the liquid.
When the hydrometer is slightly displaced down wards, there 1s an additional volume Ax onto the
hydrometer.
= New volume of the hydrometer =V + Ax
Therefore weight of liquid displaced = (V + Ax)pg
This implies that up thrust U = weight of liquid displaced = (V + Ax)pg
Restoring force F = -(U — mg) = —((V + Ax)pg — mg) = —(Vpg + Axpg — mg)
Butmg=Vpg =F =—(Vpg+ Axpg—Vpg)
~ F = —Axpg

S’

(
{ 216



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

Therefore, ma = — Axpg
Substituting for m gives; (Vpg)a = — Axpg

A
ca=—-2Ly
Vv
. . .. 2 2 Ap
This equation is in the form a = —w“x, where w* = ~

Therefore, since a o« x, motion of the mass is simple harmonic

’A 2 v
sw= |22 thus T=Z=21 |—
%4 w Ap

Frequenc =1_1 |4
q Y, T  2;mA V

Trial questions
1. A volume v of air, pressure P is contained in a cylindrical vessel of cross sectional area A
by a frictionless air tight piston of mass m. The piston is slightly forced downwards, and
then released. Show that the piston oscillates with simple harmonic motion of period, T
given by:

T=2" ™
AP
2. A uniform cylindrical rod floats in a fluid with a height x immersed. Show that when the

rod is given a small vertical displacement into the liquid and then released, it executes
simple harmonic motion of period , T = 2m \E where g is the acceleration due to gravity.

3. A platform moves up and down with simple harmonic motion of period T and amplitude
A. A small particle of mass m is placed on the platform.
(1) Find an expression in terms of g, T and x for the reaction of the platform on the
particle when the particle is at a displacement x from its mean position.
(1)  If the platform vibrates in simple harmonic motion with a period of 0.5s, calculate
the maximum amplitude for the motion, which allows the particle to remain in
contact with the platform throughout the motion.

ENERGY OF A BODY IN SIMPLE HARMONIC MOTION

When a body is oscillating with simple harmonic motion, there is an interchange of energy
between kinetic and potential forms. However, for as long as no work is done against dissipative
forces, total energy (mechanical energy) of a body remains constant.
From v? = w?(4% — x?);
Kinetic energy = %mv2 = %mwz (A% — x?)
Potential energy = [ Fdx = [ kxdx = %kxz
But, w? =X Sk =mw?
m

Thus potential energy = %ﬁm)zx2
Mechanical energy = Kinetic energy + Potential energy

Z%mwz(zﬁlz —x?) + %mwzxz
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1 1 1
szszz — Emwzxz + Emwzxz

= % mw?A?
It can be seen from the equations of kinetic energy, potential energy, and mechanical energy that
mechanical energy is a constant, but at the center of oscillations i.e when x = 0, potential energy
1s zero, and the velocity 1s maximum, implying that kinetic energy is maximum such that all the
body’s energy appears as its Kinetic energy.
At the position of maximum displacement, x is maximum, and so potential energy is maximum,
but since velocity is zero, kinetic energy is also zero, such that all the body’s energy appears as
potential energy.

Graph showing variation of energy with displacement for a body moving in s.h.m

E nergy

HIE'E J'IIL'.H-I' EHEJ'SI}’

it

Displacement, x
E f‘ A7

rF

Example
A ball of mass 20g is attached to an elastic spring of natural length 80cm with one end fixed to a

ridge support. The spring is stretched to 120 cm along a horizontal frictionless table and then
released. The spring is of force constant 400 Nm™. For an instant when the ball is 100cm from the
fixed point, calculate the;

(1) Kinetic energy of the ball

(1)  Potential energy of the ball

(111)  Velocity of the ball

Solution
k =400 Nm™, »=120-80=40cm=0.4m, x =100-80=20cm=0.2m

Unstretched spring

spring stretched to 120em

iy

when oscillating

(1) Kinetic energy = %mwz (r2—x2) but w?=—
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>K.e= %k(rz —x2) =1 %400 x (0.42 — 0.22) = 24 Joules

2
(i)  Potential energy = %mwzxz but w? = i
= P.e = ~kx? =2 x 400 x 0.2% = 8 Joules
(iii) Kinetic energy = %mvz
=24 = = X = X p?
2 100
~ v =15.49ms!

Trial questions

1. A light spring is suspended from a rigid support and its free end carries a mass of 0.40 kg
which produces an extension of 0.060m on the spring. The mass is slightly pulled down an
additional 0.060m and released, such that the mass oscillates with simple harmonic
motion. Calculate the kinetic energy of the mass as it passes through the midpoint of its
motion. [Ans : 0.127 ]

2. Two springs each of spring constants 200Nm™ and 100Nm respectively are suspended
side by side on a rigid support. A mass of 2.0kg is suspended as shown below

&

-

Calculate the:

(1) Extension produced

(1)  Tension in each spring

(111)  Energy stored in the springs

(iv)  Frequency of the small oscillations that would result when the mass 1s given a small
vertical displacement. [Ans: e =6.52 X 102m, T1=13.08N, T, =6.54N, Energy =
1.283 Joules, f=1.95Hz ]
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TYPES OF OSCILLATIONS
. Free oscillations
These are oscillations which occur in absence of any dissipative forces such as air resistance,
friction, e.t.c.
The system oscillates indefinitely and its energy remains constant, implying that no energy is lost
to the surrounding. The amplitude of the oscillations also remains constant.

M\ / \ /\

A
\

|V

e Damped oscillations
These are oscillations in which the oscillating system loses energy to the surrounding due to
dissipative forces such as friction, air resistance, e.t.c. The amplitude of the oscillation decreases
with time.
Damped oscillations can further be categorized into three situations:

(1) Slightly damped (under damped motion)
This is when the system’s oscillations are of decreasing amplitude

EJ\
o o \/ :;\/ .
‘»

E
&
a
(11) Heavily damped (over damped motion)
For this case, no oscillations occur, and the system returns very slowly to its
equilibrium position.
N ’
g

:
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(111)  Critically damped
For critically damped motion, the time taken for the displacement to become zero is minimum 1i.e
the time is approximately iT = E This type of motion is applied in pointer instruments such as

moving coil galvanometer, voltmeter e.t.c. This ensures that the pointer takes as little time as
possible to settle at the equilibrium position, such that a reading can be taken. For such

instruments, the damping is provided by electromagnetic forces.
h

Displacement

time

-
2w

. Forced oscillations
These are oscillations where the system is subjected to an external periodic force, so as to set it
oscillating for the required time.
Due to damping, free oscillations eventually die out. If it is required that the motion of the system
remains, then an external periodic force must be supplied to the system.
When the applied periodic force has the same frequency of oscillation as the system, the system
absorbs a maximum amount of energy. This is called resonance.

Trial questions
1. A light elastic string hangs vertically with its upper fixed end and a body attached to its lower
end. The body rests initially in equilibrium with the string stretched Scm beyond its
unstretched length. The body is pulled down a further distance of 10cm and released from

rest. Show that the period of the ensuring motion is given by: T = 2—11 [27{ + 3\/§]S

2. A particle describes simple harmonic motion about a point O as centre, and the amplitude of
the motion is @ metres. Given that the period of the motion is E seconds and that the
maximum speed of the particle is 16ms™, find ;
(1) The speed of the particle at a point a distance of %a from O

(1)  The time taken to travel directly from O to the point in (1) above
[Ans: v=13,86ms’,7=6.5X 10725
3. A particle P describes simple harmonic motion, making three complete oscillations per
second. At a certain instant is at the point O and is moving at its maximum speed of Sms™.
(1) Find the speed of P 0.05 seconds after it passes through O,
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(11)  If after passing through O, P first comes to instantaneous rest at a point A, find the
average speed of P as it moves from O to A.
[Ans: (1) 2.94 ms? (i) 3.18ms™ ]
A particle 1s released from rest at a point A at a time 7= 0 and performs SHM about a mean
position B. The particle just returns to A during each oscillation. Given that AB = 2v/2m, and

that the particle passes through B with a speed of mv/2 ms™, find the value of t when the

particle is first travelling with a speed of m ms™. How far from B is the particle then?

[Ans: t=0.5s, x =2m ]

The effect of waves on an empty oil drum floating in a sea is to make it bob up and down

with SHM. If the drum encounters 20 waves per minute and for each wave the vertical

distance from peak to trough is 80 cm, find the amplitude and period of the motion and the

maximum speed of the drum. [ Ans: 40cm ,3s, 0.84ms™ ]

A horizontal spring of force constant 200Nm™ fixed at one end has a mass of 2kg attached to

one end has a mass of 2kg attached to the free end and resting on the smooth horizontal

surface. The mass is pulled through a distance of 4.0 cm and released.

Calculate the:

(1) Angular speed

(1)  Maximum velocity attained by the vibrating body

(111)  Acceleration when the body 1s half way towards the centre from its initial position.
[Ans: (i) 10rad s (ii) 0.4 ms' (iii) 2ms? ]

A particle executing simple harmonic motion vibrates in a straight line. Given that the speeds
of the particle are 4 ms™ and 2 ms™ when the particle is 3cm and 6¢cm respectively from the
equilibrium position. Calculate the:

(1) Amplitude of oscillation

(1)  Frequency of the particle [Ans: (1) 6.7 x 10~2m (ii) 10.68 Hz ]

A body of mass 1kg moving with simple harmonic motion has speeds of 5 ms™ and 3 ms™!
when it 1s at distances of 0.10m and 0.20 m respectively from its equilibrium position. Find
the amplitude of the motion [ Ans: 0.24 m |

A mass of 1.0 kg 1s hung from two springs S: and S; connected in series and connected to the
ceiling. The force constants of the springs are 100Nm™ and 200Nm™ respectively. Find the

(1) Extension produced by the combination
(1)  Frequency of oscillation of the mass if it is pulled downwards through a small
distance and released [Ans: 0.098m, 0.1472m, 1.3 Hz ]

A piston in the car engine performs simple harmonic motion of frequency 12.5Hz. If the
mass of the piston is 0.5kg and its amplitude of vibration is 45mm, Find the maximum force
on the piston [Ans: 138.79N ]
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CHAPTER 13: THERMOMETRY

THERMOMETRIC SUBSTANCES
A thermometric substance is a substance which has a property of changing with change in
temperature.

Examples of thermometric substances
Resistance of a wire.
E.m.f of a thermocouple.
Length of a liquid column.
Pressure of a fixed mass of a gas.

Volume of a fixed mass of a gas.

Y V. ¥V ¥V V¥V V¥V

Wavelength of radiant electromagnetic waves.

Properties of a thermometric substance
» It should change appreciably with temperature.
» It should change linearly with temperature.

» It should be measured over a wide temperature range.

TEMPERATURE SCALES
Temperature is the degree of hotness or coldness of a substance. Temperature scale is defined by
two fixed points. That is, the upper and the lower fixed points.
For a Celsius scale, the ice point (0°C) is the lower fixed point while the steam point (100°C) is
the upper fixed point. By definition, fixed points are the two standard degrees of hotness chosen
when establishing a temperature scale.
For a thermodynamic scale (Kelvin or absolute scale), the absolute zero point (0 K or -273°C) 1s
the lower fixed point while the triple point of water (273.16K or 0.16°C) is the upper fixed point.
By definition, triple point of water is the unique temperature where all the three states of water

(pure water, pure melting ice, and pure saturated vapor) co-exist in equilibrium.

Requirements for establishing a temperature scale
» Thermometric property,
» Value of the property at fixed points,

» Fundamental interval between the fixed points.
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» Fixed points.
Steps taken to establish a Celsius scale
A thermometric property, X is selected. The value of the thermometric property, Xioo0 at steam
point is obtained. The value of the thermometric property, Xo at ice point is also obtained. More
so, the value of the thermometric property X4 at the unknown temperature 8 is obtained. A graph

of the thermometric property reading against temperature is plotted and is a straight line graph as

shown below.

100 /”C

0 f ———+Temperature/°C

For a straight line, the unknown temperature 6 can be obtained as follows
(Slope AB) = (slope AC)
BD CE
AD ~ AE
Xo—Xo X100 —Xo
(6 —0)  (100-0)
(100 — 0)(Xg — Xo) = (8 — 0)(X100 — Xo)
(100)(Xg — Xo) = 0(X100 — Xo)

g = [LX"O] x 100°C

100X
Steps taken to establish a thermodynamic scale
A thermometric property, X is selected. The value of the thermometric property, Xt at triple point

of water is obtained. Also, the value of the thermometric property Xr at the unknown temperature

T 1s obtained. The unknown temperature T is then obtained from

T = (j—:") x 273.16K
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Disagreements between scales
Scales of temperatures based on different thermometric properties may not agree because
different thermometric properties depend differently on temperature. However, they may
give approximately the same readings near the fixed points because thermometers are
calibrated to give the same reading at fixed points.
Another reason for the disagreements between temperature scales is that the sources of

error vary with the type of thermometer being used.

LIQUID IN GLASS THERMOMETERS
Thermometric property is length of the liquid column. The most common type of this
thermometer 1s mercury in glass thermometer where the thermometric property is the
length of the mercury column.
If /s 1s the length of the mercury column at 8 in °C.
Ip 1s the length of the mercury column at a 0°C.
l100 18 the length of the mercury column at a 100°C

—[le-lo 0

9= [lm_lo] x100°C
‘Why mercury is preferred in Liquid in glass thermometers

e It's opaque hence easily seen,

e It doesn't wet the glass walils,

e It's a good conductor. Therefore, it can rapidly take up the temperature of the

surroundings.

Advantages of mercury in glass thermometers
It's easy and cheap to produce,
It's portable,
It's opaque,

It doesn't wet the glass.

Y V. ¥V V¥V V¥

Temperature 1s directly read from the thermometer,
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Disadvantages of Liquid in glass thermometers
» It's not accurate,
» Its sensitivity is low at low temperature. Therefore, it's not easy to notice

temperature changes at low temperatures.

Why Liquid in glass thermometers are not used for accurate work
Though they are simple to use and cheap to buy, liquid in glass thermometers can't be used to
produce accurate work. Below are some of the reasons why.

» It has a non-uniform bore which limits accuracy.

v

The glass expands and contracts and can therefore take a long time to reach its correct size

and therefore spoils calibration,

v

Parallax errors prevent the scale from being read accurately,

v

The accuracy of the calibration depends on whether the thermometer is upright or not and

on how much the stem is exposed.

CONSTANT VOLUME GAS THERMOMETERS
The thermometric property used is pressure of a fixed mass of a gas.

Graduated

Differendcs in

Bulb conlaining
gas e.g. hefium,

Definition of a Celsius scale using a constant volume gas thermometer
The bulb is immersed in ice-water mixture. Time 1s allowed for the gas inside the bulb to come to
the temperature of the bath. The open tube is then moved either upwards or downwards such that

the level of the mercury in the closed tube reaches the reference mark. The difference in the
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levels of mercury, ho 1s measured using a graduated scale. If Py is the pressure at ice point, then
Po= (ho + H).

The bulb is then transferred to the steam bath at 1 atmosphere (standard atmospheric pressure).
The procedure is repeated and the difference in the levels of mercury hioo noted. If P1oo 1s the
pressure at 100°C (steam point), then P;oq = (hyoo + H). The bulb is then transferred to a bath of
temperature, 8. The procedure is repeated and the difference in the levels of mercury he noted. If

Py 1s the pressure at 6°C, then Pe= (hs + H). The unknown temperature

Pg—Py

g = [ ]xlOOOC

100 Po

Definition of a thermodynamic scale using a constant volume gas thermometer
The bulb is immersed in a bath maintained at triple point of water. Time is allowed for the gas
inside the bulb to come to the temperature of the bath.
The open tube is then moved either upwards or downwards such that the level of the mercury in
the closed tube reaches the reference mark. The difference in the levels of mercury, ho 1s
measured using a graduated scale. If Py 1s the pressure at triple point of water, then
Pt = (he + H).
The bulb is then transferred to a bath at a temperature, T. The procedure is repeated and the
difference in the levels of mercury, hr noted. If Pr is the pressure at a temperature T, then

Pr=(hr + H). The unknown temperature

T = (P—T x 273.16K
Per

Advantages of constant volume gas thermometer
» It can be used over a wide range of temperatures (270°to 1500°C).
» It's very accurate. Therefore, it can be used as a standard to calibrate other thermometers.

» It's very sensitive. Therefore, it can be used to measure very low temperatures.

Disadvantages of a constant volume gas thermometer
» It's bulky and cumbersome to operate. Therefore, one has to be careful while operating it.
» It's slow to respond to temperature changes. Therefore, it can't be used to measure rapidly
changing temperatures.

» It can't be used to measure temperature at a point.

227

—
S’



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

» It doesn't give direct readings.

Sources of errors in a constant volume gas thermometer

» The bulb expands. The thermal expansion of the bulb changes the volume of the gas
which must be constant. This gives rise to errors,

» The air is not an ideal gas. The temperature of the gas in the dead space is not the same as
that in the bulb. So, the temperature of the gas may not be uniform,

» Capillary effects at the mercury surfaces. The meniscus is convex upwards.

The three corrections that need to be made in a constant volume gas thermometer

» The bulb must be made of hard glass (e.g. Pyrex) to limit thermal expansion.
» The dead space should be made narrow.

» The manometer tube should be narrowed.

NOTE:

(1). The advantage of using gases in thermometers is because all gases have the same coefficient of
expansion as long as the gas pressure is low.

(2). Constant pressure thermometers are rarely used compared to constant volume gas
thermometers. This is because in constant pressure thermometers, the changes in gas volume are
usually too large that it's only convenient to use constant volume gas thermometers.

(3). Constant volume gas thermometers are used to calibrate Dl-ier thermometers for scientific
work all over the world. This is because if the density of the gas is sufficiently low, all gas
temperatures will yield exactly the same temperature thus making them very accurate and
therefore used to calibrate other thermometers.

(4). A liquid in glass thermometer can be adjusted to a constant volume gas thermometer by

suitably adjusting the degrees on the glass.

—
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PLATINUM RESISTANCE THERMOMETERS

The thermometric property used is resistance of a platinum wire.

| |
| !
Fy R

©

5
"\
Thick copper leads Dumy leads.
L r
Platmum -
reslstance wire, Ry - ||
-+ - Silica tuba
- o (glass).

Definition of a Celsius scale using a platinum resistance thermometer
Resistance R; i1s made equal to R». The resistance of the dummy leads r is equal to the
resistance of the copper leads r. The resistance Rs of S 1s adjusted until no current flows

through the galvanometer G. At balance,

R1 _ (Rg+r)
Ry (Rs+7)

since R; = Ro, then Re = R;
The silica tube is immersed in ice-water mixture and the resistance Ry is measured at ice-point.
The tube 1s then immersed in a steam and the resistance Rigo at steam point is measured. The tube
1s now brought into contact with the body of unknown temperature 6 and the resistance Re at

that temperature 1s measured. The unknown temperature

g = [M] x100°C

100—Ro

Definition of the thermodynamic scale using a platinum resistance thermometer
Resistance R11s made equal to R». The resistance of the dummy leads r is equal to the resistance of
the copper leads r. The resistance R of S is adjusted until no current flows through the

galvanometer G. At balance,

Ry _ (Rr+1)
Ry  (Rst+1)

since R1 = Ro, then Rt = R;

The silica tube is immersed in bath maintained at triple point of water and the resistance R 1s

—
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measured at triple point of water. The tube 1s now brought into contact with the body of
unknown temperature T and the resistance Rr at that temperature 1s measured. The unknown

temperature

T = (5—;) x 273.16K

Properties of materials used in platinum resistance thermometers
» The resistance should vary linearly with temperature.
» The material of the wire chosen should have a high temperature coefficient of resistance

such that there's a measurable change in resistance.

Advantages of a platinum resistance thermometer

» It can be used to measure small steady temperature differences

v

It's used over a wide temperature range (-2000°C to -1200°C).
» It's very accurate but not as a constant volume gas thermometer.

» 1It's less cumbersome than a constant volume gas thermometer.

Disadvantages of a platinum resistance thermometer

» It can't be used to measure rapidly changing temperatures,

» It can't measure temperatures at a point due to the large size of silica tube.

THERMOCOUPLE (THERMOELECTRIC) THERMOMETERS

The thermometric property used is e.m.f of a thermocouple.

Need for calibration of a thermocouple thermometer

When two different metals are in contact, an e.m.f is set up at the point of contact and the
magnitude of this e.m.f depends on the temperature at the junction of the two metals. However,
this arrangement gives a less accurate value of e.m.f. Therefore, for greater accuracy, calibration
1s done by adding a second junction which is kept in an ice-water mixture at 0°C and the hot

junction acts as the temperature measuring junction.
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Calibration of a thermocouple thermometer.

High sensitive d.c
milli-voltmeter.

S

Iron.
R\/E f{?—(;:nppar.
' ",
Hot Cold
junction. junction

The e.m.f at the cold junction is always the same and the meter is adjusted to allow for this
e.m.f. The hot junction is brought into contact with a hot substance and the reading E on the
meter noted.

The temperature 6 of the test substance is then obtained using a constant volume gas thermometer
defined for a Celsius scale and the value of this temperature 1s noted.

The procedure is repeated for different hot substances and for each substance under test, the
value of temperature 6 in °C and e.m.f E in volts is noted.

The results are tabulated and a graph of e.m.f E against temperature 6 is plotted. This graph

constitutes the calibration curve and is as follows.

EvV
/ ”~ H '\\ \
/ "\
I’J \‘
, \
H \ acc
0 Neutral \
point.

If the cold junction is at 0°C, the value of e m.f E as a function of 6 is given by
E =af + b&*

Where a and b are constants whose values depend on the type of the two metals used.

Definition of the Celsius scale using a thermocouple thermometer

Eg—Ey

g = [ ]xlOOOC

E100—Ep
Where Ejsis the e.m.f of the substance at a temperature 6 in °C.

Eo 18 the e.m.f of the substance at a 0°C.
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Eigo1s the e.m.f of the substance at a 100°C.

Definition of the thermodynamic scale using a thermocouple thermometer
T = (L) x 273.16K
Etr

Where Eris the e.m.f of the substance at a temperature T in kelvin.

E 1s the e.m.f of the substance at triple point of water.

Advantages of thermocouple thermometers over platinum resistance thermometers
» Thermocouples have a wider temperature range [(-200°C to -1600°C) for thermocouple
and (2000°C to -1200°C) for resistance thermometers],
» Thermocouples can be used to measure temperatures at a point.

» Thermocouples can be used to measure temperatures at a point.

Advantages of thermocouple thermometers over constant volume gas thermometers
» Thermocouples have a wider temperature range /(-200° C to -1600°C) for thermocouple
and (270° to 1500°C) for constant volume gas thermometer]
» Thermocouples can be used to measure temperatures at a point,
» Thermocouples can be used to measure temperatures at a point,

» Thermocouples are easy to construct hence cheap.

WORKED EXAMPLES
1. The mercury length is Scm at ice point and 20cm at steam point. What is the temperature if
the mercury length is 8cm.
Solution

l, = 5cm, lipo = 20cm, lg =8cm, 6 =?

0 = [ﬂ] %100°C

lico—lo
6 = [==| x100°C = 20°C
20-5
2. The pressure of a gas at constant volume gas thermometer at Kelvin temperature T is
4.8 x 10*'Nm™. Calculate the temperature T if the pressure at triple point of water is 4.2 x

10°Nm™~ .
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Solution

Pr=48X 10°Nm2,Py = 4.2 x 10°'Nm?2, T=2
0 = [ ] X 273.16K

_ [4.8X10
~ la2x104

] x 273.16K =312.2K

3. The resistance of a certain platinum resistance thermometer is found to be 2.56Q at 0°C,

3.56 Q at 100°C, and 6. 78 Q) at 444.5°C; the boiling point of sulphur on the gas scale.

(1) Calculate the boiling point of sulphur on the platinum resistance thermometer.

(11) The thermometer 1s immersed in a given liquid and its resistance is observed to be 5.05Q,
Determine the temperature of the liquid on the platinum resistance thermometer.

Solution
(1). Ro =2.56Q, Rio0 = 3.56QR444.5 = 6.78Q, 8 =2

g = [R““ R“] %100°C

Ripo

_ [6.78—2.56
~ lz.s6-256

(11)Ro = 2.56Q, R100 = 3.56Q, Rg=5.05Q,6="?

] % 100°C = 422°C

g = [@] x100°C

Ri00—Ro
5.05—-2.56
6=
3.56—2.56

] % 100 = 249°C

4. The resistance of a platinum wire on the platinum resistance thermometer is 2.00 ( at ice
point and 2.73 ) at steam point. What is the temperature when the resistance of the wire is
8.43 (O? Solution

Ro=2Q,R100=2.73Q,R6=843Q, 6="2

g = [@] x100°C

100—Ro

0 = [‘“3‘2] %100°C = 880.8°C
2.73-2

5. The table shows the values of resistance and pressure read from a platinum resistance
thermometer and constant volume gas thermometer respectively; at steam point, ice point,

and at an unknown temperature 6.
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Type of Steam point Ice point Unknown Temperature
thermometer B

Platinum resistance |75 Q 63 Q 64.992Q

thermometer

Constant volume 1.1x 10°Nm=2 |8 x 10*Nm™ 8.51 x 10*Nm™

gas thermometer

Determine the value of 6 on the platinum resistance thermometer and constant volume gas
thermometer and account for the difference in the value of 6.
Solution:
For the platinum resistance thermometer
Ro=63Q, Rioo =75Q, Re =64.992Q. 6 =72

Rg—Ro

0 :[ ]xlOOOC

100~ Ro

0 = [M] x100°C = 16.6°C
75—63

For the constant volume gas thermometer

Po=8x 10*Nm?, Pioo=1.1x10° Nm?, P4=8.51x10* Nm?2,6="2?

g = [ﬂ] %100°C

P1oo0—Po

4_ 4
_ [8.51><1i} 8X10 ] % 100 = 17.0°C

~ lasx10*—8x104

The difference in the value of 6 for platinum resistance thermometer and constant volume
gas thermometer is because they have different thermometric properties which vary

differently with temperature.

6. A resistance R of a platinum resistance thermometer is given by
Ro = Ro( 1+ aB + b6°) wherea = 1.3x 10°K!, b=1.33x10°K!
Ro 1s the resistance at 0°C. Calculate the temperature of the thermometer when the temperature on
the constant volume gas thermometer is 300°C.
Solution
From, Re =R, (1 + ab + b6?)
Rg = Ro[1+ (1.3 X 1072)0 + (1.33 x 107%)6?]
Rigo = Ro[1+ (1.3 x 107%) x 100 + (1.33 x 107°) x 100?]
Ri00 = 2.313R,
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Raoo = Ro[1 + (1.3 X 1072) x 300 + (1.33 X 107) x 300?]

R300 = 5.02R,
g = [M] x100°C
100—Ro
_ [S.OZRD—RD
~ [2.313Ry—R,

0 = 306.2°C

_ [ Ro(5.02—-1)
] X100 = [RD(2.313—1)

x 100

TRIAL QUESTIONS

1. The resistance of a platinum resistance wire is 2Q at the ice point and 2.73Q at steam point.

What temperature on this thermometer corresponds to a resistance of 8.43Q7?
[Ans: 881°C ]

2. A constant mass of a gas at constant pressure has volume of 200cm? at a temperature of pure
melting ice and 273.2cm? at the temperature of boiling water at standard pressure. Calculate
the temperature which corresponds to 525.1cm’ in the same thermometer.

[Ans: 444.13K |

3. The pressure recorded by a constant volume gas thermometer at Kelvin temperature T 1s 4.8 x

10 # Nm. Calculate T if the pressure at triple point of water is 4.24x10% Nm™
[Ans: 312.18K ]

4. The resistance Ry of platinum wire at temperature 6°C measured on gas scale is given by,

Ro=Ro =R, (1 +ab + b&#) where a = 3.8 x 10> and b = -5.6 x 10~". What temperatures will

the platinum thermometer indicate when the temperature on the gas scale is 200°C?

[Ans: 197.01°C ]

5. The resistance Rs of platinum wire at temperature 8°C measured on scale of mercury

thermometer 1s given by,

Rg = Rp(1+ ab + bH?),wherea = 446 x 103 and b = 1.8 x 107°

Find the value of the temperature obtained from the thermometer when mercury thermometer

reads 430°C. Comment on the two thermometers. [Ans: 450°C ]

6. The volume V3 of a fixed mass of mercury at temperature 8°C measured on a perfect gas

scale is given by, Vg = V,(1 + a@ + b6?).where a = 1.818 x 10 *and = 0.8 x 1078

Calculate the temperature expected on the mercury thermometer when the temperature on the

gas scale 1s 40°C. [Ans: 0.399 |
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CHAPTER 14: CALORIMETRY
HEAT AND HEAT CAPACITIES
Heat capacity (C)
This 1s the quantity of heat required to raise the temperature of a substance by one

Kelvin. S.I unit is joules per Kelvin (JK~1)

Specific heat capacity (¢)
This 1s the quantity of heat required to raise the temperature of a 1kg mass of a substance
by IK. S.I unit is joules per kilogram per Kelvin (Jkg K1)
Therefore the quantity of heat Q gained by a substance is given by

Q = C.A6 =mc.AO
Where m - mass of the substance, ¢ - specific heat capacity of the substances, C - heat
capacity of the substance and A@ is the change in temperature. Thus, specific heat

capacity

= _Q_
m.A@

And heat capacity, C=mc

COOLING METHOD TO DETERMINE THE SPECIFIC HEAT CAPACITY OF A SOLID

The empty calorimeter and the stirrer are weighed and their combined mass m. noted.
The solid whose specific capacity is required is also weighed and its mass m is noted. The
solid 1s tied on the string and is first placed in a beaker of boiling water. It's left there for
about ten minutes.

The calorimeter is half filled with water, weighed again and the combined mass m;
noted. The mass of water, my in the calorimeter is then calculated from my = [m; - mc].
The 1nitial temperature &; of water is obtained using the thermometer and noted. The
solid is quickly transferred from boiling water to the calorimeter. The water 1s well
stirred and the highest temperature 6, reached is noted. Let ¢y, cc and ¢ be the specific heat
capacity of water, calorimeter and solid respectively. Assuming that the water boils at 100°C

and that, there's negligible heat loss to the surrounding
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( heat lost ) _ (heat gained) (heat gained by )
by the solid) — \ by water the calorimeter

my, ¢y (6, — 61) + mec (6, —6;) = mc(100 — 6,)
(mycy + mece) (6, —6;) = me(100 — 6,)

_ (mew+mCCc)(92 — 0,
€= | m(100 — 6,) ]

ELECTRICAL METHOD TO DETERMINE SPECIFIC HEAT CAPACITY OF SOLID

This method is suitable for good conductors of heat such as metals.

Ny
s Thermomatar
K _" :

e ro— =

[
Elsctrical
heater. — || A Solid.
{ | insulation.
|—-u..l-_ S ~——
Drilled hodes.

Two holes are drilled into the solid; one for the heater and the other for the thermometer. The
solid 1s weighed and its mass, m 1s obtained. The solid is then surrounded by an insulator. The
heater and the thermometers are placed in their respective holes. Switch K is closed and the
ammeter reading, I and voltmeter reading, V are adjusted to reasonable values using a rheostat R.
Switch K is then opened and the initial temperature 84 noted. Switch K is again closed and the
stop clock immediately started. The ammeter and voltmeter readings are noted. After sometime,
switch K is opened and the time, t is noted from the stop clock. The highest temperature 8, is
noted when K is opened.
Assuming there's no heat loss,

(Chemical energy converted into heat) = (heat gained by the solid)

IVt =mc(6, —6,)

_[ vt ]
€= m(92_91

Where c is the specific heat capacity of the solid.
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Precautions to reduce heat losses

» There should be thermal contact between the thermometer and the drilled hole. This is
achieved by adding a small amount of oil in the hole for the thermometer before inserting
the thermometer.

» The solid 1s covered by felt jacket to reduce heat loss by conduction.

» The metal block is polished to reduce heat loss by radiation.

NOTE: Despite these precautions, some heat is still lost to the surrounding therefore this

method is not very accurate. Sources of errors in the above experiment

L Some heat energy is used to raise the temperature of the heater and the thermometer.

1. The insulator also absorbs some heat. Assumption made

It's assumed that the heat lost to the surrounding is negligible.

CONTINUOUS FLOW METHOD TO DETERMINE THE SPECIFIC HEAT
CAPACITY OF A LIQUID

The set up 1s as below. T1 and T» are thermometers. The liquid whose specific heat capacity is
required is continuously passed through the apparatus at a constant rate. The heater heats the
liquid until steady state conditions are reached. That is, the inflow temperature 81, and outflow
temperature 6, are constant.

Jap T . Constant hea
Sl —

At this moment, no heat is taken into the apparatus and therefore all the heat supplied
raises the temperature of the liquid. Temperatures 6, and 6 are read from the thermometers
T1 and T, respectively and noted.

The values of the current I, and voltage 7; in the circuit are read from the ammeter A and

voltmeter V respectively and noted. The mass m; of the liquid which flows per second is
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also found. Therefore

power rate of heat power lost
( supplied ) = | gainedby |+ ( to the )
by the heater the liquid surrounding
LV,_-myc(6,— 6;)+ H........ (1)
To eliminate the power lost to the surrounding H; the experiment is repeated for a
different flow rate m; at the same steady temperatures 6; and 6 . The new values of current
1> and voltage V»are noted. Similarly
1oV =myc(0, —601) + H oo e e e (2)
Subtracting equation (1) from (2) gives
LV, — LV, = (myc(6, — 6,) + H) — (mc(6, —6,) + H)
LV - LV, = c(my, —my) (6, — 6,)

_ (IL,V,— 11V
€= [(mz—mﬂ (6- elJ]

Where c is the specific heat capacity of the liquid.

Advantages of continuous flow method

> The specific heat capacity of the apparatus is not required since the apparatus doesn't
absorb heat at steady state conditions.

> The method 1s very accurate since errors due to heat lost to the surrounding are
eliminated by repeating the experiment.

> The inflow and outflow temperatures are set at steady state conditions and therefore can

be measured accurately at leisure.

Advantages of continuous flow method
» Itrequires a test liquid to be available in large quantities.

» It's used for measuring the specific heat capacity of liquids only and not solids.

COOLING METHOD TO DETERMINE THE SPECIFIC HEAT CAPACITY OF A LIQUID
An empty calorimeter is weighed and then filled with a known volume of hot water. The
calorimeter is placed on an insulating stand and water is well stirred using a thermometer. The
temperature of the hot water is read and noted every half a minute. A graph of temperature

against time 1s plotted. The calorimeter and water are weighed and their masses my and m
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respectively are noted. The water is poured away and the calorimeter is thoroughly dried.

An equal volume of the liquid is heated, poured into the calorimeter and placed on an insulating
stand near an open window. The liquid is well stirred using a thermometer and the temperature
of the liquid is read and noted every half a minute. The calorimeter and the liquid are weighed

and the mass of the liquid m is calculated. A graph of temperature against time 1s plotted on the

sSame axes.

Let Cw C. and C be the specific heat capacity of water, calorimeter and solid respectively. Consider a
temperature fall from 6 to 6, in both experiments. By Newton's law of cooling,

( rate of heat loss ) _ ( rate of heat loss )
with temperature experiment) ~ \with liquid experiment

mew(91—92)+mcCc(91—92)]: [mc(91—82)+ mcCc(ﬂl—Bz)]

g iz

[(mwcw+m;1cc)(81—92)] _ (mc+::ccc)]

c= [tz(mwcw+mccc) _ (m‘.:c‘.:)
mty m

Where c is the specific heat capacity of the liquid.

HEAT LOSSES IN CALORIMETRY
Heat losses in calorimetry include:
» Heat loss by radiation,
» Heat loss by convection,

» Heat loss by conduction.
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Precautions taken to minimize heat losses in calorimetry

Y!y

Using highly polished surfaces to reduce heat loss by radiation.

Y!y

Using a lid to minimize heat loss by convection.

Y!y

Lagging the calorimeter with an insulating material to reduce heat loss by

conduction,

Y!y

Surrounding the calorimeter with vacuum to reduce heat loss by convection and

conduction.

NOTE: Despite all these precautions, heat losses can't be eliminated because even the best
insulator has some conductivity. Therefore, for great accuracy, a cooling correction is made to

cater for the heat lost to the surrounding during the heating process.

COOLING CORRECTION
Cooling correction is defined as the number of degrees Celsius that should be added to the
observed maximum temperature of mixtures to cater for the for heat losses during temperature
rise. Cooling correction can also be defined as the extra temperature difference to be added to
the observed maximum temperature of the mixture to make up for the heat losses to the

surrounding during heating.

Estimating cooling correction in determination of specific heat capacity of a poor conductor of
heat by method of mixtures

A substance is heated in boiling water for about 10 minutes and then quickly transferred to
cold water in a calorimeter and the stop clock started.

Water 1s well stirred and the temperature is recorded after every half a minute. After attaining
the highest temperature, continue recording for a time equal to that taken to reach the highest
temperature.

Suppose that in an experiment, the temperature against time graph looks like the one shown in
figure that follows with the experimental curve containing observed values and theoretical

curve containing value that would have been obtained without heat losses.
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) curve.

curve.

'Em—

By

A vertical line YN is drawn through the peak Y. ensuring that ON~NM, another vertical
line RM 1is drawn. A horizontal line ZKL is drawn through the room temperature 6z.
Area A; of ZKY and area A> of YKLR are found by counting small squares on the graph

paper. Therefore

4 _ 4
AQ T A,

— 4
AP = Azx AQ

AP 1s the cooling correction.

NEWTON'S LAW OF COOLING
Newton's law of cooling states that the rate of heat loss by a body is directly proportional
to its excess temperature over that of the surrounding under conditions of forced

convections of air. That is
aQ
Where 6 is the temperature of the body at a time ¢
Bz is the room temperature (temperature of the surrounding)

O i1s the quantity of heat.
If % 1s the constant of proportionality, then

dQ_
= =k (0 6y)

k depends on the material of the body and it's only true for a large excess temperature (6 — 6g).

The negative sign is introduced in the equation since temperature is falling and heat is being lost.
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Experiment to verify Newton's law of cooling
Stirer.

Insulator.

_—Thermometer.

nsulator.

Water in the calorimeter is heated to boiling point. The calorimeter is placed on an insulator
and then subjected to a stream of air from a nearby window such that the water begins to cool.
The temperature of water is recorded at suitable time intervals and a graph of temperature
against time 1s plotted.

Temperature/*C

By is the room
temperature.

= Time

At different temperatures 6, the slope of the graph is determined and the corresponding excess

temperature calculated. That is, at a temperature 6,
a
(slope) = (3) = (rate of temperature fall),and

(excess temperature) = ( 6; — Og)
A graph of temperature fall against excess temperature is plotted. A straight line is obtained
implying that the rate of temperature fall is proportional to excess temperature which verifies
Newton's law of cooling.

Temperature
fall

. Excass
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LATENT HEAT AND SPECIFIC LATENT HEAT
Latent heat
The heat that a body absorbs in melting, evaporating or sublimating and gives out in freezing
or condensing is called latent heat. This is because it doesn't cause change in temperature of the
body despite causing the change in state. S.I unit is joules (J)
Therefore, the latent heat Q gained of a body is given by

Q = ml

Where m = mass of the substance, / = specific latent heat of the body
Specific latent heat of fusion
This 1s the quantity of heat required to change a 1kg mass of a substance from solid state to

liquid state without change in temperature.

Specific latent heat of vaporization
This is the quantity of heat required to change a 1kg mass of a substance from liquid state to

gaseous state without change in temperature.

EXPERIMENT TO DETERMINE THE SPECIFIC LATENT HEAT OF FUSION OF
ICE BY METHOD OF MIXTURES
The empty calorimeter and stirrer are weighed. Let m. be the mass of the calorimeter and
stirrer. Water is poured into the calorimeter and the calorimeter is weighed again with water.
Let m; be the combined mass of calorimeter and water. Therefore, the mass of water poured
into the calorimeter is given by myw = [m; - mc¢]. The water 1s warmed till the temperature 1s
about 5°C above room temperature. Let 6, be the temperature of the calorimeter and water.
Small pieces of ice are taken, dried between the filter paper and dropped into the water in the
calorimeter. The water is well stirred till the ice has melted. More pieces of ice are added and
the water 1s well stirred till the temperature of the mixture 1s 5°C below room temperature. Let
02 be the temperature of the mixture. The calorimeter and water are weighed again and the mass
of ice is obtained. Let m; be the new mass of water and calorimeter. Then, mass of ice,
m = (m2 — m;). Let ¢ and c. be the specific heat capacity of water and calorimeter
respectively. By conservation of energy,

heat gained heat gained heat lost

by + ( by ) = ( by water )

melting ice molten water and calorimeter

( ]
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mly + mc,, (6, — 0) = (my,c,, + mec.)(0; — 6,)

(mwcw + mccc)(gl - 92) - mcw92

If: m

Where /ris the specific latent heat of fusion of ice.

Advantage of this method

Cooling correction is not required since water 1s first heated 5°C above room temperature and
then cooled 5°C below room temperature.

ELECTRICAL METHOD TO DETERMINE THE SPECIFIC LATENT HEAT OF
VAPORIZATION OF A LIQUID

Heating element.

Cold water .__j || ————uiebig condenser.
flowing out. - [

— Cold water
f" - flowing In.
.

Condensed vapor.

Container.

When the circuit 1s complete, the heater will heat the liquid until steady state conditions are
reached. At steady state, all the heat supplied is used to vaporize the liquid and none is used to
heat the apparatus.

Current I and voltage V are noted and the mass m; of the condensed vapour in time, t is

. . - m
determined. The mass m of condensed vapour per second is obtained from, m = Tl

By conservation of energy,
power lost heat gained to power lost
( by the ) = (vapourise the liquid ) + ( to the )
heater per second surrounding

IV=ml+H..... (1)

S’
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The procedure is repeated for different values of / and 7 and the analysis made as above. That
18,
I'v'= Ml+H.... .. (2)
Subtracting equation (2) from (1) gives;
IV —1I'V=(ml + W) — (m'l + H)
(v —=1'V") = (m-m")l
= [

[ 1s the specific latent heat of vaporization of the liquid.

Advantages of this method
» It's a very accurate method.
» Heat loss to the surrounding is eliminated.

» The heat capacity of the apparatus is not required.

EXPERIMENT TO DETERMINE THE SPECIFIC LATENT HEAT OF
VAPORIZATION OF WATER BY METHOD OF MIXTURES

——lzam trap wessel,
Thermometer,
| T ~Calorimeler.
.L_.-"'.r - LY e 'H-._- _.-""‘l
wale, ! .T x XX
M' '.nmar.

The empty calorimeter and stirrer are weighed. Let m. be the mass of the calorimeter
and stirrer. Some water is poured into the calorimeter and the calorimeter is weighed
again with water. Let m; be the combined mass of calorimeter and water. Therefore,
the mass of water poured into the calorimeter is given by myw = [mi-mc].

The calorimeter i1s surrounded by a poor conductor of heat. The temperature 6; of

( ]
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the calorimeter and water is determined.
Water in the flask is heated till it starts boiling. The flask is then attached to the steam trap
and the outlet of the steam trap is dipped in water in a calorimeter. The steam condenses in
the water and the water 1s well stirred. After sometime, the steam trap is removed from the
water in the calorimeter. The water 1s well stirred the highest temperature 0> of the mixture
1s noted. The calorimeter is removed from the poor conductor and reweighed to find the mass
of steam. Let m> be the new mass of water and calorimeter. Then, mass of condensed steam,
m = (m>— mi). Let ¢y and c. be the specific heat capacity of water and calorimeter
respectively. By conservation of energy,
heat lost heat lost heat gained
( f:fy ) + ( by ) = ( by water )
condensing steam condensed water and calorimeter
ml + mc,, (100 —6,) = (myc,, + m.c.)(0, — 6,)
L [(mwcw +mec.)(6, —0,) — mCWQZ]

m
Where / is the specific latent heat of vaporization of water.
Assumption made

It's assumed that water boils at 100°C.

Source of error

Some steam will condense before reaching the calorimeter.

KINETIC THEORY OF LATENT HEAT
Why temperature remains constant during change of phase
During change of phase, energy supplied goes into increasing amplitude of oscillation of the
atoms. The amplitude of oscillation becomes so large that the regular arrangement of the

atoms collapses. Until the process is complete, the temperature remains constant.

Significance of latent heat in regulation of body temperature

On a hot day, when the temperature is high, a layer of moisture (sweat) is formed over the
body. Evaporation takes place at the surface of the body and the temperature of the sweat falls.
The latent heat absorbed by the sweat as it evaporates is taken from the body so reducing the

body's temperature.
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Why specific latent heat of vaporization is regarded as a molecular potential

During taking in of specific latent heat of vaporization, there's no temperature rise of the
surrounding. Therefore, all the heat 1s used to overcome the intermolecular forces of
attraction of the liquid to form the vapour where molecules are farther apart. This energy
supplied to break the intermolecular forces is the potential energy for the liquid hence specific

latent heat of vaporization is regarded as a molecular potential.

Why specific latent heat of vaporization of water is higher at 20°C than at its boiling point
(100°C)

The intermolecular forces of attraction between water molecules are higher at 20°C than at its
boiling point. This is because at boiling point, water molecules have a higher mean speed and
spend less time in the vicinity of each other. Therefore, the energy required to overcome

attractive forces between molecules at 20°C is greater than at its boiling point.

Why specific latent heat of vaporization has a greater value than that of fusion

At melting, specific latent heat of fusion is taken in by the solid to break the intermolecular
forces holding the molecules together in their fixed positions and change into liquid state. The
molecules are still closer together and experience stronger intermolecular forces of attraction
such that specific latent heat of fusion is relatively small.

However, for vaporization to occur, a large amount of energy is still required to separate the
liquid molecules and allow them to move around independently. Furthermore, some energy is
still required to enable the vapor to expand against the atmospheric pressure. The energy for
these two operations is supplied as specific latent heat of vaporization.

Thus, specific latent heat of vaporization has a greater value than specific latent heat of

fusion.

WORKED EXAMPLES
Where applicable, use the following constants
Specific heat capacity of water = 4200Jkg™? K.
Specific latent heat of fission of ice = 3.36 x10°Jkg .
Specific heat capacity of copper = 400kg™ k.
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1. A solid of mass 0.5kg and specific heart capacity of 4 x 10°Tkg'K™! at a temperature of
90°C 1is placed into a mixture of ice and 0.1kg of water contained in a vacuum flask. The
final temperature of the mixture is found to be 10°C. Calculate the mass of ice immersed
in water.

Solution
Let m be the mass of ice immersed in water
6, = 0°C,0, =90°C,0; = 10°c,m,, = 0.1kg, c;= 4x10%Jkg 1k~ 1
c=4200/kg *k~1,1 = 3.36x10°Jk 1

heat gain i1s illustrated as below;

For ice;
o0c m___ | oc mc(02 = 01),] 100¢
For water;
muwc(65 — 6,)
0°C Y | 10c

Total heat gained is given by;
Q gained = ml + mc(63 — 6;) + my,c(6; — 6;)
=(3.36 X 10°)m + 4200(10 — 0)m + 0.1 X 4200(10 — 0)

Qgained = (378 X 105)m + 4200 ... (I)
Heat gain is illustrated as below
For solid;
mscs(0, — 63)
90°C » | 10°C

Total heat lost 1s given by, Q;psr = mgcs(6, — 63)
= 0.5x4x%x10%2%x(90—-10) = 1.6 x 10%J
By conservation of energy, Q gained = Qlost

(3.78x10%)m + 4200 = 1.6x10*

__ 1.6x10%-4200
~ 3.78x10°

=3.122 x 10 2kg

2. In an experiment to determine the specific latent heat of vaporization, a current of 1A was

flowing per second with a p.d of 5V and the mass of the liquid collected in 100s was 0.8g. When

( ]
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the p.d was increased to 5.4V, the current was 2A and a mass of 3.6g of liquid was collected in
100s. Calculate:
(1) The specific latent heat of vaporization of the liquid,
(11)The rate of loss of heat to the surrounding.
Solution
Let / be the specific latent heat of vaporization of the liquid, and H be the rate of loss of heat to
the surrounding.
Considering the first experiment, I1=1A, Vi =5V
Mass of liquid collected per second

_08x1073

My = =0 = 8 x 10~ %kg/s

By conservation

power lost heat gained to rate of heat
( by the ) = ( vapourise the ) + ( lost to )

heater liquid per second the surrounding
LV; =myl+H
1x5=(8x10%I+H
H=5-(8x10"%).......... (Q)

Considering the second experiment, I> = 24, V> =54V
Mass of liquid collected per second

m = 3.6x10 3
27 100

= 3.6x10"5kg/s

By conservation, I,V, = m,l + H
2x54=3.6x10°I1+H

H=108—-(3.6x107%)1
Equating (i) and (ii) gives;
5—(8%x107%)1=10.8— (3.6 x 107°)I
[(3.6x 1079 — (8x107°)|l =10.8—5
[ =2.071 % 10°Jkg*

(11) The rate of loss of heat to the surrounding
H=10.8- (3.6 x107%)l
H=10.8—(3.6x107°)(2.071 x 10°)

H =3.344W

—
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3. In a continuous flow experiment, 3.6 x 10°m’ of the liquid flows through the apparatus in

10 minutes. When electrical power is supplied to the heating coil at rate of 44W, a steady

difference of 4K is obtained between the temperature of the out-flowing and the in-flowing

liquid. When the flow rate is increased to 4.8 x 10~ *m? of the liquid in 10 minutes, the

electrical power required to maintain the temperature difference 1s S8W. Find the

1. Specific heat capacity of the liquid,

ii. Rate of loss of heat to the surrounding, (consider the density of the liquid to be 800kgm™)
Solution

p = 800kgm™, t = 10 x 60 = 600s considering the first experiment

Pi= 44W,AO = 4K,v; = 3.6 x 10~°m?

Mass of liquid collected per second

vip 3.6 x107% x 800
t 600

( power ) rate of heat (rate of heat )
= +

=4.8x10"3kg/s

my =

supplied by gained by lost to the
the heater the liquid surrounding

44 =4x48x%x10°x10c+H
H =44 —-0.192c ()
Considering the second experiment
P>=58W, Af = 4K, v, = 4.8x1073m?3
Mass of liquid collected per second
m, = % _ 4.8><1:;Z XBOO _ 4 o 10~2kg/s
P, =m,cA6 + H
58 =4Xx64x103x10c+H
H =58 —0.256c  (ii)
Equating (1) and (i1) gives;
44 — 0.192c¢ = 58 — 0.256¢
0.064c =4
c =2188Jkg 'K !
(1) Rate of loss of heat to the surrounding
H = 58 — 0.256C

H =58 —-0.256 x 218.8

—
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H=2W

4. A 600W electric heater is used to raise the temperature of a certain mass of water from room
temperature to 80°C. Alternatively, by passing steam from the boiler into the same initial mass
of water at the same initial temperature, the same temperature rise is obtained in the same time.
If 16g of steam was being evaporated every minute in a boiler, find the specific latent heat of
vaporization of steam assuming that there were no heat losses.

Solution

Considering the boiler, mass of steam evaporated from the boiler per second

16 x 1072
m=————=2667 x 10~*kg/s
60
For steam
100°C ml > [ 1000c | MO — 04) 80°C

Lt

Total rate of heat gained when using steam from the boiler is given by,
Psteqm = ml +mc(05 — 6,)
= (2.667 X 107 + 2.667 x 10™* x 4200 x (100 — 80)
Pgteam = (2.667 X 1079 + 224 oo (D)
Considering the heater, total rate of heat gained when using the electrical heater is given by
Pheater = 600W
Since the temperature rise is the same, then, Piean = Pheater
(2.667 x 107" + 22.4 = 600
(2.667 x 10*)l = 577.6
[ =2166 x 10°Jkg™*

5. A copper calorimeter of mass 50g contains 100g of a certain liquid. The initial temperature is
20°C. A heater of negligible heat capacity is immersed in a liquid and operated at 1.5A, 7.5V
for exactly Sminutes. After this time, the temperature is recorded as 28.5°C. Subsequently, the
temperature falls steadily to reach 28°C after 2 minutes. Calculate:

(1) The corrected temperature rise.

(1) The specific heat capacity of the liquid.

—
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Solution

TempermtureC]
2B foreeremeniss

28.0 |-me e

After 5 minutes, t; =5 x 60 = 300s
A, :%xt1 X WY :§x300 x (28.5 — 20.0) = 1275

2minutes after the subsequent fall in temperature,

t2=2x60=120s

A, = [G X t, X XY) + (t, % WX)]

1
4, =5 x 120 X (28.5 - 28.0) + 120 X (28.0 — 20.0) = 990

. A
The corrected temperature rise, AP = A—l X AQ
2

1275
AP = 390 X (28.5 — 28.0) = 0.6439°C

(i) 1 = 1.54,V = 7.5V,0 = 20°C,m = 0.1kg, m. = 0.05,c. = 400Jkg 1k !
Corrected observed
) . corrected
maximum =| maximum + .
temperature rise
temperature temperature

B = 28.5 + 0.6439 = 29.1439°C

Let ¢ be the specific heat capacity of the liquid. By conservation of energy,

(heat lost ) _ (heat gained ) (heat gained by the )
by heater ) — \by the liquid copper carolimeter

IVt; = mc(Opmar — 0) + meCe(Bppar — 6)
1.5 x 7.5 x 300 = 0.1(29.1439 — 20)c + 0.05 x 400(29.1439 — 20)
0.191439¢ = 3192
¢ =3491Jkg K
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Trial Questions:

A body of mass 0.2kg at 100°C is dropped into 0.08kg of water at 15°C contained in a

calorimeter of mass 0.12kg having specific heat capacity of 400Jkg'K!. Given that the final

steady temperature reached 1s 35°C. Calculate the specific heat capacity of the body. State any

assumption made. Specific heat capacity of water = 4200 Jkg'K™! [Ans: 590.77 Jkg'K!]

2.

5.

0.2kg of iron at 100°C is dropped into 0.09kg of water at 20°C inside a calorimeter of mass

0.15kg and specific heat capacity of 800 Jkg'K™. Find the final temperature of iron assuming

heat losses are negligible. [Ans: 37.3K |

3.21g of a liquid at 60°C is mixed with 100g of water at 12.5°C which is already in the

calorimeter of mass 70g and specific heat capacity of 400Jkg'K™. Find the new temperature

of water assuming heat losses are negligible. Specific heat capacity of liquid = 400Jkg K.
[Ans: 12.64°C ]

50g of ice at 0°C 1s added to 200g of water initially at 70°C in a vacuum flask. When all the

ice has melted, the temperature of the flask and its components drops to 40°C. On adding a

further 80g of ice, the temperature of the whole becomes 10°C when all the ice has melted.

Calculate the specific latent heat effusion of ice. [Ans: 3.78 x 10 °Jkg 1]

A liquid flows at a rate of 0.15kg per minute through a tube and is heated by a heater

dissipating 25.2W of power. The inflow and outflow temperatures of the liquid are 15.2°C and

17.4°C respectively. When the rate of flow is increased to 0.2318kg per minute and power

adjusted to 37.8W.Tthe inflow and outflow temperatures are not altered. Find

(1) Specific heat capacity of the liquid,

(ii) The rate of loss of heat to the surrounding [Ans: 420.09 Jkg'K1]

In the determination of specific heat capacity of a liquid using continuous flow method, the
following readings were obtained; e.m.f= 3.05V, current = 6.55A and 0.431kg of the liquid
passes through the apparatus in 20minutes. Second experiment: e.m.f = 3.15V, current =
7.54A and 0.524kg of water pass through the apparatus in 20minutes giving the same
temperature rise as before. Use the results above to calculate the specific heat capacity of
the liquid and power lost to the surrounding. [Ans: 2420 Jkg'K* , 2.62W]

In a continuous flow experiment, a steady difference of temperature of 15°C is maintained
when the rate of liquid flow 1s 45¢g per second and the rate of electrical heating 1s 60.5W.
On reducing the liquid flow rate to 15g per second, 36.5W is required to maintain the same

temperature. Calculate the
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(1) Specific heat capacity of the liquid,

(ii) Rate of heat loss to the surrounding. [Ans: 53.3 Jkg''K?, 24.52W ]

8. When electrical power is supplied at a rate of 12.0W to a boiling liquid, 8.6 x 10~°kg of
the liquid evaporates in 30 minutes. On reducing the power to 7.0W, 5 x 10~kg of the liquid
evaporates in the same time.

(1) Calculate the specific latent heat of vaporization of the liquid,

(ii) Power lost to the surrounding. [Ans: 2.5 X 10%]kg~1,0.05W]
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Conduction is the flow of heat through matter from hotter regions to colder regions without
movement of matter as a whole.

MECHANISM OF THERMAL CONDUCTION
(a). In metals (good conductors)

When a metal is heated at one end, the atoms at the heated end gain kinetic energy and vibrate
with greater amplitude. This vibration energy is transmitted through the atomic bonds to the
neighboring atoms forming a wave that transmits energy from the end of the metal to the other
end.

The electrons at the heated end also gain energy and move faster. Since these electrons are
delocalized, they move from one end of the metal to the other transmitting energy to the rest of
the metal.

(b). In non-metals (poor conductors)

When a non-metal is heated at one end, the atoms at the heated end gain kinetic energy and
vibrate with greater amplitude. This vibrational energy is transmitted through the atomic bond
to the neighboring atoms forming a wave that transmits energy from one end of the non-metal
to the other end.

Why metals are better conductors than non-metals

In metals, heat is transmitted movement of free electrons and by inter-atomic vibrations. In
non-metals, heat is transmitted only through inter-atomic vibrations since non-metals don't
have free electrons.

Since electrons are very small and highly mobile, heat transfer due to motion of electrons is
faster than heat transfer due to interatomic vibrations. Therefore, metals are better conductors
of heat than non-metals.

TEMPERATURE DISTRIBUTION ALONG A CONDUCTOR
(a). Along an unlagged good conductor

The temperature distribution is not uniform along the conductor because of the heat lost to the
surrounding.
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100°C
AL v 4 B8 —
Heat lost to 0'C - Satarce
sorroundings from Ao B.

(b) Along a well lagged good conductor

The temperature distribution is uniform along the conductor because no heat lost to the
surrounding.

end Ato end B, from A to B.

Temperature gradient

I L I

I 1
PR
9. 0;

If 8, > 6,then;

. 0,-0
Temperature gradient = [%]

FACTORS THAT DETERMINE THE RATE OF HEAT FLOW
(1) Temperature gradient.
(1)  Cross-section area (A).
(111)  Nature of the material used (K).

Rate of heat flow is given by

aQ _ 6,-0
at KA [ 21, 1]
(@)
k= A[sfzsl

Where L 1s the thickness of the material, (8, — 6,) is the temperature difference and K is the
coefficient of thermal conductivity of a material.
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Rate of heat flow in a composite slab

Material Y. Material X.

o ¢ 1
L4 Lz

Consider a perfectly lagged bar made of two materials both of the same cross-sectional area A;
the rate of heat flowing through one material is equal to the rate of heat flowing through the
other. Therefore, if 6; and 6 are the temperatures at the ends of materials X and Y respectively
and 6 1s the temperature at the interface, it implies that if 6, > 61, then, the rate of heat flow in
material X 1s

a =lad [

0 -0, = (M)(‘;f) e (D)

Similarly, the rate of heat flow in material Y is

o

0, — 0) = (A)(‘;f O (1)

Adding the two equations gives

6—-6,)+(6,—0) = (KA)(C;S +(ﬁ)(§)

1= (@2 + &)

dQ (62—641) (iii)

=K,

dt

o~ [ )

Therefore the rate of heat flow can be calculated from equation (7ii). After, the temperature at the
interface can then be calculated from either equation (1) or (i1).

NOTE:
The expression ( ﬁ) 1s known as thermal resistance R of a material. For a composite slab made of

two materials, the total thermal resistance
= (L Lz
Reotar= [(klA) + (KZA)]

Therefore, for a composite slab made of three materials, the total resistance
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Reora = |(522) + (22) + (53]

Thus, the rate of heat flow can be calculated from

dQ _ (62-61)
() ) )

Where 68, and 6, are the temperatures at the ends of the composite.

COEFFIIENT OF THERMAL CONDUCTIVITY

From % = KA [%]

dQ
k= gdig
A
Where K 1s the thermal conductivity of the given material. Thus, thermal conductivity is defined as
the rate of heat of heat flow through a material per unit cross-sectional area per unit temperature

gradient. S.I unit is Wm 1K 1.

SEARLE'S METHOD TO DETERMINE THE COEFFICIENT OF THERMAL
CONDUCTIVITY OF A METAL ROD (GOOD CONDUCTOR)

Steam | “__x ] X
" PHEY

2
The length 7 and diameter d of the rod i1s measured. Its cross-sectional area 4 = (%) 18

determined. A copper tube carrying running water is wound around end B of the rod. The bar 1s
well lagged and the four thermometers put in place as indicated set up above.

Steam is passed through the steam chest and left to run until steady state conditions are achieved
where the temperatures 01, 6>, 65 and 6,4 are steady and all the heat supplied by the steam is being
taken by running water.
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The water flowing in a spiral copper tube is collected in a time 7. The temperatures 61 , 8., 63 and
04 are noted. Let m be the mass of water collected in time 7 and ¢ be the specific heat capacity of
water. Therefore,

(rate of heat fIOW) _ (?‘ate of heat gained )
in the metal rod / by the water

KA [91;92] _ mc(es—eg

K= ( At ) 91—92)
Where K coefficient of thermal conductivity of the metal rod Why this method is suitable for
good conductors

Why this method is suitable for good conductors

> It requires a measurable rate of heat flow which can be achieved from a good conductor,

v

It also requires a steep temperature which can only be got if it's a good conductor.

Precautions taken when measuring thermal conductivity of a metal

> The material must have a uniform cross-sectional area.

> The metal rod should be properly/completely lagged,

> The length of the metal rod must be made long compared with its diameter so that a
measurable temperature gradient is obtained,

> The two holes for the thermometers must be filled with mercury or oil to ensure thermal
contact between the thermometers and the metal rod.

> The surface of the metal rod must be polished to minimize radiation losses,

> The rate of heating should be constant.

LEE'S DISC METHOD TO DETERMINE THE COEFFICIENT OF THERMAL
CONDUCTIVITY OF POOR CONDUCTOR

The disc of thickness L is measured and the cross-sectional area A is also determined. The mass m
and the specific heat capacity ¢ of the base must be known or measured. The steam 1s sandwiched
between the steam chest and the base. The apparatus is then tied on the string and suspended near
an open window. Steam is passed into the steam chest until the temperatures 6; and 0 are steady.
Then the rate at which heat is conducted to the disc is equal to the rate at which heat is lost from
the base to the surrounding. That is,

—
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e ]

dt
Horirontal beam (o support the apparatus.
s YA Y AT,

To determine the rate of heat lost, the disc is removed and the steam heats the base directly till the
temperature 1s 10°C above 6,. The steam chest 1s then removed and the disc is put back onto the
base. The stop clock is started till the temperature is 5°C below 6, recording the time 7 every half
a minute.

A graph of temperature against time is plotted and its slope S at a temperature 0, 1s obtained. This
slope equals the rate of temperature fall of the base at ;.

a~c

1
%:—'\
' e
_ B

I _“q.

__———-h

a
Slope, S = (E)
Rate of heat lost from the metal base at 8; = mcS
Thus, at steady state,

(rate of heat conducted ) _ (rate of heat Iost)
to the metal base - by the base

KA [92 b1

= [A(T::fgl)]

Where K is the thermal conductivity of the disc (specimen).

] mcS
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Why this method is suitable for poor conductors

» The large value of surface area and small thickness leads to a measurable rate of heat flow
through the specimen (disc),

» The lines of heat flow along the specimen are parallel, that i1s almost no heat is lost to the
surrounding.

Precautions in the experiment
» The specimen (disc) should be thin in order to obtain a measurable temperature gradient,

» The specimen should have a large cross-sectional area and a small thickness to give
adequate rate of heat flow.

» The specimen should be of a disc shape in order to reduce the rate of heat lost to the
surrounding.

WORKED EXAMPLES

1. Assuming that thermal conductivity of air and brick is 0.02Wm™'K! and 0.6 Wm'K*
respectively; calculate the thickness of air equivalent to a thickness of 30cm of brick if the
rate of heat flow in air and brick are the same. If two such brick walls are separated by an air
gap of 3cm, how much heat per minute would flow through them in the steady state when the
outside temperatures of brick are 60°C and 10°C respectively and the area of cross section of
each is 2m?.

Solution

For air. For brick.
8 B L B2

A, ki I Ak

| A ——

b b

ky = 0.02Wm KLk, = 0.6Wm iK1, L, = 0.3m

Rate of heat flow through air; Q_ k,A [_91_92]
dt Ly

Rate of heat flowing through brick; L_g ,A [

91—92]
dat

L3

If the rate of heat flow in air and brick are the same;

Ko [P [P

Ly Ly
Ky _K;
Ly Ly
KiLy  0.02x0.3
L, = = = 0.01m
K, 0.6
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If two such brick walls are separated by an air gap, the illustration is as shown.

oAk Ak Ak g

l

6, = 60°C,6, = 10°C,A = 2m?
But 0.01m of air is thermally equivalent to 0.3m of brick.

Therefore, 0.03m of air will be thermally equivalent to ﬁ X 0.03 = 0.9m of brick. The equivalent

diagram becomes

By N
Brick wall, | Brick wall. | Brick wall

L yoem L

L=03+09+0.3=15m

Rate of heat flowing through the system
6,6
kz A [ 1™ 2]

[60 10

dt

L -06x2
dt

] = 40]5?

% = 40Js~1 = 40 x 60 = 2400 ] /min

2. A cavity wall is made of two brick layers each of thickness 10cm and between which there is a
layer of air 2cm thick. If the thermal conductivity of air is 0.024Wm 1K ~!and that of brick is
0.7Wm ™K 'and that the inner and outer walls have temperatures 25°C and 15°C respectively,
find the rate of heat flow through 1m? of the wail.

Solution
BrickA Alr . Brick B
15°C 25°C
I[of...&.h. o Ak
If L -l 4
L ! Ly ' L2

L, =0.02m,K; = 0.024Wm K1, K, = 07Wm K1, L, =0.1m A= 1m?
For brick A, the rate of heat flow

— sz [91—15]

Ly

6:-19=(5) (&) O

ar
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Similarly, for air; (6, — 6,) = (K A) (% .. (D)
2

Also, for brick B; (25 — 6,) = ( L) () .

dt

Adding equation (1), (i1) and (1i1) gives
(61 = 15)+ (0, = 0) + 25 - 0) = () (50) + () (%) + (&2) (30)

25-19)= (2)[(2)+(2)+ ()
0= (#)[(22) + (22)+ (2]
0= ()13

(E) = 2 x 10=18936/s*

3. A composite, heat of rubber and cardboard each of 2mm thick are placed in contact and their
outer faces maintained at 0°C arid 25°C respectively. If the thermal conductivity of rubber is

0.13Wm K and that of cardboard is 0.05Wm™K! and area of the rod is 100cm?. Calculate:
(1) The temperature of the junction.

(1) The rate of heat flow in one hour.

Solution
oec. 8 25°C
[ Rubber r Cardboard \
Ak Ak
e T T |

L =0.002m,A = 0.01m? k, = 0.13Wm K1, k, = 0.05Wm 1K1

for rubber =K;A [ ] - (1)
for the cardboard, 9 _ =K,A [25 9] .. (i)
Equating (i)and(ii)gives;
kA[B—O _KA[ZS—B]
S B B L

0.136 = 0.05(25 — 6)
0.186 = 1.25

( ]
1 264 }



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

0 = 6.94°C
(1) From (1)

2 =k A| 2] = 013 % 0.01 x o = 451157
dt L 0.002
% = 4.511 X 3600 = 16239.6 joules per hour
dQ :
s 16239.6 joules per hour

Trial Questions

1. A concrete floor of a hall has dimensions of 10m by 8m. It's covered with a carpet of
thickness 2cm. The temperature inside the hall 1s 22°C while that of the surroundings just
below the concrete is 12°C. The thermal conductivities of the concrete and the material of
the carpet are IWmK™! and 0.05Wm™'K™ respectively and the thickness of the concrete is
10cm. Calculate,

(1) The temperature of the interface of the concrete and the carpet.
(ii)  The rate at which heat flows through the floor. [Ans: 14.04°C, 1600W ]

2. A cooking utensil of thickness 3mm is to be made from two layers; one of aluminum and
the other of brass. If one layer is to be 2mm and the other Imm, determine which
combination allows higher rate of flow of heat.[Coefficient of thermal conductivity for brass
is 112Wm K™ while that for aluminum is 240Wm K]

[Ans: The thickness should be 2mm for aluminium and Imm for brass]

3. A closed metal vessel contains water;
(1)At 30°C (1) At 75°C

A vessel has surface area of 0.5m? and uniform thickness of 4mm. If the outside temperature is
15°C, calculate the heat loss per minute of the vessel trough conduction.

[Thermal conductivity is 400 Wm'K™!] [Ans:4.5 X 107Jmin~1, 1.8 X 108Jmin1]

4. A well lagged copper bar between boiling water and ice-water mixture 1s 12cm long.

Copper (lagged)

e water [X—X_Jx___x_| Boiling
al o' | water at
100*C
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(1) Calculate the rate of flow of heat through the copper bar.

(i)  Calculate the mass of ice which will melt during 15s. [K for copper = 385 Wm™'K™, A for
the bar = 1.5cm?, Latent heat of fusion of ice = 3.34 x 10°kg™]

[Ans: 48.125W, 2.16g]

5. A copper kettle has a base of thickness 2mm and area 3 x 10?m?. Estimate the steady
difference in temperature between the inner and outer surface of the base which must be
maintained to enable enough heat to pass through so that the temperature of 100kg of water rises
at a rate of 0.25Ks™ .Take ¢ for water = 4200Jkg 'K ,for copper = 380 Wm'K™']

[Ans: 18.42K ]

6. A wall 6m by 3m consists of two layers of bricks of thermal conductivities 0.6 Wm?'K™! and
0.5 Wm K- ! respectively. The thickness of each layer is 15c¢m. The inner surface layer A is at
20°C while the outer layer B is at a temperature of 10°C. Calculate the temperature of interface
of A and B; and the rate of flow of heat through a wall.

[Ans: 15.45°C, 327.6W ]

7. A window of height 1m and width 1.5m contains a double glazed unit consisting of two single
glass panes each of distance 2mm separated by air. Calculate the rate at which heat is conducted
through the window if the temperatures of the external surfaces of glass are 20°C and 30°C.[K
for glass = 0.72 Wm™K!, K for air =0.025 Wm™K!, Thickness of each glass = 4mm]

[Ans: 164.63W |

8. A cooking saucepan made of iron has a base area of 0.05m? and thickness of 2.5mm. It has a
thin layer of soot of average thickness 0.5mm on its bottom surface. Water in the saucepan is
heated until 1t boils at 100°C. The water boils away at a rate of 0.6kg per minute and the side of
the soot nearest to the heat source 1s at 150°C. Find the thermal conductivity of soot. [K for iron
=66 Wm'K!, Specific latent heat of vaporization = 2200kJkg!] [Ans: 6.6 Wm 'K ]

9. In double glazing, two thickness of glass G, each 20mm thick are separated by 100mm
thickness of air as shown below

G Air G
20°C ] 0°C

1

The thermal conductivities of glass and air are respectively 1,0 Wm'K™! and 2.0 Wm'K!and
the outer surfaces of the glass are 20°C and 0°C respectively .Calculate:

(1) The thickness of the glass which is thermally equivalent to 100m thickness of air.

(ii) The rate of heat flow per unit area through the glass and air. [Ans: 5m, 3.97Wm ]

10. In order to minimize heat losses from a glass container, the walls of the container are made
of two sheets of glass each 2mm thick, placed 3mm apart; the intervening space being filled with
a poorly conducting solid. Calculate the ratio of the rate of conduction of heat per unit area
through this composite wall to that which would have occurred had a single sheet of the same

( ]
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glass been used under the same internal and external conditions of temperature. [Assume the
conductivity of glass and poorly conducting solid is 0.63 Wm™K™! and 0.049 Wm'K™
respectively] [Ans: 7:149]

11. A cavity wall 1s made of bricks 0.1m thick with an air space 0.1m thick between them.
Assuming the thermal conductivity of brick 1s 20 times that of air, calculate

(1) The thickness of brick which conducts the same quantity of heat per second per unit area as
0.1m of air.

(i1) If the thermal conductivity of brick is 0.5 Wm™K, calculate the rate of heat conducted per
unit area through the cavity wall when the outside surfaces of the brick walls are respectively
19°C and 4°C.

267

—
S’



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

Thermal radiation is a form of energy emitted by a body in form of electromagnetic waves
because of its temperature. All bodies emit some kind of some kind of radiation but the intensity
and wave length of the radiation varies depending on the temperature of the body

Examples of thermal radiation include: infrared, visible light and ultra-violet radiation. The sun
1s the main source of radiation energy.

FACTORS ON WHICH THERMAL RADIATION DEPENDS
The amount of radiation emitted by a body depends upon three factors:
» Surface area of the body.
» The temperature of the body.

» The nature of the surface of the body.

Experiment to compare the energy radiated by dull and polished surfaces

A cube, painted with one of the faces having a polished surface and the other having a black
surface 1s filled with hot water and placed near a thermopile. The cube is turned such that the
black surface faces the thermopile. A deflection is observed on the galvanometer and noted.

The cube is then turned such that the polished surface faces the thermopile. The deflection is
again observed on the galvanometer and noted.

The deflection caused by the black surface will be observed to be greater than that caused by the
polished surface. Therefore, dull surfaces radiate more energy than polished surfaces.

NOTE: This experiments show that black surfaces are the best emitters and absorbers of
radiation at a given temperature.
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ULTRA-VIOLET RADIATION
Sources of ultra-violet radiation
> The sun.

» Current through mercury vapour.

Effects of ultra-violet radiation
» They cause photoelectric emission.
» They cause fluorescence.
» They can cause skin burn.

» They can affect a photographic film.

INFRA-RED RADIATION

Radiation of longer wavelength than the visible light (ranging from 0.7um to about Imm) in the
electromagnetic spectrum is called infra-red.

Sources of infra-red radiation
» The sun.

» Hot bodies.

Effects of infrared radiation
» They cause photoelectric emission.
» They cause a sensation of warmth or heat on a body.

» Like all other radiations, infra-red can be refracted or reflected.

Applications of infra-red radiations

» Night vision: Helicopters fitted with infra-red detectors can be flown at night with
clear view of the ground.

» Radio photography: Clear photographs can be taken at night using infra-red lenses
and detectors.
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» Remote-control keypads for televisions and radio recorders use infra-red signaling,

» They are used to dry paint on cars during manufacture.

DETECTION OF INFRARED RADIATION

Since infra-red has a longer wavelength than the visible light, the eye can't detect infra-red
radiation. Detectors of infra-red radiation therefore include:

» Ether thermoscopes.
» Bolometer.
» Thermopiles.

» Optical pyrometers.

ETHER THERMOSCOPE
Blackensd LinBlasckemnsd
T 1
(5 )
-
) | Eter
| ———{Slass. fube_

The tube 1s partly filled with ether and therefore both bulbs contain a mixture of air and ether
vapour. When infra-red radiation falls on the thermoscope, the blackened bulb, which is a good
absorber of radiation, absorbs more of the infra-red radiation than the un-blackened bulb.

This makes the air-vapour mixture in the blackened bulb to increase, causing it to expand and
thus increasing the pressure in the blackened bulb. The increased pressure in the blackened bulb
pushes the ether along the tube and this therefore shows the presence of infra-red radiation.
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BOLOMETER
Bodorirbe,
LT — f‘l
redigson.
Blackanad strip
ol platie,
L L] H
A
{m). Bolomedtar,

A bolometer consists of a blackened strip of platinum foil arranged in a zigzag pattern as shown
in the figure (a) above. The strip is then connected to a Wheatstone bridge as shown in figure (b)
above.

When infra-red radiation falls on the bolometer, heat is gained by the platinum strip and this
increases the temperature and hence, resistance of the strip.

The increase in resistance can be seen by a deflection on the galvanometer G. This shows the
presence of infra-red radiation. Thus, infra-red radiation has been detected.

THERMOPILE

A thermopile consists of a number of thermocouples connected in series with one set of the
junctions exposed to the radiation and the other shielded from radiation. The junctions which are
exposed to radiation are blackened to make then good absorbers. When infra-red radiation falls
on the thermopile, the highly polished metal cone concentrates the radiation onto the exposed
junctions of the thermocouples. The exposed junctions become hot while the shielded ones
remain cold.

A thermoelectric e.m.f, which depends on the temperature of the junctions, is generated and can
be seen by a deflection on the galvanometer G. This shows the presence of infra-red radiation.
Thus, infra-red radiation has been detected.
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OPTICAL RADIATION PYROMETER

This can be used to detect radiations from very hot bodies. Thus, they can be used to measure
furnace temperature. The source is focused using the objective lens such that its image lies in the
same plane with that of the filament. The observer looks through the eyepiece to observe the
image of the small area of object focused on the filament.

Objective lens. Flta Red filter paper. Obzarvear,
F |I

Tre——— A
3 < (J "“‘“@:115 &
Fumace| . _,__.-._.-——-""""_ — e {
&
-

] /
Low power l
telescope. E

If the image of the hot body is brighter than the filament, the filament appears dark on a bright
background; implying that the filament is at a lower temperature than that of the hot body. The
temperature of the filament is adjusted using a rheostat till the image of the hot body has the
same brightness as the filament. The ammeter 1s calibrated to read the temperature of the hot
body. Thus the temperature of the hot body can be read on the ammeter.

TOTAL RADIATION PYROMETER

Shiaid to priveant
e diss fromn diirect, Goid plated
Junctien. radiations, rrilrror.

The eyepiece is focused on a small blackened disc and the gold plated mirrors adjusted until the
radiations from the furnace are focused on the disc. Small plane mirrors M1 and M; make the
focusing easier.

The radiations from the source warm the junction attached to the disc and a thermoelectric e.m.f
1s set up. The galvanometer is calibrated in degrees and so the temperature can be read off.
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GREEN HOUSE EFFECT IN RELATION TO GLOBAL WARMING

Radiations from the sun have short wave length due to the high temperature of the sun. When
this radiation, of short wave length passes through the water vapour and carbon dioxide gas in
the lower layers of the atmosphere, it warms up the lower layers of the earth.

The earth will then re-emit this radiation (infra-red radiation) as a black body radiation of long
wavelength because of the low temperature of the earth.

The black body radiation will therefore be trapped by the water vapor and carbon dioxide gas in
the atmosphere thus preventing the radiation from escaping from the earth's atmosphere.

The radiation which has been prevented from escaping from the earth's atmosphere will therefore
cause global warming.

NOTE: If the amount of carbon dioxide in the atmosphere increases, the average temperature of
the earth increases because more radiation, which is re-emitted, will be trapped. This will cause
dramatic climatic and geographic change to occur.

BLACK BODY RADIATION
A black body is a perfect absorber of all the radiation which is incident on it.

A black body radiator is one which emits a radiation which is characteristic of its temperature
and 1n particular which doesn't depend on the nature of its surfaces.

Black body radiation is the radiation from a black body.

How to make an approximation of a black body

Blackened
intarior,
Incident

radiallun.‘\-mh

AN
\(ﬁ’ X“"“'"E:;H'?"
) INGEr,

e

A small hole is made in an enclosure e.g. a hollow cylinder whose inner walls are painted black.
When radiation enters into the cylinder through the small hole, it undergoes multiple reflections.
Since black surfaces are good absorbers, a certain proportion of radiation will be absorbed at
each reflection till virtually all the radiation is absorbed by the black inner walls of the cylinder.
The hole in the enclosure therefore approximates a black body.
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QUALITY OF RADIATION

It refers to the relative intensities of different wavelengths i.e. the proportion of red to blue in the
radiation. Relative intensity 1s defined as the energy radiated per second per unit surface area of
the body in a unit wavelength interval. The quality of radiation depends on the temperature of the
body. Suppose an iron bar 1s thrust into a fire. At first, it will look black though it has become
hot. This 1s because the radiation given out by the bar is entirely in the infra-red region. As the
temperature increases, iron bar becomes red hot. Now the bar gives out more radiation than
before. A larger portion of it is in the visible region than before. As the temperature rises, the bar
.appears orange, then yellow and finally white. Thus, the nature of the radiation given out by the
bar and the relative amounts of the radiations of different wave lengths depend on the
temperature of the radiator.

Qn. Explain why the deepest part (centre) of a fire looks brightest (white)

Soln. At the centre of a fire, temperature is highest. Since the quality of radiation (relative
intensity of different wavelengths) depends on temperature, the relative intensity is therefore
maximum at the deepest part of the fire.

This maximum relative intensity corresponds to all the different wavelengths being emitted and
since these wavelengths are in the visible region, a combination of all these colors results into
white.

DISTRIBUTION OF ENERGY WITHIN THE SPECTRUM OF A BLACK BODY
(SPHERAL DISTRIBUTION OF BLACK BODY RADIATION)

A graph of relative intensity against wavelength illustrates the distribution of energy in black
body radiation.

Intensity

_,.r""_; -

WavaleLngH't
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Features (observations) of the curves shown

» The curves at lower temperatures lie completely inside those at higher temperatures,

» The intensity for each wavelength increases with increase in wavelength but the
increase 1s faster on the side of the shorter wavelength,

» At each temperature 7, the energy emitted is maximum for a certain wave length

Amax Which decreases with rising temperature.

NOTE: The dotted line shows the locus of the peaks of the curves for the different temperatures.

Conclusions from the above observations
» A body radiates energy at a rate which is determined by the nature of the surface and its
temperature,
» A body absorbs energy at a rate determined by the nature of the surface and the
temperature of the surroundings,

» The area under any particular curve is the total energy radiated per unit surface area per
second; at the corresponding temperature.

LAWS OF BLACK BODY RADIATION
1. Wien's displacement law
It states that the product of maximum wavelength, 4,,,, and the absolute temperature, 7 of a
body is equal to a constant. That is,

TAax = constant

The constant is called Wien’s constant and has a value 2.9 x 10°mK.

2. Stefan's law
It states that the total energy radiation per unit surface area per second (E) of a black body is
proportional to the fourth power of the absolute temperature 7 of the body. That is,
ExT*

E=o0T*
Where o is Stefan’s constant and has a value 5.67 x 10" 3Wm ™ 2K %,
If the body is of surface area 4, then the total energy radiated per second is
Etora = 0AT*

But energy radiated per second is equal to power. The above equation can therefore be written
as; P=cAT*
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PREVOST'S THEORY OF HEAT EXCHANGE

It states that a body radiates or absorbs heat energy at a rate determined by the nature of the
surface and the temperature of the surroundings.

Heat exchanges for a body in an enclosure

The rate of loss or gain of heat (radiation) from a body depends on the temperature of its
surrounding.

If the body's temperature is higher than that of the surrounding, it loses energy by radiation to the
surrounding until dynamic equilibrium is reached. If the body's temperature is lower than that of
the surrounding, it gains heat energy until dynamic equilibrium is reached. At dynamic
equilibrium, the rate of heat loss is equal to the rate of heat gain.

Consider a black body whose absolute temperature is 7 in an enclosure at absolute temperature

If T > Ty, the black body loses energy by radiation to the surrounding until dynamic equilibrium
1s reached. At dynamic equilibrium, the net rate of energy lost is given by

Prost = JA(T4 - T(;t)

If T < Ty, the black body gains heat energy by from the surrounding until dynamic equilibrium

1s reached. At dynamic equilibrium, the net rate of energy gained is given by
Pgained = O'A(T; —T%)

Assumption made is that the body is a black and that the interchange of heat is by radiation.

Emission and absorption of heat energy by planets in the universe

The sun is the centre of the universe. Planets revolve round the sun in elliptical orbits. The sun
and the planets are assumed to be perfect spheres. Also, the sun is assumed to radiate heats as a
black body. The planets are also assumed absorb and emit radiations as black bodies. The figure
shows a sketch of one of the planets revolving round the sun in the universe.

Radigtions
from the sun.

AN
/
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Where R; is the radius of the sun, R, is the radius of the planet, and R is the mean distance
between the sun and the planet. Therefore,

Surface area of the sun is given by, 4; = 4wR>
Surface area of the planet is given by, 4, = 4T£Rp2

Total area on which the sun's radiation falls at a distance R from the sun where the planet 1s
situated is given by, A = 4wR2.

Effective area of the planet on which the sun's radiation is incident normally is given by;
Agr = TRy®

If 75 1s the temperature at the surface of the sun implies that the total power radiated by the sun is
given by, P, = 0AT*

The power received by the total area on which the sun's radiation falls is equal to the power
radiated by the sun. Therefore,

An area A (in square meters) receives P; watts from the sun. Therefore an area of A, (in square

meters) receives [% X A, f] Watts from the sun.

Thus, power received by the planet is given by

Fs gA T
Precievea = [Z X Aef] = “AnRZ X Aef

s

2
R 4
Precievea = [O- (F) Ty X Aefl
Therefore,

(power radiated) _ [ (RS 2

= 4 — 2
by the planet ) = o R) T, erfl,whereAef— TR,

Assuming radiative equilibrium,

_ (power recieved

(power radiated) ( )
~ \ by the planet

by the planet

Pragiatea = Preceived

2
s

R
gA,TE = |cr (ﬁ) T# X Agr
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n=1x |(&)
P s 2R

Where T, is the temperature at the surface of the planet.

NOTE:
When the sun radiates heat, its total mass decreases and the decrease in mass is known as mass
defect (m). The expression relating mass defect and the total power radiated by the sun is given

by:
P, = (Am)c?

Where c is the velocity of light in a vacuum and has a value 3 x 10%ms.

Therefore, the total loss of mass by the sun is given by;

=2

WORKED EXAMPLES
1. Calculate the net rate of loss of heat energy from a spacecraft of surface area 25m? and at a
temperature of 300K, if the radiation it receives from the sun is equivalent to the temperature in
space of S0K. Assume the space craft is a black body.
Solution

A=25m% T = 300K, To = 50K
4
Piose = 0A(T* =T, )

Piost = 5.67 X 1078 x 25(300% — 50%) = 11,472.89W

2. The total power output of the sun is 4 x 10°W. Given that the mass of the sun is 1.97 x 10°!
kg and its density is 1.4 x 10°kgm™. Estimate the temperature of the sun. State any assumptions
made.

Solution

Assumption: it's assumed that the sun is a perfect black body and that it's spherical in shape.

mass ]

(volume of the sun) = [ density
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Gmre) = 3]

4 2 1.97x103!
-mR; = S
3 1.4x10
31
3x1.97x10
R =" =336 x 10
47 X 1.4 X 102

R = 1/3.36 X 1027 = 1.498 x 10°m

Surface area of the sun
As = 4mR% = 4m(1.498 x 10%)% = 2.82 x 10*°m?
Total power output of the sun, P, = cA,T&

T# =

Ps _ [ 4x1026
cAs  |5.67x1078%2.82x101°

T, = ¥2.502 x 101* = 3977K

] = 2.502 x 104

3. The energy intensity received by the earth from the sun is about 1400Wm=. Estimate the
surface temperature of the sun.

Solution

Ry =7 %x10%m,R = 1.5 X 10m

(power recieved )

( energy area of orbit
by the earth ) ( )

intensity containing the earth
Py ocievea = 1400 X 41 X (1.5.?(.'1011)2 = 3.958 x 10%°W
At equilibrium,

(power emitted) _ (power recieved )
by thesun )\ by theearth

Ps = Provieveq = 3.958 X 1067

Surface area of the sun;
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As = 4mR? = 4m(7 x 108)? = 6.158 x 108m?
Total power emitted by the sun

P, = cA T

P 3.958 x 1026

T¢ = = = 1.134 x 105
5 T 6As  |5.67 x 1078 x 6.158 x 1018

Te = /1.134 x 1015 = 5802K

4. The sun 1s a black body of surface temperature 6000K.

(1) Calculate the amount of radiant energy approaching the earth from the sun.
(11) Why would the actual energy be less than that obtained in (1) above?

(111) Calculate the earth's temperature.

Solution

Bun—...___‘_ TN, e
[ R { €9
E ‘\;"\_ﬁ ‘-\.\_‘_II_‘_‘

h!
/ A 4 ~
Y

oy

(1). Surface area of the sun is given by
A, = 4R = 4m(7 x 108)% = 6.158 X 108m?
Surface area of the earth 1s given by
A, = 4mR,* = 4m(6.4 X 10°)? = 5.147 x 10*m?
Total surface area of the earth's orbit about the sun
A = 4mR? = 4w (1.5 x 1011)2 = 2.827 x 10%>m?
Effective area of the earth on which the sun's radiation is incident normally is given by

Aer = mRZ = (6.4 X 10°)* = 1.287 x 10"*m?
The total power radiated by the sun is given by;

P. = 6A,T* = 5.67 x 1078 X 6.158 x 108 x 6000*
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= 4.525 x 10%°W

Thus, power received by the earth is given by;

A 4525 x 10%° 14
Precieved = [Z X Aef] = m x 1.287 x 10
=2.06 X 10Y7W

(11) This is because solar radiation incident on the atmosphere 1s partly absorbed by atmospheric
gases and partly scattered. This accounts for the difference.

(iii)

TZ—RSXTZ— 7x 107 X (6000)2 = 8.4 x 10*
¢ T 2R S‘z><1.5><1011( )" =8

T, =+/8.4 x 104 = 289.8K

Trial Questions

1. The filament of a bulb, 0.5m long has a radius of 10mm. the filament melts when it's
connected across 240V and a current through it 1s 0.4A. Calculate:

(1) The temperature at which the filament melts,
(11) The wavelength of which the energy radiated per second is maximum.
[Ans: 481.82K, 6.02 X 107°m]

2. Calculate the rate of loss of heat energy of a blackbody of area 40m? at a temperature of
70°C; 1f the radiation it receives from the sun is equivalent to a temperature in space of -200°C.

[Ans: 3.133 X 104W]

3. A metal sphere with a blackbody surface and radius 30mm is cooled to -73°C and' is placed
inside an enclosure at a temperature of 27°C. Assuming that the density of metal is 800kgm™ and
that its specific heat capacity is 400kJkg 'K, calculate the initial rate of temperature rise of the
sphere. [Ans: 0.115Ks™ ]

4. A black hemisphere of radius 2cm is contained in a hollow evacuated enclosure which is
maintained at 27°C. Assuming that the sphere radiates likes a blackbody, calculate the rate at
which the sphere loses heat when it's 227°C. [Ans: 15.5W ]

5. Estimate the temperature of the earth assuming it's in radiative equilibrium with the sun. Take
the temperature of the solar surface to be 6000K. [Ans: 289.82K |

6. The normal flux of radiant energy from the sun at the earth surface is 1360Wm™ . Calculate:
(1) The total power emitted by the sun.

(11) The temperature of the sun.

281

—
S’



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

(111) The rate of loss of mass by the sun.
[Ans: 3.845 x 10%°W ,5760.72K ,4.27 X 10°kgs 1]

7. A roof of dimensions 20m by 50m 1s blackened. If the temperature of the sun's surface is
6000K, calculate the solar energy incident on the roof per minute assuming that half of the
energy is lost in passing through the earth's atmosphere and that the roof is normal to the sun's
rays. [Ans: 5.9 X 107] per minute]

8. Calculate the rate of loss of heat energy of a blackbody of area 40m at a temperature of 50°C.
If the radiation it receives from the sun is equivalent to a temperature in space of -220°C.
[Ans: 616.706W ]

9. A solid copper sphere of diameter 10mm and temperature 150K is placed in an enclosure
maintained at a temperature of 290K. Assuming that the density of copper is 8.93 X

102 kgm™3and that its specific heat capacity is 3.7 X 102 Jkg K1, calculate the initial rate of
temperature rise of the sphere. [Ans: 0.069Ks™ ]

10. The solar radiation falling normally on the surface of the earth has an intensity of 1.40kWm-"
2, If this radiation fell normally on one side of a thin freely suspended blackened metal plate and
the temperature of the surrounding was 300K, calculate the equilibrium temperature of the plate.
Assume all interchange is by radiation.

[Ans: 378.138K]
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KINETIC THEORY OF MATTER

It states that matter consists of tiny particles called molecules which are always in constant
vibration in solids, continuous and random motion in liquids and gases; and possess energy. If
supplied, heat increases the energy of the molecules or particles hence their random velocity
increases.

Experiment to support Kinetic theory of matter

Microscope.
| |
Light. , . ———~ Glass cell.
' /. 1

Smoke.

Smoke is confined in a glass cell and light 1s made incident on it as shown above. When viewed
through a high power microscope, smoke is seen to be in continuous random motion and this
motion goes on requiring no supply of energy from outside.

Something must be knocking the smoke particles and this something is the molecules of the
supporting fluid/matter (which is air in this case). Thus, tiny particles of matter are in
continuous random motion.

When temperature is increased, the motion of smoke particles is more rapid. At the same
temperature, the motion is more rapid for smaller particles than for larger ones.

How Kkinetic theory of matter accounts for the three states of matter

Kinetic theory of matter consists of three states of matter as having tiny particles called
molecules.

In solids, molecules are in constant vibration about their mean position, held together and
tightly by stronger intermolecular forces of attraction. Molecules are therefore arranged very
close together in regular patterns thus making solids to have definite shape.

In liquids, the intermolecular forces of attraction aren't strong enough to hold molecules in fixed
positions. Molecules are therefore in continuous random motion and this freedom of movement
enables liquids to take up the shape of any vessel in which they are placed. However, though the
intermolecular forces are weaker, they are able to prevent the liquid from going too far apart
thus making the liquids to have a definite volume but no definite shape.
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In gases, the intermolecular forces are extremely weak making the molecules to be much farther
apart than in solids and liquids. They move everywhere in the container containing the gas with
a kinetic energy proportional to the absolute temperature and they fill the gas they are in. hence
gases have a definite shape and size.

KINETIC THEORY OF GASES

Gases are made up of small particles called molecules which are held by very weak
intermolecular forces of attraction. The molecules are in continuous random motion and
continuously collide with themselves and the walls of the container; making perfect collisions.

The higher the temperature, the faster the molecules are moving and the greater their kinetic
energy or internal energy is.

Using Kinetic theory of gases to explain absolute zero temperature

Absolute zero 1s defined as the temperature at which the molecules have their lowest possible
kinetic energy.

According to kinetic theory of gases, molecules of a gas have an average speed which increases
with temperature. So, as a gas 1s cooled, its molecules move more and more slowly and hence
their kinetic energy decreases more and more. A point is reached when the molecules are
assumed to come to rest and their kinetic energy becomes zero. At this point the gas has the
lowest possible temperature called absolute zero.

GAS LAWS
The gas laws include:
» Pressure law.
» Charles' law.
» Boyles law.

Pressure law
It states that the pressure P of a fixed mass of a gas at constant volume is directly proportional
to its absolute temperature, 7. Thatis, P « T

P

OR -

¥ 1
TK -273°C 0 TC
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Charles' law
It states that the volume 7 of a fixed mass of a gas at constant pressure is directly proportional

to its absolute temperature, 7. Thatis V < T
v _

yd
4 OR

fe

K -273°C 0 T7C

Boyle's law
It states that the pressure P of a fixed mass of a gas at constant absolute temperature is inversely

: : : 1
proportional to its volume, V. Thatis, P « -

\"

-

S

o

e

e

0

1P

IDEAL GASES

An ideal gas is a gas which perfectly obeys the gas laws under all conditions and its
intermolecular forces are negligible.

NOTE: No gas is perfectly ideal since the behavior of gases change under varying conditions.
Therefore, the concept of ideal gases is simply imaginary.

Characteristics of an ideal gas

» It obeys gas laws at all temperatures.

v

There are no intermolecular forces between molecules of an ideal gas.

v

Their molecules move with a constant velocity in between collisions.

v

Their molecules make perfectly elastic collisions. Their molecules occupy negligible
volumes compared to the volume of the gas.

Ideal gas equation

The pressure P, volume 7, and absolute temperature 7, are related by the expression

PV
T = constant
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This expression is the ideal gas equation. The value of the constant depends on the mass of the
gas and experiments with real gases at low enough pressures show that it has the same value R
for all the gases if one mole is considered. R is called the universal molar gas constant and has a
value 8.31/mol 1K1

Therefore, for one mole, the equation becomes;
PV =RT

This is called the equation of state for an ideal gas, the state being determined by the values of
pressure and temperature. Also, for » moles of an ideal gas,

PV =uRT

NOTE:

1. n1s the number of moles of the gas and is equal to the ratio of the mass of the gas m (in kg)

to its molar mass M (in kgmol™). Therefore, if M is the relative molecular mass of the gas, then
M= M, x1073

m
thus,n = —
M

2. Avogadro constant/number 1s the number of particles in one mole of a gas and has a constant
value 6.02 x 10?°. The particles may be atoms, electrons, e.t.c. Therefore, if N is the number of
particles in a gas of » moles, then

N = nNA

3.In PV = RT, Vis the molar volume and is equal to the ratio of molar mass (in kgmol™) to
density (in kgm™). Therefore, if p is the density of the gas, then

V= %(in m3mol™1)
4.In PV = nRT,the unit of Pis Nm 2, Vism? and T is K
5. Using PV = nRT for one mole of an ideal gas at s.t.p

P=1.01%x10°Nm2,V =224 x10°m3 T =273K,andn =1
Thus

_PV _ [(1.01><105)(22.4x103)
T nr 1x273

] ~ 8.31/mol 1K1

KINETIC PRESSURE OF AN IDEAL GAS
Assumptions made in derivation of kinetic pressure of an ideal gas
» Molecules exert no force on each other except during collisions,
» Collisions between the molecules and the container are perfectly elastic,

» The volume of the molecules is negligible compared to that occupied by the gas.
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» The duration of a collision 1s negligible compared to the time spent between collisions.

» The number of molecules is large and they are in a state of continuous random motion.

Derivation of Kinetic pressure of an ideal gas

Suppose we have a hollow cubical vessel of each side 7/ with perfectly elastic walls, containing a
very large number of molecules, say N. Consider motion of one molecule having a velocity c;.
The velocity can be resolved into three rectangular components ui, vi, wi parallel to X-axis, Y-
axis and Z-axis respectively.

Consider the motion in the OX-direction to face A. The molecule strikes face A with a velocity
u; and rebounds with the same velocity in the backward direction, since the collision is perfectly
elastic. If m 1s the mass of the molecule,

The change in momentum = [mu,; — (—mu,)] = 2mu,

The molecule now travels from face A to A', it strikes A' and travel back again to A after
covering-a distance 2/

(time spent between) _ (distance) _2

collisions velocity up

(rate Of change Of) _ ( change in momentum )
momentum ~ \time spent between collisions

2muy _ mul

(2 I/ul) - l

According to Newton's second law of motion, the rate of change of momentum is equal to the
force exerted on the wall A. If F; is the force, then

mu?

1

Fy =
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For N molecules, the total force exerted is given by;
F = (u? + up? 4 - e Uy %)

Total pressure exerted on wall A is given by;

P _ ( total fo-rce ) _ [?(u12+u22++u1\f2)]
~ \cross—sectional area) ~ 12
P = 123 (U Fup? + e FURD) e (D)

Suppose u? is the mean square value of all the velocities in the OX — direction, it implies that;

(ug24up? 4+ tuy?)
N

uz =
(U2 + Up® 4 e e e FUR?) = NUZ ... (i)
Substituting equation (i1) in (1) gives;
P=3(Nu?) . (iii)

Since u, v, w are components of the velocity in the X, Y, Z directions and c is the resultant
velocity of the three components, then

2=u?+v? +w?
For a large number of molecules, it is assumed that u2 = v2 = w2
Thus ¢2 = 3u2 implying that u? = %c_z ........ (1v)
Substituting equation (iv) in (1i1) gives;
1/Nm\ —5
- | — 2
I ( 13 ) ¢

If p is the density of the gas, then

p= (total mass of the gas malecules) _Nm
= =3

volume of the cube
12
Thus, P = SPC

This is the expression of the kinetic pressure of an ideal gas.

Derivation of Avogadro’s law from Kinetic pressure
It states that, equal volumes of ideal gases, existing under the same conditions of temperature
and pressure, contain equal numbers of molecules.

Consider two gases 1 and 2. From the expression of their kinetic pressures, it implies that;

PV = %(N1m1)c1—2 =nRT; and PV, = %(szz)cz—z = nRT,
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If their pressures, temperatures, and volumes are the same, then
P,=P,, T,=T, andV, =V,
Thus PV, = PV,
1 — 1 —
3 (Nymy)cy? = Y (Nymy)c,?
2 1 — 2 1 —
T (Fmaes?) = SN, (Gmacs?)
. 1 — 3
Since K.E = (Emcz) = (EKBT)
2 3 2 3
Then =N (2KpTy) =N, (3KpT,)
AlsosinceT; =T, =T
2 3 2 3
Ny (GKsT) = 2N, (3K5T )
N, =N,

This is the expression of Avogadro’s law

Deduction of Dalton’s law of partial pressure from Kkinetic pressure
It states that in a mixture of ideal gases, the total pressure is equal to the sum of the partial
pressures due to each gas in the container.

Consider two gases 1 and 2 .From the expression of their kinetic pressures, it implies that
I %(N1m1)? and PV, = %(szz)cz_z

By definition, partial pressure of a gas is that pressure that a gas would exert if it alone
occupies the container.

It therefore implies that if V is the total volume of the container, then V; =V, = V. Thus,

PV = %(N1m1)c1—2 and PV = i(szz)sz
Adding the two equations gives;

PV + PV = %(N1m1)? + i(szz)Cz—z
(P, +P)V = E(%N1m1)cl—2+§esz2)§
Since  K.E = (;mc?) = (3K57)

Then (P, + P)V = 2N, (3K5T, ) + 2N, (2K T,)

Alsosince T; =T, =T, then
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(P +P)V = 2Ny (SKpT) + 2N, (SKT )
(P + PV = 2(Ny + Ny) (3K T)

(P + Po)V = 2(Ny + Ny) (5mc?)
But N; + N, = (total number of molecules) = N
Therefore, (P, + P,)V = %ch_z
If P 1s the total pressure of the gas mixture, then
~Nmc? = PV
Thus, (P;+ P,)V =PV
Therefore P, +P, =P

This is the expression for Dalton’s law of partial pressures

Deduction of Graham’s law of diffusion from Kinetic pressure
It states that the rate of diffusion of a gas is inversely proportional to the square root of its
density under the same conditions of temperature and pressure.

Thus, from P = % pc?
Since P, = P,,then

1 — 1 —
591512 = 592622

ol _ P

22 P2
rate of dif fusionof gas1 __ ( E) _ p_l)
rate of dif fusion of gas 2 - 2] 02

This 1s the expression for Graham’s law of diffusion

|H
%]

]
]

Variation of root mean square speed
From P = %,oc_2
PV == (Nm)c?
But molar mass of a gas=Nm=M

Therefore PV = %Mc_2
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Also PV = RT, thus RT = %MC_Z

NOTE:
Root mean square speed 1s different from average sped. Root mean square speed is the measure
of the rate of diffusion of a gas. It is the square root of the mean square values of molecular
speed. Average speed on the other hand is the mean velocity of gas molecules.
Using the expression of kinetic pressure to derive the ideal gas equation
=12
P= S PC
—1(¥m\"3
P = 3 ( )¢
I3 = (volume of a gas) =V
Therefore, PV = %(I\Mﬂ)c_2
= 2N (tme?
PV = 2N (mc?)
. 1 — 3
Since K.E = (Emcz) = (EKBT)
2 3
PV = 2N (3K,T)
PV = NKgT

ButN =nN, andKp :Ni

A
Therefore, PV = (nN,) (Ni) T
A

PV =nRT

This is the expression for the ideal gas equation
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Using the expression for kinetic pressure to derive Boyle’s law
From P= % pc?
= 1(Nm\ 2
P = 3 ( )¢
I3 = (volume of a gas) =V
Therefore, PV = %(I\Mﬂ)c_2
= 2N (itme?
PV = 2N (5mc?)
. 1 — 3
Since K.E = (Emcz) = (EKBT)
2 3
PV = 2N (3K,T)
PV = NKgT

Ky 1s a constant. For a fixed mass of a gas, N is constant. Therefore, if temperature T 1s
constant, then

PV = constant

Using the expression for kinetic pressure to derive Charles’s law

From P= % p?

—1(ym\ 2
P = 3 ( )¢
I3 = (volume of a gas) =V
Therefore, PV = %(I\Mﬂ)c_2
PV = 2N (Smc?)
. 1 — 3
Since K.E = (Emcz) = (EKBT)
2 3
PV = 2N (2K,T)
PV = NK,T

Ky 1s a constant. For a fixed mass of a gas, N is constant. Therefore, if pressure P is
constant, then

= constant

S =
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Using the expression for kinetic pressure to derive pressure law
From P= % pc?
= 1(Nm\ 2
P = 3 ( )¢
I3 = (volume of a gas) =V
Therefore, PV = %(I\Mﬂ)c_2
= 2N (itme?
PV = 2N (5mc?)
. 1 — 3
Since K.E = (Emcz) = (EKBT)
2 3
PV = 2N (3K,T)
PV = NKgT

Ky 1s a constant. For a fixed mass of a gas, N is constant. Therefore, if volume V is
constant, then

P
T = constant

Relationship between Kinetic energy of a molecule and temperature of a gas
= 1(vm\ 2
From P = ( = ) c
I® = (volume of a gas) =V
Therefore, PV = %(Nm)?
But N = nN,. Therefore, 3PV =nNymc2. Also PV = nRT,
Thus 3nRT = nNymc?
2=3(L%
mc? =3 (NA) T
Now the average kinetic energy (K.E) of translational motion per molecule is given by;
—laz=13(L 3R
K.E= ;Mes =3 [3 (NA)T] T2 (NA)T
The ratio Ni is called the Boltzmann’s constant (K3). It is the constant per molecule. That is;
A

K.E = 2KpT

Therefore, K.E < T
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EXPLANATION OF THE GAS LAWS USING KINETIC THEORY

The theory considers molecules of a gas to be like elastic spheres. Each time one of the
molecules strikes the wall of the container, it rebounds. The force produced on the wall by
a molecule 1s the momentum change per second. So the gas pressure due to the bombarding
molecules 1s proportional to their average total momentum per second; normal to the

wall.

Pressure law (effect of temperature on a gas at constant volume)

P

-
»
1

t i gl
K -273°C 0 e

Pressure of a gas 1s due to is due to the rate of change of momentum of the gas molecules on
collision with the wall of the container.

From kinetic theory, gas molecules have an average speed which increases with temperature.
Therefore, when temperature increases, the kinetic energy of molecules increases; making
molecules move at a high speed.

Since the volume of the gas is constant, the rate of change of momentum at the walls of the
container will increase due to increased rate of collisions of the molecules with the walls. Thus,

the pressure of the gas increases with increase in temperature.

Charles' law (effect of temperature on a gas at constant pressure)

A - v
//
Y -

,-/ -
J./I ’
-
L

K -273°C 0 TrC

0

If pressure of a gas is to remain constant, the rate of change of momentum of molecules on
collision with the walls must also remain constant.

From kinetic theory, gas molecules have an average speed which increases with temperature.
Therefore, when temperature increases, the kinetic energy of molecules increases; making
molecules move at a high speed.

Since the rate of change of momentum at the walls is to remain constant, the volume of the gas
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must increase so that molecules travel farther (spend more time) between collisions with the
walls.

Boyle's law (effect of pressure on a gas at constant temperature)

1P

From kinetic theory, gas molecules have an average speed which increases with temperature.
Therefore, if temperature of a gas 1s to remain constant, the average speed of molecules must
also remain constant.

When the pressure of a gas increases, the rate of change of momentum of molecules on collision
with the walls also increases, since the average speed of molecules is to remain constant, the
volume of the gas must decrease so that molecules spend less time between collisions with the

walls.

REAL GASES
A real gas 1s one in which:
» The intermolecular forces of attraction exist.
» The volume of molecules is not negligible compared to that occupied by the gas.

»  Doesn't obey Boyle’s law. It obeys a law derived from the Vander Waal's equation.

Vander Waal's equation
This 1s an equation that represents the behavior of real gases. It's a modification of the ideal gas
equation /PV = RT] and it takes into account the finite size of the molecules and the attractive
forces between them.
To obtain this equation, two of the assumptions made in the simple Kinetic theory of ideal gases
(the ones stated under "derivation of kinetic pressure of an ideal gas") are modified.
These modifications include;

» The volume of the molecules isn't negligible compared to that occupied by the gas.

» The attractive forces between the molecules are not negligible. With these

modifications, the Vander Waal's equation is
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(P + %) (V — b) = constant

Accounting for the terms Viz and b in the equation

Because of the intermolecular force of attraction, any molecule approaching the walls of the
container exerts less pressure than the pressure in the bulk (interior). This accounts for a
pressure defect

The volume of the molecules may not be negligible compared to the volume of the container
occupied by the gas. Therefore, the co-factor b accounts for the finite volume of the molecules

themselves. Therefore, (V' — b) is the free volume of movement.

P - V sketch graph indicating the isotherms (different states) of a real gas at different
temperatures

Fresrsure

B = \olume

A = Unsaturated vapour.

B = Liquid and saturated vapour.

C = Liquid state.

D = Gaseous state.

The graph above shows that gases can only liquefy if compressed at temperatures below the
critical temperature. In the figure above, T is the critical temperature.

Isotherm at T shows the behavior of a real gas at temperatures below the critical temperature,
(1t can liquefy when compressed).

Isotherm at T3, shows the behavior of a real gas at temperatures above the critical temperature,

(1t obeys Boyle’s law and can't be liquefied)
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P - Vsketch graph for a real gas undergoing below its critical temperature

F’F’EBE!.JJFE
D

A

= Volume

At A, the substance is in gaseous phase. In region AB, there's unsaturated vapour which fairly
obeys Boyle’s law. That is, as pressure increases gradually, volume also decreases according to
Boyle’s law.

At B, liquefaction begins. In region BC, the vapour is saturated. That: is, pressure remains
constant as volume reduces. At C, liquefaction is complete. In the region CD, the entire vapour
has turned into liquid and there's a very small change in volume for a fairly large increase in

pressure. This 1s because liquids are incompressible.

NOTE:

(1) Critical temperature (T2) is the maximum temperature required to liquefy a gas. OR
critical temperature is the temperature above which @ gas can't be liquefied no matter how
great the pressure may be.

(2) Critical pressure (P2) is the minimum pressure required to liquefy a gas at its critical
temperature.

(3) Critical volume (V2) is the volume occupied by one mole of a gas at its critical temperature.

Conditions under which real gases behaves as ideal gases
» High temperatures: at high temperatures, the forces of attraction for real gases
are so weak such that they become negligible thus behaving like ideal gases.
» Very low pressures: at very low pressures, the gas molecules in a particular
container will be few and very much farther apart. This implies that the volume

of gas molecules becomes negligible compared to the volume of the container.
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Differences between real and ideal gases

Real gases

Ideal gases

Intermolecular forces exist and are

significant

Intermolecular forces are negligible

Volume of its molecules is significant

compared to the volume of the gas

Volume of its molecules is negligible

compared to the volume of the gas

Velocity of its molecules is not constant

Velocity of its molecules 1s constant

due to intermolecular forces since intermolecular forces are negligible

Doesn't obey boyle's law Obey Boyle's law

WORKED EXAMPLES
Where applicable, use the following constants
Avogadro’s number Na = 6.02 X 10%3mol~?
Gas constant, R = 8.31Jmol 'K 1
1. A container of a gas of volume 1x10 *m? contains helium of pressure 2 x 10°Pa when
the temperature 1s 300K.
L What is the mass of helium in the container?
1. How many helium atoms are there in the container?
1il. Calculate the root mean square speed of the helium atoms. Take relative atomic mass

of helium = 4.

Solution
P=2x%105Pa, V=1x10"3m3,T =300K,M = 4n
(1) From PV =nRT

Number of moles of helium in the container

__ PV _ 2X10°x1x103
T RT 8.31x300

= 0.08 moles

The mass of helium in the container is
m=nM = 0.08 X 4 = 0.32g
(11)The number of helium atoms in the container are
N =nN, = 0.08 X 6.02 X 1023 = 4.816 x 10%2atoms

(111)The density of helium atoms in the container is

_m _ 032x102
P=v = T

= 0.32kgm—3
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Therefore, from P = %,oc_2

—5 _ 3P _ 3x2x10°
et = — =
p 0.32

= 1.875 x 10°

The root mean square speed of the helium atoms 1s

JeZ = V1,875 x 106 = 1.369 X 10%ms 1

2. The root mean square speed of hydrogen molecules at s.t.p is 1.84 X 103ms~1

. Find the root
mean square speed of hydrogen at 100°C.
Solution
/cl_Z =1.84 x10°ms ™, T, = 273K ,T, = 100 + 273K = 373K, ’62—2 =?
c?2xT

3. Calculate the root mean square speed of nitrogen molecules at 300K given that the molecular
mass of nitrogen 1s 0.028kg per mole.

Solution

T=300K,R=8.31Jmol *K~1, M =0.028kg

7 - &

M

Jez = (M) =5.168 X 102ms~!

0.028

4. Calculate the root mean square speed of the speed of the molecules of an ideal gas at 127°C
given that the density of the gas at a pressure of 1 X 10°Pa and a temperature of 0°C is 1.43
kgm™

Solution

P, =1x10%°Pa,p; = 1.43 kgm?
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T, =0+273 =273K,T, =127 + 273 = 400K

From P = %,oc_2

- 5
o2 =38 = AT _ 5098 x 10°
1 1.43
c2xT
ci? _ T
2 - Tz

/a = /% X V2.098 x 105 = 5.544 x 102ms~!

~—

Trial questions

1. Air consists of 20% oxygen and 80% nitrogen. The relative molecular mass of oxygen and
nitrogen are 32 and 28 respectively.
(1) Calculate the ratio of the mass of oxygen to nitrogen.
(1) Calculate the ratio of the partial pressure of oxygen to nitrogen in air.
(111) Explain why oxygen and nitrogen are gases found in the atmosphere close to the earth.
[Ans: 7:8, 1:4 ]
2. One mole of an ideal gas at 300K is subjected to a pressure of 1 x 10° Pa and its volume is

0.025m°. Find

L Molar gas constant,
11. Boltzmann’s constant.
111, Average kinetic energy of the molecules of the gas.

[Ans: 8.33 Jmol™*K™1 ,1.384 x 10723JK1, 6.23 x 10721]]

3. A beam of 2 x 10%? nitrogen atoms, each of mass 2.32 x 10?°kg is incident normally on a wall

of cubical container of edge 10cm. The beam is reflected through 180°. If the mean speed of the

atoms is 480ms™', find the pressure exerted by the nitrogen gas.

[Ans: 1.014 X 105Pa]

4. Calculate of sound in the atmosphere of Jupiter, knowing that its main constituents is methane

vapour and that the speed of sound in gas is 0.682 times the root mean square speed of the gas
molecules.(Temperature of Jupiter atmosphere = 130°Cand molecular mass of methane =

16.06g/mol) [Ans: 530.2ms™? ]
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5. Molecules of gas X have a root mean square speed of 900ms™ at 27°C and 1 x 10°Pa. Calculate
the root mean square speed at 127°C with the pressure kept constant.

[Ans: 1039 ms!]
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CHAPTER 18: VAPOQURS
TERMS AND DEFINITIONS
(a) Vapour: This is a state of matter that can be turned into liquid by application of pressure
alone. Vapour can also be defined as a molecular substance which is in gaseous phase below its

critical temperature.

(b) Gas: This is a state of matter that can't be turned into liquid by application of pressure alone.
Gas can also be defined as a molecular substance which is in gaseous phase above its critical

temperature.

(¢) Saturated vapour: A saturated vapour is one which is in dynamic equilibrium with its own
liquid. Unsaturated vapour: An unsaturated vapour is one which is in dynamic equilibrium with

its own liquid.

(d) Saturated vapour pressure: This is the pressure exerted by a vapour which is in a state of

dynamic equilibrium with its own liquid.

(e) Unsaturated vapour pressure: This is the pressure exerted by a vapour which is not in

dynamic equilibrium with its own liquid.

EVAPORATION
This 1s the process by which a liquid becomes vapour. It takes place at all temperatures but

occurs at the greatest rate when the liquid is at its boiling point.

Factors that determine the rate of evaporation
» Temperature. Increasing the temperature of a liquid increases the rate of evaporation
» Surface area. Increasing the surface area of the liquid increases the surface area of the
liquid
» Draught or wind blowing over the surface of the liquid. The rate of evaporation
increases when there's too much wind blowing since the vapour molecules are

removed before they return to the liquid.
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Kinetic theory of evaporation
This explains why evaporation causes cooling.
Molecules of a liquid are always in a state of continuous random motion and make frequent
collisions with each other and with the walls of the container.
If a molecule near the surface of the liquid gains enough energy to overcome the attractive forces
of the molecules below it, it escapes from the surface. The process is known as evaporation.
Therefore, when a liquid evaporates, it loses most of its molecules with a greater kinetic energy
and the ones that remain have low Kinetic energies.
Since temperature is proportional to the average kinetic energy of molecules, the decrease in
kinetic energy of the molecules in the liquid decreases the temperature of the liquid thus the

liquid cools.

Why it's much cooler in the valley than on top of hills at night
At night, air loses heat and its density increases. Therefore, the more denser air, which is cool,
tends to move down to the deeper areas like valleys while the less dense air, which is warm, stays

on top like hills. This makes valleys to be cooler than hills at night.

Why a baby has to be wrapped on a cold day

On a cold day, the temperature of the body is higher than that of the surroundings. Therefore,
there's a net rate of heat loss from the body which depends on the temperature difference
between the body and the surrounding. Therefore, a baby should be wrapped to avoid loss of

heat from the baby to the surrounding.

Why a bottle of soda left in a freezer overnight breaks

There's a high percentage of water in soda. Therefore, until the temperature decreases up to 4°C,
it still behaves like any other liquid.

However, when the temperature exceeds 4°C, it begins expanding due to anomalous expansion of

water. This expansion makes the bottle of soda to break.
Why cloudy nights are warmer than cloudless nights

At night, radiational cooling usually occurs. This is the cooling of the earth's surface and the air

near the surface and it’s caused by infrared radiation from the earth's surface and from the
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atmosphere.
The clouds therefore act like a blanket and this blanketing effect prevents heat from escaping

through the atmosphere and go into space. Thus cloudy nights are warmer than cloudless nights

DEW FORMATION
Dew point

This is the temperature at which water vapour, present in the air, is just sufficient to saturate it.

Conditions for dew formation
» Low temperatures.

» Humidity (amount of water vapour in the air),

Dew formation on grass
During the night, air temperature falls as the earth cools. If the temperature falls below the dew

point, water condenses from air and forms dew.

BOILING

Boiling point is the temperature at which saturated vapour pressure equals external pressure.

Effect of altitude on boiling
Altitude is the height above the earth's surface. An increase in the height above the earth's
surface decreases the weight and hence the density of the air above. This in turn decreases the

atmospheric pressure. Thus, atmospheric pressure decreases with increase in altitude.

Experiment to show that a liquid boils only when its saturated vapour pressure equals external
pressure

Some water 1s placed in a J-tube such that some air is trapped by the liquid column as shown in
figure (A). The J-tube 1s then placed in a beaker of water subjected to heat as shown in figure
(B).

The air in the J-tube will be observed to remain trapped as before until the water in the beaker
starts boiling. At boiling point, the water in the J-tube then comes to the same level in each limb.

This implies that the vapour pressure in the closed limb equals to the external pressure.
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Figure A

Thermormatar.

\<Hﬂljng stand,

Therefore, a liquid boils only when its saturated vapour pressure is equal to the external pressure.

Why it's possible to make water boil at temperatures below its boiling point

It's possible to make water boil at temperatures below its boiling point because boiling of water
occurs only when its saturated vapour pressure equals the atmospheric pressure. Since
external/atmospheric pressure varies with altitude, it implies that when altitude is increased, the
atmospheric pressure will reduce.

Thus, the saturated vapour pressure equals the lowered external pressure easily and since
pressure is directly proportional to temperature, boiling takes place before the normal boiling

point.

How cooking of water at 76cmHg and 100°C is achieved

Cooking utensils/pressure cookers have lids which prevent steam from escaping. As the water
inside the cooking utensil is being heated, density of steam above the water increases which in
turn increases the steam pressure above the water.

At 100°C the steam pressure equals 76cmHg and hence, the water boils. If heating is continued,
steam pressure may rise above 76cmHg hence causing explosion of the system.

Therefore, to ensure cooking at 76cmHg and 100°C, the lid should have a safety valve designed

such that it opens when pressure inside the utensil is 76cmHg.
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SATURATED VAPOUR PRESSURE

Occurrence of saturated vapour pressure

Consider a liquid heated in a closed container. The most energetic molecules overcome
attraction by other molecules and leave the surface of the liquid to become vapour
molecules. This is process known as evaporation.

Vapour molecules collide with the walls of the container giving rise to vapour pressure.
They lose the energy they had and re-enter the liquid. This process is known as
condensation.

If the rate of evaporation is equal to the rate of condensation, dynamic equilibrium is said
to be attained. The density of the vapour and hence the vapour pressures is maximum at that

temperature and this pressure is saturated vapour pressure.

Experiment to determine the variation of saturated vapour pressure with temperature
The apparatus is set up as shown below. The liquid in the flask 1s raised to a temperature 6
and then the pressure is reduced to a value when the liquid starts boiling. The manometer
reading / 1s taken. Thus, the saturated vapour pressure S. V. P = (H— h).

Where H is atmospheric pressure.

|_.'|'1'.|I‘|:u
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The experiment is repeated for different temperatures and the corresponding saturated vapour
pressure S. V. P calculated. A graph of saturated vapour pressure S. V. P and temperature is

plotted as below.

The graph shows that saturated vapour pressure increases with temperature but not linearly.

Effect of temperature on saturated vapour pressure at constant volume

For a saturated vapour, the rate of evaporation equals the rate of condensation. When
temperature increases, the mean kinetic energy of the molecules increases and the most energetic
ones leave the liquid. This increases the rate of evaporation. The increase in the rate of
evaporation increases the density of vapour above the liquid and this increases the rate of
condensation. Dynamic equilibrium is obtained at a higher value thus increasing saturated vapour
pressure. The increase in saturated vapour pressure is almost exponential.

However, if the temperature is increased further, a point is reached where all the liquid
evaporates and then unsaturated vapour 1s formed which behaves like an ideal gas. That is,

pressure increases linearly with temperature.

-~

=213'C  gc

e Temperatun

Effect volume on saturated vapour pressure at constant temperature

When volume is increased, there's a momentarily decrease in the vapour density which reduces
the rate of condensation and increases the rate of evaporation hence restoring the pressure to its
original value. Therefore, saturated vapour pressure 1s independent of volume increase.
However, if the volume is increased further, a point is reached where all the liquid evaporates
and then unsaturated vapour is formed which behaves like an ideal gas. That is, pressure

decreases exponentially with increase in volume.
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FPressure

Wolume

‘Why saturated vapour pressure is not affected by a decrease in volume at constant
temperature

When the volume of the container is reduced, the space above the liquid reduces. This increases
the vapour density, rate of condensation and saturated vapour pressure. Since temperature 1s
constant, the rate of evaporation remains constant. However, the increase in the rate of
condensation decreases vapour density which causes a decrease in the rate of condensation and
saturated vapour pressure. This makes dynamic equilibrium to be restored to the original value.

Thus, volume change has no effect on saturated vapour

Differences between saturated and unsaturated vapour

Saturated vapour Unsaturated vapour
It doesn’t obey gal laws. It obeys gas laws.
It’s in dynamic equilibrium with its It’s not in dynamic equilibrium with its own
own liquid liquid
It can only exist when the liquid 1s It doesn’t need the present of a liquid.
present
It exits at a fixed temperature. It exists at any temperature

Solving problems on vapours and mixtures
Unsaturated vapours obey gas laws while saturated vapours don't obey gas laws. If the vapour is
just saturated at a temperature 0, it implies that beyond this temperature, the vapour is
unsaturated and therefore obeys gas laws. However, for temperatures less than 6, the vapour is
saturated and therefore doesn't obey gas laws. Furthermore, a temperature equal to 6 is known as

the saturation temperature.
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(a) A mixture of gas and unsaturated vapour
A mixture of gas and unsaturated vapour obeys gas laws fairly well, each exerting the same
pressure as if it alone occupied the total volume. Therefore, if Pg1s the pressure of the gas, and P,
1s the pressure of the unsaturated vapour in the mixture, it implies that the total pressure Pr,
which obeys gas laws is

Pr=(F;+R,)
If 7 1s the volume of the container containing the mixture and is at a temperature 7, it implies
that from the 1deal gas equation,

PTV
% = constant

(b) A mixture of gas and saturated vapour
Since saturated vapours don't obey gas laws, the ideal gas equation is applied on only the gas in
the mixture. Therefore, if Pr is the total pressure of the mixture, and is the pressure of the
saturated vapour in the mixture, it implies that the pressure of the gas, Pg which obeys gas laws,
can be got from Pr = (Pg + PS)
That 1s,

Py =Pr—F
If 7 1s the volume of the container containing the mixture and is at a temperature 7, it implies
that from the ideal gas equation,

PgV
=, = constant

WORKED EXAMPLES
1.

Lﬂﬂjﬁlw ~Fenparnrs be.

—

Two cylinders A and B, each of volume 1.5 litres, are joined in the middle by tap T and placed in
a constant temperature bath at 60°C as shown. A contains a vacuum while B contains air and
saturated vapour. The total pressure in B 1s 200mmHg. When tap T is opened, equilibrium is

reached with water vapour remaining saturated. If the final pressure in the cylinder is
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150mmHg, calculate the saturated vapour pressure of water at 60°C.
Solution
Let Ps be the saturated vapour pressure of water at 60°C.
Considering tap T closed
for A, V;=0m3 T, =60+ 273 = 333K,P,; =?
forB, V,=15x10*m3T, =60+ 273 = 333K,P, =200 — P,
from PV = nRT

Py V. P,V
n, === and n, = =2
RTy RT>

When tap T is opened,;

V=V, =15x10°m3 V=2X%X 1.5x10°m?® =3 x 103m?
T =60+ 273 =333K,P =200-F

B
" RT
(numbe?‘ of moles) _ (number of moIeS)
when T is opened) = \when T is closed

n=n;+n,
PV _ Py PV
RT ~ RTy RT,
PV PiVy PV,
—_— = + —_
T Ty T,

(150—P5)x3x10% _ Pyx0 | (200—Ps)x1.5x103
333 333 333

2(150 — P,) = (200 — P,)
P. = 300 — 200 = 100mmHg

Note that when T is closed, V; = 0m?® because A contains vacuum. However, when T is opened,
the air and water vapour in B will occupy both cylinders thus, V = 3 x 10*m?>. Also, note that

P, 1s constant because temperature is constant.

2. A column of nitrogen gas was trapped in a capillary tube of uniform cross-section area and
closed at one end by a thread of water as shown below. The length of nitrogen column is
20.8cm at 25°C and 25.2cm at 83.3°C if its value at 25°C is 1.7 x 10°Nm™. Neglect the
weight of the water thread and assume atmospheric pressure, H remains constant at 1.01 x

10° Nm™.
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Solution

“<J Wster thread (index)

=== Nilrogen gas.

Since the weight of the water thread is negligible, P;yrq; = H = 1.01 X 10°Nm ™2
At 25°C,
[, =20.8cm,V; = Al; = 20.84 cm3,T; = 25 + 273 = 298K
H =1.01x10°Nm™?, P,y =17 x 103Nm™?
P, =(H—-Pg)=(101x10°—1.7 % 10%) =9.93 X 10*Nm 2
At 25°C,
l, = 25.2cm,V, = Al, = 25.2A cm® T, = 83.3 + 273 = 356.3K
H =1.01x10°Nm™?, P, =?P, = (H—-P,,) = (1.01 x 10° — P,)

PV, _ BV,
T1 N T2

9.93x10%*x20.84 __ (1.01x105— Pg,)x25.24
298 - 356.3

6.931 x 103 = 7.143 x 10 — (7.073 x 1072)P,,
P, = 2.997 x 103 Nm™2

Note that what is trapped in the capillary tube 1s a mixture of air and saturated water vapour.

Trial Questions

1. A closed vessel contains a mixture of air and water vapour at 27°C at a total pressure of
1.07 X 10°Nm~2. The water vapour is just saturated at this temperature. Calculate the total
pressure in the vessel if:

(1) The temperature is raised to 60°C.

(ii) The temperature is lowered to 17°C  (Saturated vapour pressure of water at 17°C is 1.9 X
102 Nm~2 and that at 27°C is 3.7 X 10° Nm~2)

[Ans: 1.188 X 10° Nm~2,1.018 x 10° Nm ™2 ]
3. Moist air at 50°C and a pressure of 760mmHg is contained in a sealed vessel. When the vessel
1s cooled, condensation starts at 20°C. What will be the total pressure at 10°C? (Saturated
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vapour pressure at 50°C, 20°C and 10°C are 92.0mmHg, 17.5mmHg and 9.0mmHg
respectively) [Ans: 658mmHg |

In a Boyle’s law experiment using damp air, the following results were obtained.
Initial pressure (air saturated) = 8.5kPa, Pressure when volume is reduced to half the
initial volume = 16kPa, Pressure when the volume is reduced to a third of the initial

volume = 23kPa.

(1) Show that the vapour exerts its saturation vapour pressure when the volume is reduced to
half its initial value.
(1) Calculate the saturated vapour pressure at the temperature of the experiment.
(111) Calculate the initial pressure of the water vapour. [Ans: 2kPa, 1.5kPa |
A volume of 2000cc of oxygen at 15°C and pressure of 753mmHg has been collected over
water. Find the volume of dry oxygen at s.t.p if the saturated vapour pressure of water at 15°C
is 12.78mmHg. [Ans:1.846 x 103cm?]
Two short threads of water confine a sample of air in a uniform capillary tube held
horizontally. At a temperature of 20°C and atmospheric pressure of 76cmHg, the air
bubble is Scm long. When the tube 1s warmed to 60°C, the bubble 1s 6.9cm long. Find
the saturated vapour pressure of water at 60°C if its value at 20°C i1s 18mmHg.
Neglect surface tension effects. [Ans: 14.89 mmHg |
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CHAPTER 19: THERMODYNAMICS
Thermodynamics is a science which deals with the relationship between heat and work done by a gas
by considering thermal effects using quantities like pressure, temperature, volume and internal
energy of a gas. The internal energy of an ideal gas is the kinetic energy of the thermal motion of its

molecules. Its magnitude depends on the number of the molecules and the temperature.

LAW OF THERMODYNAMICS
Gas changes involve change in pressure, temperature, volume and heat quantity. These changes are
governed by the law of thermodynamics. The law states that the total energy in a closed system is
always a constant. That is, energy is conserved in any transfer of energy from one form to another.
For example, when a gas is warmed, it expands and threw heat given to it (AQ) appears partly as an
increase in its internal energy (AU) and partly as the energy required for the external work done
(AW). Mathematically the law can be expressed as
AQ = AU + AW

Where AQ is the heat supplied to the gas, AU is the internal energy gained by the gas, and AW
1s the work done on or by the gas. If P is the pressure applied to the gas and AV is the change in
volume (expansion) of the, external work done the gas is given by

AW =P. AV

MOLAR HEAT CAPACITY
Cp 1s the molar capacity of a gas at constant at constant pressure. It's defined as the quantity of heat
required to raise the temperature of one mole of a gas by 1°C or IK at constant pressure.
That 1s,
AQp = nCpAT where n = 1 mole and AT = IK
C, 1s the molar capacity of a gas at constant at constant volume. It's defined as the quantity of heat
required to raise the temperature of a gas by 1°C or IK, at constant pressure. That is,

AQy = nCy AT where n = Imole and AT =1K

Relationship between Cp and C,
Consider one mole (n = 1) of a gas warmed through IK (AT = 1) at constant volume (AV = 0).
The heat required is given by
nCyAT = AU + P. AV
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But AV = 0,n = 1 mole and AT = 1K. Therefore AU =C,, ...... (1)
Consider also one mole (n = 1) of a gas warmed through IK (AT = 1) at constant pressure. The
heat required is given by;
AQp = AU + AW
nCpAT = AU + P. AV
But n = I mole and AT = IK. Therefore if V; and V> are the initial and final volumes of the
gas, then AU = [C, = P(V, = V)] = [Co = (PV, = PV;)]
From gas laws, PV; = RT and PV, = R(T +AT).
Therefore, AU = Cp, — [R(T + AT) — RT]

Since AT =1, then AU=C, — RAT ....... (11)
Equating the two equations (i) and(ii) gives;
C, =C—R
Cp— C, =R

This is the Relationship between Cp and C.

Why Cpis greater than G,
At constant pressure, the heat energy supplied is partly taken in to increase internal energy and
also used to do external work to increase the volume of the gas. However at constant volume,
there's no external work done to increase the volume of the gas. Therefore, heat supplied only

increases internal energy of the gas. Thus Cp is greater than C,.

REVERSIBLE AND IRREVERSIBLE PROCESSES
A reversible process is one which can be made to go in the reverse direction through an
infinitesimal change in the conditions causing it.
Examples of a reversible process include:

» Melting of ice.

» Expansion of a gas by a frictionless piston.

Irreversible processes
An irreversible process 1s one which can't be made to go in the reverse direction under the same
conditions causing it.

Examples of irreversible processes include:
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T

» Burning of kerosene.

» Expansion of a gas by a piston against friction.

ISOTHERMAL PROCESS
Isothermal process is a process that takes place at constant temperatures.
Isothermal change is a change the change in pressure and volume of fixed mass of a gas at constant
temperature.
Reversible isothermal change is a change taking place at a constant temperature and can be taken from

the final to initial states through an infinitesimal change in the values of temperature and pressure.

Conditions for achieving an isothermal process
» The gas container must be surrounded by a constant temperature bath to prevent temperature
changes.
» The gas container must be thin walled to allow heat transmission between the gas and the
constant temperature bath.
» The process must be carried out slowly to allow time for heat transmission.
» When carrying out the process, a light frictionless piston is used so that energy is on wasted in

overcoming the weight of the piston and the frictional force.

Work done by a gas during isothermal change
P

P‘ - ...............I

Pz

e

i T =W
Vi Ve
Consider » moles of a gas undergoing a reversible isothermal expansion at a temperature 7 such that its

volume changes from V; fo V>. The work done 1s given by;

AW = P.AV

From PV = nRT, it implies that P = (g)
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NnRT
14

fy dw =2 (%) av

W = nRT[InV]}?

Thus AW = )AV

W =nRT In (ﬁ)

Va2
This 1s the expression for work done by the gas during 1sothermal change or process. If 7 is positive, work is
done by the gas and thus, isothermal expansion occurs. . If /7 1s negative, work is done on the gas and thus,

1sothermal contraction occurs.

ADIABATIC PROCESSES
Adiabatic process is a process which takes place in such a way that no heat enters or leaves the gas.
Adiabatic change is a change in temperature, pressure and volume of a fixed mass of a gas when no heat is

allowed to enter or leave the gas. (1.e AQ =0).

Examples of adiabatic changes include:

Sound transmission in air.

v

v

A bursting tyre or a ball.

v

Inflating a tyre or a ball,

v

The compression stroke or power stroke of a four stroke cycle engine.

Conditions for achieving an adiabatic process
» The gas container must be thick walled and poorly conductive.
» The process must be carried out rapidly to avoid heat transmission exchanges,

» When carrying out an adiabatic process, the piston used must be light, frictionless and thick.

Thick light
fricionless piston,
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Why sound transmission in air is an adiabatic process
When sound passes through air, it makes a wave consisting of compression and rarefactions at a
frequency of about 500Hz and of very short amplitude. This process of compression and rarefaction is
fast enough not to allow significant transfer of energy from the system.
The air through which the sound moves is so vast that it's considered to be a well-insulated system.
Also, the compressions and rarefactions cause changes in pressure, temperature and volume. Thus,

transmission of sound in air is an adiabatic process.

Why adiabatic expansion of a gas results into cooling
In an adiabatic process heat, heat is not allowed to enter or leave the cylinder containing the gas. When
a gas expands adiabatically, its molecules bounce off the moving piston with reduced speeds thus reducing
the mean kinetic energy of the molecules. Since mean kinetic energy is proportional to absolute temperature,
and heat is not allowed to enter the cylinder containing the gas, the temperature of the gas will therefore

decrease. This results into cooling.

Equations for an adiabatic process
1. The expression relating pressure and volume for an adiabatic process is;

PVY = constant

2. For the equation relating pressure and temperature we substitute V' = %T in the above equation.

_ 14
That is, P (%T) = constant
pPO-VTY = constant

RY

constant
——— also a constant. Thus

Since R is also a constant, then
PA-MTY = constant

3.For the equation relating volume and temperature we substitute for P = %. That 1s,

(=
v
yo-ur =&
R
Since R is also a constant, then % 1s also a constant. Thus;

V=T = constant
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Adiabatic and isothermal curves

[
Adiabatic curve.

Imotarmal curess.
Ta

Ti

L

Why at any point the gradient of an adiabatic curve is steeper than an isothermal curve
For 1sothermal process

PV = constant = C

= (PV) = +-(C)

P+vE -
dv

ar _ _ P

av -~ v

This 1s the gradient for an isothermal curve.

For an adiabatic process,

PVY = constant = C
4 ry = 4
— (PVY) =—(0)

y-1 Y@ _
PGV + VY =0

y
Yev: _ _V}’d_‘o
v av
ap _ P
w - Iy

This 1s the gradient of the adiabatic process.

Therefore, the gradient of an adiabatic expansion is y times that of isothermal. The negative sign is

because pressure decreases as volume increases.

Work done by an adiabatic process
Consider n moles of a gas undergoing a reversible adiabatic expansion from a volume a Vi to 7> such
that its temperature changes from 77; o 7> . The work done is given by

AW = AQ — AU
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Since no heat 1s allowed to enter or leave the gas, AQ = 0. Therefore,
AW = 0 — (nC,AT)
w - _ TZ
J, dw = le (nC,)dT
W = —HCV(TZ - T]_)
o . PV
Also from PV = nRT, it implies that T = (ﬁ)

thue = =t [(22) - (2]

nR nR
R

w (C—V) = —(PV, — PV,)

Buth_CV=R

Therefore W (CPC;CV) =PV, -V,)
Vv
c
W (C—i— 1) = P(V, = V)

Cp _
Also, & =7
Thus W(y —1) = P(V, = V,)
P
W= },Tl(V1 — V)

This 1s the expression for work done by an adiabatic process.

NOTE:

1. For a mono-atomic gas [e.g. helium], y = 1.67.

2. For a di-atomic gas [e.g. oxygen (0y), nitrogen (N;) hydrogen (Hz)], y =1.40.
3. For a poly-atomic gas [carbon dioxide (C0») | y = 1.30

Other processes
1. Isovolumetric process is a process which takes place when a gas is heated or cooled at constant
volume.
2. Isobaric process is a process which takes place when a gas is heated or cooled at constant

pressure.

WORKED EXAMPLES

1. Calculate the work done against atmospheric pressure when Skg of water turns into vapor of 1.01

x 10°Pa. (Density of water = 1000kgm, density of vapor = 0.598kgm™)

( ]
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Solution

mass_ _ _3_ _ .005m3

volume of water,V; = Zemsity — 1000

mass 5
— = —— =8.361m?
density 0.598

volume of vapour,V, =

Work done against atmospheric pressure
AW = P.AV

AW = 1.01 X 10° X (8.361 — 0.005) = 8.44 x 10°]

2. A vessel contains 1.5 x 10 °m? of an ideal gas at a pressure of 8.7 X 10*Nm ™2 and a
temperature of 25°C. The gas is compressed 1sothermally and reversibly to a volume of
9 x 10*m>. Calculate the work done in compression of a gas.
Solution
V; =15x107°m? VvV, =9 x 107*m?
T =25+ 273 =298K,P;, = 8.7 x 10*Nm™2

AW = P,V, In (E—j)

= —66.67]

AW =87 x 10* x 1.5 x 10~ 1n ( ox1074 )

1.5x1073

3. Nitrogen gas is trapped in the container by a movable piston. If the temperature of the gas is
raised from 0°C to 50°C at a constant pressure of 4 x 10°Pa and the total heat added is 3 x
10*J. Calculate the work done by the gas. (Cp of nitrogen = 29.1 Jmol'K'!, y = 1.4)
Solution
AQ =3 x 10%],T, = 0°C, T, = 50°C
From AQ = nCp AT

Number of moles of nitrogen gas

A 4
n= Q@ __3x10 = 20.62 moles
CpAT  29.1x(50—0)

c
From, y = C—P
v
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—Ctp _ 291 _ -1 -1
Cy = T Ta T 20.79 Jmol 'K

Internal energy, AU = nC, AT
AU = 20.62 x 20.79 X (50 — 0) = 2.143 x 10%/
From AQ = AU + AW

Work done by a gas, AW = AQ — AU
AW =3 x 10* — 2.143 x 10* = 8.566 x 10%]

4. The temperature of one mole of helium gas, at a pressure of 1 x 10°Pa, increases from 20°C to
100°C when the gas is compressed adiabatically. Find the final pressure of the gas. Take y =1.67.
Solution
T, =20 + 273 = 293K, T, = 100 + 273 = 373K,P, = 1 x 105Pa, P, =?

pY™t  p¥1

R

Pt = () Pyt

1.67
P, = (22)7 x (1 x 10%)°¢7 = 3.35 x 10°

P, = "*V335 x 10° = 1.825 X 10°Pa

5. A vessel containing 1.5 x 10 ®m’ of an ideal gas at a pressure of 8.7 X 10~2 Pa and a temperature
of 25°C 1s compressed 1sothermally to half its original volume and then allowed to expand
adiabatically to its original volume.

(a) Calculate the final temperature and pressure of the gas. Take y = 1.41.

(b) Sketch a P-V graph for the whole process.

(c) Calculate the work done during the isothermal process.

Solution
Initially P, = 8.7 x 1072 Pa, V;, = 1.5 x 1073m3, T; = 25 + 273 = 298K
After isothermal compression
V,=05%x1.5x102=75x%x10"*m3T, = 298K, P, =?
PV, = PRV,

PV 8.7X1072x1.5xX1073
P, =211= = 0.174 Pa

1A 7.5x1074

After adiabatic expansion
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Vs =15x%x10"3m3, T, =2,P; =2,y = 1.41
P,V,Y = PyVsY

P, = (Z—z)y X P,

1.41

-4
Py=(2222)  x0.174=655x10"%Pa

1.5x1073

Final pressure is 6.55 X 1072Pa

Tszy_1 = T3V3y_1
_ (=)
Iy = (V3)
0.41

T, = (”X—W) x 298 = 224.3K

1.5x1073

1
x T,

Final temperature is 224.3K

PressweFa
QT4 oommemreeeee

T R T N
00855 -
w i m.m
: Vobirng k107 i

ors 18
(c) Work done during isothermal process
AW = PyV;In (2)
1

7.5x10™%
1.5x1073

AW =8.7x107?x15x%x 102 ln( ) = _9.046 X 107°J
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Trial Questions

1. A mass of air initially occupying a volume of 2000cc at a pressure of 760mmHg and temperature
20°C 1s expanded adiabatically and reversibly to twice its volume. It's then reduced adiabatically to a
volume of 3000cc.

(1) Sketch a P-V graph to show the processes.

(1) Calculate the final temperature and pressure of the air. Take y=1.4

[Ans: 249.2K, 430.8mmHg |

2. A gas initially occupying a volume of one litre at 273K and 1.01 x 10°Pa is compressed
1sothermally to half its original volume. It's then allowed to expand adiabatically to the original
v/olume.
(1) Calculate the final temperature and pressure of the gas.
(11)Indicate the process on a P-V diagram. [Ans: 206.9K ]
3. An ideal gas at a pressure of 2 x 10°Pa occupies a volume of 2 x 10°m? at 47.5°C. The gas expands
adiabatically to a final pressure of 1.1 x 10"Pa. Calculate the:
(1) Number of moles of the gas.
(11) Final volume of the gas.
(111) Final temperature of the gas. Take y=1.4.
[Ans: 1.502moles , 5.92 x 10~*m?3, 521.6K ]
4. Anideal gas of volume 100cc at s.t.p expands adiabatically until its pressure drops to a quarter its
original value. Find the new volume and temperature if the ratio of the specific heat
capacities is 1.4. [Ans: 269.2¢cc, 183.7K |
5. Anideal gas of volume one litre at s.t.p expands at constant pressure to a volume of three litres.
Calculate:
(1) The work done by the gas.
(1)  The final temperature of the gas. [Ans: 2.02x 105 ,819K ]
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CHAPTER 20: NUCLEAR PHYSICS

TYPES OF RADIATIONS AND THEIR PROPERTIES

There are three types of radiations namely: alpha particles, beta particles and gamma rays.

By definition;

*;‘

Y

YV V V V V

Alpha particles are helium atoms which have lost two electrons. The symbol for an alpha
particle is 3He.
Beta particles are high energy electrons .the symbol for a beta particle is _Je.

Gamma rays are electromagnetic waves of the shortest wavelength.

Properties of alpha particles
They are positively charged with a relative charge of +2.

They have a relative mass of 4.
They have a velocity of about a tenth (%) to that of light.

They have the least penetrating power; that is, they can penetrate 70mm of air and a fraction

in millimeters in aluminum.

Properties of beta particles
They are negatively charged with a charge of -1.
They have negligible mass.
They are identical to electrons emitted in cathode rays,
They have higher penetrating power than alpha particles; that is, they can penetrate 7mm of

aluminum and about 3mm of lead.

Properties of gamma rays
These are not particles but electromagnetic rays with short wave length, shorter than x-rays.
They have the velocity of light.
They are extremely penetrating; that is, they can penetrate about 70mm of lead.
They are not affected by electric and magnetic field. This is because they have no charge.

They are dangerous to living creatures. This is because they are highly penetrative.
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Similarities between alpha and beta particles
» Both have charges
» Both cause ionization of gases

» Both are deflected by gases

Similarity among alpha particles, beta particles, and gamma rays
» all cause 1onization of gases

» all have penetrating power
Radioisotopes and their uses
Radioisotopes are nuclides which are unstable and undergo radioactive decay emitting alpha

particles, beta particles, and gamma rays during which they return to stable form.

Some uses of radioisotopes

v

They are used during the assessment of the volume and concentration of blood in patients.

v

They are used to determine the rate of wear of piston rings of an engine and that of car tyres.

v

They are used to detect leaks in underground pipelines carrying water, oil e.t.c

v

They are also used in food processing industries for sterilization. For example meat can be

made to stay fresh for over 15 days using gamma rays.

v

They are used in paper industries to check the thickness of paper. The thickness of a
paper can be checked by a beta source below the paper and a Geiger- Muller tube and a
counter above it.

» They are also used in radiography in the treatment of cancer.
Gamma rays are used in radiography where they are replacing x-rays in the treatment of cancer.

T

» They are also used in carbon-14 dating

CARBON-14 DATING

Carbon-14 dating 1s used to determine the age of a dead plant or tree (or fossils)

How carbon-14 is used to determine the age of a dead plant

Carbon-14 forms radioactive carbon dioxide which may be taken in by living plants during the process

of photosynthesis.
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When the plant dies, no fresh carbon is taken in and carbon-14 in the dead plant starts to decay by
emission of beta particles. Using a Geiger-Muller tube, the activity (4) of the dead plant is

determined. Also, the activity (4g) of a similar plant which is still living is measured.

Since the half-life (tl) of carbon-14 1s known, the time (7) since the plant died can be estimated

2

from the formula A = Aoe_’“ where A = —G'fgg

2

Qn: Explain one industrial and one biological use of radioisotopes.

Solution
> Radioisotopes are used as tracers in industries. For investigation of the flow of a liquid in an
underground pipe of sewage or water, a little radioactive solution is added to the liquid being
pumped. A temporarily high activity around the leak will be detected from the ground above.
> They are also used in the treatment of cancer. Minute radioactive particles are attached to the
antibodies before they are given to the patient and the radioactivity reveals the cancer cells.
Further tiny doses of radioactivity fixed to the antibodies can then destroy the harmful cancer cells

with minimum damage to the surrounding healthy cells.

RADIATION HAZARDS AND PRECAUTIONS
The radiation hazards to human beings arise from;
» Exposure of the body to external radiation and,

» Inhalation or ingestion of radioactive substances.

Alpha particles are stopped by the outer layer of the skin since their penetrating power 1s small.
However, if they penetrate into the body, they are dangerous as they damage some body organs.
Therefore, alpha particles can damage skin tissues and eye sight.

Beta particles and gamma rays are more penetrating than alpha particles and destroy cells in body
tissues. When the body is exposed to them, they upset the natural chemical reactions. This may lead to
injury or death. They can also cause radiation burns (redness and sores on the skin) and delayed effects such

as cancer.
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Health hazards of radioactive substances
They can cause damage to body cells due to creation of ions which upset or destroy them,

Radiation can also cause immediate damage to tissue and, according to the dose, is accompanied by

radiation burns (that is, redness of the skin followed by blistering and sores which are slow to heal)

They can cause death when one is exposed to too much radiation,
Hereditary defects (deformation of offspring at birth) may occur in succeeding generations due to
genetic damage,

Delayed effects such as cancer, leukemia and eye cataracts may also appear many years later.

General safety precautions taken when handling radioactive sources

*;‘

Y V. ¥V V¥V V¥

Don't direct the sources to a person or to yourself,

Don't drink, eat, or smoke when using radioactive sources,

Wounds and cuts should be covered,

Use forceps to handle sources of radiation,

Thoroughly wash your hands after using radioactive sources,

When the sources aren't in use, they should be kept in lead boxes (lead is a heavy metal and they

can't penetrate it).

Safety precautions when using radioactive sources in industries

*;‘

' 4
’;‘
' 4

Workers should wear special budges containing photographic films,
Worker should also wear special clothing protected by lead.
Tweezers and remote reading machines should be used.

Waste products of nuclear power stations should be properly disposed. For example, they can

be buried underground so that they don't cause harm.

NUCLEAR RADIATION DETECTORS

In a nuclear radiation detector, energy is transferred from the radiation to atoms of the detector and
may cause 1onization of a gas in an ionization chamber, a Geiger-Muller tube, and a cloud chamber.
Nuclear radiation detectors including:

a) Diffusion cloud chamber.

b) Expansion/Wilson cloud chamber.

¢) Ionization cloud chamber.

d) Geiger-Muller tube.
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DIFFUSION CLOUD CHAMBER
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S is the source of radiation.

The top part of the chamber is at room temperature while the bottom part of the chamber is
maintained at a very low temperature by the dry/solid carbon dioxide and this creates a temperature
gradient between the top and the bottom. Ethanol, which is a volatile liquid, vaporizes from the felt
strip soaked in ethanol in the warm top part of the chamber and diffuses downwards. At some
distance above the metal base, there's a region of super saturation of ethanol vapour.

When the shield on S is removed, condensation of the vapour on the ions formed by S occurs.
The paths of the 1onizing radiations are traced by a series of small drops of condensation. The
thickness and length of the path indicate the extent to which ionization has taken place. These

tracks are observed against a black metal base by strong illumination. Shape of the tracks is as

&Ml\ki?“

EXPANSION/WILSON CLOUD CHAMBER

shown below.

Glalu plate,

Salurated 8]
mﬂ mr. = _._-!-—'_ Dam nm1
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S is the source of radiation.

Alcohol is placed on a dark pad on a piston. When the piston is moved down quickly, the air in
the chamber undergoes an adiabatic expansion and cools. The dust nuclei are carried away after a
few expansions by drops forming on them after condensation.

The dust free air 1s now subjected to a controlled expansion making the air super saturated. The
air 1s then exposed to an ionizing radiation from S. The water droplets will collect around the
1ons produced and these water droplet reflect light when illuminated thus enabling the
detection of the paths of the ionizing radiation.

The thickness and length of the paths indicate the extent to which 1onization has taken place.

Uses of a Wilson cloud chamber

v

It's used for the study of radioactive isotopes.

» It's used for recording the tracks of ionization particles.

v

It's also used to determine energy of radioactive particles.

v

By counting drops in cloud tracks, the specific ionization can be determined.
IONIZATION CHAMBER

Neutral 938 Thin metal rod
(at low pressure).  (anode).

— ‘ T nsulalor,
lonising ______
radiation.
—— Sanshive current

detecior+ D.C
Th_lnm amplifier,
window. Vet e . lll 4

(cathoda). EHT

When an ionizing radiation enters the chamber, ion pairs are produced. The positively charged
1ons move to the cathode while the negatively charged 1ons (electrons) move to the anode.
Current flows through the external circuit and the voltage pulses are amplified and recorded.
The Extra High Tension (EHT) is set to a value such that a constant current, Is flows. In this
setting the energy of the incoming radiation is proportional to current, Is. Alpha particles
produce a current of order 1 X 107 1°4 beta particles and gamma rays produce (or cause) a

much smaller current because they cause less 1onization.
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A graph of ionization current against voltage

Along OA, ionization current is proportional to voltage. This is because from O to A, voltage is
low thus some positive ions and electrons produced can recombine to form neutral atoms.
Along AB, ionization current is independent of the changes in the voltage. This is because all the
1on pairs produced reach the electrode thus resulting into a constant current called saturation
current.

Along BC, the electrons produced have sufficient energy to cause ionization of other gas atoms.
This results in rapid multiplication of ions in the chamber. This is called secondary ionization.
NOTE: The ionization chamber is operated in region AB and this is because 1onization current is

independent of the changes in voltage along AB.

GEIGER-MULLERTUBE

wire gauzs. Matal oylinder
(cathada).

imsulator,

The Geiger-Muller tube is connected to the counter or rate meter and a source of radiation is
then brought near a mica window. When this radiation enters the chamber through the mica
window, 1on pairs are produced.

Electrons move towards the anode at a very high speed because of the high potential difference
between the anode and the cathode. This makes electrons to move with a high kinetic energy and
thus capable of 1onizing several other atoms. This leads to ion amplification.

When the electrons reach the anode, a discharge occurs causing a pulse current through the resistor
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(R). The voltage pulse which results is then amplified and registered by a rate meter or a scaler.
The count rate is read from the rate meter which 1s equal to the number of the in-coming ionizing

particles entering the chamber per second. A graph of count rate against applied voltage

Counterate
[+
g
.Jrﬂr.é-.‘-'-
/
A/ . Applied
Threshokd voltaga (V)
voltage,

Along AB, not all the 1ons reach the electrodes thus some recombine to form other neutral atoms.
Along BC, all the ions reach the electrodes. The slight slope along BC is due to occasional failure
of the quenching action and end effects.

Along CD, there's uncontrolled multiplication of ions.

NOTE:

1. The Geiger-Muller tube 1s operated in region BC and this is because all the particles in this region
produce a sufficiently high voltage pulse for counting although their initial ionization may be
different.

11. A rate meter measures count rate (number of pulses per second)

11. A sealer records brief currents called pulses or ionization current of the individual

lonizing radiation.

Functions of some parts of a Geiger-Muller tube
Thin mica window:

It allows easy entry of ionizing particles into the Geiger-Muller tube.

Argon gas at low pressure:
When atoms collide with the neutral atoms, ion pairs are formed. When pressure 1s low, gas

molecules are much further apart and ions move with minimum interference to the electrodes.

Halogen gas mixed with argon:
The mixture forms a quenching agent which prevents secondary ionization.
An anode in the form of a wire:

It increases the strength of the electric field intensity.
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Importance of using inert gases in a Geiger-Muller tube
Inert gases, for example argon, are suitable filling gases since they don't easily attract electrons and

ensure maximum sensitivity.

Advantage of a Geiger-Muller tube over an ionization chamber
Geiger-Muller tubes have excellent sensitivity in that they can detect even a single ion pair.
NB: Dead time is defined as the time taken for the positive ions to travel towards the cathode in a

Geiger-Muller tube.

RADIOACTIVE DECAY
The changes accompanying the emission of radiation from radioactive substances differ from the
ordinary chemical changes. They are spontaneous, uncontrollable, and are unaffected by chemical
combination and physical conditions such as pressure and temperature. It involves the nucleus of
an atom (not its extra electrons as in chemical changes) and is an attempt by an unstable nucleus to
become more stable.
Note: The spontaneous disintegration of an unstable heavy nucleus by emission of a radiation
(alpha particles, beta particles, or gamma rays) is known as radioactivity. Energy is always

released in this case.

Emission of alpha particles
An alpha particle is a helium nucleus consisting of 2 protons and 2 neutrons. When an atom
decays by emission of an alpha particle, its nucleon / mass number (A) decreases by 4, whereas its
atomic / proton number (Z) decreases by 2. For example, when Uranium of mass number 238 ,and
atomic number 92 emits an alpha, it decays to thorium of mass number 234 and atomic number. (It
becomes the atom of an element two places lower in the periodic table).
285U — 2535Th + SHe

233U — *55Th + 3He

Emission of beta particles
When beta decay occurs, a neutron changes into a proton and an electron. The proton remains in
the nucleus and the electron is emitted as a beta particle. The new nucleus has the same mass

number, but its proton number increases by one since it has one more proton. For example, active
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carbon, called carbon-14, which has mass number of 14 and proton number of 6 decays by beta
emission to nitrogen having the same mass number(14) but proton number of 7. (It becomes the
atom of an element one place higher in the periodic table).

HC — e+ S

14 14 0

Emission of gamma rays
The emission of gamma rays is explained by considering that the nuclei (as well as atoms) have
energy levels and if an alpha or a beta particle is emitted, the nucleus is left in an excited state. A
gamma ray photon is emitted when the nucleus returns to its ground state. The existence of

different nuclear energy levels would account for the 'line-type' energy spectrum of gamma rays.

TERMS AND DEFINITIONS
Atomic or (proton number (Z): The atomic or proton number Z of an atom 1s the number of
protons in its nucleus.
Mass or nucleon number (4): The mass or nucleon number 4 of an atom is the number of nucleons
in the nucleus.
It follows that if N is the neutron number of the nucleus, that is, the number of nucleons it
contains, then

A=Z+N
An atom X with atomic number Z and mass number 4 is represented by 4X. For example, 2B
represents an atom of boron with; Atomic number = 5, Mass number = 10 and Neutron number =

(10 —5) = 5.

DECAY LAW
It states that the rate of disintegration is directly proportional to the number of active atoms
present.
Let N =Number of unstable atoms present at time t.
No =Original number of atoms present at 7 = 0.

A = Decay constant.
From the decay law, — Z—T < N

The negative sign implies that N decreases as 7 increases. The radioactive decay constant (1)
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1s the constant of proportionality in this expression, giving
dN
- = —AN

Putting integrals on both sides gives,

N dN t
INQ? = fo —Adt

[InNJ§, = [-2 t]5
InN—-InNy=-4t -0

N
In (1) = -2t
N _At -
—=e sinceln = log,
Ng

N = Nye ™ ... (i)
NB: Radioactive decay constant, A is defined as the fractional number of atoms which decay per

second.

HALF LIFE OF A RADIOACTIVE SUBSTANCE
Half-life (tl /z)is defined as the time taken for the number of active nuclei present in a source at
a given time to fall to half its value.
When t = tl/z ,N = %NO
Substituting for 't' and 'N' in equation (1) gives;
() = e
)=
In2 = —J{f1f2

In2 _ 0.693

by, =5 =732

Determining half-life of a radioactive substance using a Geiger- Muller tube

The source of radiation is placed near a thin mica window of a Geiger-Muller tube.

The number of counts per second (activity), A is recorded by the counter at different values of
time, t. The results are tabulated and a graph of count rate (activity) against time is plotted. The

graph 1s as shown follows.
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Counterabe

:

—+ Tirme

T]'metakenforA‘rofa]ltolf'-l0 =(t; —0)
2
Time taken for %Aﬂ tofa]lto%A0 =(t,—t;)
Half life = Average time

= ~[(t; = 0) + (t, — t)]

Where Ay 1s the nitial activity of the radio active source

ACTIVITY OF A RADIOACTIVE SOURCE

Activity (A) of a radioactive source is defined as the number of disintegrations of a radioactive

source per second.
Let 4 = Activity of a radioactive source at time .

Ao= Activity of a radioactive source at time 7 = 0.
dN
A=|E

From equation (i) , N = Nye ¢

Therefore, A= %(Noe_ltﬂ
= |-AN,e ™|
= ANye A
But N = Nye ™t thus A = AN ........ (iii)
This implies that if A = AN .......(*) then A, = AN, ... ... (*%)

Dividing equation (*) by (**) gives;

A _ AN _ Noe ™
Ay ANy N

—
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A e—ﬂt
Ao 1
A=Age™™ ... (iv)

Steps taken to measure activity of a radioactive source using a Geiger-Muller tube
1. Measure the background count rate of the radioactive source, Ao.
11. Measure the count rate of the source, A;

1. True activity of the source = (4; — Ayp).

UNIFIED ATOMIC MASS UNIT
This 1s a twelfth (12%) the mass of one atom of carbon-12 1.e. 1 mole of carbon-12 has 12g and

6.02 x 10% atoms.

12

Mass of one atom of carbon-12 = ————=1.99 x 10™**g
6.02x10

1U = % X (mass of one atom of carbon — 12)

=1.66 X 10_24g
But 1kg = 1000g
1.66x107 2%

Therefore, 1U = = 1.66 x 10"?"kg

1000

The electron volt

This is defined as the kinetic energy acquired by an electron when accelerated by a p.d of 1 volt
K.E =eV
K.E=16%x10""Yx1=16x10"]
leV = 1.6 x 10719

NUCLEAR FISSION
This is the disintegration of a heavy nucleus into two or more light nuclei, neutrons and
emission of energy.
A fission reaction gives normally more energy than a fusion reaction e.g
255U + 9n - ¢lBa + 32Kr + 3n + energy
Such a reaction where one neutron produces more neutrons is called a chain reaction and can be

used to produce atomic bombs.
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NUCLEAR FUSION
This is the combining of two or more light nuclei to form a heavy nucleus with emission of
energy e.g the fusion of two deuterium nuclei to produce helium.
2H + 3H - 3He + {n + Energy
High temperatures are required in nuclear fusion to provide the nuclei with the necessary energy to

overcome their mutual electrostatic repulsion.

EINSTEIN'S RELATION OF MASS AND ENERGY
Einstein predicted that if the energy of a body changes by an amount E, its mass changes by an
amount Am given by the equation
E = Amc?
where c is the speed of light in a vacuum and has a value 3 x 103ms™*.
Using the above equation, unified mass can be expressed in terms of energy 1.e.
Energy of 1U = Amc? = (1.66 x 10727) x (3 x 10%)?
= 1.494 x 10719
But leV = 1.6 x 107 %]

1.494%1010
1.6x1071°

Thus 1U = [ ] ~ 931MeV

MASS DEFECT
This is the mass equivalent of energy required to split up the nucleus into its constituent
nucleons.
The mass of the nucleus is always less than the total mass of neutrons and protons.

mass of protonS) _ ( mass of )

Mass defect = (
f and neutrons the nucleus

mass of nucleonS) _ ( mass of the )

Or Mass defect = ( and electrons atom/nucleus

BINDING ENERGY

Binding energy is the energy released when nucleons come together to form a nucleus.
Binding energy can also be defined as the energy required to split the nucleus into individual
nucleons.

Consider a helium nucleus:
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2He = 4.0015U from the atomic mass scale; proton,p = 1.0073U, neutron,n = 1.0087U
[Number of nucleons] = [Number of protons] + [Number of neutrons]|
=2+2=4
To form a helium nucleus, you need 2 protons and 2 neutrons

(mass of the costituent
protons and neutrons

) =2p+2n
=2(1.0073U + 1.008U) = 4.0320U
Mass defect Am = 4.032U — 4.0015U = 0.0305U
But 1U = 1.66 x 10~%7kg
Therefore Am = 0.0305 X 1.66 x 10727 = 5.063 x 10~ ?°kg
Energy given out is the binding energy i.e
Binding energy = energy given out
= Amc?
= 5.063 X 10729 x (3 x 10%)%2 = 4.557 x 107 1%
But 1leV = 1.6 x 10719/

4557x10" 12
1.6x1071°

Therefore, binding energy = = 2.848 x 107eV = 28.48MeV

total binding energy

Binding energy per nucleon =
total number of nucleons

__ 2848

= =7.12MeV
4

Binding energy per nucleon is the ratio of the binding energy to the number of nucleons

(protons and neutrons)
A graph of binding energy per nucleon against mass number

Binding
T /%__t_qg
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Very small nuclei are unstable because of the large surface energy. Small nuclei for which number of
protons is equal to number of neutrons are more stable than those whose number of protons is not
equal to their number of nucleons. This explains the presence of the spikes. Medium sized nuclei are
the most stable because the nuclear forces are saturated i.e. each nucleon interacts strongly with a few
neighbors. This explains the maxima of the curve.

Large nuclei are unstable because of electrostatic repulsion among the large number of protons. This

explains the slight decrease at the end of the curve.

NB: Binding energy per nucleon is defined as the total energy required to split the nucleus of an

atom into its constituent particles divided by the mass number of the atoms.

DETERMINING THE VOLUME OF BLOOD
A little of the patient’s blood is removed and put in a solution containing a radioactive material of
known half-life.
A carefully removed quantity of the mixture of the blood and the radioactive material is then
reintroduced in the blood stream of a patient. After some time, the body will be evenly distributed
with the radioactive material.
A small sample of blood is then removed and tested using a detector to determine its activity.
High concentration of the radioactive material in the blood (high activity) shows that the blood is not
enough.
The volume of blood in the patient will be equal to the total activity expected after time t divided by

the activity per unit volume of blood.

RATE OF WEAR OF A PISTON RING
The piston ring is radiated so that it can become radioactive. The mass of the piston ring and the
initial activity of the piston ring are also determined using relevant instruments.
The ring is then installed in the engine and the engine is run continuously for a given time.

After this time, the activity of oil from the engine 1s determined using a detector.

Activity of oil
The mass worn off = Y of

— . X total mass of the rin
Activity expected after time t f g

mass worn o
Rate of wear = —ﬁ
time of use
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WORKED EXAMPLES

Where applicable, use the following constants
Electronic charge, e = 1.6 X 1071°C
Avogadro’s number = 6.02 X 1023mol ™!

Velocity of light in a vacuum, ¢ = 3 x 10®

1. A radioactive source produces alpha particles each of energy 60MeV. If 20% of the alpha particles
enter the ionization chamber and a current of 0.2 A flows. Find the activity of the alpha source if the
energy needed to make an ion pair in the ionization chamber 1s 32eV.
Solution
I1=02uA=0.2x10"°4
From QO = It, rate of flow of charge

(%)=1=02x10"cs
t
From O = ne, number of electrons emitted per second;

_ @ _ 0.2x107°
e 1.6x10719

= 1.25x 10"

Total energy needed to make all the 1on pairs in the chamber per second

B (number of electrons) « ( energy required )
emitted per second to make an ion pair

= 1.25 X 10" x 32 = 4 x 10™eV = 4 x 108MeV
Since each alpha particle requires 60MeV, then, the number of alpha particles entering the chamber

_ 4x10®
60

= 6.67 X 10°

per second

But only 20% of alpha particles enter the chamber per second. Let a be the number of alpha particles
entering the chamber per second.

20% of @ = 6.67 X 10°

__ 6.67X10°

a= =3.33 x 107

0.2

Therefore, the activity of the alpha source is 3.33 x 107 s™

2. A mass of 4g of the nuclide 23Na decays by emission of S-particles. Its half-life is 71s. Find the;
i Number of 2°Na atoms initially present.

1. Initial activity of the sample.
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111. Number of 23Na atoms present after 20minutes.
Solution
M = 25gmol™*,m = 4g,N, =?,t1), =71s

N m
Number of moles, n = == —
Na M

Therefore number of 25Na atoms initially present ;
Ny = E X Ny = %x 6.02 X 10?2 = 9.632 x 1022
(i) = =71
1= 222 =9761x1073s71
Initial activity A, = AN, = 9.761 X 1073 x 9.632 x 10?2
(iii)
At =9.761 x 1073 x 20 x 60 = 11.71
Number of 2°Na atoms present after 20minutes;
N = Nye *
N =9.632 X 10?2 x e71171 = 7.909 x 107

3. An isotope of Bismuth of mass number 200 has a half-life of 5.4 x 103s. It emits alpha particles
with energy of 8.2 x 1013/, Calculate for this isotope the;

L Decay constant.

1. Initial activity of 2 X 10~ moles of the isotope.

11 Initial power output of this quantity of the isotope.
Solution

0693 _ 3
t1/2 =—= 5.4x10
0.693

~ 5.4x102

=1.283 x 107 %571

(11) Number of atoms, N, = nN,4
No=2X10"°x6.02 x 102® = 1.204 x 10*®
Initial activity A, = AN,

Ay =1.283 X 107* x 1.204 x 10*® = 1.545 x 10**s7*

(iif) ( initial ) _ ( initial ) » (energy
111 power output) ~ \activity released
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=1.545 X 10** x 8.2 x 1073 = 1.267 x 10°W

4. Consider the following nuclear reaction.

20U+ gn > 224+ JR+64n

L Determine the values of x and y.
1. What is the importance of this reaction?
Solution

(1) 235+1=133+y+6
y==6
924+0=x+40+0
x =052
(11) The reaction is for nuclear fusion. Therefore, energy is released during the process which can be

changed to electricity at power stations and used in the manufacture of atomic bombs.

5 (a). The following is part of uranium-238 decay series
255U oW 255Th - 25iPa
Name the particles emitted at each of the stages (1) and (i1).
(b) Calculate the energy liberated when a helium nucleus 3He is produced by fussing two deuterons
nuclei 2H. (Give your answer in MeV)
[Mass of sHe= 4.004U, Mass of 2H =2.015U, 1U = 1.66 x 10%’kg]
Solution
(a). For stage (1), let the particle be x.
mass number =238 — 234 = 4
atomic number =92 — 90 = 2
particle is in the form 5x which is an alpha particle.
For stage (i1), let the particle be y.
mass number = 234 — 234 = 0
atomic number = 90— 91 = -1
particle is in the form _%y, which is a beta particle.
(b)
H + 2H = jHe + E
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2.015+ 2.015=4.004 + Am
Am = 4.03 — 4.004 = 0.026U
Am = 0.026 X 1.66 X 10727 = 4.316 X 10 %%kg

E = Amc?
E =4316x 1072 x (3 x 108)? = 3.884 x 1071/
—12
= 28000 2428 x 107eV
1.6x10

E =2.428 X107 X 107°MeV = 24.28 MeV

6. The radioisotope *°Co decays to ®°Ni by emission of a 8- particle and two y-photons. The half-life
of °Co is 5.27 years.
(1) Calculate the maximum energy (in MeV) of the gamma radiation given off per disintegration.
(i) Find the power of radiation emitted by 5g of ®°Co. [Mass of ®Co = 59.9338U, Mass of °Ni =
59.9308 U, mass of _e = 0.0005U, 1U = 1.66 x 107?7kg ]
Solution
Co - °Ni + e +E
59.9338 = 59.9308 + 0.0005 + Am

Am = 0.0025 X 1.66 X 10727 = 4.15 x 10" *%g

E = Amc?
E =4.15x 1073° x (3 x 10%)? = 3.735 x 10713/
—13
= 373940~ _ 2334 x 105V = 2.334MeV
1.6X10

7. A steel piston ring contains 15g of radioactive iron 5¢Fe. The activity of 32Fe is 3.7 X
105 disintegrations per second. After 100 days of continuous use, the crank case oil was found to have a
total activity of 1.23 x 102 disintegrations per second. Find the
(i) Half-life of 3¢Fe
(1) Average mass of iron worn off the ring per day assuming that all the metal removed from the ring
accumulates in the oil.
Solution
54 g of 3¢Fe contains 6.02 X 1023atoms

6.02x102%3

15 g of iron contains X 15 = 1.67 x 10*3atoms

But A= AN
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0.693x1.67x10%3

tyy,

3.7 X 10% =

ty, = 3.625 x 102 days

Activity expected after time tis given by; A = Ay e A

A = 3.7 x 105~ (1912x107") — 3 7 % 105dis/sec

Activity of oil

— . X total mass of the rin
Activity expected after time t f g

mass worn off =

__1.23x103
T 3.7x105

x 15 = 0.04986g ~ 0.05g

mass worn of f

Average mass worn off per day =
g p y time of use

=28 _5x 10~*g/day

100

8. A small volume of a solution which contains a radioactive isotope of sodium had an activity of
1200 disintegrations per minute when it was first introduced in the blood stream of the patient. After
30 minutes, the activity of 1cm® of the blood was 0.5 disintegrations per minute. If the half-life of
sodium 1s 15 minutes. Estimate the volume of blood in the patient.

Solution

A, = 1200 dis / min, t1/2 = 15 min

lem? of blood has 0.5 dis/min after 30 min

A= % = 0.0462 min~!

A = Age M = 1200e(0:0462x30) = 300,84 dis/ min

300.84
0.5

= 601.68 cm?

Volume of blood

Trial Questions
1. A radioactive element P is present as 1% of the atoms of a mono-atomic element Q which has an
atomic mass of 80. Calculate the;
1 Number of atoms of P in 20g of Q.
1. Rate of decay of P after 25s. [Half-life = 10s]
[Ans: 1.505 x 10°atoms, 1.844 x 101°s71]
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2. The activity of the sample of dead is 10 counts per minute while activity for a living plant is 19
counts per minute. If the half-life of carbon-14 1s 5500 years, find the age of the wood
sample. [Ans: 5094.08 years |

|78}

. A radioactive source emits 2 x 10° alpha particles per second. The particle produces a saturation
current of 1.1 x 10°A in an ionization chamber. If the energy required to produce an ion pair is
32eV, determine the energy in MeV of an alpha particle emitted by the source.

[Ans: 11MeV ]

4. A silver isotope 1984 g has a half-life of 2.4 minutes. Initially, a sample contains 2 x 10° nuclei of

198Ag. Find the number of radioactive nuclei after 1.2 minutes.

[Ans: 1.414 x 10°nuclei]

id

1 kg of wood from shipwreck has an activity of 120 counts per second due to *C, whereas the
same amount of wood had an activity of 200 counts per second. Find the age of the shipwreck.
[Half-life C = 5700 years] [Ans: 4.202 x 10%years ]
6. A radioactive source contains 1.0ug of plutonium of mass number 239. If the source emits

2300 alpha particles per second, calculate the half-life of plutonium.

[Ans: 7.589 x 101s]

7. The radioisotope 535 decays by emission of beta particles. The half-life of the radioisotope is
28.8 years. Determine the activity of 1g of the isotope. [Ans: 1.609 X 10%° per year ]

oo

. The activity of a sample of wood 1s 50 counts per hour while activity of a living plant 1s 100
counts per minute. If the half-life of carbon-14 1s 5565 years. Find the age of the wood sample.
[Ans: 38896.5 years |
9. Consider the nuclear reaction below
233U + on - seBa + %Kr + 3jn + Energy.

(1) Find the value of x and y.

(11) Calculate the energy released by one mole of 233U in the above reaction.

(1)  Explain why neutrons are preferred to charged particles for inducing nuclear
reactions. [233U = 235.117U, {n = 1.0090U , stBa = 143.9577U, %)Kr =
88.926U,1U = 931MeV]

[Ans: = 144,y = 136,1.207 X 10%°MeV ]

10. Calculate the binding energy per nucleon for 3¢Fe nucleus.

[ in =1.008665U,1P = 1.007277U, _% = 5.4858 x 10U, 3¢Fe = 55.9349, 1U =
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931MeV] [Ans: 8.787 MeV ]
11. (a). A nucleus of 32CI emits an alpha particle followed by two beta particles. Show that the final
nucleus 1s an isotope of chlorine.
(b). Why 1s radioactivity not affected by chemical combination or changes in physical environment?
12. A nucleus of Uranium disintegrates to thorium (Th) with emission of an alpha particle. Given that
mass of 235U = 238.12494u, mass of Th = 234.11650u, mass of alpha particle = 4.00387u,
L Write a balanced equation for the reaction above.
1. Calculate the velocity of the alpha particle.

[Ans: 1.448 X 103ms™1]
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CHAPTER 21: PHOTQ-ELECTRIC EFFECT

Photo-electric emission is the emission of electrons from the metal surface when electromagnetic

radiations of a frequency greater than the threshold frequency of that metal, falls on it.

EXPERIMENT TO DEMONSTRATE PHOTOELECTRIC EFFECT
uv

P“M radiations Nmﬂl Wi od
charged Znc plate.
mcpluo\ 1\
Metal cap. 0] —— — " Metal cap.
\
Goid leaf. — \ |_— Gold feet.
Jv‘ A (3 B lﬂ

The set up 1s as shown above. Two clean zinc plates are charged, one positively and the other
negatively. The positively charged plate is placed on an uncharged electroscope A while the
negatively charged plate is placed on a placed on an uncharged electroscope B as shown in figure
above. Both electroscopes are earthed and a source S is placed between them to illuminate the

plates with ultra violet radiations.

Observation: It will be observed that the leaf of electroscope A remains divergent while that of

electroscope B falls slowly.

Explanation: The leaf of electroscope A remains divergent because the electrons emitted by the
plate on it, when u.v radiation falls on the plate, are attracted back by the positive charges of the
plate. Thus there's no loss of charge in this case. On the other hand, the leaf of electroscope B falls
slowly because when u.v radiation falls on plate placed on it, the emitted electrons will be repelled

further by the negative charges of the plate. Thus the plate losses charge and the leaf falls slowly

Deduction: Photoelectric emission takes place on the negatively charged plate placed on

electroscope B but doesn't take place on the positively charged plate placed on electroscope A.
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LAWS OF PHOTOELECTRIC EMISSION

15t law: There's no time lag between irradiation and emission of photoelectrons.

2" Jaw: The number of electrons emitted per second (photo-current) is proportional to the

intensity of incident radiation.

3% law: There's a minimum frequency called threshold frequency below which no photoelectric

emission occurs however much the intensity is.

4™ Jaw: The maximum Kinetic energy of electrons is directly proportional to the frequency but

independent of the intensity of radiation.

Explanations of the above laws of photoelectric emission.
Explanation of the 1% law: Each electron needs one photon for it to leave the metal surface. If the
photon is less than the work function, it's rejected. But if the electron gains @ photon of the right

energy, it will immediately leave the surface.

Explanation of the 2°¢ law: When intensity increases, the number of photons reaching the surface

per second increases which increases the number of electrons per second.

Explanation of the 3" law: Intensity only increases the number of photons per second but doesn't
increase their energy. Therefore, when the photons have a frequency less than the threshold
frequency, they will have energy less than the work function of the metal surface and will be

rejected. Hence no photoelectric emission takes place.

Explanation of the 4™ law: When the frequency is increased, electrons will gain an energy (hf)
which will exceed the work function (hfy). The difference in these two energies is used as kinetic
energy. Therefore, as frequency ( f) increases, the difference (hf — hf,) increases hence

increasing kinetic energy.

How wave theory fails to account for photoelectric effect

Instantaneous emission: From wave theory, radiation energy is uniformly spread over the whole

( ]
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wave front and thus an electron absorbs only a fraction of the total energy. This implies that there
should be a time lag between irradiation and emission of photoelectrons which 1s not the case in

photoelectric emission.

Existence of threshold frequency: Wave theory predicts continuous absorption of and accumulation
of energy. Therefore, radiation of high enough intensity should be able to cause emission eve when

the frequency is below the threshold frequency which is not the case in photoelectric emission.

Variation of Kinetic energy: From wave theory, increasing intensity would mean more energy and
hence greater value of maximum kinetic energy. However, maximum Kinetic energy in
photoelectric emission, kinetic energy depends on the frequency of incident radiation and not on

intensity.

APPLICATIONS OF A PHOTOCELL
(a) As a photoelectric cell

L Used to power solar watches,
11. Used to power solar panels.
11l. Used to power calculators.

How a photoelectric cell is used
When the radiation falls on say a solar watch, electrons are emitted and these electrons cause a,

current to flow through the watch and it begins to operate.

(b) As a photo emissive cell

L Used to detect intruders.
11. Used in switches to open doors,
1il. Can be connected to an automatic switch to switch on light.

How a photo emissive cell is used
For the case of detection of an intruder, the intruder intercepts infra-red beam falling on a photo

cell hence cutting off current. The interruption therefore sets the alarm off.
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EXPERIMENT TO DETERMINE PLANK'S CONSTANT OF PHOTOELECTRIC EFFECT

Radiation from
ApacImma. Glass bub,

e

L
!

The apparatus is setup as shown above with a variable voltage source connected as shown above.
Radiation of known frequency from a spectrometer is made incident on the cathode C of

photocell.

The voltage across the cathode C and anode A i1s varied until the photo-current is zero. The stopping
potential V;is noted.

Measurement of V; is repeated using other frequencies, f of radiation.

A graph of V; against f1s plotted as shown below. The slope, S of the graph is then obtained.

Vs 4

C-

Slope, S =

Therefore plank's constant, h = Se
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EXPERIMENT TO VERIFY EINSTEIN'S EQUATION FOR THE PHOTOELECTRIC
EFFECT

Radigtion from

—-

T A
o

The apparatus is setup as shown above with a variable voltage source connected as shown above.

Radiation of known frequency from a spectrometer is made incident on the cathode C of

photocell.

The voltage across the cathode C and anode A is varied until the photo-current is zero. The stopping
potential V; is noted.

Measurement of Vs is repeated using other frequencies, f of radiation.

A graph of V; against fis plotted as shown below. The slope, S of the graph is then obtained.

Vs 4

A J
S~

fo

CA

From the general equation of a straight line, y = mx + ¢ where c is the intercept on the Vs axis

m:slope:% , y=V, andx=f

y=mx+c
=)+

When V; =0,f = f,
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0=()hte

= ()

Therefore,
v=0G)r-G)h
eVo = h(f — fo)

This 1s Einstein's equation and it's equal to the maximum kinetic energy of a photoelectron.

QUANTUM THEORY

It states that light is emitted or absorbed in discrete packets of energy called photons. According to
quantum theory, when light is incident on a metal surface, each photon interacts with only one electron
on the surface of the metal giving it all its energy. A photon is absorbed if its energy is greater than the
work function of the metal and rejected if its energy is less than the work function of the metal. Part of
the energy (work function) is used to overcome the nuclear attraction of the electron and the rest
becomes kinetic energy of the photoelectrons. Therefore, the electron can escape from the metal

surface.

1
— 2
hf = W +Emevmax

where (hf) is the energy of the incident radiation

NOTE: for an electromagnetic radiation, ¢ = fA Using this in the above equation gives;

he _ 1
T = Wy + Emevmax

2

Experimental evidence of quantum theory of matter
(i) Optical spectra: An excited electron in the excited state jumps directly from higher to lower energy
levels and in the process emits energy of a certain wavelength which forms a line. This line in the '

optical emission spectrum indicates presence of a frequency of light; hence a photon.

(1)  X-ray line spectra: Transition of electrons from one shell to another leads to liberation of
energy in discrete packets characteristic of the metal target. These packets are the photons.
(1)  Photoelectric emission: To liberate an electron from the surface of a metal, a quantity of energy

called work function has to be supplied. This is a photon.

( ]
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How photoelectric emission provides evidence for quantum theory of light
(1) Increasing intensity of light only increases the number of photons per second but the energy of each
photon remains the same. So maximum Kinetic energy is independent of the intensity which is true

according to experimental observations.

(2). Increasing intensity of light increases the number of photons striking the surface per second which
increases the rate of emission of electrons from the surface. This implies that photon-current increases

with increase in intensity which is true according to experimental observations.

(3). Increasing frequency increases photon-energy (energy of each photon). Therefore, maximum kinetic

energy increases with increase in frequency which is true according to experimental observations.

TERMS AND DEFINITIONS
(a) Work function: this is the minimum amount of energy which must be supplied to a metal surface
for it to discharge the outermost electron. It can also be defined as the minimum amount of energy

required for an electron to overcome the forces of attraction of the nuclei on the surface of the metal.

(b) Threshold/cut-off frequency: this is the minimum frequency required to have electrons emitted

from the surfaces of the metals.

(c) Stopping potential: this is the least negative potential that can stop all the electrons emitted at the
cathode by the photocell.

(d).Plank's theory
It states that the energy of a photon is directly proportional to its frequency.
Exf
E = hf

Where / 1s plank's constant.

WORKED EXAMPLES
Where applicable, use the following constants

Charge of an electron, e = 1.6 x 10~1°
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Plank’s constant, h = 6.63 X 1073%Js

Mass of an electron, m, = 9.11 x 10 3kg

g F-11)

P is a vacuum photocell with anode, A and cathode, K made from the same metal with work
function 2eV. The cathode is illuminated by monochromatic light of constant intensity and
of wavelength 4.4 x 107 m.
a (1) Describe and explain how the current shown by the micro-ammeter, M will vary as the
slider of the potential divider is moved from B to C.
(11) What will be the reading of the high resistance voltmeter, V when the photo-electric
emission just ceases?
(b) With the slider half way between B and C, describe and explain how the reading of the
ammeter, M would change if;
(1) the intensity of the light was increased,
(ii) the wavelength of the light was changed to 5.5 x 10”7 m.

Solution
(a) (1) The cathode, K has a positive potential relative to the anode, A. As the slider moves from B
to C, the cathode becomes more positive with respect to the anode.
A retarding force is therefore experienced by the electrons as they move to the anode until a point
1s reached when no electrons reach the anode. At this point, no current flows in the photocell.

This will make the reading of the micro-ammeter to decrease to zero.

(11) wo=2eV =2x16%x10712=32x10"17,1=44%x10""m
% —wy =el;

6.63X10734x3x108
4.4x1077

—32x107 = (1.6 x 109V,
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(1.6 X 107191, = 1.32 x 10719
V,=0.8253V

(b) (11) When the slider is midway between B and C, the p.d in the photocell is G X 1.5)2

7.5V.Since this p.d is less than the stopping potential, there will be photoelectrons reaching
the anode.
Increasing the intensity increases the number of photons reaching the cathode per second which

in turn increases the number of electrons emitted at the cathode per second. This will increase the

reading of M.
h
) o =1
—34 8
/10 — 6.63X10 i(139X10 — 6216 X 10_7m
3.2X10
Therefore

A =44%X1077m Ay = 6216 x 1077, 4, = 55X 107"m
A <A, <A

The new wavelength (4,) 1s longer than the previous one (A, ) but less than the threshold value
(Ag). Electrons will therefore be emitted but with a lower kinetic energy since A,> A;. The
number of electrons emitted per second also remains the same since the intensity is kept

constant. The reading of M will therefore remain constant.

2. When light of wavelength 5.9 x 10" m is incident on sodium metal, electrons of maximum
kinetic energy 1.71 x 102°J are emitted. Calculate the maximum Kinetic energy of the electrons
that will be emitted by sodium metal illuminated by light of wavelength 4.5 x 10”7 m.
Solution
A =59x10"7"mK.E; =171 x1072°, 1, =45 x 107"m,K.E, =?
K.E, = z—j — w,

_ 6.63X1034x3x108
1.71 x 10720 = — Wy

5.9x10~7

wo=3371x107"° -1.71x1072° =3.2x 1077/

he
K'EZ =‘1_2_CU0
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__ 6.63x10 3*x3x10°8
- 4.5x10~7

—32x1071=1.22x1071

3. The work function of tungsten is 4.49eV. Ultraviolet radiation of wavelength 250nm falls on
the surface. Calculate:

L The cut off wave length of photo emission.

11. The stopping potential

Solution

wo=449%X 1.6 X107 =7.184 x 107%],4 = 250 x 10°m

hc
;{0 —_— ?ﬁ
6.63x10 3*x3x108 _
Qo =222 XX — 2679x1077)
250x10~°
h
(i) ——wo = eV,

6.63x10734x3x108
250x107°

(1.6 X 10729)V, = 7.72 x 10720
V. = 0.4825V

— 7184 X 1071% = (1.6 X 1079V,

4: Violet light of length 0.4um is incident on a metal surface of threshold wavelength 0.65um.
Find the maximum speed of the emitted electrons.
Solution

Ao = 0.65 X 1075m, 2 = 0.4 X 1075m, K. E, =?

1 5 _ 11
Emevmax = hc (i - 51—0)

9 _2hc(1 1
Unmax" = \7 73
me ;;I. .;10
v 2= 2><6.63x10‘34><3x103[ 1 1 ]
max 9.11x10731 0.4x10"6  0.65x10°6

Umax? = 4.199 x 10712

Umax = V4199 X 10711 = 6.48 X 10 >ms ™!

Trial questions

1. Calculate the maximum speed of the photo electrons emitted by a caesium surface
irradiated with light of wavelength 484nm if the work function of caesium is 3 x 107°J
[Ans: 4.935 X 105ms ™1 ]
2. A 100mW beam of light of wavelength 4 x 10”'m falls on a caesium surface of a photocell.

( ]
{ 356 }



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

1. How many electrons strike the caesium surface per second?
1. If 80% of the photons emit photo electrons, find the resulting photo current.
111. Calculate the kinetic energy of each photo electron, if the work function of
caesiumis 2.15eV  [Ans: 2.011 x 10757 1,2.574 x 10724,1.533 x 10719
3. A source emits monochromatic light of frequency at a rate of 0.1W. Of the photons given out,
0.15% falls on the cathode of the photocell which gives the current of 6uA 1n an external surface.

Assuming that this current consists of all photo electrons emitted, calculate;

L The energy of the photon.
1. The number of photons leaving the source per second.
111, The percentage of the photons falling on the cathode which produce photo electrons.

[Ans: 3.647 X 10719] ,2.742 x 1017 s71,9.115% |
4. When a certain metallic monochromatic radiation of length X the maximum Kinetic energy of
photo electrons released from the surface is 30eV. When the same surface is illuminated with
radiation of wavelength 24, the maximum kinetic energy of the photo electrons i1s 10eV. Show
that the maximum wavelength of incident radiation on this metallic surface that can cause the
release of the electrons is given by A, = 44
5. The work function of a metal is 2eV. Calculate the stopping potential when illuminated by a
light of frequency 6 x 10'* Hz. [Ans: 0.486 V]
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CHAPTER 22: THE ATOM

RUTHERFOLD'S GOLD FOIL EXPERIMEMT
This was an experiment carried out by Ruther fold to investigate the scattering of alpha particles
by thin films of gold.

Scattering of alpha particles

Gold foil  =~—=
(107 m thick) —=—»
r] T ™" . = gold

% nucleus
RN

, ’ * ZnS screen

cavity  Collimator s \

1 4 g Microscope
About | 1n 8000-a . -*" Rotatable paths of scattered

i reflectad back u-particies
detector

A thin piece of gold was placed perpendicular to the source of alpha particles. A narrow spot
beam of alpha particles from the source inside a metal block was incident on a thin gold foil.
Whenever a particle hit the screen, it produced a faint flash of light called scintillation.

The experiment was carried out in a dark room and the scintillations were observed through the
microscope. The screen could be rotated about the metal foil and by counting the number

of scintillations in various positions in equal intervals of time, the angular dependence of the
scattering was determined.

Since the range of alpha particles in air is limited to about Scm, the apparatus was evacuated so

that particles would not be prevented from reaching the screen.

Observations
it was observed that;
(1) Most of the alpha particles passed through the foil undeflected.
(11) A few particles were scattered through small angles.

(111) Very few particles were deflected through angles greater than 90°.

Conclusions
He concluded that;
(1) It the gold foil atoms were completely solid, no alpha particle would penetrate through to the
other side of the gold foil,

(1)  Since the majority passed through the gold foil undeflected, then most of the space inside the

( ]
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atom is empty,
(111)  The scattering of the alpha particles was due to head on collisions of the alpha particles
(positively charged) with the atoms of gold (negatively charged)

(iv)  The small deflection was due to repulsion by the positive charge.

Rutherford's model of an atom
(1) An atom consists of a positive charge confined to the centre where most of the mass is
concentrated,
(11)  Electrons orbit round the nucleus like planets do round the sun.

(111)  It's the electron cloud that accounts for the volume of the atom.

Rutherford's failures
(1) Much as electrons revolve round the nucleus, the do so only in certain allowed orbits and
when they are in these orbits, they don't emit radiations. Rutherford failed to explain this.
(11)  Electrons can also jump from one orbit of energy say E> to another of lower energy E; and the
difference is emitted as one quantum of frequency f given by plank's equation of
frequency E, — E; = hf. Rutherford failed to explain this.

Closest distance of approach of an alpha particle to the nucleus
An alpha particle directed onto the nucleus is deflected through a large angle and the smallest distance

alpha particles can reach the nucleus is referred to as the closest distance of approach of the alpha

particles to the nucleus.

Alpha particla
deflected through a
large angle. -
Empty space

THE BOHR ATOM

A Bohr atom one whose centre (the nucleus) is surrounded by electrons moving in definite circular or

elliptical orbits and when in these stable orbits, the atom doesn't radiate.

—
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Bohr's postulate

(1) Electrons can revolve round the nucleus only in certain allowed orbits and when in these orbits,
they don't emit any radiations.

(11)  An electron can jump from an orbit of higher energy E> to that of a lower energy E; and a
radiation is emitted of frequency, f given by AE = hf,where AE = E, — E;.
(111)  The angular momentum of the electrons are whole number multiples of % where /1 1s a

constant known as plank's constant.

Bohr’s postulate applied to a hydrogen atom

Consider an electron of mass m and charge e revolving round the nucleus of an atom with a velocity v
and in an orbit of radius r as shown below.

Expression for the Kkinetic energy of the electron

The nucleus of the atom has a charge equal in magnitude to that of an electron. Therefore, by
coulomb's law, electrostatic force exerted on an electron is given by;

e?

Amegr?

Fy

Centripetal force on the electron directed towards the nucleus is also given by;
2
F, = %

At equilibrium, F, = F;. Therefore,

mv? e?
T 4megtr?
2 _ e
mvs =
41 goT

Thus, kinetic energy of the electron is given b

K.E = %mv2 :%[ e’ ]

4T gqT
K.E = B;ED?’ SR ()
( ]
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Expression for the potential energy of the electron
Potential energy is equivalent to the work done in moving an electron from infinity to an orbit of radius r
with the nucleus as its centre.

The small work done in moving an electron a small distance 67 in the electron cloud is given by;

oW = For = (=) or

Therefore, potential energy of the electron is given by;

PE= [ (2s)dr= () [ = 2=

Thus, potential energy of the electron is given by;

PE= — oo (i)

ATTEQT

Expression of the total energy of the electron
( total ) _ (kinetic ) + (potentiai )
energy) \energy energy

2 .2 .2
En: e n e]: e

8MEer  ATEQT 8mEr

Thus, total energy of the electron is given by;

—p2

E, = NN ¢11))

8mEQT

Expression of total energy using Bohr's postulates
If / 1s a constant the plank's constant, and » 1s an integer called the principal quantum number.
Then according to Bohr's postulates,
( angular ) ” (i)
momentum 2m
h
mvr « —
21

B nh
mvr = =
B nh

2mmr

Thus, kinetic energy of the electron is given by;

K.E:lmv lm( nh )Zzi E)z

2mmr 8m \mr
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Equating equations (1) and (1v) gives

e2 1 (nh)z
8megr | 8m \mr

e? _n?n?
g mmr
n2h2g,
r= R 4
nmme? ( )
Substituting for r in equation (1i1) gives;
—e2 —e2 [ mme? 1 [ —me*
E, = = 252 == 2, 2
8mEpT 8meg Ln“h<gp n= \8h<gp

E = 1 (—me")
n 7 n2 \8h2g,y2

1
Thus, E, « =

NOTE: E; is negative because electrons are bound to the nucleus of the atom, so work must be
done to remove the electron from the atom to infinity where the energy is considered to be zero

and this work 1s done against the attraction binding the electrons in the atom.

Frequency of radiation during electron transition

From Bohr's postulates, an electron can jump from an orbit of higher energy E> to that of a

lower energy Ei and a radiation is emitted of frequency f given by AE = E, — E;

Since E,, o — , then
88 = B, = By = () [ - 7
hf = (thg[,)[ —n%z]
r= (Gl =l

1 1 —-me* .
f=a|— ——| wherea =(——) and a is a constant
?122 ?112 Bh3802
c
Also f ==
A
c 1 1
Therefore, -=a [—2 - —2]
’ y Ny mng
1_af1 1 ]
A clny2  ny?
1 _ [ 1 1 ]
A - H ?122 ?112
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Where Ry = % ,and c is the velocity of light in vacuum

Bohr's assumptions
L Each electron moves in a circular orbit which is centered on the nucleus,
1. The necessary centripetal force 1s provided by the centripetal force of attraction

between the positively charged nucleus and the negatively charged electron.

Failures of Bohr's postulate

L It can only explain spectra for simpler atoms with few electrons such as hydrogen.
1. It also can't explain the fine structure of spectral lines of hydrogen
111, It says electron orbits are circular yet they are elliptical.

ENERGY LEVELS OF A HYDROGEN ATOM
According to Bohr's model of an atom, electrons are arranged in permitted orbits of defined
amount of energy. These orbits are known as energy levels of the atom. The levels can be
represented by horizontal lines arranged one above the other to form an energy level with each
line indicating a particular energy value.
An electron can jump from one energy level to another by gaining or losing energy. All levels
have negative values because the energy of an electron at rest outside an atom is taken to be zero
and when the electron falls into the atom, energy is lost as electromagnetic radiation.
The hydrogen spectrum is obtained by using different numbers of n when calculating the energy
levels. The lowest energy level is obtained when n=1. The u.v series are obtained when the
energy level falls to the lowest energy level corresponding to n=I1. The visible spectrum is
obtained for energy level corresponding to n=2.The infrared spectrum is obtained when n=3.
The energy change E for the u.v series is greater than for the visible spectrum. Since E= /f, the
frequency of the u.v radiation is greater than that of the visible radiation. Since ¢ = fA, the u.v
wavelengths are shorter than those in the-visible spectrum. The lowest energy level E; is called
the ground state.
By definition, the energy required to just remove the electron from the ground state to infinity
(E) 1s called the ionization energy ( E;,,,)
Eion =0—E,;
But E;, = —13eV thus, E;,, = 13eV
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WORKED EXAMPLES

Where applicable, use the following constants

1. Draw an energy level diagram for hydrogen to indicate emission of ultra-violet, visible

and infra-red spectral lines.

Solution

neE-
ne=s

n=4

nEd—ri— mﬁl‘m'
: radiation.

nm2 Vllﬁﬂ

radiation. =
0 =1 ~Uliravioel. i Ground state.

late.

mo oo mem

2. An alpha particle with kinetic energy SMeV makes head on collision with an atom of gold in the
gold foil. It's deflected through 180°. If the atomic number of gold is 79, calculate the distance of

nearest approach of the alpha particle to the nuclear centre of gold and what 1s the significance of

the result? [é =9x10°F 'm]
0

Solution
K.E=5MeV =5x10°%x16x10°=8x10"1%] ,Z=79, m=4
__ 4ke’z
T mu?
2
mu? =22 L)

K.E :%mu2

8 x 10712 = 2 (£=2)

T
1( 4ke?z
Y =-\t00/—%
2 \8x10713
2
_ 1 (4x9x(1.6x1077)"x79
T2 8x10-13

) — 455 % 10~1m

Significance: The result is the estimation of the radius of the nucleus, i.e. the radius of the
nucleus is just less than 4.55 x 10™m.

— —9
3. The energy levels of a hydrogen atom are given by E,, = 21'1—210 joules, where n takes on the

values 1, 2, 3, .... Find the shortest wave length of radiation which can be emitted by the

( ]
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hydrogen atom.
Solution

Minimum wavelength is the transition from E, to E;

he
E, — E,=—
—217x10"%  -21.7x10"° _ 6.63x10 >*x3x10®
002 12 - A
_ 1.989x10™ 2%
217 x107° = —————
A
1.989x10 23 _g
=———==9.166 X 10"°m
21.7x1071°

4. The diagram below shows some energy levels of the hydrogen atom

EnergyleV

u_m EEaEEEEmE s Es e ———— "= -
£ 58— = §

.85 n=4
1.5 —n=3

_aq —_—————— == 2

-13.8 ——n=
(1) Use the diagram to explain the emission spectrum of hydrogen.

(11) Calculate the speed of an electron which could just ionize the hydrogen atom.

(1)  Calculate the minimum wavelength of the hydrogen spectrum and state the region of

the electromagnetic spectrum in which it lies.

Solution

(1) When atoms of hydrogen are excited by say heat, the electrons make transitions to higher

energy levels. The atoms become unstable since energy has increased. Electron transition

occurs to a vacancy left in the lower energy levels and a radiation of definite wavelength or

frequency 1s emitted. A series of well-defined separated bright lines of definite wave length

or frequency are formed against a background and this is an emission line spectrum.

(1) The energy that could just ionize the hydrogen atom is the first ionization energy.

1
Emeu2 =-E

%x 911X 10731 x u? = —(~13.6 X 1.6 X 10719)

u? = J(13.6><1.6><10_19) — 2186 x 105ms-1

0.5x9.11x10731
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(111) Minimum wavelength is the transition from E, to E;

6.63x10734x3x108
A

[0—(—13.6)] x 1.6 x 10719 =

1.989 x 10~23

2176 x 10718 = i
1.989x10 2> _g
=——=9.141 X 10 °m
2.176xX10

It lies in the ultra violet region of the electromagnetic spectrum

Trial questions
1. (a) The diagram below depicts possible electron orbits in the Bohr model of a hydrogen

atom. Assume the orbits are circular

where e is the

_p2
(1) Show that the total energy in an orbit of radius, r is given by E = an -
]

electron charge.
(11)  If only the orbits allowed for the stable electron orbit are those where by r = Z—: , Where m 1s

the mass of electron, v is the electron speed, n is an integer and h is plank's constant; show that

. —me*
the total energy in a(1) above can be expressed as E”W

(b) (1) What 1s the significance of the negative sign in the expression of E in a(i) above?
(11) Calculate the wavelength of the radiation that will be emitted when the electron makes a

transition from n =4 ton=3. [Ans: 1.086 x 10~°m]

2. The diagram below shows some energy levels of the hydrogen atom
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EnergyleV
P
-0.54 n=5
0,84 ——pm4
-1.51 n=3
338 n=2
-13.58 e 2 ]

(1) Why are the energy levels labeled with negative energies?
(11)  State which transmission will result in the emission of radiation of wavelength 487nm.
Justify your answer by a suitable calculation. In which part of the electromagnetic spectrum does it
lie?
(11) Calculate the ionization potential.
(iv)  Calculate the highest frequency in the Lyman series of the spectral lines.
[Ans: From n =4 to n=2 , 13.58V, 3.277 x 105Hz ]

3. The diagram below shows some energy levels of neon

EnergyleV
E- ------------------------ - ﬂ.m
Ex 0.81
Ey — e .77
Es -4 87
E; 2147

Determine the wavelength of radiation emitted in the electron transition from E4 to Es. In what
region of the electromagnetic spectrum does the radiation line lie?
[Ans: 6.342 X 1077 m]

4. The diagram below shows some of the energy levels of mercury atom.

Enargyiely
A — T
E, 1,60
Es e 3.70
E: -5.50
Eqy— =10.40

Find the ionization energy of a mercury atom in joules. Find the wavelength of the radiation
emitted when an electron moves from level 4 to level 2 and state the part of the electromagnetic

spectrum where the radiation lies. [Ans: 1.664 x 1078J, 3.188 X 10~7m]

—
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5.
Energy/eV
------------------------- 0.00
First excited stala 34
Ground stale - 138

The figure above shows a simplified energy level diagram for atomic hydrogen. A free electron
with kinetic energy of 12eV collides with an atom of hydrogen and causes it to be raised to its first
excited state. Calculate;

(1) The loss in kinetic energy of the free electron in eV after the collision

(11) The wavelength of the photon emitted when the atom returns to the ground state.

[Ans: 1.8eV, 1.219 X 107 7m]
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CHAPTER 23: X-RAYS
X-rays are electromagnetic radiations/waves of very short wavelength produced when fast

moving electrons are stopped by a hard metal target.

PRODUCTION OF X-RAYS

Glass wal Cano3t  tungsten flament

Tungsten taget ’ \ ., FocusngTube |  Wirelead

Taiac# ange  Certer of Taict Flament
ginerated Xorsy  angle

X RAY TUBE

The filament is heated by a low voltage and electrons are emitted from it by thermionic

emission. The ejected electrons are focused on the target by the focusing cap and then accelerated
by the extra high tension (E.H.T) connected across the terminals of the cathode and anode.

On striking the target, most of the energy (about 99%) of the electrons is converted to heat energy
but a small percentage (1%) is converted into x-rays. The heat energy at the target is removed by

the cooling fins. Little or no energy is lost by the electrons on their way to the target because of

the vacuum.

Energy changes that take place during x-ray production

[Electrical energy from low a.c voltage]
[[Heat energy from the filament]

[Kinetic energy of moving electrons]|

[Heat energy in the target]

—
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Features of an x-ray tube which makes it suitable for continuous x-ray production

Low a.c voltage for heating,

Source of electrons (heating filament).

Accelerating p.d (E.H.T between cathode and anode).
Target of high melting point (tungsten),

Cooling system (cooling fins),

A good conductor for anode (copper),

Vacuum to ensure that little or no energy is lost by electrons on their way to the target.

Properties of x-rays

They affect photographic plates,

They travel in a straight line,

They cause 1onization of gases,

They carry no charge,

They can cause fluorescence.

They can cause photoelectric emission,
They can travel at a speed of light,

They have a wave nature.

Y V. ¥V ¥V ¥V ¥V Y VYV ¥

They readily penetrate matter and are absorbed by very dense elements like lead.

PENETRATING POWER OF X-RAYS

This 1s the extent to which the ejected electrons penetrate matter (target). It's controlled by the

p.d between the terminals of the cathode and the anode which determines the amount of kinetic

energy with which the electrons strike the anode. The kinetic energy is proportional to this

accelerating p.d. intensity remain constant.

That 1s; K. E o< eV, implying that K. E = eV, where K. E is Kinetic energy is the accelerating p.d,

and e is the electronic mass.

NOTE: If the accelerating voltage increases, kinetic energy of the electrons reaching the target

increases but the number of electrons doesn't change. Heat dissipated in the target also increases.
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HARD AND SOFT X-RAYS
X-rays with high penetrating power are known as hard x-rays. They have a short wavelength and
are used to destroy cancer cells. On the other hand, x-rays with long wavelength and less

penetrating power are known as soft x-rays. They are used in x-rays photography for human
body.

INTENSITY OF X-RAYS
This 1s the power transmitted per unit area. It's controlled by the filament current which
determines the number of electrons striking the metal target per second.
The greater the filament current, the greater the number of electrons striking the target per

second, and hence the greater is the intensity. Penetrating power remains constant.

THE MAJOR DIFFERENCE BETWEEN X-RAY PRODUCTION AND
PHOTOELECTRIC EMISSION

In photoelectric emission, electromagnetic radiation is incident on the metal surface which
releases electrons and little energy is produced. However, in x-ray production, fast moving
electrons strike the metal target producing x-rays (electromagnetic radiations) and a lot of heat

1s generated in the target. Therefore, photoelectric emission is the reverse of x-ray production.

ORIGIN OF CHARACTERISTIC X-RAY LINES FROM ATOMIC THEORY
At very high voltages, it's possible for the bombarding electrons to penetrate deep into the atom
and knock out an electron from the inner filled shell (k-shell). The knocked out electron can
either be ejected completely out of the atom, or can occupy any of the higher unfilled shells.
This puts the atom in an excited state and therefore unstable. As a result, there's electron
transition from higher shells to the vacancy in the k-shell. An x-ray photon is then emitted whose
energy is equal to the difference between the two energy levels and this results in k-series or
lines. The transition that results into an electron ending in the L-shell results in the L-series. These

are called characteristic x-ray lines.
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Intensity b
X-rays
K-series.

~-serles.

La

- Ly 72‘4
y
A Wavelength

GENERATION OF CONTINUOUS LINE SPECTRA OF X-RAYS IN AN X-RAYTUBE
Continuous spectrum is produced when electrons make collisions with the target atoms in which
case they are decelerated. At each deceleration, x-rays of differing wavelengths are produced.
These x-rays overlap each to form a continuous spectrum. The shortest wavelength x-rays are
produced when electrons lose all their energy as x-ray photons in a single encounter with target
atoms. The wavelength of the x-rays at this point is called cut-off wavelength. The x-rays with

longer wavelength are as a result of electrons losing less than their total energy.

A GRAPH OF INTENSITY AGAINST WAVELENGTH OF X-RAYS

o
T %
=
|

I

Ry
'3_
| Winrvalngth
Minimum wavelength (4,,,;,,): This is as a result of a bombarding electron having a head on
collision with one target atom in a single encounter. The electron loses all its kinetic energy in

form of an x-ray photon. This x-ray formed is the most energetic and has a maximum frequency

hence minimum wavelength.

Continuous spectrum: This is due to the fact that a single electron undergoes a number of
collisions before losing all its kinetic energy. At each collision, x-ray photons of smaller energies

than maximum energy are given out. They overlap and therefore produce a continuous spectrum.
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Line spectrum: some bombarding electrons can penetrate deep into the atom and displace
electrons from their energy levels. The atoms become excited and unstable. Stability is restored
by the electron falling from higher energy levels to lower vacant energy levels and x-ray
photons are given out. These have definite frequencies thus forming x-ray spectrum with
prominent lines. NOTE: The wave lengths of the prominent lines in a line spectrum are changed

by altering the metal target since these lines are characteristic of the metal.
EXPERIMENT TO SHOW THE WAVE NATURE OF X-RAYS

TIT o e
|

A narrow beam of monochromatic x-rays is made incident on a crystal of dimensions

Monochromatic

comparable to the wavelength of x-rays behind, behind which is placed a photographic plate.
Analysis shows that a central dark spot surrounded by a pattern of other smaller dark spots is

formed. This shows that the x-rays are diffracted confirming their wave nature.

Reasons why x-rays are electromagnetic waves
» They give a line spectra.
» They eject electrons from matter by photoelectric emission and other methods. That is, they
lonize gases.

» Their method of production involve accelerated charged particles.

INDUSTRIAL USES OF X-RAYS

v

In art while analyzing the painting to find out whether the paintings are genuine or

imitated,

v

To detect cracks which are invisible to the eye in metal castings and welded joints.

v

To detect defects in motor tyres,

v

To study the structure of crystals.
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BIOLOGICAL USES OF X-RAYS
In medical examination of the human body to detect the complicated organs,
To treat cancerous diseases and other malignant growth in the human body.

To investigate the lungs in order to detect tuberculosis,

vV V V V

To investigate the broken bones in x-ray photography.

HEALTH HAZARDS OF X-RAYS
» Prolonged exposure destroys body tissues, damages blood cells and eye sight.

» They produce changes in subsequent generations.

DIFFERENCES BETWEEN X-RAYS AND CATHODE RAYS

X-RAYS CATHODE RAYS

They are electromagnetic waves They are fast moving electrons

They move at a speed of light They are slower compared to x-rays

They eject electrons from matter They produce x-rays on striking
matter

They have a higher penetrating power | They have a lower penetrating power

They can’t be deflected by electric or They are deflected by electric or

magnetic field magnetic fields

DIFFERENCES BETWEEN X-RAYS AND BETA PARTICLES

X-RAYS BETA PARTICLES

They are electromagnetic waves They are electrons

They have no charge They have a negative charge

They move at a speed of light They are slower compared to x-rays

They can’t be deflected by electric or They are greatly deflected by electric

magnetic field or magnetic fields

Methods used to detect x-rays
Photographic methods,
Ionization chamber,

Geiger Muller tube wit rate meter.
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X-RAY DIFFRACTION

Bragg's law
It states that for adjacent crystal planes separated by a distance, d, the path difference (2d sin 6,,)

1s equal to the product of the order of diffraction, n, for image formation and wavelength, A.

That is, 2d sin 8,, = nA, where 6,, is the glancing angle of #” order.

Derivation of Bragg's law
Consider a beam of monochromatic x-rays incident on a crystal. A small fraction of the incident
x-rays 1s scattered by each atom in the plane. The scattered x-rays interfere constructively in those

directions for which the angle of incidence is equal to the angle of reflection.(that is, scattered

rays are parallel) otherwise destructive interference occurs.

Inciden X-7ay : ~Reflecied X-ray
beam. x“‘“x“ beam.
- --""f =]
;_-\"_-._,'_\___u— 7. - i
Alomic T
Phﬁﬂ'ﬁ."‘-u_u a 5 Pz

For adjacent planes P1and P>,
Path difference A = AB + BC
=dsinf +dsinf
= 2dsin 6
For constructive interference, A = nA
Therefore nA = 2d sin 6 which is Bragg's law for #»” order where,# is the Bragg angle.
NOTE:
» Glancing angle 8 is the angle between the x-ray beam and the crystal surface.
» For maximum order of diffraction #mua, Sinf = 1
Thatis, 2d = Anygy
» For maximum wavelength, , 4,4, 7 = 1, and sin8 = 1

That 1s, 2d = A,pgx

Atomic spacing in crystals
Consider an ionic crystal of potassium chloride [K*CI7]

Let M = Molar mass of potassium chloride.
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. . M
Mass of an ion pair = o
A

Let p density of [K*CIl7]

mass _ m M

density - o Nap

volume of an ion pair =

. 1 M
volume of one ion = E(_) =d?3

Nap
3, M
Therefore, d=
ZNAP

WORKED EXAMPLES
1. An x-ray tube operates at 30kV and a current through it is 2mA. Calculate;

(1) The electrical power in-put.

(11) The number of electrons striking the target per second.
(111) The speed of the electrons when they hit the target.
(1iv) The lower wavelength limit of the x-rays emitted.

Solution
V =30kV = 30,000V, I =2mA = 0.0024
(1) Electrical power in-put
P=1V=10.002 x 30000 = 60W
(1) From Q = ne

The number of electrons striking the target per second is given by;

n 1 0.002 —
—=—=—_1g:1.25>(101651
t e 1.6x10

s 1
(i)  From:>m, Vmax’ = eV

2eV  2x1.6x10719%30000
2= = = 1.054 x 101®

. =
max me 9.11x1031

Umar = V1.054 x 1016 = 1.027 X 10%ms~*

.. hc  6.63x1034x3x108 _
(iv) Amin =— = — =4.144 x 107 m
ev 1.6x10719%30000

2. In an x-ray tube, 90% of the electrical power supplied to the tube is dissipated as heat. If the
accelerating voltage 1s 75kV, and the power of 742.5W is dissipated as heat, find the number of

electrons arriving at the target per second. What would be the effect of increasing the voltage?

Solution

—
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V =75kV = 75000V
Let P be the electrical power supplied
power dissipated = 90% of P

742.5 = 0.9P
P =723 - g5
0.9
Rate of flow of charge [ = P25 _0011¢s?
14 75000

From Q = ne = It,the number of electrons arriving at the target per second is given
by:

I 0.011 —
B o= =6.875x 105!
t e 1.6X10

If the accelerating p.d is increased, kinetic energy of the electrons reaching the target increases but

the number of electrons doesn't change. The heat dissipated in the target also increases.

3. The closest spacing between the planes of ions in the crystal of sodium chloride is 2.82 x 10'm.

The first order reflection of monochromatic beam of reflection occurs at an angle of 15.8°. Find the

wavelength of the x-rays.

Solution
n=1d=282x10"m,0 =15.8°
nA = 2dsinf
1XA=2x282x%x10"7 Xxsin15.8
A=1536x10""m

4. Abeam of x-rays of wavelength 1 X 1071% m is incident on a set of cubic planes in sodium
chloride (NaCl) crystal. The first order diffraction beam is obtained at glancing angle of 10.2°. Find
the spacing between the consecutive planes and the density of sodium chloride. [Na =23, CI=35.5 |

Solution
n=1 1=1x10"1%m,6 =10.2°

NaCl = Na + Cl = 23 + 35.5 = 58.5gmol™*

—
| —

377




P

1L

1.

A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

58.5

M = =—= = 0.0585kgmol !
1000
nd = 2dsiné
niA _ 1xix10 0

=2.824x107%m

" 2sinf  2sin10.2

. 1( M
volume of one ion = —(—) =d?
2 \Nyp
M
p= 2N 4d3
0.0585

= = 2.157 x 103 kgm™3

T 2x6.02x1023%(2.824x10~10)3

Trial Questions

The deflection of a voltmeter when a p.d of 60kV is applied across an x-ray tube, a current of
30mA falls. The anode is cooled by water at a rate of 0.06ks™. If 99% of the power supplied is
converted to heat at the anode, calculate the rate at which the temperature of water rises.
[Ans: 7.07°Cs™1]

Electrons of energy 75keV are stopped at the target of the x- ray tube. Calculate the minimum
wavelength of the x-rays produced. [Ans: 1.65 x 10711m]
An x-ray operates with a p.d of 100kV between the anode and the cathode. The tube current is
20MA. Calculate;

The rate at which energy is transformed in the target of the x-ray tube,

The number of electrons which reach the target each second,

The maximum energy of the x-ray photons produced.

[Ans: 2 x 1012Js71,1.6 x 10714 ]
Calculate the glancing angle of a second order diffraction of x- ray beam of wavelength
2 X 10~ m incident on a crystal with spacing between the atomic planes of 1 X 1071%m
[Ans: 11.54°]

X-rays of wavelength 1 x 10~ 1%mn are diffracted from a set of planes of rubidium chloride.
The first order diffraction maximum occurs at 8.8°. Calculate the inter-planar spacing.

[Ans: 3.268 X 107 1%m]
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CHAPTER 24: ELECTRONICS

THERMIONIC EMISSION
This 1s the process by which loosely attached outer electrons escape from the metal surface when

heated.

Mechanism of thermionic emission

The valence/conduction electrons of a metal are loosely bound to their parent nuclei. Therefore,
these electrons move randomly throughout the metal lattice.

When a metal is heated sufficiently to high temperatures, the electrons ate the metal surface gain
sufficient kinetic energy to overcome their attraction by the atomic nuclei within the surface

of the metal.

This ejection of electrons from the heated metal 1s called thermionic emission.

THERMIONIC DIODE
A thermionic diode is also known as a high vacuum diode. It's a device which using the principle of
thermionic emission and allows current to flow in only one direction. A diode is therefore a valve

since it allows current to flow in one direction.

Anode.
\effl: -

Cathode.

glass buib.

Heater.

The diagram above shows a high vacuum diode. Both the cathode and anode are mounted in the
evacuated glass bulb. When the cathode is heated by a low tension supply, electrons are emitted
from the supply by thermionic emission.

If the anode 1s maintained at the positive terminal with respect to cathode, a current flows in the
circuit. This current is known as the anode current. On the other hand, if the anode i1s made negative
with respect to the cathode due to overcrowding of electrons, cathode electrons are repelled by the

anode and no current flows.
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The diode circuit

. Conventional
current.

T High tension
.1 supply D.C
| (100-200V)

Low tension supply
D.Cor A.C (0-6V)

Anode current, l; 1s measured by the milliammeter (mA). Anode voltage, Va is measured by the
voltmeter (V). The low tension supply maintains the heating current through the filament. The high
tension supply maintains the anode at a positive potential. Low tension supply can be a.c or d.c
usually between 6.3V and high tension supply must be direct (d.c) and between 100-200V;
depending on the valve. The filament is joined to a high negative tension supply to provide a

complete circuit for the anode current.

Control of the diode
1) Varying the voltage of the low tension supply: Having a high voltage implies that the cathode
will have a higher temperature and hence more electron emissions.
2) Varying the anode voltage: Increasing the anode voltage doesn't affect the rate of emission
of electrons from the cathode. It however increases the number of electrons

reaching the anode.

Characteristics of a thermionic diode

I32 J‘l.u.q.....-.-_..,D . E— le
' ‘B C

e

A o

L1 1s the filament current at filament current Ir; while Is; is the saturation current at a higher
filament current Ir>. Along AO, the anode is at a negative voltage relative to the cathode. All the
electrons emitted by the cathode are repelled back to its surface and therefore no current flows. At

O, the anode voltage is zero. The electrons, which are emitted by the filament, have small emission
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speeds and tend to cluster (stay) around the filament thus forming an electron cloud. The electron
cloud formed is known as space charge which exerts a repulsive force on other electrons being
emitted. Along OB, the anode voltage is positively increasing. Some of the outer electrons are
attracted to the anode and current increases as far as point B. the current is said to be space-charge-
limited along OB.

Beyond point B, the value of the anode voltage is sufficiently large such that the space charge ceases
to exist and all the electrons reach the anode. Any further increase in anode voltage has very little
effect on the anode current and the current is said to have reached its saturation value.

The current 1s said to be temperature-limited along BC. At higher filament currents, the cathode
temperature is greater and more electrons are emitted, resulting in an increased saturation current as

shown by the doted curve above.

EXPLANATION OF THE TERMS USED
(1) Space charge
At low voltages of the anode, few electrons are attracted. Therefore, large numbers of electrons
gather together close to the cathode and exist there as an almost stationery cloud of a negative

charge called the space charge. Therefore, space charge is the charge of the electron cloud.

(2) Space charge limitation

When the cathode of a vacuum diode is heated, electrons are emitted. If the anode voltage Va is
small, only those electrons emitted with high speeds will be able to reach the anode. The majority of
the electrons are emitted with low kinetic energies and are repelled back towards the cathode.

The electron distribution around the cathode constitutes the space charge. However, as anode
voltage increases, the attraction of the space charge increases, anode current increases and space

charge limitation 1s said to have occurred.

(3) Saturation
When the anode voltage is so large, all the electrons emitted per second by the cathode reach the
anode. Space charge 1s overcome and current becomes constant (saturation current). At this stage,

Saturation is said to have occurred.
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Diode as rectifier
Rectification is the process of converting a.c to d.c for use in radios, televisions e.t.c. a diode is used
for this purpose because it permits electrons to flow in one direction. The figure below shows the

circuit of a diode as a rectifier.

input .
voltagel | /' Time
npu Output i
voltage | A *Time

R Is a high resistance.

During the positive half cycle of the a.c input waveform, the anode (A) is made positive with respect
to the cathode (K). The anode collects all the electrons from the cathode and current flows in the
anode circuit. The output voltage across the load R is in the direction as shown above.

During the negative half cycle of the a.c input waveform, the anode (A) is made negative with
respect to the cathode (K). Electros from the cathode are repelled by the anode and no current flows
in the anode circuit. Then the output voltage across R is zero. Hence, the output consists of a series of

half waves in one direction and half-wave rectification is produced.

RECTIFICATION
Rectification is the conversion of alternating current or voltage into direct current or voltage. The
rectified current or voltage flows in one direction and has a constant amplitude.
A rectifier circuit is a circuit that converts an a.c supply into a pulsating a.c supply. There are two

types of rectifier circuits namely: half-wave rectifier circuit and full-wave rectifier circuit.

(1) Half-wave rectification
The figure below shows a half-wave rectifier circuit. It consists of a diode, Di in series with the a.c

input to be rectified and the load, R requiring the d.c output.
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Transformer *
secondary ime
voitage (V.) t
ac
source + i
ﬁ.ﬁe c][\ / jme
4 R
Figure (e) . Figure (b)

During the positive half cycle of the a.c input waveform, point A is made positive with respect to
point B. Diode D conducts and a current flows in the load R. During the negative half cycle, diode

D1 is non-conducting and no current flows.

NOTE: The major disadvantage of this simple rectifying circuit is that the load voltage varies
considerably and 1s zero for half the time. Such a waveform is only suitable for simple applications

such as battery charging.

Full-wave rectification
In this process, both halves of every cycle of input voltage produce current pulses. There are two

types of full wave rectifier circuits namely centre-tap and bridge rectifier.

Centre-tap full-wave rectifier

The figure below shows a centre-tap full-wave rectifier circuit.

{ B e Pﬁ*ﬁ“

“’““'“P fx»f"\

The secondary winding of the input transformer is accurately centre-tapped so that equal
voltages are applied across the two diodes D;and D». Centre-tap is a point that 1s situated in the
middle of the number of secondary winding.

During the positive half cycle of the a.c input waveform, point A is made positive with respect
to point Y while point B is made negative with respect to point Y. Diode D; therefore conducts
while D> doesn't. This gives a current pulse in the direction 4 WXY thus current flows through
the load R in the direction XY. During the negative half cycle of the a.c input waveform, point

A 1s made negative with respect to point Y while point B is made positive with respect to point
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Y. Diode D- therefore conducts while D1 doesn't. This gives a current pulse in the direction
BZXY thus current flows through the load R in the same direction XY as before.

NOTE: The disadvantage of this circuit is the need of a centre- tapped transformer and for two
diodes.

Bridge rectifier circuit

The bridge rectifier requires four diodes but eliminates the need of a centre-tapped input

transformer.

__. Ve /\ /-\ ~
o\ \\/ \\J time

D, i -

] Vs Y /) V+ PN NN

acsource f \ (R VAN Nime

; ._ o ;

L§(~\ D, ¥
r N Figure {b)

B
During the positive half cycle of the a.c input waveform, point A is made positive with respect to
point B. Diodes, D> and D4 are conducting while diodes D1 and D3 are non-conducting. This gives a
current pulse in the direction 4AXYB thus current flows through the load R in the direction X7.
During the negative half cycle of the a.c input waveform, point B is made positive with respect to
point A. Diodes, D- and D3 are conducting while diodes D> and Ds4 are non-conducting. This gives a
current pulse in the direction BXYA thus current flows through the load R in the same direction

XY as before.

Filter circuits
The output from half or full wave rectifier circuit is not a steady voltage like that from a battery.
It would not be good to drive an amplifier or radio receiver since ups and downs would be
amplified and give an uncomfortable hum in the loudspeaker. Filter circuits are therefore used to

smoothen rectified output voltage.

output
v l=— . Vvoltage
C—

time

In rectification of using a diode, varying voltages are realized. If a filter circuit is used, the time-

variation in the rectifier causes an e.m.f to be induced in the inductor of inductance L in such a
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direction so as to oppose the variation. This results into a voltage which is a little bit steady.

The remaining time-variation in voltage is taken up by the capacitor of capacitance C which 1s
arranged in parallel with a resistor R. the capacitor becomes charged up after the level of the peak
output voltage and this enables it to supply current even when the voltage falls. The voltage

across R 1s therefore steady (smooth).

TRIODE VALVE

Heatér

A triode has three electrodes namely:

1) The node.

2) The grid (spiral wire) wound close to cathode but does not
touch the cathode so that electrons can pass through the
spaces between its windings.

3) The cathode.

A single-stage triode amplifier circuit

The function of capacitance Cy is to block the d.c component of the grid bias and to allow only the
a.c component to flow. The function of the capacitance Ck i1s to make the grid bias voltage steady.
Capacitance Cs separates an alternating p.d from a direct p.d at the output of the triode. Resistance
R, provides the return path for electrons on the grid. The output of the amplifier is taken across

the load resistance Ry.

Using a triode as a voltage amplifier
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Output
. voltage
T (Vo)
Input _1. Grid bias
voltage H . —7T battery T H.T battery
(Vin) saten (Vo) —i_ supply
I

The diagram above shows how a triode can be used as a voltage amplifier. The grid must always
be negative with respect to the anode.

The input alternating voltage Vi, ,to be amplified, causes alternating variations/changes in the
grid bias voltage V.. If the grid is positive with respect to the cathode, more electrons pass and

this causes the grid current to flow. By definition,

amplification\ _ change in anode voltsge _ AV,
factor,u

" change in grid potential ~ AVg

Thus AV, = pAlg
If the grid 1s close to the cathode, a small change of grid potential causes an appreciable change
(1.e a large variation) of anode current, I,. From V;, = I, R the large variation in the anode current
implies that the output voltage, ¥y across the load R will be much larger than 7.
The triode valve acts as a voltage generator of e.m.f = uVi. If Ra1s the resistance of the anode

(internal resistance of the triode) in series with the load resistance R,

(curr;lt It;‘z‘é)ugh) [ emf ]

o[zl

Ra+R

total resistance

Output voltage, V, = I,R = [Wm]

Rg+R

output voltage,Vp

By definition, voltage gain, 4, =

input voltage,Vin

v Rq+R Rq+R

Vin  Vin
NOTE:
1)The waveform of 7} 1s the same as that of 77, since the voltage gain in independent of the
frequency of the alternating voltage.
2) The output current has A.C and D.C components. However if the triode valve is being used as
a voltage amplifier, the output voltage Vo concerned is that developed across the
load resistance R by the A.C component only.

3) The A.C voltage is separated from the D.C voltage in the output by using a capacitor which is
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connected along the path of current.

4) Amplification factor, u can also be expressed as

(amplification) _ ( anode )x ( mutual )
factor resistance conductance

An equivalent circuit of a triode as an amplifier

i=AConly
e‘m‘f = ”Vin C_, —
T
i
WORKED EXAMPLES
1. A triode with mutual conductance of 4.0mV™"! and an anode resistance of 5k{) is connected

to a load resistance of 10k(.Assuming that the triode is operating under optimum conditions,
estimate the output signal obtained for an alternating input of 25mV.
Solution
Vin =25 x 1073V, R, = 5000Q,R = 100009, g,, = 4 x 107 1AV 1

(ampiification) _ ( anode ) % ( mutual )
factor resistance conductance

{ =Ry X gm=5000x4x1073 =20

Output voltage V, = [@] R

Rq+R

[20x25x10—3
0= |——

] % 10000 = 0.333V
5000410000

2. A sinusoidal voltage of amplitude 0.2V is applied to the grid of a triode of amplification
factor 10. If the anode resistance of the triode 1s 15k(), what voltage will appear across a
grid of 10kQ?

Solution
Vin = 0.2V, u =10,R, = 50000, R = 100000
UVin

Output voltage V, = [—] R

Rg+R
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10x0.2
0=

—] % 10000 = 1.333V
5000+10000

SEMICONDUCTORS
A semiconductor is a substance whose resistivity 1s much less than that of an insulator but
much greater than that of a conductor; and whose resistivity decreases with increase in

temperature. For example germanium, silicon, carbon e.t.c.

Properties of semiconductors
1) The resistivity of a semiconductor is less than that of an insulator but more than that
of a conductor.
2) Semiconductors have a negative temperature coefficient of resistivity, 1.e. resistance of a
semiconductor decreases with increase in temperature.
3) When a suitable metallic impurity is added to a semiconductor, its current conduction

properties change appreciably.

CLASSIFICATION OF SEMICONDUCTORS

(1) Intrinsic and extrinsic semiconductors

A semiconductor in an extremely pure form is known as an intrinsic semiconductor. The
pure semiconductor has little current conduction capability at room temperature. To be
useful in electronic devices, the pure semiconductor must be altered so as to significantly
increase its conducting properties. This is achieved by adding a small amount of suitable
impurity to a semiconductor. It's then called an impurity/extrinsic semiconductor. The
process of adding impurities to a semiconductor is known as doping. The purpose of
doping is to increase either the number of free electrons or holes in the semiconductor
crystal.

Thus, by definition, an intrinsic semiconductor is a semiconductor whose crystal is not
doped by any impurity atom. On the other hand, an extrinsic semiconductor is a

semiconductor whose crystal has been doped with some small amount of impurity atoms.

(2) n-type and p-type semiconductors
(i). n-type semiconductor

When a small amount of pentavalent impurity (known as a donor atom) is added to a pure
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semiconductor, the resultant is known as an n-type semiconductor. A donor atom is defined
as a pentavalent impurity atom that donates a free electron to the crystal lattice. Examples
of donor atoms include: aluminium, boron, indium and gallium. Addition of a pentavalent
impurity (donor) provides a large number of free electrons in the semiconductor.
Therefore, current conduction in n-type semiconductor is predominantly by free electrons.
Thus, in an n-type semiconductor, free electrons are the majority charge carrier while holes

are the minority charge carriers

(ii) p-type semiconductor

When a small amount of trivalent impurity (known as a acceptor atom) is added to a pure
semiconductor, the resultant is known as a p-type semiconductor. An acceptor atom is
defined as a trivalent impurity atom which gives rise to creation of a hole (positive large) in
the crystal lattice. Examples of donor atoms include: phosphorus, antimony and arsenic.
Addition of a trivalent impurity (acceptor) provides a large number of holes in the
semiconductor. Therefore, current conduction in a p-type semiconductor is predominantly
by holes. That is, in a p-type semiconductor, holes are the majority charge carrier while,

free electrons are the minority charge carriers.

SEMICONDUCTOR DIODE {P-N JUNCTION DIODE}

A single crystal of silicon or germanium, which has been doped in such a way that one half
of it is p-type and the other is n-type, can be used as a rectifier. It's the existence of a
Junction between the rwo types which gives the device its ability to rectify; it's therefore

called a p-n junction diode.

The semiconductor diode as a rectifier

A semiconductor diode is a device that has a low resistance to the f low of current in one direction
and a high resistance in the other. That is a semiconductor diode allows the electric flow in one
direction only and therefore can be used as a rectifier. The circuit symbol of a p-n junction

diode 1s as shown in figure (b) below.
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Gl e

Figure (a) Figure (b)

Current - Voltage characteristics of a semiconductor diode
The current - voltage characteristic of a semiconductor diode is a graph that shows the
relationship between the current flowing in the device and the voltage applied across it. The
circuit in fig (a) below is used to get the forward bias characteristics and that in fig (b) 1s used

to obtain the reverse bias characteristics

Fig (a). Forward bias circuit. Fig (b). Reverse bias circuit.

The applied voltage is increased from zero in a number of steps and the current flowing in
each step noted. The noted current values are then plotted on the corresponding values of
voltages. The current - voltage characteristic of a semiconductor diode are as follows.

Forward Germanium semiconductor diode.

current / Silicon semiconductor diode.

Reverse Forward
vollage —-"”l voltage
Reverse
current

The a.c resistance of the diode at a particular d.c voltage is equal to the reciprocal of the slope of the
characteristic at that point. That 1s

Roc=

change involtage _ AV (,Q,)
change in current Al

The d.c resistance of the diode at a particular point of the characteristic is the ratio of the applied
voltage to the current flowing across it. Since the characteristic of the diode is non-linear, the d.c

resistance will vary with the point of measurement.

390

—
| —



A Must Have Advanced Level Physics Paper 1 By Kawuma Fahad

TRANSISTORS

A transistor consists of two p-n junctions formed by sandwiching either p-type or n-type
semiconductor between a pair of opposite types. One junction is forward biased and the other is
reversed biased. The forward biased junction has a low resistance whereas the reverse biased junction

has a high resistance path.

Types of transistors
There are two types of transistors, namely: n-p-n transistor and p-n-p transistor. An n-p-n transistor is
composed of two n-type semiconductors separated by a thin section of p-type as shown in figure (a)

below. However, a p-n-p transistor 1s formed by two p- sections separated by a thin section of n-type

as shown 1in figure (b) below.
*"" DN
Figure (a) Figl;tre (b)

NOTE: In each type of transistor, the following points may be noted:
* There are two p-n junctions. Therefore a transistor may be regarded as a combination of two
diodes connected back to back.
* There are three terminals taken from each type of semiconductor.
* The middle section is a very thin layer. This I the most important factor in the

function of a transistor.

Naming of transistor terminals

A transistor (p-n-p or n-p-n) has three sections of doped semiconductors. The section on one side

1s the emitter and the section on the other side is the collector. The middle section is called the

base and forms two junctions between the emitter and collector.

1) Emitter: The section on one side that supplies charge carriers (electrons or holes) is called the
emitter. The emitter is always forward biased with respect to the base so that it can supply a
large number of majority carriers.

2) Collector: The section on the other side that collects the charges is called the collector. The
collector is always reverse biased its function is to remove charges from its junction with the
base.

3) Base: The middle section which forms two p-n junctions between the emitter and collector is

called the base. The base- emitter junction is forward biased, allowing low resistance for the
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emitter circuit. The base-collector junction is reverse biased and provides high resistance in the

collector circuit

Base
Emifier  §  Collector Emitter
4 l“b- P P PR
A , Y
Reverse | Forward Foniart | R
bias bias | biss oo
I |+— 1| |

Working of n-p-n transistor

Electrons
lE‘_ Flc
n pB n s
"‘I
1 'l
" i
Vee Ves

The figure above shows the n-p-n transistor with forward bias to emitter-base junction and reverse
bias to collector-base junction. The forward bias causes the electrons in the n-type emitter to flow
towards the base. This constitutes the emitter current Iz. As these electrons flow through the p-type
base, they tend to combine with the holes. As the base is lightly doped and very thin, therefore, only
a few electrons (less than 5%) combine with holes to constitute base current Is. The remainder (more
than 95%) cross over into the collector region to constitute collector current L. In this way, almost
the entire emitter current flows into the collector circuit. It's clear that emitter current is the sum of

collector and base currents i.e. Iz = Iy + .

Working of p-n-p transistor

Holes
IE_“"' -' ——P'c
E P M P C
B
Ig
| ! 11
1 ‘ i
Ves Ves

The figure above shows the basic connection of a p-n-p transistor. The forward bias causes the
holes in the p-type emitter to flow towards the base. This constitutes the emitter current Iz. As

these holes cross into the n-type base, they tend to combine with the electrons. As the base is
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lightly doped and very thin, therefore, only a few holes (less than 5%) combine with
electrons to constitute base current Ig. The remainder (more than 95%) cross over into the
collector region to constitute collector current l.. In this way, almost the entire emitter
current flows into the collector circuit. It's clear that emitter current is the sum of collector
and base currents 1.e I = Iz + I

It may be noted that current conduction within p-n-p transistor is by holes. However, in the

external connecting wires, the current is still by electrons.

Transistor symbol
In the earlier diagrams, the transistors have been shown in diagrammatic form. However,
for the sake of convenience, the transistors are represented by schematic diagrams. The

symbols used for n-p-n and p-n-p transistors are shown in figure below.

Electrons Holes
lg=— g le— } —elg
g1 " Pl n e : = P P
! |BI . [ 1 | |sl B, I' :}
|
Y~ W
Emitter _Collector Emitter QTQ Collector
€ () (E) - (©)
Base (B) Base (B)
(a). n-p-n connection (b). p-n-p connection

Note that emitter i1s shown by an arrow which indicates the direction of conventional
current flow with forward bias. For n-p-n connection, it's clear that conventional current
flows out of the emitter as indicated by the outgoing arrow in figure (a). Similarly, for p-n-p

connection, the conventional current flows into the emitter as indicated by the inward arrow in

figure (b)
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Advantages of a transistor as an amplifier over a triode

Triode

Transistor

Needs high voltage

Needs low voltage

A cathode heater 1s required to produce

electrons

No heater is required to produce electrons.
Current carriers are just available in the

semiconductor

Has a vacuum which can deteriorate 1.e
goes soft when a gas is introduced into it.
So, unnecessary ionization occurs and the

cathode becomes poisoned

Has no vacuum and therefore no
deterioration if used correctly. Has a short
life span provided the power rating is not

exceeded.
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CHAPTER 25: ATOMIC PHYSICS

CATHODE RAYS

Cathode rays are a stream of fast moving electrons.

Production of cathode rays

Fluorescen!

sCreen,
*,

,f -

—l:ﬂ |]———J Q“Eﬁﬁ

Path
High votiage. mﬁn

Electrons are emitted by thermionic emission when the cathode is heated by the low voltage
supply. Emitted electrons are then accelerated through a p.d of several kilovolts between the

cathode and the anode.

When they reach the anode, some of them pass through the anode and hit the screen coated with a

fluorescence material which causes the screen to glow. It's this beam of fast moving electrons

from the cathode which constitutes of the cathode rays.

Experiment to show that cathode rays move in a straight line

EHT Cathode rays.
x; .
- Fluorescent
2 screen.
Low
voltage. T L Maltase
. Cross,
Hot
cathode. Anode.  Evacuated

piass tube.

The set up above consists of a hot cathode and a cylindrical anode in an evacuated glass tube/ envelope;
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having a coating of a fluorescent material inside it. The anode and the maltase cross are connected to
the positive terminal of the extra high tension (E.H.T) so that the electrons re-accelerate along the tube
in a divergent beam.

Observations show that the electrons by pass the anode and a dark shadow of the cross appears on the

screen against a colored fluorescent background.

Ghaddow of e
ornal B0 e

This shows that the rays are moving in straight lines from the cathode and those not intercepted by the
cross cause the screen to fluorescent

Determining the sign of charge of cathode rays
When the electron beam 1s made to pass through an electric field between two plates, it's seen to deflect

towards the positively charged plate implying that it's negatively charged.

Properties of cathode rays
L They travel in straight lines.
1. They cause fluorescence in some substances like glass,
111, They can be deflected by electric and magnetic fields,
1v. When they strike objects, heat is produced.

V. X-rays are produced when they strike matter.

ELECTRON DYNAMICS
If cathode rays are assumed to consist of particles (electrons) to which the laws of mechanics apply, we
can obtain information about their speed and specific charge from their behavior in electric and

magnetic fields.

(a) Speed of electrons
Consider an electron of charge e and mass m. which is emitted from a hot cathode and then
accelerated by an electric field towards an anode. It experiences a force due to the field and work

1s done on it. The system (of field and electron) loses electrical potential energy and the electron
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gains kinetic energy. Let Ve be the p.d between the anode and cathode; responsible for the field. If
the electron starts from the cathode with zero speed and moves in a vacuum attaining speed v as it
reaches the anode,

(electrical work done) = (kinetic energy gained per electron)

1
eV = Emev2

2eV
v=[(52)
me

(b) Path of an electron in a magnetic field

On entering the magnetic field of flux density B, the electrons experience a magnetic force F = Beu
at right angles to their direction of motion and to the field.

At any other point 'D' in the magnetic field, the magnitude of force acting on an electron is the
same as at 'C since none of B, e and u has changed in magnitude but the direction of the force is
different. This implies that the force only changes the direction of the electron thus causing it to

move in a circular path of radius r. The constant radial force F is the centripetal force and so

2

Beu =

(c) Path of electrons in an electric field
On entering the electric field, the electrons experience an electric force ' = Ee in the direction
opposite to that of the electric field. From Newton's second law,
(electric force) = (electron mass) (acceleration of the electron)
Ee=me.a
Ee

a:m——>(i)
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Considering horizontal motion,

- distance
(time taken to move from O to A) = :
velocity

X e
t=— - (i)

For vertical motion, s = %atz
—1(Ee) (X2
=3

This equation is in the form y = kx? where k = (zjeuz)

Hence, the path taken by an electron in a magnetic field is parabolic.

(d) Deflection of electrons in an electric field

The deflection D of the electron (its displacement from the original direction) on a screen a

distance L from the centre of the plates can be obtained using the fact that it continues in a

straight line after leaving the field.

-

From the diagram above,

P and Q are the deflecting plates. vxand vy are the horizontal and vertical components of velocity

v of the electron respectively after passing through the deflecting plates, u is the speed of the
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electron on entering the electric field.
Let Va be the anode-to-cathode voltage (also known as the accelerating p.d), V be the p.d across
the plates P and Q; and E be the electric field intensity between the plates. Electric field intensity
1s given by;

E=2 ()
Electric force is given by F, = Ee = ma

Ee
m

a=
Therefore, (acceleration of the electron) = ( electric field intensity) X ( specific charge)
Ee L
a=E ( H) - (ii)
Time taken by the electron to pass through the plates
X e
t=—- (iii)

Vertical component of velocity V), = at = E ( = (E) - (iv)

m
Horizontal component of velocity , V, = u ... ... (v)
vy
l// [AD
e
’[ L
tang = 2= 2
x L

Therefore, the deflection is given by D = ( ) (%) EL - (vi)

e
m

THOMPSON'S METHOD TO DETERMINE THE SPECIFIC CHARGE OF AN ELECTRON

=) —

i

C is the cathode and A is the anode with a slit to a narrow beam to strike the fluorescent screen. P
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and Q are parallel plates which can be connected to the battery. Electrons are emitted by the
cathode C and then accelerated to the anode by the p.d between the anode and the cathode.

If the electric field is switched on by connecting the plates P and Q to the battery, the cathode rays
are deflected upwards and strike the screen at S. the deflection, D = OS is noted.

A magnetic field is then applied at right angles to the electric field and electric field between the
plates varied until the spot is brought back to position "0".

When the spot is brought back to "0", it implies that there's no deflection of the cathode rays.
Thus,
(Magnetic force) = (electric force)
Beu=Ee

u=

|

When there's no magnetic field, the deflection
el (x
D= (5)EL
pu?

Therefore, the specific charge of an electron is given by (i) =

MILKAN’S OIL DROP EXPERIMENT

r—r— e

Variable pd— -+ Alomiser,
apphed o the
pates, - F’
nse_——, —
] == *T_ Roaas.
P Constant
" tamperalure
Insulators. gnclosure,

The set up is as shown above. P; and P> are metal plates separated by a distance d. P,

has a small hole through it.

An atomizer 1s used to create a fine mist of o1l drops through a small hole in plate P; The oil drops
acquire charge by exposure to x-rays. The chamber is illuminated by intense light and the oil drops
observed through a short focus travel microscope. One drop is selected and observed through a

travel microscope when there's no p.d between the plates P; and P-. Its terminal velocity vo 1s
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determined by measuring the distance it falls through a measured time. A p.d is applied between
the plates and it's adjusted till the drop of the oil remains stationary.

Let p be the density of the oil drop, o be the density of air, £ be the electric field strength, n be the
coefficient of viscosity and g be the acceleration due to gravity.

When there's no p.d and the oil drop is stationery,
U F

O
drop

w

U+F=w

4 4
Eanpg + 6mnrv, = §m"3crg

4
6mNrv, = gm‘?’(p —-0)g

9 _ IMvy

=— 2 (i
2g(p—o0) ©
When there 1s a p.d and the oil drop is stationery,

F.

ol
drop,
w

U+FE=w

gm‘?’pg + EQ = gm"gcrg

EQ =:mri(p—o)g — (i)
If p, 0, g, n, and vo are known, the radius of the oil drop can be calculated from (1). Also, if E is
further known, the charge O on the oil drop can be calculated from (i1). The procedure is

repeated and the highest common multiple of Q, in the results, is used to determine the number

of electron charges using the equation below n= g

Precautions
1, A non-volatile oil should be used to avoid or to prevent evaporation which would change
the mass of the oil drops.

1. A constant temperature enclosure 1s used to prevent convection currents.
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Theory of the experiment
L Stoke's law holds.
1. Oil drops are identical.
111, The temperature is constant.

THE CATHODE RAY OSCILLOSCOPE (CRO)

Evasustid Flusrescant
Electon gun. Defiection BCreer.
Y | /
,:;i}ﬂ_-a_ R Qﬁ]
Meutor. |
_— —— "‘ -
as sl /
 S——
ehi () Th

C 1s the Cathode, G is the Grid control, A; and A are anodes, Y1 and Y are y-plates (connected to the
signal), X; and X» are x-plates(connected to the time base).

The cathode emits electrons by thermionic emission.

The grid 1s held at variable negative potential by means of the potential divider Rs.

The grid acts as the brightness control.

The anode A; focuses the electron beam by means of the potential divider Ro. Anode A accelerates the
electron beam across a highly evacuated tube.

The high vacuum prevents secondary emission.

Graphite prevents the return path of electrons to the circuit to prevent accumulation of the electrons.
Y-plates deflect the beam vertically while X-plates deflect the beam horizontally.

The fluorescent screen is coated with zinc sulphide and therefore glows when hit by cathode rays. The

display wave form is seen on the screen.

Case 1. Display of waveform if there's no signal on the X-plates.
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Case 2: Display of waveform if there's alternating current (a.c) across the Y-plate and no signal on

the X-plate.

.__.___....__j__Y:

Case 3: Display of waveform if there's alternating current (a.c) connected across X-plates and no

signal on the Y-plates.
Haordzontad Bna duas to a.e
Cofiacied 1o the X-piEtes.
EI
oo
Time base

(1). Alternating current across X-plates to generate saw tooth voltage which sweeps electron beam

from left to right at a constant speed.

et
P. ¢
A W4

0

(11). Alternating current signal across Y-plates combined with signal on X-plate.

Time base

S AR
VAY,

Brightness of the spot beam
Brightness is controlled by varying the p.d between the cathode and the grid. If it's made more
positive, then the number of electrons passing through it per unit time will increase hence more

electron will bombard the screen per unit time; making the intensity of the energy emitted, in form of
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light, higher. The spot therefore becomes brighter.
Y -sensitivity of a cathode ray oscilloscope

Consider an alternating voltage connected to the Y-plates. When the time base 1s switched off, the

waveform displayed is as shown below.

Y-sensitivity = % where V 1s the peak voltage measured in volts and L is the peak height; measured in

centimeters.

Calibration [determining sensitivity] of a cathode ray oscilloscope

b.e

o

The p.d, V, measured using a voltmeter is applied across the Y-plates and varied using a potential
divider. For various values of d.c voltage V, the deflection d, of the electron spot on the screen is
measured using the graduated scale.

The results are tabulated and a graph of V against d plotted. The slope S is calculated and it gives the
value of Y-sensitivity/ voltage gain.

v

*d
Slope = [sensitivity of the C.R.O]
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Measurement of a.c voltage using a cathode ray oscilloscope

o

An unknown a.c voltage is applied across the Y-plates. If the time base is switched off, a vertical line
1s obtained on the screen. This can be centered and its length Lo measured. The peak to peak value of
voltage 1s then equal to the product of the peak to peak height and Y-sensitivity of the C.R.O.

(peak to peak value of voltage) = (peak to peak length, Lo) (Y-sensitivity)

(peak a.c voltage) = i (peak to peak value of voltge)

Uses of a cathode ray oscilloscope
It's used in:
1.  Measurement of peak value of a.c and d.c voltage.

1.  Measurement of phase voltage between two a.c voltages.

1. Measurement and comparison of frequencies.

1v. Measurement of time interval.

V. Study of waveforms in various electrical forms in various electrical circuits.
V1. It's also used as a computer output device.

Advantages of a cathode ray oscilloscope over a voltmeter
'l.  Itcan't be damaged by overloading.

1. It can be used both for a.c and d.c supplies.

1. It doesn't draw any current from the circuit whose p.d is to be measured; thus giving more
accurate values of p.d.

iv.  Since the electron beam acts as a pointer, it has negligible inertia and therefore deflects almost

instantaneously.
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POSITIVE RAYS
Positive rays are a stream of positive ions produced by passing electrons from a hot cathode into a gas

or stream of vapour.

Differences between cathode rays and positive rays

CATHODE RAYS POSITIVE RAYS

They have a negative charge. They have a positive charge

They move at a very high speed. They move at a lower speed

They have the same mass. Their mass depends on their source

They have a small mass They have a large mass

they are less 1onizing They are more ionizing

they have a constant specific charge Their specific charge depends on the source
They slightly affect photographic plates They don’t affect photographic plates

They are deflected to a greater extent because They are deflected to a smaller extent because
of their smaller mass they are massive.

Determination of charge to mass ratio of a positive ion using a mass spectrometer

Evacuaisd
chambaer.

Semall Om

5
e ST R e
L
j e L
®

Posithae lon
from. sourcs.

A stream of positive ions from the ion source enter the velocity selector through the collimator slits
S-and S». In the region between S and S, crossed uniform electric and magnetic fields are applied
and at equilibrium,

[Magnetic force] = [electric force]

B,Qv = EQ
=~ o

V is the velocity with which all the ions emerge from the slit Ss.

( ]
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Therefore, only those with a velocity V =[§] pass though the velocity selector undeflected; so as to
1

enter the momentum selector through the slit Ss.
In the momentum selector, only a uniform magnetic field is applied and the 1ons therefore describe a
circular path of radius r, to the photographic plate. At equilibrium,

[Magnetic force] = [Centripetal force]

mv?

B,Qv = T

v= [BZ—QT] - (i)

m
Equating equations (1) and (i1) gives

B2Qr _ E

m By

E

Therefore (charge to mass ratio) = (%) = —
1B3

Where m is the mass of the ion.

POINTS TO NOTE:

From (2) ==
m T.B]_BZ
r = = (1L
B1B3Q ( )

Therefore if By, B, and E are constants, then rec m hence isotopes strike the photographic plate at

different points.

Point 1: If x is the distance between the slit S and the point on the photographic plate where the ion

of mass m strikes,
X .
r==- - (iv
L S (i)

Equating equations (ii1) and (1v) gives

X _ mkE
2 B1ByQ
_ 2mE
B1B2Q
2E
Therefore x = [: ]
B1B2Q

This implies that for two 1ons of mass m; and m> whose distances between the slit S; and the point
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where they strike the photographic plate are X1 and x> respectively, then

X x _[ 2E ]m [ 2E ]m
1 2 7 1ByB,Q 1 B1B2Q 2

= ] (my —my)

B1B2Q
Since E, By, B, and Q are constant for a given spectrometer, then

xl_x2=[

(X1 —xp) x (Mg —my) = (v)

Point 2: If t is the time taken to move a horizontal distance x, let time taken to make a deflection
of 360° be T. It implies that For a deflection of 360°,
[time taken] = [period]

2m
T=—
w

For a deflection of 180°,

[time taken] = %[period]

t=§[2—n] =X S W)

Also, if v 1s the angular velocity of the ion as it moves from the slit S; to the photographic plate,
then
v=rw - (vii)

Equating equations (ii)and (vii) gives

B
ro = 2%
m
_ 50
- m
T T nm
Therefore t = - = (@) =20
m

It therefore implies that; t; = (ﬁ) myandt, = (ﬁ)
2 2

And (t; —t;) = (BZLQ) (my —m,)

Thus, (ty — t;) « (my —my)

Point 3: if both ions have the same velocity thatis v; = v, =v.

Then from equation (i1)
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Therefore, the average radius is given by

_1 - -_v _
r= > (ry —12) = 5,0 (my —my)

WORKED EXAMPLES
1. A charged oil drop falls under gravity with a velocity of 1.44 x 10* m/s between two

horizontal metal plates 1.5cm apart. When a p.d of 5600V is applied between the plates, the drop

remains
stationery. Calculate the
1. Radius of the drop,
1. Charge on the drop.
[Density of oil = 800 kgm~, Coefficient of viscosity of air= 1.8 X 10">Nsm ™2 ]

Solution

vo=144x10"ms?, d=1.5cm=0.015m, V=35600V, p = 800kgm 3,17 = 1.8 X

10"5Nsm™2
_5 _
r= 91;1;0 J9><1.8><10 X1.44x107% — 122 x 10-5m
2x800X9.81
=2 =39 _ 3733 x 105NC !
d 0015
EQ = gnr?’pg

(3.733 x 109)Q = =7 x (1.22 X 107°)* x 9.81

(3.733 x 105)Q = 5.96 x 1014

5.96 x 10714

= m = 1.597 x 1071°C

2. An electron of energy 10keV enters mid-way between two horizontal plates each of length Sem
and separated by a distance of 2cm. A p.d of 20V 1s supplied across the plates. A fluorescent screen

1s placed 20cm beyond the plates. Calculate the vertical deflection of the electron on the screen.

Solution

- ._A__.___.|
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x =5cm = 0.05m,d = 2cm = 0.02m,V = 20V
L =20+2=225cm = 0.225m
K.E = 10keV = 10000 X 1.6 X 107° = 1.6 x 10715
Kinetic energy
K.E = %mu2

1.6 X 1071 = 0.5 % 9.11 X 10731 x u?

1.6x10715 _
U= |——— =593 x10"ms™ !
0.5x9.11x10731

Electric field intensity is given by;
|4

E=Y=22—1000v
d 0.02

Therefore, the deflection is given by;
e X
D= (2) ()£

D = (222 ) [22] (1000 x 0.225)

9.11x10731/ |5.93x107

=5.62%x10"*m

3. A cathode ray oscilloscope has its Y-sensitivity set to. A sinusoidal input voltage is applied to
give a steady trace so that the electron beam takes 0.01s to transverse the screen. If the trace screen
has a peak-to-peak height of 4cm and contains two complete cycles, find;

L The root mean square value of the input voltage.

1. The frequency of the input signal.

Solution

( peak to peak ) _ (peak to peak

value of voltage length, L, ) X (Y — sensitivity)

=4 x10 =40V

_1( peak to peak
(peak a.c voltage) = (vaiue of voimge)
-1 -
Vpeak = > X 40 = 20V
Root mean square value of the input voltage

_ Vpeak _ 20 _
Voms = 25 = == 14.14V

(ii)
2T = 0.01
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T = 0.005s
1 1
f= T 0005 200Hz

4. Positive 1ons of the same charge are directed through slit S, into region PQRS as shown below.
There is a uniform electric field intensity of 300NC! between the plates PQ and RS. A uniform
magnetic field of flux density 0.6T is directed perpendicularly out of the plate SR as shown.

Pr— |0 =0

o] o]

O] ©
&L J | € IR

O} @
(1) Calculate the velocity of the 1ons which go through slit S,

{*) ()

(11) Determine the motion of the ions in the region below SR
Solution

(1) Magnetic force = Electric force

BQv = EQ
v=5=32_500ms?
B 0.6

(1)  Below SR, only magnetic field exists. The path of the ions is therefore circular and
perpendicular to the magnetic field due to the magnetic force producing a

centripetal force.

Trial questions

1. A charged oil drop of radius 7.26 X 10~7m and density of 880kgm is held stationary in an
electric field of intensity 1.7 X 10*Vm 1. How many electronic charges are in the drop given the
density of air is 1.29kgm> [Ans:n=35]

2. Oil drops are introduced into the space between two flat parallel horizontal plates Smm apart.
The plate voltage is adjusted to 780V so that one drop is held stationary. The plate voltage is
switched off and the selected drop is observed to fall through a distance of 1.5mm in a time of
11.2s given the density of oil is 900kgm™ and coefficient of viscosity of air is 1.8 X 10" Nsm 2
Calculate the charge on the drop. [Ans: 3.23 x 1071°C]

3. Ina CRO, an electron beam passes between the y-deflector plates each of Scm long and 0.5cm

apart. The distance between the centre of the y-plate and the screen is 20cm and the p.d between the

( ]
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anode and the electron gun 1s 250V. Determine the deflection of the electron beam on the screen of
the CRO. [Ans: 1.125m ]

4. A particle of charge 3.2 x 1071°C is accelerated from rest through a p.d of 10V. It enters into a
region of uniform magnetic field of flux density 0.5T. The particle describes a circular arc of
radius 8.94cm. Find;

L The kinetic energy of the particle on entering the magnetic field,

1. The mass of the particle.

[Ans: 3.2 X 10715],  3.197 x 10~2%kg]

5. Two isotopes form a beam of positive ions. Each ion carries a charge of 1.6 x 10°C moving with

a speed of 1.58 x 10* m/s. The ions enter perpendicularly into a region of uniform magnetic field of

flux density 0.1T which deflects the ions through 180° before they strike a photographic plate.

Given that the separation between the two images on the plate caused by the ions is 6.56mm and

atomic mass of the higher isotope 1s 240U

L Draw a sketch diagram to show the path of the ions,
1. Find the atomic mass of the heavier isotope,
11 Calculate the difference in the times spent by the two isotopes in the magnetic field,

iv. Find the average radius of the paths. [1U=1.66 x 10%"kg]
[Ans: 242.001U , 6.523 x1077s , 0.395 ]
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SIR ISAAC NEWTON’S BIOGRAPHY
Without Newton, Physics would be incomplete! It is therefore worthwhile to know who Newton is.

Isaac Newton’s life can be divided into three quite distinct periods.
The first is his boy hood days from1643 up to his appointment to a
chair in 1669. The second period from 1669 to 1687 was the highly
productive period in which he was a lucasian professor at
Cambridge. The third period (nearly as long as the other two
combined) saw Newton as a highly paid government official in
London with little further interest in mathematical research.

Isaac Newton was born in the manor house of Woolsthorpe, near
Grantham in Lincolnshire, and according to the calendar in use at
the time of his birth, he was born on Christmas day 1642, Isaac
came from a family of farmers but never knew his father, also
named Isaac Newton, who died in October 1642, three months
before his son was born.

Isaac’s mother Hannah Ayscough remarried Barnabas Smith the minister of the church at North
Witham, a nearby village, when Isaac was two years old. The young child was then left in the care
of his grandmother Margery Ayscough at Woolsthorpe.

Upon the death of his stepfather in 1653, Newton lived in an extended family consisting of mother,
his grandmother, one half-brother, and two half-sisters. From shortly after this time Isaac began
attending the Free Grammar school in Grantham. However he seems to have shown little promise
in academic work. His school reports described him as ‘idle’ and ‘inattentive’. His mother, by now
a lady of reasonable wealth and property, thought that that her eldest son was the right person to
manage her affairs and her state.

An uncle, William Ayscough, decided that Isaac should prepare for entering university and,
having persuaded his mother that this was the right thing to do, Isaac was allowed to return to
Free Grammar School in Grantham, in 1660 to complete his school education. This time he lodged
with Stokes, who was the headmaster of the school, and it would appear that, despite suggestions
that he had previously shown no academic promise, Isaac must have convinced some of those
around him that he had academic promise.

Newton entered his uncle’s old College, Trinity College Cambridge on 5 June 1661. He was older
than most of his fellow students but, despite the fact that his mother was well off, he entered as a
sizar. A sizar at Cambridge was a student who received an allowance towards college expenses in
exchange for acting as a servant to other students.

Newton’s aim at Cambridge was a law degree. Instruction at Cambridge was dominated by the
philosophy of Aristotle but some freedom of study was allowed in the third yvear of the course.
Newton studied the philosophy of Descartes, Gassendi, Hobbes, and in particular Boyle. The
mechanics of the Copernican astronomy of Galileo attracted him and he also studied Kepler’s
optics.

How Newton was introduced to the most advanced texts of his day is slightly less clear. According
to de-Moivre, Newton's interest in mathematics began in the autumn of 1663 when he bought an
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astrology book at a fair in Cambridge and found that he could not understand the mathematics in
if.

Despite some evidence that his progress had not been particularly good, Newton was elected a
scholar on 28 April 1664 and received his bachelor’s degree in April 1665. It would appear that
his scientific genius had still had still not emerged, but it did so suddenly when the plague closed
the university in summer of 1665, and he had to return to Lincolnshire. There, in a period of less
than two years, while Newton was still under 25 years old, he began revolutionary advances in
Mathematics, optics, physics and astronomy. In particular, during that time, he invented calculus,
discovered the law of universal gravitation, proved experiments that white light is composed of
seven colours.

Newton'’s first work as a Lucasian professor was on optics and this was the topic of his first lecture
course begun in January 1670. He argued that white light is really a mixture of many different
tvpes of rays which are refracted at slightly different angles, and that each different type of ray
produces a different spectral colour. Newton was led by this reasoning to the erroneous conclusion
that telescopes using refractive lenses would always suffer chromatic aberration. He therefore
proposed and constructed a reflecting telescope.

In 1672, Newton was elected a fellow of the Royal Society after donating a reflecting telescope.
Also in 1672, Newton published his first scientific paper on light and colour in the Philosophical
transactions of the Royal Society. The paper was generally well received but Hooke and Huygens
objected to Newton's attempt to prove, by experiment alone, that light consists of the motion of
small particles rather than waves.

Newton'’s relations with Hooke deteriorated further when, in 1675, Hooke claimed that Newton
had stolen some of his optical results. Although the two men made their peace with an exchange of
polite letters, Newton turned in on himself and away from the Royal Society which he associated
with Hooke as one of its leaders.

Another argument, this time with the English Jesuits in Liege over his theory of colour, led to a
violent exchange of letters, then in 1678. Newton appears to have suffered a nervous breakdown.
His mother died in the following year and he withdrew further into his shell, mixing as little as
possible with people for a number of years.

After suffering a second nervous breakdown in 1693, Newton retired from research. The reasons
Jor this breakdown have been discussed by biographers and many theories have been proposed.:
chemical poisoning as a result of alchemy experiments, frustrations with his researches, the ending
of a personal friendship with Fatio de Duillier, a Swiss born mathematician resident in London,
and problems resulting from his religious beliefs. Newton himself blamed lack of sleep but this was
almost certainly a symptom of the illness rather than the cause of it. There seems little reason to
suppose that the illness was anything other than the depression, a mental illness he must suffered
Jfrom throughout most of his life, perhaps made worse by some of the events we have just listed.
Newton decided to leave Cambridge to take up a government position in London becoming
Warden of the royal Mint in 1696 and master in 1699. However, he did not resign his positions at
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Cambridge until 1701. As Master of the Mint, adding the income from his estates, we see that
Newton became a very rich man. For many people a position such as Master of the Mint would
have been treated as simply a reward for their scientific achievements. Newton did not treat it as
such and he made a strong contribution to the work of the Mint. He led it through the difficult
period of recoinage and he was particularly active in measures to prevent counterfeiting of the
coinage.

In 1703, he was elected president of the Roval Society and he was re-elected each year until his
death. He was knighted by Queen Anne, the first scientist to be so honoured for his work.
However the last portion of his life was not an easy one, dominated in many ways with the
controversy with Leibniz over which had invented the calculus.

Given the rage that Newton had shown throughout his life when criticized, it is not surprising that
he flew into an irrational temper directed against Leibniz. In 1716 Leibniz proposed what seemed
to him the most difficult problem as a challenge to Europe mathematicians, but was actually aimed
at Newton. Newton received this problem at about 5:00pm and solved it that very evening. He
(Newton) later used his position as President of the Royal Society. In this capacity, he appointed
an “‘impartial’ committee to decide whether he or Leibniz was the inventor of calculus. He wrote
the official report of the committee (although of course it did not appear under his name)

Isaac Newton died on 31 March 1727 at the age of 84.

In conclusion: Newton laid the foundation for differential and integral calculus. His work on

optics and gravitation make him one of the greatest scientists the world has known.
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