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FOREWORD

This book covers the syllabus for the Unit M3 for the new WIEC syllabus, and also,
together with the companion books M1 and M2 Mechanics, provides complete coverage
of the current WIEC Mechanics syllabus. Chapter 3 also completes the coverage of the
MS Unit of the syllabus.

The approach to second order differential equation in chapter 1 is relatively novel, in that,
for the case when the auxilliary equation has complex roots, a justification, not involving

complex numbers, is given of the method of solution.

Unfortunately, not all the errors will have been detected during the proof reading. It
would be appreciated if any one coming across errors would inform the publishers so that

corrections can be incorporated in subsequent editions.
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Second Order Differential Equation

Chapter 1

Second Order Differential Equation

After working through this chapter you should be able
» 1o solve second order linear equations with constant coefficients,
s to model simple “real life” problems as second order differential equations and

solve the resulting equations.

1.1  Second order linear differential equations with constant

coefficients
Examples of second order linear differential equations with constant coefficients are

2

i 30x=0

dr dz
2

d f +4 Ll +8y =0

dx dx
'y o _dy

d L5 6y =3x+2

dx dx

d*x

BT+11%+30X:11+51‘.

The test for linearity, is that the equation only contains the dependent variable and its
derivatives and not products and functions of these.

If the terms involving the dependent variable and its derivatives are gathered together
on the left hand side, and the other items set on the right hand side, then, if the right
hand side is zero, the equation is called homogeneous.

If the right hand side is non-zero, then the equétion is called non-homogeneous.

The first two examples above are homogeneous equations whilst the other two are
non-homogeneous.

The general homogenous linear equation with constant coefficients has the form

2
d j+bg+cx:0,
ds

where a, b and ¢ are constant.

a

The general non-homogeneous equation with constant coefficients has the form

2
2;+b%x;+cx:f(z‘),

where a, b and ¢ are constant and / may depend on  but not x.

a
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The corresponding forms with dependent variable y and independent variable x are
obtained by replacing x by y and ¢ by x.

The usual method of solving a non-homogeneous equation is a two-step one where
the homogenous equation found by replacing the right hand side by zero is first
solved. The method used for this is described in section 1.2. The solution of the non-
homogeneous equation is then found by combining the solation of the homogeneous
one with another function. This process is described in section 1.3. The following
basic result is fundamental in understanding the method of selution described in

section 1.2.

Basic result for linear homogeneous equations
The most important fact about a second order linear homogeneous equation is that it
has two independent solutions (i.e. one not being directly proportional to the other)
and that the general solution is found by multiplying each of the independent
solutions by a different arbitrary constant and adding them together.
This means that if by any kind of guess work you can find two independent solutions
you will know that there are no more and that the general solutions can be found from
these. A simple example is
2

ij ~x=0
you can check by substituting that e'and e are both solutions of the equation and
therefore the general solution is Ae’ + Be™, where A and B are arbitrary constants.
For a first order homogeneous equation, which is obviously a particular case of a

second order one, there is only one independent solution.

1.2 Solution of linear homogeneous equations
It is probably easier to understand the general method by first looking at a few

examples.

Example 1.1

Find the general solution of
& 4x=0
dt

The equation implies that ;E is proportional to x. You also know that the derivative
H

of e™, where m is a constant, is proportional to ¢™. This suggests that x = ae™,
where a and m are constants, may be a solution provided m is chosen correctly.
Substituting x = ae™ into the equation gives

mae™ —4ae™ =0,
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the only way that this can be satisfied without 4 being zero is for m to be equal to 4.
Therefore a solution is e*. You know from the basic result quoted above that there

cannot be another independent solution and so the general solution is x = qge*’.

Example 1.2
Find the general solution of
2
dx_ 4x=0

2

The first thing to do is to see whether or not the technique used in Example 1.1 will
still work. Assuming that x = ge™ gives

m’ae™ —4ae™ =0
therefore, for a nontrivial solution m’ =4and therefore m =12, so that two
independent solutions are e and e™'. The general solution is therefore

x=Ae” + Be™,

where A and B are arbitrary constants.

Example 1.3

Find the general solution of
d—zgj— +3—+2y=0
& a0

and the solution such that y =1 and % =1lor x=0.

In this case, the independent variable is x and so the appropriate trial solution will be
y=ae™. You should always remember to check that you are using the correct
variables.
Substituting in the equation gives

m*ae™ +3mae™ +2ae™ =0

mx

(m2 +3m+ 2) ae
and therefore, for a non-trivial solution (i.e. with a # 0)

m:+3m+2=0

The quadratic factorises as (m + 1)(m +2)and therefore the solutions are m = -1 and

m =—2. The trial method has again produced the required two independent solutions,

X

in this case e *and e™*. The general solution is therefore

y=Ae ™ + Be™*.
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The next stage is to find the arbitrary constants so that the conditions at x = 0 are

satisfied. The condition on y gives

A+B=1,
also & ~Ade™ —2Be™,
dx

and therefore the condition on dEyat x = () gives

~-A-2B=1
Solving these equations gives B =-2 and 4=3. The required solution is therefore

y=3e" -2e.

Example 1.4
Find the solution of

—ﬁfﬁ + 2(—ix— +x=0.

e
Making the substitution x = ae”™ shows that m has to satisfy

m'+2m+1=0.
The roots of this quadratic are both 1 and therefore two independent solutions cannot
be found. It is shown however in section 1.5 that if the root is repeated then if ™ isa
solution, then so is ze™ . It is worth verifying this in this problem. If x = e, then
» d*x
dt de’

and substituting in the left hand side of the equation gives
-2 +te” + z(e" ~te”’ )+ te’’.

=2 +1e”,

This is zero, thus verifying that ze™' is also a solution. Therefore the general solution
is
x=(4t+ B

Example 1.5

Find the general solution of
2

+x=0

de?

Making the trial substitution x = ae™ gives
m’ae™ +ae™ =0
therefore m” +1=0. The roots of this equation are not real but if you have met

complex numbers, then you will know that the roots are £+ where i =+/—1.
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It is however not necessary to use complex numbers to make any progress but it is
necessary 1o change tactics slightly. (A method using complex numbers is sketched in
section 1.6).
In the given equation the second derivative of x is a positive multiple of —x. You
know that both the sine and cosine have this behaviour and therefore possible trial
substitutions might be a cos pf or b sin pf where p is a constant.
Making the substitutions gives

— placos pt+acospt=0 and — p’bsin pt +bsinpr =0,
these equations will be satisfied if p==+1. Therefore, taking p =1 gives the two
independent solutions cos ¢ and sin 7. Taking p=-1 would give independent
solutions cos(~7}and sin(~ t), .. cos ¢ and —sin¢, which are multiples of the same

imdependent solutions as before. This was to be expected since there can only be two
independent solutions. Therefore since two independent solutions have been found,
the general solution is

x = Acost+ Bsinf.

The trial method involving sines and cosines works for all equations of the form
—di—f +n'x=0,
where # is real. In this case, independent solutions are cos nf and sin »f (you can
check this by substituting in the equation) and the general solution is
x = Acosnt + Bsinnt

Sometimes one of the alternative forms x =acos(nt + ¢€) (a and € are constants
such that A=acose, B = —a sing), (b and & are constants such that 4 =bhsind,
B =bcosd) are used, particularly in problems involving simple harmonic motion (see
Chapter 3).

Example 1.6
Find the general solution of

If x = ae™ is substituted with the above example, then, for a # 0, m must satisfy
m +2m+5=0
This quadratic does not factorise and using the formula for the solution of a quadratic

gives
—

w2 afd 200
. 2-24 20:—11L 4

The roots are not real and if the notationisi =+—1 is used, the possible roots
are —1+2i and —1 -21. It is possible, however, as in the previous example, to avoid

complex numbers.
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It is shown in section 1.6 that the independent solutions turn out to be e’ cos2¢and
e’ sin2¢ and we may now try to see how these arise.

Straight forward use of the roots suggests that independent solutions would be
e and e, but this is not particularly helpful unless you know what
expressions like ¢~ means. The clue to what to do is the factor ¢ which suggests
that x will be proportional to this. Therefore the substitution x = ze™'is made in the
original equation.

Using the product rule shows that

dx dz _, 4 d’x d’x , .dz o
g poze ™ —=-—e —-2—e +ze,
dr dr e de
and substituting into the differential equation gives
2 / 3
d f e’ — 2%64 +ze ' +2 gewr —ze ' |+5z¢ =0
de” dr Lds J
This equation simplifies to
2
d f +4z=0
dr’

and therefore it follows from the result quoted at the end of the previous example that
independent solutions for z are cos2tand sin2t. Therefore independent solution for
x are e¢ ' cos2tand e sin2¢ with the general solutions being
x = Ae™ cos2t+ Be ' sin 2t

The calculations was a bit long but the method works whenever the equation does not
have real roots. It is shown in section 1.5 that the general solution when the roots are
pE J—T]? with g > 0, is e” (Acos \/gt + Bsin\fz}t). You do not need to have to carry
out the detail calculation but can usually quote this general result. You should,

however, understand how the result was derived.

Example 1.7
Find the general solution of

d’y dy

)
~+4—+5y =10,
2 dx y

and that solution such that y =0 and % =1 for x=0.

mx

Making the substitution y = ¢™ gives, as in other example

m’ +4m+5=0

The solutions of this quadratic are

_ 4+ -
—4%v16-20 \262%_21,1_]‘
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Therefore, using the above general result and remembering that the independent

variable is now x, the general solution is
y=e"*(Acosx + Bsinx).

The condition y =0 for x =0shows that 4 =10 and then

Ligs e*(Bcosx—2Bsinx).
dx

Therefore B =1and the general solution is
y=e sinx,

Summary of basic method
[n summarising the method, x will be assumed to be the independent variable and ¢ the
dependent one and therefore the general equation considered will be
d’ dx
a—';+b——+cx=0,
ds de

where a, b and ¢ are constants. You have however to be prepared for other variables.

(i) The first step is to make the trial substitutions x = 4e™ , this means that for a non-
zero solution m has to satisfy
am’ +bm+c=0.
This is called the auxiliary equation and is formed by replacing the second
derivative by m’, the first derivative by m and the dependent variable by 1.

(i1) (a) If there are two real roots m,and m,,of the auxiliary equation, then the

mJ

general solution is x = 4e™ + Be™'. (This case occurs in Examples 1.1., 1.2.

and 1.3)

{b) If there is only one repeated root m, then the general solution is
x =e"(A+ Bt). (This case occurs in Example 1.4).

(¢} If the roots are not real but of the form p+./— qﬂ, where ¢ > 0, the general
A
solution is x =e” (A cos\/gt + Bsin Jc}: ). (This case occurs, with p = 0, in
Example 1.5 and, for p =0, in Examples 1.6 and 1.7).

(d) The special case when p = 0 corresponds to the differential equation

d’x

dr?
whose general solution is therefore x = 4cos \/at + Bsin \/Et :

+gx =0,
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Exercises 1.1
Find the general solutions of the following differential equations

2
1 d'x = 0.
dr*
2
2 x &, =0,
e
2
S TN
it
PR Y 6V g =0
dx? dx
d2
5 2+8 Y 4 80y =0.
dx dx
d’x dx _0
dr? '
2
CELHPT N
t

Find the solutions of the following differential equations under the conditions stated.

2
8 Ei—waltSy=O,y 3,&% Oforx= m.
dx?

2
9 xS E = 0,x=2. 4 for=0.
dr? de dr
dx
10 9—x+7—+1ox 0.x=5% =11 fors=0.
dr? dr dr
d’y  dy Y. _
11 $+8dx+41y—Ogy—O,dx~lforx—n.
12 dx A o 0x=5 Y 50
dr  de dt

d? d d
13 E)%+85§+20y=O,y=2,*2=4f0rx=0.

1.3 Solution of inhomogeneous equations
The method of solution depends on the following fundamental result :

The general solution of a linear inhomogeneous differential equation (i.e. one
with a non-zero right hand side) is the sum of the solution of the corresponding
homogeneous equation (i.e. with zero right hand side) and any solution of the

inhomogeneous equation.
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The solution of the homogeneous equation is called the Complementary Function
(C.F.) and any solution of the inhomogeneous equation is called the Particular Integral
(P.L). Therefore
General solution = Complementary Function + Particular Integral.
It does not matter how the Particular Integral is found as long as you check that it is a
solution, In your course, if the independent variable is ¢, then the only right hand sides
that you will come across will be of the form A7 + B, where 4 and B are constants i.e.
the equations will be of the form
ad—z'f + ng‘C +ex= At+B.
dae* dr

The method of finding the Particular Integral is very simple, you assume that, if 4 # 0,
x=Ct+ D,and if 4 =0, x = D. The appropriate form is substituted in the equation
and the constants C and D chosen so that the equation is satisfied. In some particular
cases (in fact when one of the roots of the auxiliary equation is zero) you may find

this substitution does not work. In that case try x = Ct> +.Dt.

Summary
(a) Find the general solution of the corresponding homogeneous equation - the C.F.

(b) By making the trial substitution x = Cf + D (or, exceptionally, if it does not
work, x = Ct> + Dt) find the P.L.
{c) Write the general solution as C.F. + P.L

Example 1.8
Find a particular integral for the differential equation
2
Ix g%, 4 = 64200
de? dt

Making the trial substitution x = C7 + D in the left hand side of the equation gives
BC+ 4(Ct + D) =56+ 201,

The coefficients of ¢ have to be the same on both sides of the equation, and also the

constant terms, and therefore C = 5, and 8C + 4D = 56 so that D = 4. A particular

integral is therefore 5¢ + 4,

Example 1.9
Find the general solution of
2 d"‘_x +3§x_= 24 + 181,
dr? de
The first step is to solve the equation with zero right hand side, the auxiliary equation
is
2m’ +3m= 0.
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3
The solutions are m=0and m = —% sothe CF.is 4+ Be-?.
Making the trial substitution x = Cr + D into the left hand side of the differential
equation gives 3C= 24+ 18t
Since C is a constant this equation cannot be satisfied and therefore the trial
substitution x = Ct* + Dt is made into the right hand side of the differential equation
giving

4C+3Q2Ct+ D) = 24+ 18t

The coefficients of ¢ and the constant terms have to be the same on both sides of the
equation so that 6C = 18 and 4C + 3D = 24 and therefore C=3 and D = 4,

The general solution is therefore
3

-
x=A+Be 2 +317 +4t.

This example is the exceptional case mentioned earlier.

Example 1.10
Find the general solution of
2
fi—}; 13 o) = 16t
dx dx

d
and that solution such that y = 12 andgf‘ = -5 forx = 0.

The first step is to find the general solution of the equation with zero right hand side.

This has already been done in Example 3.11 and the general solution is de™ + Be .

Making the trial substitution y = Cx + D in the left hand side of the equation gives
3C+2(Cx+ D) =16+4x.

The coefficients of x have to be the same on both sides of the equation and therefore

C=2,and 3C + 2D = 16 so that D = 5. The general solution of the equation is

therefore
y = Ae¥+ Be X+ 2x + 5.

The final step is to find the constants so that the conditions for x = 0 are satisfied.

These require
A+B+5 =12 and —-4~-2B+2 =-35,
the solution of these equations is 4 =7, B =0.

The complete solution is
y = Te*+2x+5.

10
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Exercises 1.2
Find the general solutions of the following differential equations.

4
dx
1 x5 =12,
de dt
2
2 dx ey se=3+10n
dt d
2
dx
3 )
dr de
2
4 i§+2@+10x=30t-34.
d? T
d’y . dy _
5 3 G+ 24y =57+ T
d’y | dy
6 o7 tig 38

Find the solutions of the following differential equations under the stated conditions

7 ‘;zf +8%—20x=—60,x:8,%=4forz=0.
8 %;i+4%+20x=80,x=?,%=—6f0rz=0.
9 j;::+2gxz+y=10+3x,y=4,g‘§=4forx:0,
10 3;’ +4§-§+20y =80,y=7, %=—6f0rx=0.

1.4 Problems involving second order equations
In some instances, primarily in Economics, the actual model involves more than one
equation. If, for example, x denotes the price of a good and D and S denote the
demand (quantity required at price x) and supply (amount supplied at price x), then in
one economic model, the rate of change of price is asserted to be directly proportional
to the excess of demand over supply (price increases when demand exceeds supply).
This gives

& k(D-5),

de
where £ > 0. In order to complete the modelling, some information has to be given
about I and S. The usual assumption is that both are of the a + bx and this gives a
first order differential equation for x. In slightly more complicated models D and S
are assumed to depend on the time derivatives of x and this leads to second order

differential equations. Very often a model may be posed in a way that leads to two

11
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first order equations involving more than one variable and one of the variables has to

be eliminated thus giving a second order equation.

Example 1.11
This is a simple model of investment due to Samuelson. The assumptions are

(i) the rate of change of capital at any time is equal to the investment at that time,

(ii) the rate of change of investment at any time is s times the difference between the
capital at that time and an equilibrium value 4. Investment increases when the
capital level is less than 4 and decreases when the level is above 4.

Find the differential equation satisfied by the investment and comment on the

behaviour of the capital.

There are two “unknowns” i.e. dependent variables, namely the investment and the
capital. These will be donated by / and C respectively. Assumption (i) gives

dC
o
whilst assumption (ii) gives
&7
i -s(C-4)
The second equation satisfies the condition that / decreases (increases) for C> 4
(C<A).
Differentiating the second equation with respect to f gives
d’/ dC
@ a
and substituting from the first equation gives
g—z{ =-gf.

The auxiliary equation for this differential equation is m” = —s with roots v~ and

therefore, from the summary in section 3.5, its general solution is
Bcos\/gt + Csin \/Ez .
The capital is therefore
A —li[— = A —i(— Bsin\/;t + Ccos\/s_*t)‘
s dt \/;
2

Both the sine and cosine terms have period A and therefore the capital oscillates
s

with this period.

12
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Example 1.12
The amount of steel ingots that a firm has in stock at any time is denoted by x and the

firm has an optimum amount X of ingot that it wishes to retain in stock.

Its pricing policy is that the rate of increase of price is equal to the difference between
x and X with the price increasing for x < X and decreasing for x > X. The rate of
increase of stock is the difference between the rate Q at which ingots are produced
and the rate S at which they are sold. The firm assumes in its forecasting that, in

appropriate units, Q and S are given in terms of the price p by

S=120-35p—103—ft’and 0=48-11p.

Find the differential equations satisfied by p and show that the model predicts p will

tend to be a fixed value and find this value.

The pricing policy gives
dp
—={X—-x
TR

Also, the condition governing the rate of increase of stock gives

dx dp

d—t_Q_S__72+24p+]Od_z'
Differentiating the first differential equation gives

d’p _dx

ar dr

and therefore substituting for % gives
d*p
dr*

The auxiliary equation is
m’ +10m+24=0,

Its roots are —6 and —4 and therefore the general solution is ae™ + be™

102 4 24p =7
dr

Since the right hand side is constant, the particular integral will be a constant and
therefore substituting p = C, where C is a constant, in the equation gives C =3 and
therefore

p=3+ae™ +bhe™.

The exponentials tend to zero for large ¢ and therefore the price tends to 3.

Modelling problems in Mechanics using differential equations

Detail modelling of various problems in Mechanics will be considered in Chapters 2
and 3, but it is worth examining briefly the basic principles involved. Unlike the
other problems considered, the basic laws governing mechanical problems are well
known. Essentially for a particle in rectilinear motion, the important points are to find

the total force acting and put this equal to mass x acceleration.

13
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It is extremely important in modelling problems to choose a particular reference

direction, usually the positive x direction, and calculate the force in that direction.
2

The acceleration is Ei—-; and therefore multiplying this by the mass and putting it
t

equal to the force in the positive x direction will produce the required differential

equation. It is however necessary to be extremely careful with signs, this is shown in

the following example.

Example 1.13
A particle of mass 0.2kg is free to move along the x-axis under the action of a force

directed towards the origin and of magnitude 4d N, where 4 m is the distance of the
particle from the origin. The particle is also subject to a resistive force (i.e. in the
opposite direction to its motion) of magnitude 2v N when it is moving with speed
vms . Find its equation of motion.

If the particle is on the positive x-axis, then its distance from the origin is x m, the
attractive force is to the left as shown in the diagram and of magnitude 4x N, the force
in the positive x direction is therefore —4x N. If the particle is on the negative x-axis,
then its distance from the origin is (—x) m, (~x is positive), the attractive force is to
the right as shown in the diagram and of magnitude 4(—x) N, the force in the positive x

direction is therefore again —4x N,

e (-4X) N «— 4xN

If the particle is moving to the right then —— is positive and is the speed of the
dt
. . . dx .
particle, the resistive force is therefore to the left and equal to 125 N, the force in
- o dx
the positive x direction is therefore - 12-d— N.
?

is negative and the speed of the particle 1s

If the particle 1s moving to the left then 1

5 (which is positive) and the resistive force is to the right and equal to
s

12(— ;ﬁw N. The force in the positive x direction 1s therefore — 12[%} N.

.

14
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Therefore the equation of motion is
2
LEPN LY
de” dr

This type of equation can be solved as in section 1.2 and the resulting motion is

0.2

referred to as damped harmonic motion. This is looked at in detail in Chapter 3.
It is very important when formulating a new model, to look very carefully at the signs
as above. If the force had been proportional to 47, for example, then the differential

equations found would have been different for x > 0 and x <0.

1.5  Justification of the methods for equal and for non-real roots

The general type of equation considered is
2z

d 2x + b% +ex =0,

dt dt

where a, b and ¢ are constants.

a

The auxiliary equation is
am® +bm+c=0

—-b+ b —dac :_-_b_l_vbz—éiac

2a 2a 2a

with solutions

Equal Roots

For equal roots h* = 4ac and the only distinct root of the auxiliary equation is — Qi
a

and this is denoted by p. It is now necessary to show that x = fe” is also a solution.

The product rule shows that

3

dx d'x .
$=e” (]+p£), ?df—z:ep (2p+pzz‘).

Substituting these in the left hand side of the differential equation gives
a(2p + pzt)+ b(1+ pt)+ ct = b+2ap+ (c+ pla+ pb) t,

2
since p = _b , the right hand side of the equation simplifies to | ¢ — b—)t .
2a da )

/ b
This vanishes and hence te” | = te” 2 } is also a solution of the differential equation.
\

Non-real {i.e. complex) roots

In this case when b* —4ac <0Oand the roots are p+.-¢q, where p= _Zi and
a

4ac — b
qg=————

v and is positive. The first step in deriving the form given in the
a

15
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summary in section 1.2 , as in Example 1.6, is to write x as ze”. If you want to try
this for any particular equation, then the coefficient of 7 in the exponential is minus
one half the ratio of the coefficient of the first derivative to that of the second
dertvative,

Using the product rule
5 lar)
= gl ——+ DZ

dt dt
d’x d’z dz

=e” +2p—+piz|.
ar (dﬂ Pa™? Z]

Substituting these in the equation gives

d*z dz ) [ dz
al —+2p—+ pPz |+b —+pzl+cz=0.
(dz2 Py ™? ) Ldz p}

Substituting p = —; shows that the coefficient of -Z—Z is zero and the equation
a i

becomes
2'-;
a f+(c+p2a+pb)z:0.
de
. . o . . dac—b’
This simplifies on substituting for p and using the definition ¢ = P to
a
d’z
—t gz =0.
a
Making the trial substitution z = Acosm¢ + B sinmi shows that
-m +qg=0,

and therefore m = J& , giving the general solution z = Acos @z + Bsin .ng .
Therefore the general solution for x is ¢” (A cos \fg-z + Bsin \fg;f), thus confirming he
assertion made in the summary in Section 1.2.

For those familiar with complex numbers the following is an alternative derivation.
The roots of the auxiliary equation can be written as p + i\/g . The general solution is
therefore Ce” e + De” e, This can be rewritten, using the result

+if

e =cosO+isin0
as e” [C(cosﬁtﬂsin\/gtﬁ D(cos gt —isin \/c?t)]

This can be rewritten as .
e”‘(Acos\/gz +Bsin\/gtj,
where 4=C+ Dand B =i(C- D).

16
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Miscellaneous Exercises 1

1.

2.

Find the general solution of
2 1
3%+2d—y+ 10y = 30x +16
dx dx
Find the general solution of
d’y

2

+7d—y~v+12y =36
dx

3. (a) Find the general solution of

2
2_)§+ 15%4. 36x =4k where kis a constant.

Find also that solution such that x = 0 and %ﬁ =0att=0.
t

(b) Initially a community consists of N individuals all of whom are susceptible to a

disease. Subsequently each member of the community may be placed in one,
and only one, of the following categories.

e Individuals who are susceptible to the disease,

e individuals currently infected by the disease,

¢ individuals recovered from the disease and not open to further infection,

e individuals who have died from the disease.

At time ¢ after the infection strikes, x denotes the number that have died and y
the number currently infected. The death rate and the recovery rate are such
that, at any instant, the number that have recovered is twice the number who
have died by that time. Write down, in terms of x and y and N, the number of
susceptible people at time ¢. Given that, at any instant, the rate at which
susceptible people become infected 1s (in appropriate units) three times the

number of susceptible people present at that instant, show that

Given that the death rate of infected people 1s four times the number of infected

dx . . L
people, express a—m terms of y and hence show that x satisfies the equation in
¢

(a) for a particular value of %, which should be found. Assuming no one dies

from other causes, state how many people will eventually die from the disease.

4.(a) Find the general solution of the differential equation

(b) In economic modelling of investment it is assumed, with a particular choice of

units, that
(1) the rate of increase of excess capital £ 1s equal to the investment 7,
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Second Order Differential Equation

(i1) the rate of decrease of the investment [ is equal to the sum of 8k and 4/.

Express %’I; in terms of /, and %]— in terms of k and 7, and hence show that £
4

satisfies the differential equation in part (a). Comment on the behaviour of &

for large values of ¢

Find the solution of
d2
dr’

2‘3"+17p=34,

such that p = 2.5 and a =0 whent=0.

In an economic model, the demand D (the amount required) for a particular

item is given by

+6p+l6,

where p is the price in pounds of the item at time 7 months. Similarly the

supply S (the amount available) is given by

s=742 Lg% 3, 18,
"t

Given that § = D and that, att = 0, p=2.5 and %}1 =0, find
{

(1) the price after a long time,
(i1) the lowest price at which the item can be bought and the time when this
would be possible.
The function y satisfies the differential equation

ixf 4dy (@ -k)y = k(k +1)6x +4)

where £ is a constant, and, when x =0, y= 5 and % = 1,

Find y in the three cases

(@) k=1,
b k=-1,
(c) k=0.
Find the solution of
j% =16x

dx .
with x = ¢ and o =-b att =0, where ¢ and b are positive constants.
t
. . b . drx .
Verify that if ¢ > Z , then x will never become zero and -d—wﬂl be zero for a
4

positive value of 7.
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Second Order Differential Equation

It is assumed in a simple “war game” that there are two military force, the ‘A-
force’ and the ‘B-force’, engaged in combat. The numbers in the A-force and
the B-force at time ¢ are denoted by x and y respectively. It is also assumed
that the rate at which the number in the A-force is decreasing is equal to twice
the number in the B-force at that time and that the number in the B-force is
decreasing at a rate equal to eight times the number in the A-force at that time.
Show that x satisfies the above differential equation.

The game is won when one of the forces is annihilated and the other is not.
Given that x jand y, denote the numbers in the A-force and the B-force

respectively at time ¢ = 0, find a condition on x,and y, which will ensure that

the A-force wins the game.
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Rectilinear Motion

Chapter 2

Rectilinear Motion

After working through this chapter you should

s be able to solve problems of rectilinear motion where the acceleration is a function
of displacement or velocity,

e be able to solve simple problems of resisted rectilinear motion,

s be aware of some of the assumptions made in modelling resistive forces.

2.1  Acceleration dependent on displacement

You have already seen in M1 Chapter 4, how to solve problems of motion in a straight
line where the acceleration depended on time. In this chapter problems where the
acceleration depends on displacement or on velocity will be considered. The basic
difference between these problems and those you met in M1 is that the problems now
involve differential equations which need the methods described in Chapter 1 to solve

them. In M1 the acceleration a was defined by

b dx
dr de’
where v is the velocity in the positive x direction and is defined by
_ &
YT dre

There is another expression for ¢ which is useful for problems where the acceleration

is given in terms of the displacement and this is

v

This is proved by using the identity :
dv v dx

dt — dx de’

which follows from the chain rule.

o dx . . .
Substituting v for q Blves the required expression for a.

The general approach is possibly most easily understood by looking at a particular

example.
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Example 2.1
When the displacement of a particle from a point O is x m its acceleration is X ms—2.

At time 7 = 0, the particle passes through the origin moving with speed 1 ms™! in the
direction of increasing x. Find

(a) its speed when its displacement is x m,

(b} its displacement at time 7 s.

The equation of motion of the particle is

2
dr?

this equation cannot be integrated directly with respect to ¢ since the right-hand side

3

involves x which 1s not known in terms of r. However, the equation of motion can,
using the expression derived above, be rewritten as
— 2X
vy =
1
The left-hand side is equal to d 2?

.

Both sides of this equation can be integrated with respect to x giving

i 1
P L

where ¢ s a constant. Substituting v = 1 when x = 0 shows that ¢ = 0. Therefore, on
taking the square root,

v = ek,
It is necessary to be very careful in choosing the correct sign for the square root in
problems like this, in this case the positive sign has to be chosen since the particle was

moving in the positive x direction when x = 0 and therefore

dx
4 = ¢

This is a differential equation to determine x and it can be solved by separation of

variables. Separating the variables gives

e ‘d't—:l,
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which on integrating with respect to ¢ becomes
[e™" dx = [dr.
Carrying out the integrations gives
-t = t+a,
where a 1s a constant. Substituting x = 0 and ¢ = 0 shows that a = ~1, therefore
~Iln {1 - 7).
The solution is only valid for ¢ < 1 as x becomes infinite for = 1. The example is not

|

X

a physically realistic one but the mathematics is sufficiently simple for the steps to be

clear.

Basic method
When the acceleration is given in terms of the displacement the following are the
steps to be followed:-

(i) Write the acceleration as

N
d?lvz

A2 )

e ==

(ii) Integrate the resulting equation with respect to x.

(i) Use any given conditions to find the arbitrary constant produced by the integration
in {i) Alternatively it may be quicker to integrate between suitable limits.

(ii1) You will now have an expression for v* . Take the appropriate square root so that
your value for v is consistent with the given conditions.

(iv) The result of (iii) will be of the form

dx
v =1 =FO,

where F is known in terms of x.
(v) The equation found in (iv) can be solved by separating the variables and

integrating with respect to f giving

dx
JW = I dt

Carrying out the integrations gives ¢ in terms of x. If possible the resulting equation
should be inverted to give x in terms of 1.

In many cases the integration in (v) may prove very difficult and it may be necessary
to use a numerical method like Simpson's rule to go any further.

Therefore very often, when the acceleration is given in terms of the displacement, the
most that can be found easily is a relation between the velocity and the displacement.

The basic method is equivalent to using the work-energy principle as described in M2.
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If the velocity, rather than the acceleration, is given in terms of the displacement then

the calculation will start at (v).

Example 2.2

The acceleration due to gravity at a point away from the earth is directed towards O,
2

the centre of the earth, and is equal to g—lz—, where a denotes the radius of the earth
pe

and x the distance from . The fuel in a rocket is completely exhausted when itis at a

distance b from the earth's centre and the speed of the rocket at that time is u.

Assuming that the rocket moves along the straight line to it from O, find its speed

.. . 5b
when it is at a distance of 4 from O.

2
. N . : . a .
The acceleration in the direction of increasing x is ~89_ and therefore the equation

2
X
of motion can be written as
N
d[lv2 ’
v \2 ) ga
dc dx - x?

If the required velocity is denoted by V then integrating the left- hand side with
. 5h .
respect to v from u to ¥ and the right-hand side with respect to x from b to =~ gives

3 2ga’
Sb

2
Vi-uw =

3

2
and therefore the required speed is Euz - Eg—i] .

2
This will only be valid for u* > 2’§g .

2
If u’ < —% then the rocket will have come to rest before reaching the point at a

5b
distance of 4 from O and will then return to earth.

Example 2.3

. . . . . .. 24 .
When the displacement of a particle from a point O 1s x m its acceleration is — ms
X

in the direction of decreasing x. At time ¢ =0, the particle passes ihrough the point

2

x =2 moving with speed \ﬁ ms ' in the direction of increasing x. Find
(a) its speed when its displacement 1s x m,

{b) its displacement at time ¢ s.
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The equation of motion of the particle is

Integrating this equation with respect to x gives
1 8
o Vz = .y + c,
2 X

where ¢ is a constant. Substituting v= \ﬁ_ when x = 2 shows that ¢ = 0. Therefore, on

taking the square root,
4

3 -

v =
X?.

The positive sign has been chosen since the particle was moving in the positive x

direction when x = 2. Therefore

dxr _ 4
dz 2
%2
Separating the variables gives
2 dx
22— =
g =

which becomes, on integrating with respect to ¢,

[x dx = 4fde.
Carrying out the integrations gives
2 s
X = 4t +a,

: o 82 . .
where a is a constant. Substituting x = 2 for = 0 shows that g = ASE and inverting

the equation gives

Example 2.4
The acceleration in the positive x direction of a particle free to move along the x axis

is —o2x, where © is a constant. At time ¢ = 0 the particle is at rest at the point x = a.
Determine its subsequent displacement. (This is an example of simple harmonic

motion which you will encounter in detail in Chapter 3).
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In this case the equation of motion of the particle is
1

2
dv d 5 v ,
voo o= =-0"x.
dr g
Integrating this equation with respect to x gives
vi=—lx’ +e

where ¢ is a constant. Substituting v = 0 when x = ¢ shows that ¢ = ®2 a2. Therefore,

y = -m\}az—xz,

the negative sign has been chosen since the particle was at rest at x = ¢ and its

on taking the square root,

acceleration is in the negative x direction and therefore the particle will start moving
in the negative x direction. Therefore

d 72

Separating the variables and integrating gives

jd—x = —ofds.
ova® —x’

The integral with respect to x can be evaluated so that

sin~1 [—{j = @+ b,
a
where b is a constant. Substituting x =« when ¢ = 0 shows that b = g and finally

X = acos ol

Exercises 2.1

1

1 The acceleration of a particle moving along the x axis is 4x ms ™ in the negative x

direction when its displacement from the origin is x m. The particle is released
from rest at the point x = 3. Find its speed when x = 2.

2

2 A particle moves along the x axis and its acceleration is 8x” ms ~, in the direction

of increasing x, when its displacement from the origin is x m. It is moving in the
direction of increasing x with speed 3 ms™ when it passes through the origin.

Find the distance travelled until its speed becomes 6 ms ™ .

3 When a particle has a displacement of x m from the origin its acceleration in the

2 1

. o .3 R . ) o
negative x direction is Pyl ms . Iis velocity when x = 0.25 m is 3 ms ™~ in the
X

positive x direction. Find the speed in terms of the displacement and determine

where the particle first comes to instantaneous rest.

25



Rectilinear Motion

In questions 4 to 8 the acceleration of a particle moving along the x axis is denoted by
flx) ms ™ when its displacement from the origin at time ¢ s is x m and v denotes the
velocity component in the positive x direction.

4 f= —-2, v =2, forx=2 when¢=0. Find v in terms of x and x in terms of .
x

5 f=(x+5), v=5,forx=0whent=0. Find v in terms of x and x in terms of .
6 f= e, v=2,forx= In2whens=0. Find v in terms of x and x in terms of #.

7 f= 3\&,\)-—-0, for x =0 when ¢t = 0. Find v in terms of x and x in terms of «.

8 f= %, y =0, for x =1 when r = 0. Find the time taken to reach the point x=
x

b fr—a

9 The acceleration due to gravity at a point at a distance of x m above the earth's
centre is directed towards the cenire of the earth and is of magnitude

64x10°Y .
10 ———J ms ™. The earth may be assumed to be a sphere of radius

X

6.4 x 10° m. Find the maximum height reached above the carth's surface by a
rocket projected vertically upwards from the earth's surface with speed 1000 ms ™.

The rocket is to be modelled as a particle projected vertically upwards in vacuum.

2.2 Acceleration dependent on velocity

Most problems involving resisted motion reduce to ones where the acceleration is
given in terms of the velocity. The resulting differential equations have to be solved,
usually by using the method of separation of variables.

There is a standard general approach which has to be followed and, as in the previous

section, this is possibly best understood by working through a particular example.

Example 2.5

. . . . . N S
The acceleration of a particle moving with speed v ms™! at time ¢ s is— ms ?. When
v

t=0, v=1 and the particle is at a distance of 4 m from a point 0. Find the speed and
displacement of the particle from O at any subsequent time and also its speed when at

a distance of 6 m from O.

The equation of motion is
d’x _ dv 1

d? de v?

H
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s

o . . d . v
in this case using acceleration as —TX does not help but the alternative form as m
¢

gives a differential equation which can be integrated by separation of variables.

Therefore jvz dv = '[dt .
Carrying out the integrations gives
1)31 =t+eg,
where ¢ is a constant. Substituting v =1 when ¢ = 0 shows that ¢ = %

1

Therefore v o= {1+ 35)3.

. . .. dx .
The next step is to find the displacement, x m. Substituting ar for v gives

dx 1
4 = (+3)
This can be integrated directly with respect to ¢, you can do this either by introducing
a constant or integrating between limits. The second method is slightly quicker and

integrating from ¢ = 0 to = ¢ gives, since x =4 when ¢ = (,

4
i —
t 3 3 _
x—4=_[(1+3w) dw = M_l,
; 4
4
3
and therefore x = U—+3%+—15

The next step is Eo find the speed when x = 6.1 Substituting x = 6 in the expression for
x gives (1 + 31‘)I = 9 and therefore (1 + 3t)§ = \[5 so that substituting for ¢ in the
expression for % gives the required speed as \/E ms~1L.

If the speed had been required for a general valBue of x then inverting the expression
for x gives (1+38) =(4x— 15)?

and therefore %f‘ = {4x —15)4.

If the question had only required the relationship between v and x then a quicker

. dv . .
method would have been to use the expression v de for the acceleration. In this case

the equation of motion would be
dv
Y dx

N
Vz‘
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The method of separation of variables gives

Jv3dv = J(bc ,
integrating the left hand side from v = 1 to v = v and the right hand side from x = 4 to
X=X gives

-1 = 4x-16,

which 1s the result found earlier.

Whenever the acceleration is given as a function of speed the steps in the calculation

will be exactly the same as in Example 2.5.

General approach

. L dv . . .
(i) Use the acceleration in the form d_v in the equation of motion, separate the
t

variables and integrate, either introducing a constant -of integration or integrating
between limits. If an arbitrary constant is introduced then use given conditions to
find it. If the acceleration is directly proportional to v then an alternative is to use

the substitution v = e’

(11) This will give v in terms of ¢, this can be integrated using v = T find x in

terms of z. Again either integrate between limits or introduce an arbitrary
constant. If an arbitrary constant is introduced then use given conditions to find
it.
(i11) If a relation between v and x is required then
either
(a) Invert the solution found in step (ii) to give  in terms of x and substitute the result
in the expression for v found in step (i). If it is not possible to carry out this
mversion it may be possible to invert the expression for v to find ¢ in terms of v
and therefore x can be found in terms of v.

or

o dv . . .
(b) Use the acceleration in the form vy, In the equation of motion, separate the

variables and integrate, either introducing a constant of integration or integrating
between limits. If an arbitrary constant is introduced then use the given conditions

to find it.
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Example 2.6
The retardation of a particle moving with speed v ms ™ at time ¢ s is 3v°ms . When

t =10, v=2 and the particle is passing through the fixed point O. Find
(a) the displacement of the particle at any subsequent time,
(b) the speed of the particle when its displacement from O is x m.

In this case the acceleration is negative and the equation of motion is

b -3y,
dr
carrying out the separation of variables as in step (1) gives
dv
—= —=3|dr.
5= -3
Integrating the left-hand side from v =2 to v = v and the right-hand side from r=0to ¢
={ gives
1 N
—(i? . | =3t
2\v: 4,

Solving for v in terms of £ gives
2

J1+24t

Vv =

. dx . iy
Replacing v by q; @snstep (11) gives
&2
dt \1+24¢
Integrating this equation from ¢ = 0 to ¢ =t gives, using x = 0 for ¢ = 0,

_ 3[1+24t 1

X 6 o
The above equation can be solved to give ¢ in terms of x and the result substituted in

. dx . . . dv
the expression for & Alternatively the acceleration can be written as v I 50 that

dv
—_— = 3
Y 3y
Separating the variables gives
dv
= = -3[ax
v I

Integrating the left-hand side from v = 2 to v = v and the right-hand side from x =0 to
x = x shows that
11

—— — =3x,
v 2

Solving for v in terms of x gives v = 1+ ox
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Exercises 2.2

Questions 1 to 5 refer to a particle P moving along the x axis with acceleration ¢ ms ™

in the positive x direction, x m denotes its displacement from the origin at time ¢ s and

vms™ its velocity in the positive x direction at that time.
1 a= -6y, x=3andy = 5 forf = 0. Find xin terms of £.
1 .
2 a=;,x=4andv=3 fort = 0. Find v in terms of x.
2
3 a=—%,x:0,v=2forf=0. Find v and 7 for x = 8.
4 a=42-v)’, x =0andv = Ofort = 0. Findvin terms ofz.

5 a =—2\5, x = Qandv = 4 fort = 0. Find the time taken to come to rest and
the distance travelled in that time.

6 The retardation of a particle moving in a straight line is proportional to the cube of
its speed. The speed of the particle drops from 10 ms™ to 5 ms™' in 9 seconds,
find the distance travelled in this time.

7 The acceleration of a particle moving in a straight line is inversely proportional to
its speed. The speed of the particle increases from 5 ms ™' to 15 ms ' in 1 minute.
Show that the distance travelled in this time is 650 m.

8 The retardation of a particle moving on a straight line is proportional to the
n th power of its speed. Show that for » < 2 the particle only moves a finite

distance.

2.3 Modelling resistance to moving bodies

Most problems on moving bodies relate to motion in air or (for boats and ships) a
fluid such as water where the resistance of the fluid has a major effect on the resulting
motion. The problem of the resistance (or drag) of a flnid is a rather complicated one
and can essentially only be found by experiment. In modelling motion it is necessary
to assume, on the basis of experimental results, particular forms for air or water
resistance. Apart from these assumptions being reasonably consistent with experiment
they have, in order to obtain reasonably simple results, to be such that the resulting
mathematical problem is fairly simple (i.e. the integrations have to be easy). In real
situations this latter assumption is not particularly necessary as numerical methods
can be used when difficulties arise. Experimental evidence is available for falling

bodies and for vehicles such as cars and aeroplanes.

30



Rectilinear Motion

Falling bodies
Though the bodies are modelled as particles the air resistance assumed is that
experienced by a falling sphere. Experimental evidence has shown that for a moving
sphere the form of resistance depends on the product du where 4 m denotes the
diameter of the sphere and # ms™' denotes its speed. The experimental results show
that the resistance R in newtons is given by

R = 1.66x 107 du for du < 107

R =02d%u’ for 107 <du<1.
It is not possible from the experimental evidence to infer that a power law is valid for
107° < du < 107 and a combination of the two expressions might be more
appropriate. The main conclusion from the above is that the air resistance is only
directly proportional to speed for extremely small particles and/or very low speeds.
Assuming that resistance is proportional to the square of the speed appears to be a
more valid assumption. The mathematics associated with resistance directly

i

I\

proportional to speed is however much simpler than that for other laws and this linear

law is therefore often used as a first approximation.

Moving vehicles
Experiments show that for most purposes it may be assumed that the resistance on a

moving vehicle can be written as% pC, AV?, where p is the density of the

surrounding medium, V is the speed of the vehicle, 4 is the cross sectional area
perpendicular to the fluid flow and C is the drag coefficient and 1s experimentally
determined. In the 1920s the drag coefficient of a car was about 0.5, these days most
drag coefficients for cars are lower than 0.4 with some being lower than 0.3,

For a car there is an additional element of resistance, known as the rolling resistance,
which is primarily due to friction at the tyres. For relatively low speeds this can often

be assumed to be either constant or directly proportional to speed.

Terminal speed
If the total force acting on a particle of mass m is m f(v) then

& =0
In many cases of resisted motion the function / has the following properties
(i) there is one, and only one, positive value ¥ of v such that f{v) = 0,
() forv > V, f <0,
(iit) forv < ¥V, £ > 0.
If at some time v = u (> V) then v would be decreasing and would continue to do so
until v = ¥ and as the derivative is then zero v would then stay constant. Similarly at
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some time v = w (< ¥} then v would be increasing and would continue to do so until v
= } and as the derivative is then zero v would then stay constant. Therefore in both
instances the speed would tend to the constant value V. This value is known as the

terminal (limiting) speed and is the speed when the total force acting is zero.

2.4  Problems involving resisted motion

Possibly one of the most important things to do when trying to solve problems
involving resisted motion is, as stated in section 5.1 of M1, to pick a reference
direction and find the component of force in that direction. It also helps to have a
sketch with all the forces acting marked on it.

Sometimes in problems you may be told that the resistance is proportional to some
power of the velocity but the constant of proportionality is not given. In such cases
you will be given some other information, such as the terminal speed, which will

determine the constant of proportionality.

Example 2.7
The resistive force acting on a particle of mass 0.2 kg and moving along a straight line

1s proportional to the speed of the particle and such that the particle experiences a

resistance of 20 N when moving with speed 10 ms™'. Find the time taken for the

speed to drop from 10 ms ™ to 5ms™.

i —vmg!

oy 10ms™ N

The reference direction is taken in the direction of the initial velocity as shown in the

diagram and the velocity of the particle at time ¢ s after its speed is 10 ms ™ is denoted

by vms™.

The resistance will be assumed to be kv N, where k£ is a constant. This is
equal to 20 N when v = 10 so that k = 2. The equation of motion is therefore

dv
0.2 a - — 2V,
. dv
Le. T —10v.

This can be solved by separation of variables or, as mentioned above, by making the
trial substitution v = ge™!, this gives

mae™ = —10ager,
so that m = 10 and v = ae~!0 Substituting v = 10 for ¢+ = 0 gives a = 10
and v = 10e~10¢ The speedis 5 ms™" when

107100 = 5,
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1e. -10t = m(ﬂ
2)
. In2
giving ! =70
Example 2.8

A stone of mass m kg is thrown upwards with speed 2 ms '. The air resistance, when

1

. , : 4.1 o .
the stone is moving with speed vms ™ 1s 5 mvg newtons. Find, in terms of g, the time

taken to reach the highest point.

ref direction
b

The forces acting on the stone during the period that it is rising are shown in the

diagram and the reference direction is taken upwards. The equation of motion is

dv 1
my = - mg—ymyg,
or dv = —g[/1+ ! v]
dr )
Separating the variables as in step (i) gives
1 v
iy d T
(1+_VW
o2

and therefore

At the point of greatest height the speed will be zero and therefore integrating the left-
hand side from v =2 to v =0 and the right-hand side from 1 =0 to =1 gives

2mIn@2)= ~gt,

2In2

50 t = .
g
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Example 2.9
Find, for the problem of Example 4.8, (a) an expression for the height travelled in a

time ¢ s after projection, (b) the greatest height reached, (c) an expression for speed in

terms of height.

In order to find the displacement it is necessary to find v in terms of ¢, one way of
doing this is to integrate the left- hand side of

dv
l+§v

from v = 2 to v=v and the right hand side from ¢t=0to ¢ =1

Alternatively v can be found by solving

dv (1)

s ng + —2—v J ,
as an equation with constant coefficients. Trying v = ¢, where ¢ Is a constant
gives ¢ = -2 so that a particular integral is —2. The homogeneous equation is

dv
ES %})

de
making the trial substitution v = ge™ gives m = -‘g‘ so that the general solution
is
&t
v =-2+ae 2 where « is a constant.
Substituting v=2 for t = 0 gives a = 4 and
&t
_ & g’
v = d t - 1] “

Integrating this equation from ¢ = 0 to ¢ = ¢ gives
8 —=
=-2t-=(e 2 —-1).
x GRS

The time to maximum height is, from the previous Example, or by setting v = 0 in the

expression for v, . Substituting this value for the time in the expression for x

4

. . 4
gives the maximum height as E (1-1n2).

It is not possible to invert the expression for x to express ¢ in terms of x but it is

. . . 2 3 e
possible to express ¢ in terms of vto givet =~ — In (Z— +% ‘ and substituting in the
g J

expression for x gives
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x = im[hl) Lo-2.
g 4 2 4

. .\ . dv L
In this problem writing the acceleration as v & leads to some algebra which is not

directly covered in your course and the method cannot be used to find a relationship

between v and x.

Example 2.10
A stone of mass m kg is thrown upwards with speed 2 ms™ . The air resistance, when

. . . 5.1 L
the stone is moving with speed v ms ™ is 7 mvig newtons. Find, in terms of g, the

maximum height reached. Find also the maximum speed attained on the downward

path and the speed with which the stone returns to the initial point.

s

%mvzg &

ref direction

The forces acting on the stone during the period that it is rising are shown in the

diagram and the reference direction is taken upwards. The equation of motion is

v 1 5
mg T omg-gmvg,

ar
dv.

1 ﬂ
= —gilt—y .
dr g( 4V

/

In this problem, since the height is required, it seems more appropriate to write the

. dv
acceleration as v i that

VSIX = ( 1+ ! v2]
dx & U4
Separating the variables and integrating with respect to x gives
J V{fv =g Idx .
1+—v
4

At the point of greatest height the speed will be zero and therefore integrating the left-
hand side from v = 2 to v = 0 and the right-hand side from x = 0 to x = x gives
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(jf vdy
2 1+lv2
4

Carrying out the integration gives

o ) v=0
2 1In L1+—v J 2InQ) = -gx
4 v=2

2In2
50 x = )
&

The downward motion has now to be investigated and the reference direction is now

taken to be downwards from the point of inaximum height. The forces acting on the

stone are shown in the diagram.

ref direction

The equation of motion is
dv v’
My, T mg—mg ik

v _ [V
Vi & 7l

The right hand side vanishes for v = 2 and therefore the maximum speed that could be

attained on the downward pathis2 ms ™.

Separating the variables and integrating the lefi-hand side from v = 0 to v = w, where

or

wms ™' denotes the maximum speed of the stone, and the right-hand side from x = 0

2In2
to x =~ gives
b4

"?" =22
0]-=y?
4
Carrying out the integration gives
7 N VER 1
-2 le—inJ =-2In [1-iwﬂ = 21n2,
4 =0 4 /
i, (1, 1, 1
giving In Ll—zw = 2 sothatl—zw =§andw=\[§.
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Exercises 2.3

1 A particle of mass 0.5 kg moving with speed vy ms~

' is resisted by a force

of 2v newtons. Find the time taken for its speed to reduce from 20 ms 'to 2 ms ™.
A particle of mass 0.2 kg is projected with initial speed 6 ms ™' along a rough
horizontal table, the coefficient of fiiction being 0.5. The particle is also
subject to air resistance which, when it is moving with speed v ms™', is equal to
0.1v newtons.

Find the time taken for the particle to come to rest.

A particle subject to a resistance proportional to the square of its speed has its
speed reduced from 8 ms 'to 4 ms™'in 6 seconds. Find the distance it travels in
that time.

An aeroplane of mass 20 tonnes takes off under a constant thrust of 250 kN. The
drag on the aeroplane when moving with speed vms’ is 10v” N. Its take off
speed is 90 ms ™. Find the minimum length of runway.

A car of mass m moves under the action of a constant driving force F and a
resistance, which when the cat's speed is v, is mkv. Find the maximum speed that
the car can attain and the time taken, from rest, before three quarters of this speed
is aftained.

A parachutist jumps from a balloon. The air resistance i1s assumed to be
proportional to the speed of the parachutist and his terminal speed is 5 ms ' . Find
his speed after 0.5 s and the distance he has dropped in that time.

If the resistance in the previous question is assumed to be proportional to the
square of the speed, with the terminal velocity being unchanged, find the speed
after the parachutist has been dropping for 1 s.

A particle of mass 0.5 kg moves in a straight line under the action of a resistive

force of magnitude 0.4(1 + v*) newtons when the speed of the particle is v ms™.

!

Show that it is reduced to rest from a speed of 4 ms ™' in time 1.25 tan "' 4 s.

Miscellaneous Exercises 2

1

The engine of a powerboat is shut off when its speed is 12 ms™' and the water

drag is assumed to produce a retardation of 0.1 v> ms™ when the boat is moving

with speed vms ™.

(a) Write down the differential equation governing the motion and find an
expression for the time taken for the speed of the boat to drop to v ms ™'

(b) Explain, by considering the time taken to come to rest, why the model of

retardation chosen is not particularly realistic and suggest an alternative
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formula for retardation which may be more suitable. (There is no need to
carry out any calculations using your suggested retardation.)
A particle P of mass 0.3 kg moves along a horizontal straight line. The particle is
acted upon by a horizontal resistive force of magnitude 1.2v"*! newtons (n > 0)

1

where vims ™~ is the speed of P at time ¢ s. At time ¢ = 0 the particle is at a point O

and moving with speed u ms ™.

(a) (i) Obtain the differential equation relating % and v.

(ii) Solve this differential equation to find an expression for v in terms
of u, fand n.
(b} Forthecasen=3
(i) obtain, in terms of v and x, an expression for v at a point a distance x
metres from O,
(ii} determine, in terms of u and x, the rate at which work is being done
against the resistance when P is x metres from Q.
The non-gravitational resistance to the motion of a car of mass 1000 kg moving
with speed v ms ' is known to be of the form (kv + 0.05 kv2) N, where k is a
constant. When the car's engine is working at a rate of 11.25 kW the car can

1

move at a steady speed of 25 ms™ on a horizontal road.

(a) Find the value of k.

(b) Find the rate at which the car's engine works when the car is moving at a
71N

" up a hill inclined at an angle sin™' L%J to the

steady speed of 15 ms~

horizontal.

" on a horizontal road the engine

1

{¢) When the car 1s moving with speed 25 ms”~

is switched off. Show that the speed v ms™ of the car, after travelling a
distance of x m after the engine has been switched off, satisfies the
differential equation

d
2500 a“’ = 20—-v.

Solve this differential equation to find the distance travelled before the car's

speed fallsto Sms™'.

A particle of mass 0.4 kg is projected vertically upwards with a speed of 30 ms ™.
Verify that the time taken to reach its greatest height is more than 3 s.

In an experiment when the particle was projected as above it was found that the
actual time to reach its greatest height was 2 s. Assuming that this difference in
times is due to the existence of air resistance which is directly proportional to the
speed of the particle show that the speed v ms™ of the particle at time ¢ s after

projection satisfies a differential equation of the form
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dv
df = “9.8"’kv,

where £ is a constant. Solve this differential equation to determine v in terms of &
and 7. Verify that a value of 0.4 for &k produces good agreement with observation.

Use this value of £ to find the air resistance when the particle is moving

at aspeed of 12 ms™.

5 In a particular model of the braking effect of a car the retardation of the car, when

600

moving with speed v ms s 175 ms ™. Find the time taken for a car to stop

1

from a speed of 25 ms™ and the distance travelled in that time.

6 A particle of mass 0.2 kg moves in a horizontal straight line under the action of a

resistive force proportional to its speed. The force is 2 N when the car is moving

'. Given that the speed is vims ™' at time ¢ seconds show that

dv _
e ~ TV
i

Find (i) the time taken for the speed to decrease from 4 ms ™' to 2 ms™,

with speed 10 ms ™

(1i) the distance travelled during this period.

7 A rocket of mass m is projected vertically upwards from a point on the earth's
surface and it moves along a straight line which passes through the centre O of
the earth. When the rocket reaches a distance b from O its fuel has been
exhausted and its speed is . It then continues under the action of the earth's
gravity only.

(a) Assuming that the gravitational force on the rocket has the constant value mg,
(i) find the speed of the rocket when at a distance x (> b) from O,
(ii) describe the subsequent motion of the rocket.

{b) Assuming that the gravitational force acting on the rocket when it is at a

. . omk . .
distance x( > b) from O is ?_nz_ directed towards O, where £ is a constant,
X

(i) find the speed of the rocket when it is at a distance x( > b) from O,

. . . 2k
(ii) describe the subsequent motion when u” <5~

: . . _ 2k
(iii) describe the subsequent motion when «~ > e

8 The maximum speed of a car is V" and the resistance to its motion varies as the
square of its speed. If its engine works at a constant maximum rate the car attains

1 . : .
a speed of > ¥V from rest in a distance a. If the engine exerts a constant

. . . 1 . :
maximum tractive force the car attains the speed 5 ¥ from rest in a distance b.
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8

21n7

a
Show that = T

3111‘3'

A particle 1s projected vertically upwards in a medium in which at any instant the

resistance to its motion is mk times the square of its speed at that instant. Deduce
that the greatest height / achieved by the particle is related to its initial speed u
by
_ & 2k
uZ — ;C (62 11_1)

Find the corresponding relation between H and the speed U of the particle when
it returns to its starting point. Hence show that

U= uet
A truck of mass 1000 kg starting from rest, runs down a slope of inclination

sin”' 19 It is subject to a frictional force of (100v + 500) N, where v is its speed

in metres per second. Show that the equation of motion of the truck is
dv 1 v

r ~ 2710
Deduce that the speed cannot exceed 5 ms ™' . By solving this differential equation
show that ¢ s after its release from rest the truck is travelling at a speed of

N
5(1—610J ms™'.

What 1s the distance travelled by the truck in time 7 87
Show that it will have travelled 5(10In 10 — 9) m when its speed reaches 0.9 of its

maximum speed.

11 A body of mass 240 kg is dropped by parachute with negligible initial speed.

Whilst the parachute is opening the body is subject at time 7 s to a resistance due
to the atmosphere of 40v N where v ms™ is its speed at that time. Show that

whilst the parachute is opening

dv
66—

dt

If the parachute is fully open after 6 s, prove that the speed of the body will then

be 6g(l —¢ ' )ms™".

Find an expression for the distance fallen by the body in time 75 {(# < 6).

Show that the body has fallen through a distance of 36ge™ whilst the parachute

= g - V.

1§ opening.
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12 A particle of mass m moves along the x-axis under the action of a force

2mn2a2x

—— 3 in the x direction, where n and ¢ are constants and x is the
(a” +x%)

displacement of the particle from O. Show, or verify, that the speed v of the
particle when its displacement from the origin is x is such that

2na® .
e 18 constant.
(a®+x%)
(a) The particle is projected from x = 2a with speed u in the negative x direction.

Find
(1) the least value of u so that the particle can escape to infinity,

(i1) the value of x at the point where the particle first comes to instantaneous

n
rest for the case when u = % .

(b) The particle is projected from infinity so that at x = 0 its kinetic energy is
3mn? and it then receives an impulse so that its kinetic energy becomes
3pmn?, where p is a constant.

Find

(i) the speed of projection,

(i1) the range of values of p such that the subsequent motion is confined to a
finite region of the x-axis.
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Simple Harmonic Motion

Chapter 3

Simple Harmonic Motion

After working through this chapter you should

¢ know what is meant by simple harmonic motion (S.H.M.) and be able to recognise
problems on simple harmonic motion,

e be able to solve kinematic and dynamic problems involving simple harmonic
motion,

¢ be able to refine the problems to take into account damping.

3.1 Basic ideas
Simple harmonic motion is a particular motion on a straight line and is possibly best
understood by looking at a couple of examples.
As the first example we consider a particle P moving on the x axis so that its
displacement x metres from the origin at time ¢ seconds is given by

x = 2sint.

The diagram shows the behaviour of x with z.

X A
2.1
|
I
|
|
0 : / > 1
o T 3n 2n
2 2:
|
|
2+ i

The velocity v ms ™' of the particle in the direction of increasing x is therefore given
by
dx
V=4 T 2 cos t.



Simple Harmonic Motion

' in the positive x

For t = 0 the particle is at the origin and has a velocity of 2 ms™
direction. Therefore P will start moving in the direction of increasing x. The

maximum value of x occurs when sin ¢ first reaches its maximum value of 1 and this

occurs when ¢ = g The maximum value of x is therefore 2. Since ¢ =§, the velocity

of P is zero when x has its maximum value i.e. P is at its maximum distance from the
origin. As f continues to increase x starts decreasing and P reaches the origin when
sin ¢t = (¢ i.e. =7 At this instant v = — 2 so that P is moving in the negative x

I

direction with speed 2 ms ™ . For ¢ > 7, sin / is negative and x continues to decrease

until sin 7 reaches its minimum value of —1 and this occurs when ¢ = —22 At this time

v = 0 so that P is instantaneously at rest.

n . .\ . . — .
Fort> - v 18 positive so P moves in the positive x direction and reaches the origin

when sin £ =0, i.e. #=2n. At this time v = 2 so that P is moving with speed 2 ms ™" in

the positive x direction. This is exactly the same situation as that when ¢/ = 0 and

therefore the motion is repeated in that, for example, in a further time of izf_ seconds P

is again at its maximum distance from the origin, The stages in the motion are

therefore

(1) P travels from the origin to the point 4 in the following diagram where x = 2,
where it comes to instantaneous rest,

(i1) P travels from 4 to the origin, where v = -2,

(iii) P travels from the origin to the point B where x = -2, where it comes to
instantaneous rest,

(iv) P travels from B to the origin, where v =2.

B 0 A

The cycle then repeats itself and the motion is therefore an oscillatory one, the total
time taken for a complete cycle being 2x s, this is the period of the oscillation. The

. N .
time taken for each of the above stages is 5 s, 1.e. a quarter of the period.

As the second example we consider a particle P moving on the x axis so that its
displacement x metres from the origin at time 7 seconds is given by
x = 4 cos 3t

The following diagram shows the behaviour of x with 7.
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™
S——
N
[y

_4__

The velocity v ms ™ of the particle in the direction of increasing x is therefore given by

v :% = — 12 sin 3¢.
— 4 —« 4 »
D 0 c

For t = 0 the particle is at the point C where x = 4 and is instantaneously at rest. As ¢
increases cos 3¢ decreases therefore P will start moving in the direction of decreasing

x and reaches the origin when cos 37 = 0. This occurs when 3z = g i.e. when ¢t = %

At this time v = —12 and P starts moving along the negative x axis and continues to

move until cos 3¢ reaches its minimum value of —1. This occurs when 3¢ = 7, le.

t = % (i.e. ¢ has increased by a further %), At this time v = 0 so that P is

: . T .
instantaneously at rest at the point D where x = — 4. For (> 3 v is positive and so P

. . N .. . 3n
moves in the positive x direction and reaches the origin when cos 3t= 0, 1.e. 31 = >

and =2 (with 7 showing a further increase of %). At this time v = 12 so that, at the

1

origin, P is moving with speed 12 ms™' in the positive x direction. It therefore starts

moving along the positive x axis until cos 3¢ reaches its maximum value of 1; this

2n . 7 . C
occurs when ¢ = (1.e. ¢ has increased by a further %). At this time the particle is

again instantaneously at rest at C. This is exactly the same situation as that when ¢ =0
and therefore the cycle is repeated. The stages in the motion are therefore

(i) P travels from the point C, where x = 4, shown in the diagram to the origin,

(i1) P travels from the origin to the point D where x =— 4,

(iil) P travels from D to the origin,

(iv) P continues from the origin back to the point C where v = (.
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The cycle then repeats itself and the motion is therefore an oscillatory one, the total

time taken for a complete cycle being 2% s; this is the period of the oscillation. The

. .om, .
time taken for each of the above stages is -6-8, i.e. a quarter of the period.

Both the above are examples of simple harmonic motion (often abbreviated to
S.HM.) with centre O (this is the point midway between the extreme positions). The
most general form of simple harmonic motion with centre O is defined by

x = asin(ot+ g),
where a, ® and € are constants with ¢ being positive. In the first example ¢ =2, » = 1

and e = (), whereas in the second example ¢« =4, ® =3 and g = g

The general form of x 1s shown for g < g in the following diagram.

X
4
at
1
]
i
' /.
‘ t
< 2 A\ v
®
-l

The velocity v in the positive x direction is given by

dx
V= — = a0 cos{wf+e)
dr

The motion is periodic, the period being “  If the time 7 for one oscillation is 2n
o) ®

then the number of oscillations per unit time is — = zﬂ—, this 1s called the frequency of
n

the oscillation. In S.1. units the unit of frequency is the hertz (Hz) with one hertz being
one oscillation (or cycle) per second. Since wf is an angle measured in radians the
units of @ in the S.I. system are rads ™. ® is known as the circular frequency, this is
not a particularly obvious term and its use stems from the fact that there is a
relationship between S.H.M. and circular motion. This is discussed in section 4.5.

The particle is furthest from O when sin (w7 + €) =+ 1 and therefore x = £ q, so that
the maximum distance from the origin is @ which is called the amplitude of the

rest at the extreme points.
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The particle passes through the origin when sin{fwf + &) =0 and at these times
cos(! + &) =+ 1 so that at the origin the speed has its maximum value of aw.

You can see from the symmetry of the sine function that the time to travel between a
maximum point (i.e. an extreme point) and the origin is a quarter of the period. .
Simple harmonic motion of amplitude & and centre O is therefore a motion between
the point 4 where x = g and the point B where x =—a,

«— g —rt— A ey

B 0 4

A particle P moving to the right in the above diagram at a point in-between 4 and B,
will come to instantaneous rest at 4 and then start moving to the left and continue to
do so until it reaches B where it again comes to instantaneous rest before moving to
the right to its initial position.

A particle P moving to the left in the above diagram at a point in-between 4 and B,
will come to instantaneous rest at B and then start moving to the right and continue to
do so until it reaches 4 where it again comes to instantaneous rest before moving fo
the lefi to its initial position.

It can be very useful in solving problems involving S.H.M. to use a simple diagram
like the one above to visualise what is happening. For problems where the direction
of motion of the particle has to be taken into account such a diagram is almost vital.
Though the form x = a sin (¢ + €) is the easiest one from which to see the general
behaviour of simple harmonic motion it is not the best form to use to try and
determine x given conditions at a specific value of ¢ In this case it is
generally easier to use the general solution of the simple harmonic equation in the
form x = A4 cos @t + B sin ot. This form can also be obtained from expanding
sin (@t + g).

If a particle is at the origin for = 0 then 4 = 0 so that x = B sin o, the maximum

magnitude of x is | B| and this by definition of the amplitude is «, therefore

. : oy o dx
B = +agandx =+ a s ot Differentiating this gives o =1 aw cos o so the plus
t

sign corresponds to a particle moving to the right at the origin and the minus sign
corresponds to a particle moving to the left at the origin.

The form x = = g sin i therefore represents a motion when the particle is at the
origin at time ¢ = 0, the plus and minus signs corresponding to a particle moving in the
direction of increasing x or in the direction of decreasing x, respectively, at the origin.
If a particle is at one of the extreme points at ¢ = 0 then it will be at rest and since
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% = - @4 sin @ + @B cos w¢ this means that B = 0. Therefore 4 = a if the particle
is initially at x = g and 4 = —a if the particle is initially at x = — a.

The form x = + « sin ¢ therefore represents a motion when the particle is at one of
the extreme points x = ta at time ¢ = 0, the plus and minus signs corresponding,
respectively, to the extreme positions x =« and x = —a.

There are many examples in "real-life” where the motion is simple harmonic.
Particular examples are the tip of the needle in a sewing machine, the motion of a cork
pushed down gently in water, the motion of a particle made to oscillate at the end of a
spring, the variation in the level of the tide in a harbour, the motion of a point on the
blade of an electric jig saw.

The motion of the weight at the end of a clock pendulum and the up and down motion

of the piston in the engine of a car are both approximately simple harmonic.

Alternative definitions
The above definition of S.H.M. is the one that shows most clearly the nature of the
motion. There are alternative definitions that you may come across and you need to
be able to recognise these. These alternatives can all be obtained from the above
form.
If x =a sin (0 + &) then v=a® cos (¢ + g) = and therefore
vi=a’w’cos’ (ot +g).
Since cos’ (wt +g) =1-sin’ (@ +€) the expression for v2 can be rewritten as
vi=a'e?® (1 -sin’ (of + ).
and substituting for sin (o + €) in terms of x gives
vi= (@’ a’-x?)
This expression for v in terms of x is an alternative way of defining S H.M. and in
order to confirm this it is necessary to show that the general solution for x is of the
form
a sin (¢ + g). The easiest way of doing this is to write x as @ sin 6 so that, using the

chain rule,

do

dx
V=-—== qcosf—
dr dr

Substituting for x and v in terms of O gives

/ daj R
JR— ped m s
\dt
so that —(@ = )
dr
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Integrating this gives
6 = @f + constant,

so that x will be of the form a sin {o¢ + g).

An alternative method of obtaining x is to take the square root of the expression for v’
and integrate by separating the variables as in Example 2.4,
If x = a sin (ot + €), then

dx a®’ sin (©¢ +¢)
de’

and substituting for sin (@f +¢) in terms of x gives
d’x ;
—=-0'x
dt

This gives a further definition of S.H.M. i.e. that the motion of any particle whose
displacement satisfies the above differential equation is simple harmonic. To confirm
this it 1s necessary to show that the general solution of the above equation is of the
form x = a sin {®t +e), This has already been shown at the end of Example 1.5 where
n 1s used instead of ®.
For x>0 the acceleration is in the negative x direction i.e. towards the origin and for
x < () the acceleration is in the positive x direction i.e. again towards the origin.
Therefore very often the differential equation is stated in the alternative verbal
form “the acceleration is always directed towards the centre and directly proportional
to the distance from it”.
Since force is mass times acceleration this latter form can be restated as “simple
harmonic motion is produced by a force acting towards the centre and directly
proportional to the distance from it”,
The differential equation can also be obtained by differentiating v* =c02(a2 -x%)
with respect to x and using the identity

dv  d’x

Ve T g
Equivalently using the above identity in the differential equation and integrating with

respect to x gives
v?= @ x’+ constant,
and writing the constant in the form @*a’ givesv’ = @’ (a2 - xz) .

These results can be summarised as follows:
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Summary of basic formulae

If a particle describes S.H.M. along the x axis about the origin O with period 2 and
®
amplitude a then

Period = 2%
iy}

®
Frequency = —
27n

X asin{ot +¢g),

x = Acos f+ Bsin &,

(this form is the most useful one if conditions are given for = 0)
v o=l (az __xz)’
d’x
=0y,
de*

where x and v denote the displacement and the velocity of the particle at time z.

Each one of the last four equations defines simple harmonic motion and any one of
these equaiions can be obtained from any of the others. These are the fundamental
formulae for S.H.M. and you should commit them to memory. Other basic results
for motion with centre O are :

Maximum speed is at the centre and equal to ao.

Distance between extreme points = 2a.

Displacement of a particle at O for t =0 1s + a sin @t

Displacement of a particle at x = +a for = 0 is £ cos .

Centre not at the origin
The centre of the motion need not be the origin but could, for example, be the

point x = b,

« x »

O b «——x—7
If X denotes the displacement of the particle from x = b, then, by definition of S H.M,
X=a sin (o +&) However, as you can see from the diagram x =X + b so that

x = p+asin{wt+g)

and the other results become
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Maximum speed is at the centre and equal to aw.

Distance between extreme points = 2a.

Displacement of a particle at the centre for = 01is b + a sin ®f.
Displacement of a particleatx =+a + b fort=01s b+ a cos wt.

3.2 Kinematic problems

The simplest problems are kinematic ones when you are given that the motion is
simple harmonic and some information and you are required to find further
information.

In the following numerical examples it will be assumed that x m and & m denote,
respectively, the displacements at time ¢ s of a particle P and of the centre of the
oscillation, from a fixed origin O. The amplitude of any simple harmonic motion will
be denoted by @ m and the circular frequency by  rads ™.
The velocity at time ¢ s of the particle is denoted by v ms™
and @ are therefore pure numbers satisfying the above fundamental relations.

The basic unknowns are a and @ and the first step is to use the given information to

find these.

. The quantities x, b, a, v, ¢

Example 3.1
A vparticle describes S.H.M. with period 7 s and the distance between the extreme

points of the motion is 4 m. Find the greatest speed of the particle and its speed when

at a distance of | m from the centre of the oscillation.

Since the period = s it follows that 2 ® and therefore @ = 2.
&)

The distance between the extreme points is twice the amplitude and therefore a = 2.
The maximum speed a® and is therefore 4 ms ™.

The speed when the distance of the particle from the centre is x m is found from the

result vi= @’ (az ~x* ) Substituting the values in this gives the speed as 2+/3 ms ™.

Example 3.2
A particle moving in simple harmonic motion makes 4 oscillations per second and the

distance between the exireme points of the motion is 0.3 m. Find the greatest

acceleration of the particle.
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The period of each oscillation is % s and therefore an_1 sothat @ = 8n.
®

The distance between the extreme points 18 twice the amplitude and therefore

a = 0.15.

The acceleration is ~@w®x. The maximum acceleration will therefore be when x is
greatest, i.e. at the extreme points. Therefore the maximum acceleration is @’e and
substituting the values found for © and a gives the maximum acceleration as

9.6m* ms ™.

Example 3.3
The displacement x m of a particle at time ¢ s is given by x =3 cos 2¢ + 4 sin 2. Find

the amplitude and period of the oscillation.

The first step is to write the displacement in the form ¢ sin (o¢ + €). This latter form
can be expanded as a sin @f cos € + @ oS G sin €.

The two forms will be the same provided that ® = 2, 3 = a sin g, 4 = a cos €.
Squaring and adding these last two equations gives a = 5 and therefore the amplitude

is 5 m and the period 7 s.

Example 3.4
The greatest speed of a particle describing simple harmonic motion in a straight line is

10ms ™ and its speed when at a distance of 4 m from the centre of the oscillation is

6ms ' . Find the period and amplitude of the oscillation.

It follows from the fact that the maximum speed is 10 ms ™" that
aw = 10,
also substituting v=6 and x=4 into v’ = : (a’® —x° ), gives
36 =0’a’ - 0’16
Substituting ¢ @ = 10 into this equation gives ® = 2 and therefore the period is 7 s.
Since @ = 2 it follows from aw = 10 that ¢ = 5 and the amplitude is therefore 5 m.

Example 3.5

The speed of a particle describing simple harmonic motion in a straight line is 6 ms™

when at a distance of 1 m from the centre of the oscillation and 2 ms™ when at a
distance of 3 m from the centre of the oscillation. Find the period and amplitude of

the oscillation.
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Substituting v =6 and x = 1, into v> = @ (a” — x?), gives

36 =@’ (@® - 1),
whilst substituting v=2 and x = 3, into v* = @’ (a® - x7), gives
4=0 (@ -9
These are simultaneous equations for @ and © and dividing them to eliminate © gives
(a” -9)

Solving for a gives a = J10 giving the amplitude as V10 m. Substituting a = V10 in
36=®°(a’ ~ 1) shows that © = 2 and therefore the period is 7 s.

Example 3.6
A particle describes simple harmonic motion, centre O, with period 4 s and amplitude

5m. Given that the particle is at O at time 7 = 0 find its displacement from O at any
subsequent time ¢ 5. Find also the time taken for the particle to travel (i) from O
directly to the point C where OC = 2.5 m, (ii) from C directly to the point D where
CD=1.5m.

Since the period is 4 s, 2T 4 and therefore @ = g The displacement is obtained by
®

substituting ¢ = 5 and @ = g Inx = a sin @ giving
x =5 sin— 1.
2

In problems involving time from point to point it is often helpful to draw a simple

sketch, as follows, marking in the points.

O=<—2.5 m-—»c.‘ «15 m—:D

The value of ¢ to reach C is found by substituting x = 2.5 in the above expression and

solving for ¢, i.e.

2.5 = 5sin— 4,
2
there are an infinite number of solutions but we only need the smallest since we only
require the time to go directly to € and therefore g-t = gin! 5 = % and

therefore 1 = %

The quickest way of finding the time to travel directly from C to D is to find the time
from O to D and subtract from it the time from O to C. The time from O to D is found

by solving 4 =35 sin—;E t
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for 7. Therefore ;E t=sin"" 0.8 (=0.927). Itis very important to remember that the

mverse sine has to be found in radians and this gives 7 to be approximately 0.59.
Subtracting the time taken from O to C gives the time from C to D o be
approximately 0.26s.

Example 3.7
A particle describes simple harmonic motion, centre O, with period 6 s and amplitude

3m. Given that the particle is at rest at the point A on the positive x axis at time 1 =0
find its displacement from O at any subsequent time ¢ s. Find also the time taken for
the particle to travel directly to the point C where Cis between O and A and OC = 2m.

. .. 2 . C
Since the period is 6s, T - 6 and therefore & = -;i Since the particle is at rest at A
®

for
=0 then 4 is one of the extreme points of the motion. Therefore the displacement is

obtained by substitutinga =3 and o = % inx=acos @ t giving
x = 3cos = ¢
3
The starting point and the point C are shown in the following sketch.

+——3m —

- 2 m ———PE,'

o *4
The value of ¢ to reach C is found by substituting x = 2 in the above expression and
solving for ¢, 1.e.
ks
= 3 cos —1.
3

the smallest value of ¢ is given by %f =cos” %, and therefore ¢ = 0.8.

Example 3.8
A particle describes simple harmonic motion, centre O of amplitude 3 m and passes

through a point at a distance of 1.5m from O on two successive occasions at
2 seconds apart. Find the two possible periods of oscillation.

: Im » < 3m——>

4 o+15mc B
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The sketch shows the point C at a distance of 1.5 m from the centre O and the extreme
positions 4 and B of the particle. There are two ways in which the particle can travel
twice through the point C in an interval of two seconds
(1) it travels to the right from Cto B and then back to C,
(i1) 1t travels to the left from Cto A and then back to C.

(1) The time from O to C can be found by assuming that at 7 = 0 the particle is at O so
that its subsequent displacement x m from O is 3 sin wt. The particle will then pass
through C when

1.5 = 3 sin wt,

the smallest solution of thisist = 6i The time from O to B is a quarter of the period
©

and therefore the time from C to B and back is 2| —— — —— | = ﬁr—, this is given to be
20 6w 3o

. 2 .
2 seconds so the period, —, is 6 seconds.
0)

(i) The time from C to A and back is twice the sum of the times from C to O and from
O to A. The latter time is a quarter of the period and so the total time is
[ m, )4
(20 6w 3o

N . 27 .
This 1s given to be 2 seconds so the period, —, 1s 3 seconds.
)

Example 3.9
The level of the tide in a certain port is assumed to vary simple harmonically with

period 12.4 hours and the difference in level between high and low water is6 m. Ona
particular day low water occurs at noon. Find the time when the water level will be
increasing at its maximum rate and find this rate in ms ™" .

2n
3600%12.4"
The amplitude of the oscillation is 3 m, the maximum value of the rate of change

The period is 3600 x 12.4 s and therefore @ =

occurs at the centre of the oscillation and this occurs a quarter of a period after low

water 1.e. at time 3.1 hours after noon.
om

—_— = 42x10" ms™.
3600 12.4

The maximum speed is a® =
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Example 3.10
A horizontal shelf oscillates vertically with amplitude 0.2 m. Find the least period of

oscillations so that a particle placed on the shelf is not jerked off.

The diagram shows the particle on the shelf and the central position of the shelf. The
displacement of the particle above the central position is denoted by x m. If the mass
of the particle is m kg then the upward force on the particle is {R — 9.8m) N, where the

reaction of the shelfis R N. Newton's law gives

2
mEE = R_98m.
dr”
Since the motion 1s simple harmonic
d’x 2
i

so that R = m (9.8 — ®*x). The maximum value of xis 0.2 and therefore the

reaction will be positive, i.e. the particle will not leave the shelf provided that

9.8 > 0.20* ie. ® <7 and therefore the least period is 2—77{- s.

Example 3.11
A horizontal shelf oscillates horizontally with frequency 5 Hz. Find the maximum

amplitude so that a particle placed on the shelf does not slide. The coefficient of
friction between the shelf and the particle is 0.4.

RN
- —s FN
0 * "l osm

The diagram shows the particle on the shelf and the central position of the particle is
denoted by O and the displacement of the particle from the central position is denoted
by x m. The only horizontal force acting on the particle is the friction force F N and
if the mass of the particle is m kg then Newton's law gives

d’x

mdf2=F.
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The reaction R of the shelf is 9.8m N and therefore the maximum magnitude of F
without slipping is 0.4R = 3.92m N. Therefore the particle will not stip provided that

2

the magnitude of d x

is not greater than 3.92 ms™.

dr?
Since the motion is simple harmonic
2
—; =—@’x,
dr
2
where 23 = 5 so that @ = 10x. The maximum value of d—f is therefore
i 4
100n * ¢ ms™ where @ m denotes the amplitude of the oscillation. Therefore the
particle will not slip provided that a < 1?)'092, =397x107.
e

Example 3.12

Find the amplitude, period and centre of the simple harmonic motion defined by
v’ =84 —4x* +16x.

The general form of the speed for simple harmonic motionis v’ = &’ (@’ — (x - b)*),

and therefore the first step is to complete the square for the terms involving x and x*

i.e. —4x’+ 16x. This expression can be rewritten as — 4(x — 2)’ + 16, so that
vi=100 — 4(x—2)> = 425 - (x—2)%).

Therefore ® = 2, a® = 25 and b = 2 so that the motion is of period = s, amplitude 5 m

with centre at the point x =2 m.

Example 3.13
The velocity of a particle describing simple harmonic motion is 4 ms ™' at the origin

and V13 ms™ and I ms™ whenx=1mandx=3m respectively. Find the centre of

the motion.

Since the question asks for the centre of the motion it is very unlikely that this will be
the origin and therefore the form v> = o *(a® — (x — b)*) has to be used.
Substituting the given data in this expression gives
16= mz(az —éz), 13= &)2(a2 -1 —b)z), 1= @2(a3 -3 —E})z).
Subtracting the second equation from the first and the third equation from the first

gives
3=0(1-2b), 15=0(9-6b)

Dividing these equations to eliminate © gives b = —1, i.e. the centre is at the point

where x = -1 m.
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Exercises 3.1
Questions 1 to 6 refer to a particle P describing simple harmonic motion with centre

0; the extreme points of the motion are denoted by 4 and B.

1
2

10

11

12

13

The magnitude of the acceleration is 8 ms > when OP =2 m. Find the period.
The period and greatest speed are % sand 5 ms™'. Find the amplitude of the

1

motion and the length of OF when the speed is 4 ms ™ .

* and it makes 10 oscillations per second.

The greatest acceleration of Pis 20 ms”~
Find its greatest speed.

The frequency of the oscillations is 3 Hz and the greatest speed is 10 ms ™. Find
the amplitude,

The speed of Pis 6 ms™ when OP =4 mand 8 ms™' when OP =3 m. Find the
amplitude and period of the oscillations.

The speed of Pis 16 ms™ when OP =3 mand 12 ms™' when OP = 4 m. Find the
amplitude of the oscillations and the greatest speed of P.

The speed of Pis 12 ms™' when BP=2m and 3 ms™' when BP =1 m. Find the
amplitude of the motion.

The displacement x m of a particle at time ¢ s is given by x = 4 cos 37 — 2 sin 3¢.
Find the amplitude and period of the oscillation.

The tip of the needle of a sewing machine travels a distance of 0.025 m from the
top to the bottom of its stroke and its maximum speed is 5 ms . Assuming the
motion is simple harmonic, find its frequency.

The blade of a particular jig saw operates at between 1200 and 3000 strokes per
minute (a stroke being one movement from fop to bottom). The length of the
stroke 13 0.02 m. Find the range of maximum speeds for the blade.

A particle describes simple harmonic motion, centre O, of period 4 s and of
amplitude 3m. Find the time taken for the particle to travel from O directly to the
point C where OC = 1 m and the time taken to travel a further distance of 0.5 m
from C.

A particle describing simple harmonic motion of amplitude 3 m passes through a

point C at intervals of %r s and 7%{ s. Find the distance of C from the centre of

the motion.
The speed of a particle is 0.4 ms™ at the point 4 at a distance of 0.06 m from the

1

centre of the oscillation and 0.3 ms™ at the point B, on the same side of O as 4

with OB = 0.08 m. Find the time taken to travel from 4 to B.
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14 The depth of water in a harbour varies simple harmonically about a mean position.
On a certain day the depth at high water at 5 am. is 10 m and 6 hours 15 minutes
later the depth at low water is 5 m. Find the first time after 5 a.m. when the depth
of the water is 9 m.

15 On a particular day in a harbour low tide occurs at 10 am. and high tide
at 4.15 p.m. The depth of the water is 2 m at low water and 5 m at high tide.
Assuming that the variation of the water level is simple harmonic find the times
between 10 a.m. and 10 p.m. when the depth of the water is greater than 3 m.

16 A body floating in the sea oscillates up and down with the waves with simple
harmonic motion. It moves a total vertical distance of 0.4 m and its period is 6 s.
Find its greatest speed and greatest acceleration.

17 A horizontal shelf describes vertical oscillations in simple harmonic motion with
period 5 s and amplitude 0.5 m. Find the maximum and minimum values of the
reaction of the shelf on a particle of mass 0.4 kg resting-on it.

18 A horizontal shelf describes vertical oscillations in simple harmonic motion and
makes 2 oscillations per second. The amplitude of the oscillations is 0.1 m. Find
the height of the shelf above its central position when a small particle on the shelf
loses contact with it.

19 A horizontal membrane oscillates vertically in simple harmonic motion with
amplitude 0.2 cm. Find the frequency of the oscillation if sand sprinkled on the
membrane just loses contact with it.

20 A horizontal platform oscillates horizontally in simple harmonic motion of period

T and amplitude 0.02 m. Given that the coefficient of friction between the

platform and a particle resting on it is 0.25 find whether the particle can stay on
the platform without sliding.

21 A horizontal platform oscillates horizontally in simple harmonic motion and
makes five complete oscillations per second. The coefficient of friction between
the platform and a particle resting on it is 0.1. Find the maximum amplitude of
the oscillations so that the particle does not slip on the platform.

22 The speed v ms™ of a particle whose displacement is x m is given by

v? =15 — 5x* + 10x. Find the amplitude, period and centre of the oscillation.
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3.3  Dynamical problems

So far it has been given that a motion is simple harmonic but in many real problems
the first step is to establish that the motion is simple harmonic. Once this has been
done the problems effectively become examples of those in the previous section.

The basic method for establishing S.HM., as for all dynamical problems, is to
pick a reference direction and work out the forces in that direction and then
set mass x acceleration = force.

if the motion is simple harmonic then you will end up with one of the equations

d*x 5
—= - X,
dt*
d*x 2
= - {(x-5).
e (x—b)

The second equation corresponds to the centre being at x = b.

If in an examination paper you see one of the above equations you know that youn
have a problem on S.H.M. Most problems on particles moving at the end of elastic
springs and strings involve simple harmonic motion and if you come across such a
problem then, once again, you know that you are extremely likely to be dealing with
simple harmonic motion.

You have already come across problems involving elastic springs and strings where
you used energy conservation. This gave that the speed v was given by an expression
of the form v? = px* + gx+ r, which is effectively of the form @ *(a® — (x — b)*) as
was shown in Example 3.12. This is the general form for S.H.M. centre x = b, so you
could compare coefficients to find a, b and @. If all you have to find are speeds and
displacements then the energy method is an equivalent alternative but, if you need
times from point to point, then you need to use expressions of the form
X = asin(mt-H:) or x = Acoswt + Bsinwt.

There is a very important difference between strings and springs which you have to be
very careful about. Springs exert forces when both extended and compressed,
whereas strings only exert forces when extended. As you will see in the following
examples the effect of this is that a particle at the end of an elastic string only

describes simple harmonic motion when the siring 1s extended.
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Example 3.14

+«— 0.6 m—>r

i

The diagram shows a spring of natural length 0.6 m and modulus 0.48 N on a smooth
horizontal table. One end of the spring is fixed to a point 4 on the table and the spring
initially lies at rest, and of length 0.6 m, with its free end at the point B of the table. A
particle £ of mass 0.2 kg is then attached to the free end and at time 7 = 0 the spring is
extended a distance of 0.06 m and released from rest. Show that at a subsequent time
t s the displacement x m of P from B, in the sense from 4 to B, satisfies the
differential equation

d’x

ds?
Write down an expression for x at time ¢ s and find the time that elapses until

= — 4x,

(1) the extension of the spring is first 0.02 m,
(11) the distance of £ from O is 0.58 m.

xm
|‘—0.6 m—‘}'4._,

—<-0.8xN
A B P

The reference direction is given to be in the sense from 4 to B and therefore when the
0.48x
N =0.8x N and acts

extension is x m the tension in the spring is of magnitude

from B to 4 and therefore the force in the positive x direction is — 0.8 x N.

If x is negative then the spring is compressed a distance of — x m and it exerts a force
0.48x

in the positive x direction of - N = — (.8x N, therefore the force in the positive

x direction is — 0.8x N. In practice you would not normally be expected to analyse the
force as carefully as this and, unless told to the contrary, it is safe to assume that when

the displacement of a particle, at the end of a spring, in a given sense is x then the

force in the same sense is — v In this expression A denotes the modulus and / the

natural length.
Applying Newton's law gives

2
0297 gy,
dr
2
i.e. d fz — dx.
dt
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This equation immediately tells you that the motion is simple harmonic with centre B
and with @ = 2. The particle is released from a point of rest i.e. from an extreme
point so the amplitude is the initial distance of £ from O i.e. 0.06 m and since x = 0.06
at t = 0 the subsequent displacement from O is given by x = 0.06 cos 2¢.

(i) Therefore x = 0.02 when

0.02 0.06 cos 21,

. 1
and this first occurs when 27 =cos ™ — 80 that r=0.62.
>
(i1) In this case x = — 0.02 i.e. f satisfies
- 0.02 = 0.06 cos 21,

so that t = 1 cos”’ [—lJ = 0.96.
2 3

Example 3.15

Answer parts (1) and (i1} of the previous example when the particle P is projected at

' in the sense from A4 to B,

time =0 from B with a speed 0f 0.08 ms™
The only difference in this case is that the particle is at the centre at time ¢ = 0 so that
the displacement is given by x = £ a sin 2£. Since the velocity is in the direction of x
increasing the positive sign has to be chosen. The maximum speed occurs at the
centre 1.¢. at B and is aw=2a so that ¢ = 0.04. Therefore x = 0.04 sin 2¢ and the
extension of the spring is 0.02 m when

0.02 = (.04 sin 2,

1

and this first occurs when 27 =sin” %so that t = 1—2—

Similarly for x = — 0.02
—~0.02 = 0.04 sin 21,

. . 1 7
and this first occurs when 2/ = sin ™' (—- Ew so that 1= %
J

Example 3.16
Answer parts (1) and (i) of Example 3.14 when the spring is replaced by a string of

the same modulus and natural length.

In this case the main difference is in the equation of motion which only holds for x
positive. For x negative the string is slack and P moves with zero acceleration i.e. at
constant speed.

The time to reach the extension of 0.02 is still the same.
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However after P has passed through B it will move with a constant speed, this is the

speed at B ie. ao= 0.12 ms™" so that x = — 0.02 at a time 8?; s = 0.17 s after

passing through B.

The time taken to reach B is a quarter of the period i.e. I -5 -079s

3
20 4

Therefore ¢+ = 0.17 + 0.79 = 0.96.

Example 3.17

«—08m—

(L

A

The diagram shows a spring of natural length 0.8 m and modulus 6 N on a smooth
horizontal table. One end of the spring is fixed to a point 4 on the table and a particle
P of mass 0.3 kg is attached to the free end. The particle is set in motion and at time ¢
= 0 the extension of the spring is 0.1 m and the particle is moving with speed 0.3
ms ™' towards the point 4. Find the extension of the spring at time ¢ s and also the

amplitude of the oscillations.

Since the extension is required as a function of time then the most appropriate method
of solution is to find the equation of motion.

The equilibrium position is taken to be at the point B and when the extension is x m

(with x > 0) the tension in the spring is of magnitude % N =7.5x N and acts in the
sense from B to A and therefore the force in the positive x direction is — 7.5x N.

X m
«—08m—'g

—< 7.5x N
A B P

This will also be the force in the positive x direction for x negative and therefore

applying Newton's law gives

2
0.3 if = 7.5,
!
2
i.e. ((11; = —25x.

This equation immediately tells you that the motion is simple harmonic about B with

o =2>5.
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In this case, since conditions are not given at time ¢ = O at either the centre or an
extreme point, the general solution x = A4 cos 5t + B sin 5¢ has to be used. For =0,

x=0.1 and % = —(.3 (the particle is moving towards 4). Therefore 4 =0.1 and

58 = -0.3 so that B= — 0.06 so that
x = 0.1 cos 5¢ - 0.06 sin 5¢.
To find the amplitude this expression has to be written in the form
x = asin(5¢ + &) = asin 5t cosg + acos St sine .
Therefore ~0.06 = acose and 0.1 =asine. Squaring and adding these gives
a=0.06%+0.1% =012,
so that the amplitude is 0.12 m.

It is worth looking also at the alternative method using energy conservation.

2
6x8 J=375x% 1,

. . . o1
When the extension is x m the elastic energy in the spring is 2 X

and therefore, if vms ™ denotes the speed of the particle, energy conservation gives

1 5 _
3 x 0.3v7 +3.75x? = constant.

The constant can be found from substituting the initial values of x and v so that
0.15v* +3.75x7= 0.15x 0.3% +3.75x 0.1%,
this equation can be rearranged into the standard form for S.H. M. as
vi = =257 +03% +25%0.1%,
2 2,2
, 25[0‘3 +25%0.1% - x

Il

or v
25

Therefore the motion is simple harmonic with o= 15 and amplitude 0.06% +0.1% .
Once you have shown the motion is simple harmonic and found © you can quote the

J = 25(0.06% +0.17 —x?).

general solution and solve the problem as above. The differential equation for x can be

. . . . . dv
found by differentiating the expression for v with respect to x and using Ve~ T

Example 3.18
A particle P of mass 0.1 kg is attached to one end of an elastic spring, the other end 4

of which 1s held fixed and the particle can move in a vertical line through 4. The
spring is of natural length 1 m and modulus 4.9 N. Find the depth below 4 of the
point B where the particle can rest in equilibrium. The spring is then further extended
until P 1s a distance of 0.1 m below B and then released from rest. Show that the
motion is simple harmonic with centre B and find the time taken until P first reaches
B.
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I £
@

Diagram (a) shows the equilibrium position with the equilibrium extension being
denoted by d m. The forces acting on the particle are 0.1 x 9.8 N downwards and the
tension 4.9d N acting upward. For equilibrium these are equal i.e. 0.98 = 4.9d so that
d = 0.2 and therefore the point B is at a depth of 1.2 m below 4.
It is required to show that the motion is simple harmonic with centre B and therefore
its seems reasonable to use the downward displacement x m of P from B as a variable,
as shown in diagram (b). The force in the downward direction due to the tension in
the string is therefore —4.9(0.2 +x) N, the force in this direction due to gravity
is 0.98 N so that the total force in the direction of increasing x is
-49(02+x)N+0.98N = —49xN.
Applying Newton's law gives, that at time ¢ s,

2
014X - 4o
dt
2
or d—f: —49 x,
dt
the motion is therefore simple harmonic with w? = 49 and the centre of the

oscillation is at B. The time for P to first reach B is a quarter of a period i.e. %s.

For any motion at the end of a spring it turns out that the motion is always simple

harmonic about the equilibrium position and it therefore pays (it avoids algebra) to

measure the displacement from this point

Example 3.19
An elastic string of natural length 0.5 m, one end of which is fixed at a point 4, is

extended a distance of 0.1 m by a particle 2 hanging freely from its other end. The
particle is then pulled down a further distance of d m and released from rest. Find the
time taken by the particle to reach its maximum height when

(a) d=0.05, (b)d=0.15.
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This question is fairly similar to the previous one except that neither the mass of the
particle nor the modulus of the string are given, these are denoted by m kg and A N
respectively. In equilibrium the forces acting on the particle are 9.8 m N downwards

and the tension %1—; N = 0.2x& N acting upward. For equilibrium these are equal

ie. A =4%m.
As stated above it is a good idea to measure displacement from the equilibrium
position and x m denotes the downward displacement of £ from the equilibrium point

B as shown in the diagram. y

1

TO.I m

BYY,
xm
y

pe

The force in the downward direction due tfo the tension in the string 1is

~2(0.1+x) N

therefore = -2M(0.1 + x) the force in this direction due to gravity

is 98m N so that the total force in the direction of increasing x is
- 2%(0.1 + x) N+9.8nN= -2 xN, since L = 49m. Applying Newton's law gives,

that at time ¢ s,

m d—f = ~2Ax
dr
or
2
I ogy
ds

The motion appears to be simple harmonic with ©” =98 and the centre of the
oscillation is at B. There is a slight problem in that the equation of motion has been
obtained assuming that the string is never slack and the possibility of being slack has
to be considered.

Case (a) For simple harmonic motion with the particle released from a point 0.05 m
below the centre the maximum height above B would be at the other extreme point i.e.
at a height of 6.05 m above B. At this point the string is not yet slack and therefore

65



Simple Harmonic Motion

the equation of SH.M. is still valid and the time to the point of maximum height is
haif a period i.e. I
Vo8

Case (b) Assuming simple harmonic motion gives the maximum height above B to be
0.15 m, however the string would have become slack at a height of 0.1 m above B
and therefore the equations of S.H.M. no longer hold. In this case once the particle
has reached the point where the string is no longer taut (i.¢ at a height of 0.1 m above
B) the particle moves under the action of gravity alone. Therefore to find the time that
it is in motion it is necessary to find the velocity when x = —0.1 m. Up fo reaching
this point the motion will have been simple harmonic with amplitude 0.15 m
so that, at time s, x =0.15 cos/98 t, wheret = 0 is the time of release and
v?=98 (0.15%~ x*). Substituting x = —0.1 gives the speed with which the particle

starts moving under gravity alone as 1.11 ms™" and the time to reach the highest point

is ay s = 0.11 s. The time taken to reach the point x = -0.1 is found by solving

- 0.1 = 0.15 cosv/981,
the solution is 7 = 0.23. The total time taken from rest to reach the highest point is
(0.11 +0.23) s =0.34s.

Example 3.20

P
41000000000000000 ~€-000000000000000, B

The diagram shows a particle P of mass 0.2 kg lying on a smooth horizontal table and
attached by two springs of natural lengths 0.6 m and 0.4 m and moduli 3 N and 6 N
respectively, to points A and B where AB = 1.4 m. Find the distance from 4 of the
point C where the particle is in equilibrium. Show that if the particle is disturbed
from C then it will describe simple harmonic motion about C and find the period of

this motion.
F -
4 &MMWMMW B 4 B
’ < |
(@ o) (b) C xm

The equilibrium position is shown in diagram (a) above, and the distance AC is
denoted by d m. The extension of the spring attached to 4 is (d — 0.6) m and the
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extension of the other spring (1 — d) m. The tensions in the springs are therefore
3(do—(§).6) N and 6(1-d) N

In equilibrium these are equal, i.e. 3(d-0.6) _ 6(1-d)

0.6 0.4
When the particle is set in motion its subsequent displacement from C in the sense
from A to B is denoted by x m as shown in diagram (b). The extension of the spring

attached to 4 is {(d + x — 0.6) m and therefore the force acting on P due to this spring
s 3(d +x-0.6)

giving d=0.9.

N in the positive x direction. The extension of the spring attached

0.6
to Bis (I — d — x) m and therefore the force acting on P due to this string is
~6—(—1%d2_—x)- N in the positive x direction. The total force in the positive x direction is
therefore
_3d+x-0.6) N+ 6(1—-d~x)N’
0.6 0.4
and on using the value for 4, this simplifies to — 20xN. Newton's law gives
2
02 £~ g0y,
dt
2
ie Cx oo
de
. . L . L 2m s
The motion is therefore simple harmonic with period To §= -5—s.

Exercises 3.2

In questions 1 to 3 a spring of modulus 4 N, natural length @ m 1s placed on a smooth

horizontal plane. One end of the spring is fixed at a point 4, a particle P of mass m kg

is attached to the other end and the particle is free to move in the line of the spring.

1 m=0.1, A=10, a=1, the spring is extended a distance of 0.2 m and P released
from rest. Find the time taken
(a) until the extension is first equal to 0.05 m,

{b) until 4P 1s first equal to 0.97 m.

2 m =038, L = 256, a =08, at time ¢t = 0 the particle is projected from its
equilibrium position with speed 0.8 ms ' directly towards 4. Find expressions
for the displacement and velocity of the particle at a subsequent time ¢ s.

3 m=15A=27, a=2,the particle is projected from its equilibrium position in the
sense directly away from 4 with speed 1.2 ms™ . Find the time that elapses
before AP = 1.9 m.

4  Answer question 1 when the spring is replaced by a string of the same modulus

and natural length.
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Answer question 3 when the spring is replaced by a string of the same modulus

and natural length.

In questions 6 and 7 a particle P of mass m kg is suspended from one end of a spring
of modulus A N, natural length a m, the other end of the spring being fixed at 4. The

particle is free to move along the vertical through A4.

6

10

11

12

m=0.5, A=16, a = 0.5, the particle is initially at rest in the equilibrium position
and then pulled down a further distance of 0.04 m and released from rest. Find
the time taken for the particle to

(a) first return to the equilibrium position,

(b) to first attain a height of 0.01 m above the equilibrium position.

m=1.5, A =30, a = 0.8, the particle is initially at rest at its equilibrium position
and it is then projected vertically downwards with a speed of 1 ms™'. Find the
maximum depth of the particle below its equilibrium position and the time taken
to drop a distance of 0.05m from the equilibrium position.

A particle P of mass 0.1 kg is attached to one end of an elastic string, the other
end A of which is held fixed and the particle can move in a vertical line through
A. The string is of natural length 1 m and modulus 4.9 N. The particle is initially
at rest when it is pulled down a distance of 0.4 m below its equilibrium position
and released. Find the time taken between the string becoming slack and the
particle reaching its highest point.

A particle P of mass 0.1 kg is suspended in equilibrium from a spring and the
extension of the spring is 0.1 m. When P is in equilibrium an additional mass of
0.2 kg is gently attached to it and the combined particle released. Find the period
and amplitude of the subsequent simple harmonic motion.

One end of a spring is held fixed and two particles of mass 0.4 kg and m kg are
attached together to the other end and hang in equilibrium. When they are
displaced a small distance below the equilibrium point and released they make
simple harmonic oscillations of period 0.5 s. If the particle of mass 0.4 kg is
removed the other particle, when displaced from its equilibrium position, makes
simple harmonic oscillations of period 0.25 s. Find m.

Two points 4 and B lie on a horizontal line at a distance of 3 m apart. A particle
P, in the region between 4 and B, of mass 0.6 kg is attached by one of two
identical strings of modulus 20 N and natural length 1 m to 4 and to B. The
particle is displaced a distance of 0.1 m from its equilibrium position along the
line AB and released from rest. Show that its subsequent motion is simple
harmonic and find its period.

A particle lying on a smooth horizontal table is attached by a spring of natural
length 0.6 m to a fixed point on the table. The spring is held at the point 4 where
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the extension of the string 1s 0.1 m and then released from rest. It first returns to

A after g s. Find the speed of the particle when it is at a distance of 0.02 m from

A and the time taken to reach this point.
13 When a particle of mass 5 kg is suspended from a spring the extension is 0.2 m.
Find the maximum speed of the particle when it is pulled down a further distance

of 0.2 m and released from rest.

3.4 Damped harmonic motion

In the problems in the previous section it was shown that a particle moving at the end
of a spring would describe simple harmonic motion, which is a periodic motion which
can go on indefinitely. Such a motion of course cannot exist in reality and, if you
observed the motion of a particle at the end of a spring, you would see that the
oscillations gradually die down. This is due to the effect of air or frictional resistance
and the simple model has to be refined to take this resistance into account.

There are, as discussed in section 2.3, many possible models of resistance but the only
one which leads to reasonably easy mathematics when refining problems involving
springs is that which assumes that the resistance is directly proportional to the speed.
Apart from resistance ocurring naturally there are many instances where damping is
introduced to avoid oscillations continuing. For example a simple model of the
suspension of a car would be a particle on top of a spring and therefore in this model
the car would move up and down and be uncomfortable to drive in. In order to avoid
this a damping system 1s introduced, this consists of a system of dashpots and these
are constructed so that they exert a resistance proportional to speed. A dashpot is
effectively a cylinder containing fluid with a closely fitting piston, which may have a
small hole in it, when the piston is moved then the fluid seeps through the edges and
through the hole and the resistance to the motion is approximately proportional to the
speed of the piston. In modelling oscillations of a vibrating mass the mass is assumed

to be connected to the dashpot as shown in the diagram.

el |

L
dashpot —

The shock absorbers of a car are effectively dashpots.
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Therefore the model assuming resistance proportional to speed is a particularly useful
one because it is a reasonable model of many systems where damping has to be

introduced for practical reasons.

Example 3.21

+«—0.6 m—

(LU

A

The diagram shows a spring of natural length 0.6 m and modulus 0.48 N on a smooth
horizontal table. One end of the spring is fixed to a point 4 on the table and the spring
initially lies at rest, and of length 0.6 m, with its free end at the point B of the table. A
particle P of mass 0.2 kg is then attached to the free end and at time ¢ = 0 the spring is
extended a distance of 0.06 m and released from rest. There is a resistance to the
motion of magnitude 0.4v N when the particle is moving with speed v ms™. Show
that at a subsequent time ¢ s the displacement x m of P from B, in the sense from 4 to
B, satisfies the differential equation
d*x

dx

Obtain an expression for x at time ¢ s and discuss the subsequent motion.

(This is example 3.14 with an additional resistance term included.)

The reference direction is given to be in the sense from 4 to B and therefore when the

displacement from B is x m it follows as in the previous examples that the force in the

0.48x _ ) grN.

positive x direction is —

1

When the particle is moving to the right its speed is % ms~' and therefore the
t

. . - . dx
resistive force acting on it is to the left and of magnitude 0.4 O N, so that the force
t

due to the resistance is — 0.4 @ N in the positive x direction.
t

. dx .
, a8 — IS now

When the particle is moving to the left its speed is —;ﬂ ms "~ 1
t t

negative, and therefore the resistive force acting on it is to the right and of magnitude

dx . . . o
— 0.4 — N, so that the force due to the resistance is — 0.4 ;ﬂ N in the positive x
t t

direction. Therefore whichever direction the particle is moving in the force in

y N . dx
the positive x direction is —O.4d— N. You would not normally be expected to
t

analyse the situation as carefully and can usually assume that if the resistance is cv N
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then the force in the positive x direction is — ¢ m N. It is not always frue, whatever

the resistance law, that the force in the reference direction is the same whatever the
direction of motion. (The result can be shown to be true whenever the resistance is an
odd function of speed)

Applying Newton's law gives

dzx dx
0.2 i —0.8x — 04(1{’
. d’x | dx
1.€. dz+2d{+4x—0

This is a second order equation with constant coefficients and trying, as shown in
Chapter 1, the substitution x = e’ gives the auxiliary equation

m? +2m+4 = 0.
The roots of this are =1 ++/-3. It now follows from part (¢) of the summary in

section 1.2 that the general solution is
x = e (4 cos /3 1+ Bsin/3 0.

Differentiating this with respect to ¢ gives

-(3% = —eI(Adcos V3 t+Bsin 3t )++/3 ct(=Asin~/3 1+ Bcos 3 i)
t

Initially x = 0.06 and %xt— = (), and therefore substituting # = 0 into the above

expressions gives, 4 = 0.06 and V3 B =4 so that

x = 0.06 et [cosﬁw—l—sm J?;IJ
NE)

The general form of the motion is seen most easily by rewriting the part in brackets in
the form a sin (\Et +g ) where

1 ,
acosg = — and gsing = 1.

V3

Squaring and adding gives a = % sothat e =— and

12
"5 3
[~
x will be zero fort = —1— [—— L ——,Ls—n e, 1.e at intervals L.
3) V3

Ve

Also %E will vanish when
{

.
sin[ﬁt—%—%) = \B cos FEH.%W
/
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e t=0,——, .. i.c. at intervals ——.

"3 V3
The general form will therefore be as in the following diagram, there will be an
oscillation in the sense that P will keep on returning to B but the distances from B of
the points of zero velocity will keep on decreasing and x tends to zero exponentially

so that the motion will gradually cease. The motion will lie between the two curves

2
x== el as shown below.

X ‘r
S 21 L t012 o
/\\ } : \E : 6
~
\//\uf\cf\ - - == > 1
U i x= =012
3

In this kind of motion, where some kind of oscillation exists, the damping is said to be

weak or sub-critical.

Example 3.22
We now consider the previous problem when the resistive force is 0.8 v N.

; ; . : ; - i e @ dx
The difference in this case is that the force in the positive x direction is now — 0.8—

dt
N and applying Newton's law gives
0295~ ogx-08%,
de de
: d’
1e. —f+4E+4x = 0.
de dt

This is a second order equation with constant coefficients and trying, as shown in
Chapter 1, the substitution x =e” gives the auxiliary equation

m® +4m+4 = 0.
There is only one root of this i.e. m = =2 and it now follows from part (b) of the
summary in section 1.5 that the general solution is

x =e (At +B).
Initially x = 0.06 and % =0sothat B=0.06 and 4 =2B=10.12.
t
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The general solution is therefore
x = e 2(0.12¢ + 0.06).

. L . Lo dx S
Differentiating this expression gives o =~{}.241e™",
t
Therefore x does not vanish for positive £ and the form of x will be as shown below.

X 4

The damping in this case is said to be critical.

Example 3.23
We now consider the previous problem when the resistive force is v N.

In this case the force in the positive x direction is now — m N and applying Newton's
{

law gives
2.
029% o gy
de” dt
2
ie. 4 s = 0
dr” ds

This is a second order equation with constant coefficients and trying, as shown in
Chapter 1, the substitution x = e? gives the auxiliary equation
m’ +Sm+4=0.
The roots of this are m = -1 and m = — 4 and it now follows from part {(a} of the
summary in 1.2 that the general solution is
x = Ae~' +Be~*

Initially x =0.06 and ;E =0sothat A+ B =006 and 4 + 4B =0, so that B=-0.02
¢

and 4 = 0.08 and the general solution is therefore

x = 0.08¢™"' —0.02e—*.
For x to be zero ¢” = 0.25 and this does not occur for positive z. Therefore the
general form for x will be as shown below and again it decreases exponentially with

time.
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v
-~

In this case the damping is said to be strong or overcritical.

Exercises 3.3
In questions 1 to 4 a spring of modulus A N and natural length ¢ m is placed on a

smooth horizontal plane. One end of the spring is fixed at a point 4, a particle P of
mass m kg is attached to the other and the particle is free to move in the line of the

spring though the particle, when moving with speed v ms™

', is subject to a resistance

to its motion of magnitude &v N.

1

m=04,1=312a=0.5, k=10. The particle is displaced a distance of 0.04 m
from its equilibrium position in the direction away from 4 and released from rest.
Find its displacement from the equilibrium position at any subsequent time.
m=0.5 A=48, a = 0.6, k = 4. The particle is projected from the equilibrium
position in the direction away from 4 with speed 0.6 ms ™' . Find its displacement
from the equilibrium position at any subsequent time.

m=0.8, A =12, a=10.75 k=7.2. The particle is displaced a distance of 0.2 m
from its equilibrium position in the direction towards 4 and released from rest.
Find its displacement from the equilibrium position at any subsequent time.
m=0.6, 2 =12, a =0.8, k= 6. The particle is projected from the equilibrium
position with speed 0.2 ms™ in the direction towards 4. Find its displacement
from the equilibrium position at any subsequent time.

A simple model of the motion of a particle at the end of a spring shows that it

describes simple harmonic motion of period —;—t s. Find the time between

succcessive maxima of its motion when the resistance per unit mass to its motion,

1

when moving with speed v ms ™, is assumed to be 8v N.

A particle, when resistive forces are ignored, makes simple harmonic oscillations
., 2m . . .
of period ~—s. Show that if the resistance to the motion is assumed to be 2kv N
o

1

per unit mass when the particle is moving with speed v ms™ then the time

between successive maxima is = 5 8.
o -k
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7 A particle which is predicted to describe simple harmonic motion of period 8 s in
the absence of resistance is actually observed to attain its successive maximum
points from its equilibrium position at intervals of 10 s. Assuming this to be due
to a resistance to the motion of 2kv N per unit mass when the particle is moving
with speed vms ™ find £.

8  The time between successive maxima of the displacement of a particle describing
damped harmonic motion is 0.1 s. The ratio of the displacements at successive
maxima is 0.9. Given that the particle is of mass 0.4 kg find the resistance to its

motion when moving with speed 3 ms ™.

Miscellaneous Exercises 3

1 A particle P moving along the x axis describes simple harmonic motion with the

origin as centre so that its displacement from O at time ¢ satisfies the equation

Given that P is instantaneously at rest when x = g, show from the above equation

that v, the speed of the particle at time ¢, satisfies

yi o= mz(az_xz .

Given that the particle is at O when ¢ = 0, prove that
X = asin of.

. . .. 2m . . .
Given that the period of the motion is By seconds and that its maximum speed is

24ms ™", find

(i) the amplitude of the motion,

(i) the time taken for P to travel from O directly to a point 4 m from O.
Given that the particle is of mass 0.25 kg, find

(ii1) the rate at which the force acting on P is working whent = -;Es ,

(iv) the maximum rate of working of this force.

2 A particle moves along the x - axis and describes simple harmonic motion about
the origin O with period 6 seconds. When 7 =0 s, x = 1 m and the particle is

approaching O with speed % ms . Given that the displacement is of the form

x=asim(wf+e) find, ®, ¢, ¢and the maximum speed of the particle.
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Find the general solution of the differential equation

2
x &5 0,
dt dt

A particle of mass 0.25 kg moves along the x - axis and at time ¢ s its

displacement from O in the positive x direction is x m. The force acting on the
N

particle in the positive x direction is [aeré%J N, where a and b are
t

constants. When x = 2 and the particle is moving away from the origin with
speed 3 ms™' the force acting on it is 4 N in the negative x direction. When, at

the same point, the particle is moving towards O with speed 3 ms™ the force

acting on it is 1 N in the negative x direction. Show that a = — i and find the

numerical value of 5.

Hence show that x satisfies the above differential equation. At time 7 = 0 the
particle is projected towards O from the point x = 2 with speed 2 ms . Find x
in terms of ¢,

Give a sketch showing how x varies with ¢.

One end of a light elastic string of modulus 4.9 N and natural length 0.5 m is
attached to a fixed point 4 and a particle of mass 0.1 kg is attached to the other
end.

The particle 1s held at 4 and released from rest. Its speed after it has dropped a

distance of xmisvms™' .

(i) Write down an expression for the speed of the particle when x <0.5.

(ii) Show, by use of energy or otherwise, that for x > 0.5,

vi =117.6x-98x* —245.

(iii) Show that the acceleration of the particle, for x = 0.5, 1s 98(0.6 — x).
Deduce that, for x 2 0.5, the motion is simple harmonic. Find the position
of the centre of simple harmonic motion and the time taken from the centre
to the lowest point reached.

(iv) Find the maximum speed and the maximum depth reached below A.

A particle P moves horizontally along the x-axis and describes simple harmonic
motion with centre 0. At a particular instant x = 0.04 m and the magnitudes of
the velocity and acceleration of P are 0.2 ms ' and 1 ms ™ respectively. Find

(i) the period of the motion,

(i) the amplitude of the motion.
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At time 7 = 0 s the particle is passing through O in the direction of increasing x.
Find

(i11) x at any subsequent time,

(iv) the least positive value of 7 (correct to two decimal places) when x = 0.4 m.

The simple harmonic motion is produced by a light elastic spring, one end of
which is attached to P and the other end to the point x = —0.5 m. Given that the
mass of P is 0.3kg, find the elastic modulus of the spring.

6 A particle P moving along the x-axis describes simple harmonic motion of period

27n . . . . . .
—— and amplitude a with the origin O as centre. Given that P is at x = ¢ at time
®

t =0, write down an expression in terms of ¢, © and ¢ for the displacement x of P
from O at any subsequent time 7.
Find, in terms of o, the time taken for P to travel

(1) fromn the point x = ¢ directly to the point x = —3
. . a .. . a
(i) from the point x = — directly to the point x = — —,
2 7

The speed of P at the point A, where x = x,, is 4b® . The speed of P at the point
B,wherex= x,,(x, >x,) is3bw. Giventhat AB="7b
(i1i) show thatx, +x, =& and hence find x, in terms of b,

(iv) determine @ in terms of 5.

7 A horizontal shelf moves vertically in Sirﬂple harmonic motion and makes 10
complete oscillations in time 47t s. The maximum speed of the shelfis 1 ms™ .
Find the amplitude of the motion.
Given that there 1s a small particle of mass 0.2 kg on the shelf, find the

maximum value of the reaction of the shelf on the particle.

8 Find the solution of the differential equation

SIS NPT

de” dr

: dx )
with x = 0.28 and & =0 whenr=0.
t

A particle P of mass 0.2 kg is attached to one end of an elastic spring of
modulus of elasticity 10 N and natural length 1m. The other end of the spring is
attached to a fixed point 4 on a horizontal plane. The particle 1s free to move in
a horizontal line through 4 but its motion is resisted by a force acting in the

1

opposite direction to its motion and when the speed of P is v ms™ the force

acting is 0.4v N, At time ¢ = 0 the particle is moved so that the spring is straight
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and extended a distance of 0.28 m, the particle is then released from rest. Show
that the extension x m of the spring satisfies the above differential equation.

Find the minimum length of the spring in the subsequent motion.

A particle P of mass 0.1 kg is attached to one end of a light elastic spring of
natural length 0.5 m. The other end of the spring is attached to a fixed point O.
The particle is hanging freely in equilibrium at the point B where OB = 0.598 m.
(i) Find the elastic modulus of the spring.
At time ¢ = 0 the particle is pulled down to a point 0.1 m vertically below B and
then released from rest. The subsequent displacement of P from B at time ¢ is
denoted by x m and air resistance is to be neglected.
(ii) Express, in terms of x, the force exerted by the spring.
(iii) Show that

(12_x + 100x= 0.

de?
(iv) Find the time when P is next at a distance of 0.1 m below B.
(v) Find the speed of P when at a distance of 0.05 m below B.
(vi) Without further calculation explain why the answer to (iv) would be

different if the spring were replaced by a string of the same modulus.

A particle of mass 0.2 kg moves in a straight line with simple harmonic motion
of amplitude 0.6 m and period 6 s. At time ¢ s after leaving O, the centre of the
oscillation, the displacement of the particle from O is x m.

(1) Find, in terms of ¢, an expression for x.

(i1) Calculate the smallest positive value of ¢ for which x = 0.3.

(iii) Determine, in terms of z, an expression for the rate at which the resultant

force acting on the particle is working.

SEA LEVEL

)

The diagram shows a cylindrical buoy of height 2 m and mass 440 kg floating
vertically in a calm sea, the point marked A on the cylinder being at sca level.
The upward buoyancy force due to the sea, when the length of the buoy beneath
sea level is d m, is 2750d N. Find the height of 4 above the base of the buoy

when the buoy is in equilibrium.
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(1) The top of the buoy is then moved downwards a distance of 0.2 m
at time 7 = 0 s and released from rest. During the subsequent motion the
downward displacement of 4 from sea level at time ¢ s is denoted by x m.
Assuming that
(a) the motion of the buoy can be modelled by the motion of a particle of

mass 440 kg at its centre of gravity of the buoy under the action of
gravity and the buoyancy force,
(b) that the motion of the buoy does not affect the sea level,
show that
d’x
dr’

(i) Write down an expression for x in terms of £.

=~ 6.25x.

(i1} State the time taken before A first returns to sea level and the maximum
speed of the buoy.

(iv) Find the time taken until 4 is at a depth of 0.1 m below sea level.

A passing ship disturbs the sea level so that at time ¢ s the displacement of the

buoy below the level of the calm sea of the sea is 0.4 sin 2¢. The downward

displacement of 4 below the original level of the calm sea is again

denoted by x m. Obtain, but do not attempt to solve, the differential equation

satisfied by x.

P B 4
2ms~l — @  [H0GEG000500000"

The left hand diagram above shows a car being driven towards a wall in order to
test the springing characteristics of a new bumper. The motion of the car can be
modelled by the motion of a particle P projected, as in the right hand diagram,
towards the free end B of a spring 4R free to slide in a smooth horizontal tube,
the end 4 being fixed. The spring is of natural length 0.3 m and modulus of
elasticity 72 N.  The particle is of mass 0.6 kg and is projected with
speed 2 ms™ towards B.

(i) Show that, at time ¢ s after P strikes B, and while P is in contact with B, the

compression x m of the spring satisfies
d’x

— = — 400x.
de*
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(i1) Find the maximum compression of the spring and the time taken to achieve
that compression.

(1ii) Find expressions for the displacement and velocity in terms of 7.

(iv) Find the time taken for the speed of P to drop to 1 ms ™ for the first time.

(v) What does the model predict about the speed of the car after a time 2—7; s. In

what way is this prediction unrealistic?

In this question it is assumed that the motion of the water level at the mouth of a
harbour can be modelled as a simple harmonic oscillation. The time interval
between high tide and low tide is 6.25 hours, at high tide the water depth is 10 m
and at low tide it is 7 m. Write down the amplitude and period (in hours) of the
oscillation. Measuring time ¢ in hours, with ¢+ = 0 corresponding to high tide,
determine the depth of water at the harbour mouth at time ¢.

On a particular day the last high tide occurs at 1910 hours. Find the latest time,
on that day, that a boat requiring a minimum depth of 9.7 m can enter the

harbour.
Determine the rate, in cm per minute, at which the level of water would be falling

at that time.

A particle is moving in a straight line with simple harmonic motion, O being its
centre of oscillation. When the particle is 12 ¢m from O its speed is 10 cms™
and when the particle is 5 cm from O its speed is 24 cms ™. Find its amplitude
and period of oscillation.

If A and B are on opposite sides of O such that 04 = 12 cm and OB = 5Scm, find

the time taken by the particle to travel directly from A4 to B.

One end A of an elastic string, of natural length q, is held fixed. To the other end

B is attached a particle of mass m which hangs freely at a depth of 6?‘f}below A

The particle is pulled vertically downwards through a distance of %, held at rest

and then released. Write down Newton's equation of motion for the particle when

o 6 . . .
it is at a depth 22+ x below 4 during the subsequent motion. Find x as a

function of time. What is the periodic time of the motion?
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A body moves in a straight line so that its displacement x m at time ¢ s is given
by

x =3 cos wt+sin wt.
Show that the motion is simple harmonic. Find the period and amplitude of the

motion.

A light string AB obeying Hooke's law is of natural length 1 m and has the end A4
fixed. When a particle of mass 2 kg is attached to the other end B and allowed
to hang, the string is extended by 0.14 m. Find the modulus of elasticity, stating
the units in which it is measured.

The particle is pulled down a further 0.2 m then released from rest. Show that
until the string becomes slack the motion of the particle is simple harmonic.
Show also that the particle passes through the equilibrium position after
approximately 0.19 seconds and find the speed of the particle at that time.

A particle P of mass m rests on a smooth horizontal plane. Two light horizontal
springs AP and BP are attached to P, 4 and B being fixed points, and 4PB being

a straight line. AB is of length 2a. Both springs are of natural length ¢ and

modulus ka. The system is released from rest at 1=0 with AP = 7—; and

5 . : . : .
BP = ?a. Given that at time 7 AP is of length a + y, derive the equation of

motion of P. Hence show that the motion is simple harmonic of period

2751}33—.
2k

Hence find y in terms of ¢.

One end 4 of an elastic spring 4B is held fixed. When a particle is attached to
the spring at B and allowed to hang freely the extension of the spring is 0.2 m.
The mass 1s pulled down vertically through a further small distance and released

L . . i
from rest. Show that the subsequent motion is simple harmonic of period - S.

A particle describes simple harmonic motion along the x-axis with centre at O.
When x =3 m the speed (in ms ') and acceleration (in ms ) of the particle are
equal in magnitude, Given further that the maximum speed of the particle
is 2 ms ™', show that the period and the amplitude of the motion are 231 s and
243 m respectively.
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21 Two particles 4 and B move in simple harmonic motion about O with
periodan/g s and amplitude 2+/3 m. A is released from rest at £ = 0 s from the

extreme point P where x=2+3 m. Particle B is released from P at time

t= -in s. Show that the particles will collide %n s after the release of B.

Find how far from O the collision will occur.

22 One end of a light elastic string of natural length ¢ and modulus 2 myg is attached
to a fixed point O and the other end to a particle of mass m. The particle,
initially at rest at O, is allowed to fall. Find the greatest extension of the string
in the motion and show that the particle will again reach O after a time

22 (042~ tan™ 2)

g

23 A particle suspended from a fixed point by a light elastic string of natural length
/, makes vertical oscillations of amplitude a (< /). The modulus of elasticity of
the string is equal to the weight of the particle. As the particle rises through its
equilibrium position it picks up, from rest, a second particle, also of mass m and
the combined masses continue to oscillate. Show that the amplitude of that

/ 2
oscillation is 4//% +%.

24 A body is moving in a straight line with simple harmonic motion. When its
distances from the central point are 3 m and 4 m respectively the corresponding
speeds are Sms ™ and 3.75 ms™'. Find the amplitude and period of the motion.

Show that the particle takes % s to move 2.5 m from the central point. At what

time after passing through the central point is the speed of the body equal to half

its maximum value?

25 A body of mass 2 kg lies on a horizontal i)latform.

(i) The platform describes simple harmonic motion vertically of amplitude 0.3 m
and period 2 s. Find, in terms of g, the greatest and least forces on the
platform due to the body.

(i1) The platform describes simple harmonic motion horizontally of period 10 s.
Given that the greatest speed of the body is 0.12 w ms ' and also that it does
not slip on the platform, show that the coefficient of friction is greater than
0.0247*

g
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26 A particle of mass m free to move on the x-axis is attracted towards the origin O
by a force which is directly proportional to the distance of the particle from O and
is resisted by a force which is directly proportional to its speed. Show that at
time ¢ s the displacement x m of the particle from O satisfies a differential
equation of the form

d’x

dx
r +2kn" gt n’x= 0,

where k and # are positive constants.
The particle is projected from O and it is observed that it retumns to O at regular
intervals. Find the condition that has to be satisfied by £.

The time to travel from one point of instantaneous rest to another is

found to be g s.

Show that
n? (1-k%)= 4.
It is also observed that the distances from O of successive points where the

particle comes to rest are in the ratio 5 to 3. Find the numerical values of £ and n.
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Chapter 4

Circular Motion

After working through this chapter you should

e be familiar with the expressions for the components of velocity and acceleration
for motion in a circle,

e be able to use the above expressions to solve problems involving the motion of a
particle moving with constant speed in a horizontal circle; the motion of a car on a
banked track is one example of such a motion,

e be able to solve problems of a particle moving in a vertical circle, such problems

provide a simple model of fair ground rides such as "loop the loop".

4.1 Basic Kinematics

Y4 _sinBi+cosbj
cosBi+sinbj

v
=

If a particle P moves in a circle of radius » and centre O as shown in the diagram then
its position at any time is determined completely by its x- and y- coordinates.
These can be expressed in terms of » and 6, the angle between the radius to the circle
and the x-axis giving x =r cos Oand y =rsin 0.
The position vector of the particle can be written as

r = r(cos 6 i+sin 0O j),
where i and j are unit vectors parallel to the x- and y- axes respectively. The angle 0
can vary with the time ¢ and r will therefore also vary with time. The velocity v is

found by differentiating r with respect to ¢ (remembering that r is constant) 1.e.
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p = %(r(cos Bi+sin 0 j)) = r

fd cost, d sin@.}
i+ §
 dr b

\
= r(——sin@d—eﬂ cos@ﬁj = riig(— sin 8 i+ cos 8j).
L dr dr dr

The vector — sin 8 + cos 6 is a unit vector (since sin?2 8 + cos?2 8§ = 1), and, as
shown in the diagram, it is perpendicular to OP and in the direction shown in the

diagram, that is, it is in the sense of 6 increasing.

The velocity is therefore of magnitade r% = 0 giving the speed v as r jé l, 9 is

called the angular velocity and |0| the angular speed of the particle. For time

measured in seconds the unit of angular speed is rads~!. The normal convention is
that the sense of increasing 6 is anti-clockwise so that 0 positive refers to an

anticlockwise rotation and 0 negative refers to a clockwise rotation.

(Note: Calling é, which 1s a scalar, the angular velocity is a simplification to avoid

using vectors unnecessarily. Angular velocity is correctly defined as 0 k where kis a
unit vector out of the page. The positive direction of k is that of the motion of a screw
placed vertically on the page and turned anticlockwise. A particle describing a circle
in the plane is effectively rotating about an axis perpendicular to the plane and the unit
vector k 1s in fact along the axis of rotation. For motion in a plane there is only one
axis of rotation and introducing k would tend to complicate expressions. For more
general problems such as the motion of a tennis ball in the air, when the motion

mvolves rotation about more than one axis, a vector form has to be used.)

We consider first the case when £ has a constant speed, that is, 0 has the constant
value © i.e

6= o
If 0 = e attime ¢ = 0 then integrating the above with respect to ¢ gives 0= o + of,
therefore © will have changed by 2 «, i.e. the particle will have retumned to its initial

0

position in time . Therefore the motion is periodic with period 7 where

2n _ 2n

|o|  angular speed

For 6 constant the expression for v can be differentiated again with respect to ¢ to give

the acceleration a and
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df ae . oY’ .
a4 = —| r—(sinfi+cosfj)| = —rl—  {cos B i+sinb j
df( ar DJ {dtj (cos D
= —r ®?(cosBi+sin Bj)).
The vector cos#1i + sin 4] is the unit vector along OP in the sense away from O and

therefore the acceleration is directed towards the centre and of magnitude w? r.

Since the speed v is equal to » |8] = r || the magnitude of the acceleration can be
2

. v
written as —.
¥

Sammary for motion at constant angular velocity (i.e. constant speed)

velocity ro

acceleration

p V4 ®2r(v2/r)

Velocity
The only component of velocity is perpendicular to the radius vector and its value in

the sense of increasing 9 is ro (sec diagram).

Acceleration

The only component is along the radius vector, directed towards the centre and its
2

o v .
magnitude is ® »=— (see diagram).
¥

4.2  Motion at constant speed in a horizontal circle
The above results will now be applied to problems of motion at constant speed in a
horizontal circle. The basic equation governing the motion of a particle of mass m

under the action of a force F'is,

FEET RN

) . dr

where a denotes the acceleration Ll.e. e J .
JE
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The general method of solution is to consider the components of the above equation in
particular directions. The most obvious directions for circular motion are along and
perpendicular to the radius in the plane of motion and perpendicular to the plane.
Since the motion is horizontal there is no acceleration perpendicular to the plane and
so the total vertical component of the forces acting will be zero that is, the vertical
components of the forces acting are in equilibrium.

If the component acting towards the centre of the total force acting is denoted by F»

then from the results of the previous section,
2

my

me2r = - =F,

¥
where v denotes the speed of the particle and ® denotes its angular speed.
There is no acceleration perpendicular to the radius vector in the plane of motion and,
therefore, there can be no force in that direction. This is effectively the basic
modelling assumption made in assuming motion at constant speed in a horizontal
circle i.e. the nett force in the direction of motion is zero. Effectively such a motion

assumes that there is no resistance along the path.

It is possible to interpret the above equation as a statical equilibrium equation where
the inward force F,, is balanced by the 'outward' force m ® * », which is referred to as
the 'centrifugal' force. We shall not use this approach as it is rather artificial to try and
reduce Dynamics to Statics when, in fact, Statics is a particular case of Dynamics!
Centrifugal force is effectively a fictitious concept but it can be used, if sufficient care
is taken, to solve problems involving circular motion. However the concept of
centrifugal force is difficult to generalise to the case of non-uniform motion. It is
usually wiser to use Newton's laws for all motion problems without confusing the

issue by introducing ‘fictitious' forces.

To solve any problem involving motion at constant speed in a horizontal circle all that
is necessary to do is

(a) consider vertical equilibrium,

(b) calculate the magnitude of the force F) acting towards the centre and then use the
above equation.

These principles are illustrated in the following examples.
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Example 4.1
A particle of mass 1.5 kg is attached to one end of a light string of length 0.2 m and

made to describe a circle, at constant speed, on a smooth horizontal table. The string
is such that it will break when the tension in it exceeds 2.7 N. Find the maximum

angular speed of the particle.

T

: -

The situation is as shown in the diagram where the only radial force acting on the
particle is the tension which is denoted by T'N. The radial equation of motion is
15x 0202 =T,
where the angular velocity is denoted by o rads ™.
The maximum value of the tension is 2.7 N which means that maximum value of ® *

is 9 so that the maximum angular speed is 3 rads ™" .

Example 4.2
A particle of mass 0.2 kg is placed at a distance of 0.3 m from the centre of a turntable

which can rotate about a vertical axis through its centre. Given that the coefficient of
friction between the particle and the turntable is (.25 find the maximum constant

angular speed at which the turntable can rotate without the particle slipping.

FNT

— |

The turntable exerts a normal reaction R N and a frictional force of F N on the

particle. Since the particle is moving with constant angular speed the total horizontal
force perpendicular to the radius is zero, the only forces that could act being friction
and air resistance. Therefore, assuming that air resistanice may be neglected, the
friction force perpendicular to the radius is zero. Therefore the friction force acts
radially as shown in the diagram.
Resolving vertically gives

R =02 x 9.8=1.96,

and the radial equation of motion is
020’ x 0.3 = F,

where the angular speed is denoted by o rads ™.
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The maximum value of F = 0.25R = 0.49 and therefore the maximum value of
msatisfies
0.060 > = 0.49,

giving the maximum value of the angular speed as 2.9 rads™.

Example 4.3
A car moves without skidding at a constant speed of 25 ms™ in a horizontal circle of

radius 125 m. Assuming that there is no friction acting in the direction of motion

determine the minimum value of the coefficient of friction.

The forces acting on the car are, as shown in the diagram, the friction force £ N
directed towards the centre of the circle and the vertical reaction R N. The mass of the
car will be assumed to be m kg,

The radial equation of motion is

m 25 = F
Resolving vertically shows that
R =98m.
Since F < u R it follows that
1225 <p 9.8,

te pu2 0.51.

Example 4.4
Find the maximum speed at which a car could drive round the circle in the previous

example if the coefficient of friction were 0.3.

Using the same diagram and notation the radial equation of motion is now

V2

m—_—:
125

s
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where the speed is denoted by v ms™".

condition £ < 0.3 R shows that v < 19.17 so that the maximum speed cannot exceed

19.17 ms™.

The expression for R is unchanged and the

Example 4.5
One end of a light elastic string of natural length 0.3 m is attached to a fixed point O

on a smooth horizontal table and a particle of mass 0.25 kg is attached to the other
end. The particle is made to describe with constant speed -5 ms™, on the table, a

circle of radius 0.4 m and centre 0. Find the modulus of elasticity of the string.

The situation is identical to that in the diagram shown in Example 4.1 where the only
horizontal force acting is the tension which is denoted by 7'N. The radial equation of

motion is
52
0.25 x = = T
0.4
giving T=15.63.
If the modulus is denoted by A N then, by Hooke's law, T = ?n:;g.l d

therefore & = 46.9.

Example 4.6
The left hand diagram shows a hollow circular cylinder of radius 0.35 m rotating

about its axis and making one revolution per second. A particle of mass 0.2 kg on the
inside of the cylinder remains fixed relative to the cylinder throughout the motion.
Find the least value of the coefficient of friction between the particle and the cylinder.
(This is a simplified model of a particular fairground ride and of the motion in the
"wall of death")

i
H
FN 1
i

1
1
i
! 035m I RN
: [

\___;____,,/\\..:__-«f—/

]

1
0.2x9.8N
!
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The forces acting on the particle are shown in the right hand diagram with the normal

reaction being denoted by R N and the friction force by 7 N. Since the angular speed

1s constant there is no horizontal force acting perpendicular to the radius to the particle

and therefore the force of friction is vertical.

One revolution per second implies that the particle rotates through 2 radians in one

second so that its angular speed is 2 rads ™' . The radial equation of motion is
R =02x 0352mn)* = 2.76.

Since the particle is not slipping downwards the nett vertical force must be zero i.e.
F =02x98 = 1.96.

Also for no slipping F'< p R and therefore p> 0.71.

Exercises 4.1
Questions 1 to 4 refer to a particle of mass m kg attached to a light string, the other
end of which is fixed at a point O. The particle is describing a circle, at constant

speed v ms~!, on a smooth horizontal plane through O.

1 m = 1.5, the string is inextensible of length 2 m and v = 9. Find the tension in
the string.
2 m = 2 and the string is inextensible of length 3 m and can sustain a maximum

force of 400 N without breaking. Find the maximum number of revolutions per
second possible without breaking the string.

3 m = 1.5 and the string is elastic of unstretched length 0.6 m and modulus 60N.
Find the extension if the particle makes 1 complete revolution per second.

4 The string is elastic of unstretched length 0.3 m and, when the particle is
suspended from it, is extended a distance 0.02 m. Find the period of revolution
when the particle describes a circle of radius 0.34 m at the end of the string.

5 A car travelling on level ground describes a circle of radius 80 m ata
speed of 10 ms™ . Find the least value of the coefficient of friction so that the
car does not slip.

6 A car is travelling at 10 ms ™ on horizontal ground in a circle of radius 30 m.
The coefficient of friction between the tyres and the ground is 0.5. Show that
the car will not slip.

) An athlete throwing a hammer swings the hammer at the end of a wire in a
horizontal circle of radius 1.8 m. If the hammer makes one revolution per
second and weighs 7 kg find the tension in the wire.

8 A particle of mass m is attached to one end of an elastic string of modulus 2mg
and natural length . The other end of the string is attached to a point O on a

91



Circular Motion

smooth horizontal table. The particle moves on the table in a circle centre O and
radius 1.2a. Find the angular speed of the particle.

9 A "wall of death" in a fairground consists of a cylinder of radius 8 m. Given that
the motor cycle describes horizontal circles and that the coefficient of friction
between the motor cycle tyres and the cylinder wall is 0.9 find the least speed so
that the motor cycle stays on the wall.

10 A particle of mass m is threaded on a rough horizontal rod which can rotate about
a vertical axis through a point O of itself. The particle is attached to O by a light
elastic string of modulus 8 mg and natural length . Given that the coefficient of
friction is 0.4, find the maximum angular speed at which the rod can rotate with

the particle stationary relative to it and the string of length 1.2 a.

4.3  Conical pendulum

A slightly more complicated class of problems arises when considering the motion in
a horizontal circle of radius » of a particle attached to the end of a light string, the
other end of which is attached to a fixed point vertically above the centre of the circle.
The particle describes a circle with constant angular speed ® and the string therefore

describes the surface of a cone, hence the term conical pendulum.

The general situation is illustrated in the diagram above where the string is inclined at
an angle 0 to the vertical. Taking the particle to be of mass m the equation for
vertical equilibrium gives

Tcos 6 = mg,
whilst the radial component of Newton's law gives

T'sin 0 = ma’r.
The above equations govern the motion in any conical pendulum but have to be
supplemented by other conditions, depending on the type of problem. In many cases
the length [ of the string will be given rather than the radius of the circle, so that the
relation a =/ sin O has to be used. The string may also be elastic, so that the vertical

equilibrium equation determines the tension and, therefore, the length of the string.
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A further variant occurs when a particle is constrained to move on the surface of a
cone. In this case, the normal reaction and, for a rough cone, the tangential reaction
have to be taken into account in setting up the basic equations.

In deciding whether a particular motion is possible it is often necessary to use the
condition [cos8| <1 or ]sin@!ﬁl.

In all problems, the basic procedure followed should be to mark the forces clearly in a
diagram, obtain the equation of vertical equilibrium and the radial equation of motion.
If more than one particle is involved then this should be done for each particle. This
procedure is illustrated in the following examples. It is safer always to resolve
vertically and radially than to use other directions, for example along and
perpendicular to the string, as resolving in these latter directions can increase the

chance of an algebraic error.

Example 4.7
A particle P of mass 0.5 kg is attached to one end of a light inextensible string of

length 0.3 m, the other end of which is held fixed at a point O. P describes, with
constant speed, a horizontal circle whose centre is directly below O.

During the motion the string is inclined at an angle of 30° to the vertical. Find the
time for one complete revolution of the particle.

The previous diagram can be used with 8 = 30° and the tension, radius of the circle
and angular speed will be denoted by TN, » m andw rads ™' respectively.

Resolving vertically gives

V3

Tcos30° = T—z— = .5 x 9.8,

giving 7= 2—-8

V3

The radial equation of motion is

0.5w°r= Tsin30° = %T,

also = 0.3s1n130°=0.15so that T=0.15m2,
9.8

Therefore ©? = ——"li
0.15x /3

= 37.72, giving @ = 6.14 and the period (i.e. ﬁt—) is
®

therefore 1.02 s.

Example 4.8
A particle of mass 0.3 kg is attached to one end of a light elastic string of modulus

23.52 N and natural length 1 m. The other end of the string is attached to a fixed
point O and the particle is made to describe, at constant speed, a horizontal circle
whose centre is directly below O. The string is of length 1.25 m during this motion.
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Find the angular speed of the motion and the angle between the string and the
downward vertical.
The previous diagram is still applicable and the tension, radius of the circle and
angular speed will again be denoted by TN, » m and » rads ~' respectively.
Resolving vertically gives
Tcos B8 =03x98 =294
The radial equation of motion is
030’7 = Tsin O,
also »=1.25 sin 6 so that
T = 0.375 0.
The extension of the string is 0.25 m and therefore Hooke's law shows that
T = 0.25x%x2352 = 5.88
and therefore from the equation of vertical equilibrium cos 6 = 0.5 and 6 = 60°.
Substituting the values for T and 6 into the radial equation of motion gives

®* = 15.68 so that the angular speed of the particle is 3.96 rads ™' .

Example 4.9
Show that for a conical pendulum, with the string being of length / the motion is only

possible provided that g < »” 1.

The basic equations governing the problem are, as found above,
Tcos 6 = mg,

and
Tsin 6 = mo’r.

The radius r is given by » =/ sin 0 so that the radial equation of motion becomes

T = mo®l

Eliminating 7 shows that
cos 6 = iz,
ol

therefore, since ‘cos 6| <1, g < o’ thus showing that there is a minimum angular

speed necessary for the conical pendulum.

Example 4.10
Determine the minimum value of the modulus of elasticity so that the motion

described in Example 4.8 could occur.
If the modulus of elasticity is denoted by A N then Hooke's law gives

T:&
4

94



Circular Motion

where A denotes the elastic modulus and, therefore substituting into Tcos8 = 2,94

gives cos B = l%g Therefore, since ]cos(}’ <1, A=>11.76.

Example 4. 11
A particle describes a horizontal circle with constant angular speed ® on the inner

surface of a smooth cone of semi-angle 45°, placed with its vertex O downwards.

Find the height above O at which motion takes place.

The configuration is as shown in the diagram with R denoting the normal reaction of
the cone. Vertical equilibrium gives

R sin 45° = mg,
where m is the mass of the particle. The inward force radially is R cos 45° and,
therefore, Newton's law gives

R cos45° = mw?r,

where » denotes the radius of the circle described by the particle. Eliminating R gives

g _ 0
—'2— = tan 45° = 1.

o
The required height / 1s such that » = /4 tan 45° = /; and therefore
4
h = =~
o2
Example 4.12
4 0 B
1
TNA TN
|
307
0.5x9.8N 0.5x9.8N

The diagram shows a rod 4B, of length 3 m, free to rotate about a vertical axis
through its centre O. Light strings each of length 1 m are attached to 4 and B and
each carries a particle of mass 0.5 kg at its end. The rod rotates with constant angular
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speed so that both strings are inclined at an angle of 30° to the downward vertical.
Find the angular speed. (This is a simplified model of a fairground ride often known

as the chairoplane)

The forces acting on one of the particles are shown in the diagram with the tension in
the string, the radius of the circle described by the particle and angular speed being
denoted by TN, r m and » rads~! respectively.

The equations of motion are effectively the same as in Example 4.4 i.e.

V3

Tcos 30° = T_Z_ = 0.5x 9.8,

and
1
0.50%r = Tcos 60° = ET‘

The only real difference 1s that » is now 1.5 + sin 30° = 2. From the first equation the
value of T'is found to be 5.66 and substituting this value of 7" and the value of » into
the second equation gives ®” = 2.83 so that the angular speed is 1.68 rads ™.

Problems which are mathematically very similar to those of the conical pendulum are
encountered in investigating the banking of roads so as to increase the maximum
speed at which a corner may be taken. These problems are discussed in the following

section.

Exercises 4.2
Questions 1 to 5 refer to a particle of mass m kg attached to the end of a light string,
the other end of which is attached to a point O. The particle describes, with constant
speed v ms~1, a horizontal circle in a horizontal plane below O, the centre of the circle
being directly below O.

1 The string is inextensible and of length 1.2 m, and is inclined at an angle

tan—! [%J to the downward vertical. Find v.

2 m=3, and the string is inextensible and of length 1.6 m. Find the tension in the
string when the particle describes 3 revolutions per second.

3 Given that the period of one revolution is 2 s find the distance below O of the
circle described by the particle.

4  m = 4 and the string is elastic of natural length 0.6 m. Find the modulus, given
that when the particle describes 4 revolutions per second the string is of length
0.8 m.

5  m=0.5, the string is elastic of natural length 0.75 m and modulus 100 N, and is
inclined at an angle of 30° to the downward vertical. Find the period.
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A smooth hollow cone is fixed with its axis vertical and vertex downwards. A
particle moving on the inner surface of the cone describes a horizontal circle with
speed v at a height  above the vertex. Find v in terms of g and 4.

A smooth hemispherical bowl of inner radius a is placed with its rim uppermost

and horizontal. A particle describes a horizontal circle of radius ?a on the inner

surface of the bowl. Find the period of revolution of the particle.

One end of a light inextensible string of length Sa is attached to a fixed point 4
which is at a distanice 3a above a smooth horizontal table. A particle of mass m,
is attached to the other end of the string and rotates with constant speed in a
circle, whose centre is on the table directly below 4. Denoting the reaction
between the particle and the table by R, find the tension in the string

when (i) R = 0, (ii) R =3¥.

Find the ratio of the times of revolution for the two cases.
A particle of mass m is attached to one end of a light inextensible string of length

L . S .3
a. The other end of the string 1s fixed at a point 4 which is at a height —;i above

a smooth horizontal table. The particle is held on the table with the siring taut
and projected along the table so that it moves with speed v in a circle. The centre
of the circle is directly below 4. Show that the reaction of the table on the

L 1507 )
particleis m| g~ .
l,6aJ

A circular cone of semi-vertical angleais fixed with its axis vertical and its
vertex 4, lowest. A particle P of mass m moves on the smooth inner surface of
the cone, which is smooth. The particle is attached to 4 by a light inextensible
string of length . The particle moves in a horizontal circle with constant speed v

and with the string taut. Find the reaction exerted on the particle by the cone.
2

Determine also the tension in the string and find the condition that Y has to
ga

satisfy in order that the motion is possible.

A particle is aftached by two light inextensible strings of equal length to two
points 4 and B, which are at a distance a apart with 4 being directly above B.
The particle describes a horizontal circle, with its centre on AB, with uniform

angular speed . Show that o > 28 and find the ratio of the tensions in the
a

strings when o’ = 9&
a
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44  Banking of roads and tracks

A car or train moving round a circular bend of a horizontal road or track will have an
acceleration towards the centre of the bend and so there must be a force acting on the
car towards the centre of the bend. The principal source of such a force is friction.
Therefore, on relatively smooth roads this force is small and (since the force is
proportional to the square of the speed) the speed at which the car can take a bend
without slipping is also relatively low. A typical calculation is given in Example 4.4.
If, however, the road is banked, the reaction of the road has a component in the inward
direction and the possible maximum speed increases. Therefore, banking a bend
increases the maximum speed at which it can be taken. This principle is also used in

flying where an aeroplane banks its wings when turning.

The diagram shows a vehicle of mass m on a bend which is banked at an angle 8 fo the
horizontal, and the vehicle is assumed to be at a point on the road such that it is
moving in a horizontal circle of radius ». It can be shown using simple models of
rolling that for a vehicle travelling on a road at constant speed there is no friction at
the tyres in the direction of motion. We also assume that there is no friction acting
along the line of greatest slope of the bank, and the forces acting on the vehicle are
therefore the normal reaction R and the force mg due to gravity vertically downwards.

The radial component of R is R sin 6 and therefore the radial equation of motion is
2

RsmnB8=m 1;—
Resolving vertically gives

Rcos 6 = mg.
Eliminating R gives v2 =grtan 0.
The value of v given by this equation is known as the 'self-steering' speed because in
theory if the steering wheel had been set properly, a vehicle travelling at this speed
would steer round the bend without adjustment. Present practice is that banking
(called super elevation by traffic engineers) should be such that a 'self-steering’
vehicle is travelling al the average speed of the traffic using the voad.
The idea of using banking so that there is no lateral (i.e. sideways force) is also
important in railway design. Since railway wheels are flanged a sideways force is
translated into a force on the rail and it obviously useful to minimise this force. In
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railway design banking takes the form of setting the outer rail very slightly higher
than the inner one.

When a vehicle is going faster than the 'self-steering' speed, there has to be a further
force acting inwards. This is provided by friction, whose magnitude is restricted by
the value of the coefficient of friction. In practice, the latter has to be determined
from empirical data, and using this data, bankings on bends have to be constructed
such that the bend can be taken safely up to a certain maximum speed. Typical
calculations are shown in Examples 4.17, 4.18 and 4.19. The result v> = gr tan0Qis
not one that you would be expected to know and you would normally be expected, in
an examination, to derive it. It is likely that quoting it without derivation would
actually gain little credit. It will be derived in some of the following but, to avoid

repetition, it will sometimes be quoted.

Example 4.13
Find the speed at which a car of mass 1000 kg, moving in a horizontal circle of radius

100 m on a road banked at an angle of 5°, would not experience any lateral force.

Since there is no lateral force the only forces acting on the car are the normal reaction
R N and the vertical force 9800 N due to gravity as shown in the diagram. Resolving
vertically gives

R cos 5% = 9800.

If the speed is denoted by vms ™" then the radial equation of motion is
2

1000 —— = R sin 5°
100

Eliminating R gives

v? = 980 tan 5°,
and therefore the speed is 9.26 ms ™" .
Obviously this is a particular case of the general formula but, as mentioned above, it is
a good idea to get into the practice of deriving it from first principles. You should
also notice that the same result would have been obtained whatever the mass of the

car.
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Example 4.14
Find the angle of bank of an aeroplane turning with speed 50 ms™ on a circle of radius

120 m so that, apart from gravity, the only force acting on the aeroplane is the lift
which acts perpendicular to the wings. There is therefore no tendency to side-slip.
The angle of bank is the angle between the horizontal and the plane of the wings.

l\LN

98m

If it 1s assumed that the aeroplane is of mass m kg then the only forces acting on it are
as shown in the diagram, i.c. the lift L N and the weight 9.8 m N.

Resolving vertically gives

Lcos 8§ = 9.8 m,
where & is the angle of bank. The radial equation of motion is
2
m 507 Lsin 9.
120
o . 50° : ,
Eliminating L gives tan 6 = 120x08 and therefore 0 1is approximately 64.8°,
xS,

Example4.15
Find by how much the outer rail has to be raised so that a railway truck moving with

constant speed 15 ms ™' on a horizontal circle of radius 300 m does not exert sideways

pressure on the rail. The distance between the rails is 1.48 m.

p A B

The situation is effectively equivalent to that in the diagram with the truck on a plane
inclined at an angle®to the horizontal and the wheels being in contact at 4 and B

where AB = 1.48. The angle 8 is determined from the above general result and is
. 52 : : :
given by tanf = -3——«1———— The height of B above 4 is AB sin 6 = 0.11m

00x9.8
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Example 4.16
A car of mass 1200 kg travels at a constant speed of 25 ms™' in a horizontal circle of

radius 150 m on a track banked at an angle of 20° to the horizontal. Find the lateral

force on the car.

RN

«— 150m QL%
=

1200 x9.8 N

In this case there will be the reaction R N and the lateral (effectively frictional) force F
N acting on the car and these forces and the weight are shown in the diagram.
Resolving vertically gives

Rcos 20° — Fsin 20° = 1200 x 9.8 = 11760.

The radial equation of motion is

_1200x 257
150

F can be found by multiplying the second equation by cos 20° and subtracting from it

R sin 20° + F cos 20° = 5000.

the first equation multiplied by sin 20°, this gives (using cos® 20° +sin® 20° = 1)

F = 5000 cos 20° - 11760 sin 20° = 675,
the lateral force 1s therefore 675 N acting down the banking.
The self steering speed for this banking is (using the result v’ = gr tan 9)
approximately 23 ms ™ and as the actual speed is greater than this the force acts down
the banking. For speeds less than 23 ms ™' the force would act up the banking.
In problems like this where there is both a normal and a lateral force acting an
alternative approach, which would avoid the algebra in eliminating F, is to obtain the
equations of motion down, and perpendicular to, the banking. This approach is
tllustrated in Example 4.18 but, unless you are very confident about resolving, it is
probably better to stick to resolving vertically and using the radial equation of motion.

Example 4.17
Find the maximum speed at which the motion in the previous problem would be

possible without the car slipping up the banking given that the coefficient of friction
between the car and the banking is 0.5.

The first equation will be unchanged and, if the speed is taken as v ms ™', the 25 will

have to be replaced by v. The equations are therefore
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R cos 20° — Fsin 20° = 1200 x 9.8 = 11760,
and R sin 20° + F cos 20° = M = 8y°.
150

F can be found as before and

F = 8v? cos 20° — 11760 sin 20°.
It is now necessary to find R. This is done by multiplying the first equation by cos
20° and the second equation by sin 20° and adding the equations.
This gives, on using cos® 20° + sin? 20° = 1,

R = 8v? sin 20°+ 11760 cos 20°.
The maximum value of v can be found by using the condition # < 0.5 R,
i.e. 8v? cos 20° — 11760 sin 20° < 0.5 (8v? sin 20° + 11760 cos 20°),
or v? (8 cos 20° — 4 sin 20°) + 11760 sin 20° + 5880 cos 20°.

This gives the maximum speed as 39.4 ms ™.

Example 4.18
A road is to be banked so that a car moving with a speed of 25 ms~

ofradius 125 m can travel without skidding. The coefficient of friction is 0.3.

' in a circular bend

Find the least possible angle of banking.

The car is assumed to be of mass m kg and the forces acting, and shown in the
diagram, are the normal reaction R N, the friction force /' N acting down the banking

and the weight 9.8 m N acting vertically downwards. The acceleration of the car
2

is g s ~ =5ms ™ acting horizontally and the component of this perpendicular to

the banking and in the same sense as R is 5 sin O ms ™. Similarly the component of

the acceleration down the banking and in the same sense as F is 5 cos © ms ™. The

components of the equation of motion normal to and down the banking are
R—98mcos 6 =5msin 6,

and F+98msin® =5mcos 0.

Taking components down, and perpendicular to, the banking has avoided the

algebraic elimination used in the previous two examples.
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The condition ¥ < 0.3 R gives

Smcos 8 —9.8msind < 0.3(9.8 mcos 8+ S msin 8),
1e. 11.3 tan © > 2.06.
The minimum banking angle is therefore approximately 10.3°,

Example 4.19
Show that, if the coefficient of friction is 0.2, then it would not be possible for a car to

stay at rest on a road banked at an angle of 30° and find the least speed such that, with

this angle of banking, a car could move in a horizontal circle of radius 100 m.

The forces acting on the car are the normal reaction R N, the friction force F N acting
down (or up) the banking and the force of gravity 9.8 m N if the car is taken to be of
mass m kg. Since the car is initially assumed at rest the force of friction is assumed
to act up the banking otherwise equilibrium is not possible.
Resolving up, and perpendicular to, the banking gives

F = 9.8 msin30°
and R = 9.8 mcos 30°.

Therefore

I

i

oo tan 30° = 0.58.

R

This is greater than the coefficient of friction and so the car would slide down. If it is
assumed that the car moves with speed v ms ™' then taking the components of the
equation of motion up, and perpendicular to, the banking, as shown in the previous

example, gives
2
v

R ~98mcos30° = m 00 sin 30°,
. V2
and - F+98msin30° = m o0 ©08 30°.

Using the condition F < 0.2R gives

9.85in 30" — —— cos30° < 0‘2( 9.8¢0530° + —— sin 30°
100 L 100
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The minimum speed is therefore 18.2 ms .
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v?.

100 (cos 30° + 0.2 sin 30°) = 9.8( sin 30° — 0.2 cos 30°).

1

Exercises 4.3

1

10

A car of mass 1000 kg is moving round a circular track which is banked at an
angle tan™ 0.2 to the horizontal. The car is travelling in a circle of radius 600 m

'. Find the lateral force acting on it.

at a speed of 30 ms™
A road is banked at an angle of 10° to the horizontal at a bend of radius 90 m. At
what speed should a car fravel round the bend so that there would be no lateral
friction force between the tyres and the ground?

At what angle should an aircraft flying at 200 ms ™' be banked so that it moves,
without side slipping, in a horizontal circle of radius 2 km?

A circular track of radius 300 m is banked at an angle of 45°. Given that the
coefficient of friction between the wheels and the ground is 0.4 find the
maximum speed at which a car can travel round the track without side slipping.

A railway curve is an arc of a circle of radius » and the track is banked at an angle
o so that there is no lateral force on the rails when the train is moving at speed v.
Find the lateral force when a train of mass m goes round the curve at speed 1.5v.
The maximum speed at which a car can travel, without skidding, round a circular
bend of radius 120 m which is banked at an angle of 10° is 25 ms™'. Find the
coefficient of friction.

Find the angle at which a circular bend of radius 100 m has to be banked so that
the maximum speed at which a car can travel, without skidding, round the bend is
20 ms ™. The coefficient of friction is 0.25.

A car describes a horizontal circle of radius 100 m at 18 ms ™' on a track which is
banked at an angle o fo the horizontal. Determine tan o so that there is no
lateral force acting on the car. Find, for this value of o, the least coefficient of
friction such that the car can go round the track without slipping at a
speed of 28 ms ™',

A car can travel on a level road round a bend of radius 50 m at a maximum speed
of 15ms™" without slipping. Find, assuming that the coefficient of friction
would be unchanged, the angle at which the road should be banked so that the car
could travel round the bend without slipping at a speed of 20 ms ™" .

A circular track of radius 250 m 1s banked at an angle of 20°. Given that the
coefficient of friction between the wheels and the ground is 0.3 find the range of

speeds at which a car can travel round the track without side slipping.
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4.5 Circular motion and simple harmonic motion
We now examine very briefly the relationship between circular motion and simple

harmonic motion which was mentioned in 3.1.

The diagram shows a point O describing in the counter clockwise sense a circle of
centre O and radius a with angular speed®. If 0 denotes the angle between OQ and

the x-axis then

de

e (D

dt
Integrating this with respect to ¢ gives 8 = o¢ + ¢, where ¢ is a constant. If Q is at the
point 0 =0 for ¢ = 0 the constant is zero so that 8= w¢. The perpendicular from Q to
the y-axis intersects it at the point P, which is referred to as the projection of Q on the
y-axis. The y coordinate of P is therefore a sin 8= a sin @z. Therefore the point P

. ) . . . ., 2n
describes simple harmonic motion, centre (), amplitude ¢ and period ~—.
o

In unit time the angle 8 increases by and this is therefore the number of radians
described per unit time, hence the term natural circular frequency.

If Q had been at the point corresponding to 8 = ¢ at time ¢ =0 then the
constant ¢ would be ¢ and then 8 = o+ £ and the y coordinate of P would then be

asin{wi+ g).

This is the general form of displacement in simple harmonic motion and therefore the
motion of the projection on a diameter of a particle describing a circle is simple
harmonic. The diagram illustrates the behaviour of P as O describes the circle.

Equivalently any problem involving simple harmonic motion can be translated into
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one on motion in a circle with constant angular speed. Effectively the problem is
translated from one involving algebra and the use of solutions of differential equations
o one in geometry and you might find this harder. Also most examination guestions
tend to be phrased in such a way that full credit will only be given if the methods

described in the previous chapter are used.

The alternative and more geometric approach is illustrated in the following example.

Example 4.20
A particle describes simple harmonic motion with amplitude 2 m and period 18 s.

Find the time taken to travel directly from a point a distance of 1 m from the centre to

one at a distance of \@ m from the centre.

The two points are denoted by P and P' and they are the projections onto the line of
motion of the points O and Q' on the circle of radius 2 m. 6 and ¢ denote the angles

between the line of motion and OQ and OQ', respectively.

OP = 2¢cos 6= 1and OP' = 2cos ¢ =+/3 sothat &= gand = g

The angle between OQ and OQ' is therefore _763 This 1s % of the total angle in a

circle (i.e. 27) and therefore the time taken to travel from P to P' is a twelfth of the

period i.e. 1.5 s.

4.6 Kinematics for motion with variable speed
It was shown in 4.1 that the velocity v of a particle moving in a circle of radius » was
given by

ae, . .. .
y = rd—(-sm 6i+cos 8j),
{

where 9, i and j are defined in 4.1 and shown in the following diagram.
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v —sinB@i+cosOj

¥,
/ cos 01+ sin 6 j
K Vi

The acceleration a is found, as in 4.1, by differentiating v with respect to ¢, In this

de . , o .
case, however, 5 1s not constant and its derivative has to be included.
t

Therefore

df d = . ) asy’ ..o d%e, . ,
a=—|p——{(—sinBi+cosBj) =—r — | {cosBi+sinBj)+r—-(—smBi+cosHj)
dt[rdt( J)/ r(dJ( 1) rdtz( »

2
The first term above is of magmtude » [?gj directed radially inwards and the

2
second is of magnitude r%? directed along the tangent in the direction of 6
¢

increasing. Also

Therefore in circular motion when the speed 1s not constant there are two components

of acceleration,
2

6] 702 = X directed radially inwards
¥

and (i) 0 = v along the tangent in the sense of 8 increasing,

X 2

d

These expressions will now be used in the following section to investigate problems

involving motion in a vertical circle.
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4.7 Motion in a vertical circle

So far the only problems examined are those when the only force in the plane of
motion is radial so that the angular speed remains constant. We now consider a class
of problems - those involving motion in a vertical circle - where the angular speed is
not constant.

Typical problems which can be modelled as a particle moving in a vertical circle are
the motion of a particle whirled at the end of a string (or a bucket of water being
whirled in a vertical circle) and the motion of a car in a roller coaster. The problems
are mathematically very similar but the interpretation of the résults vary.

The methods to be used will be illustrated by using as a prototype problem that of the

motion of a particle threaded on a smooth vertical circular loop of wire.

The diagram shows a vertical circular wire of centre O and radius @ on which a bead P
of mass m is threaded. The angle between OP and the downward vertical is denoted
by 6. The wire is assumed to be smooth so that the only force that it exerts on P is
radial and of magnitude R and this is shown in the diagram acting radially inwards.
The only other force acting on P is the force of gravity vertically downwards which
has a component mg cos® acting outwards and a component mgsin® tangentially in

the direction of decreasing 6. The components of the acceleration of P radially

inwards and tangentially are ab? and ab .
The radial and tangential components of Newton's law give
R—mgcos 6 = maéz,
mad = —mgsin 0,
The second equation is the differential equation relating 6 to ¢, and the first step is to

try and integrate this equation. One method is to multiply both sides of the equation

byé giving
mab = — mg sin 00.
. 2 .
Also 00 = 1467 andsin 66 = — dcost
2 dt de
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so that the egunation of motion becomes

1 déz dcosd
ma— = .

m
2 dt gdt

This equation can be integrated to give

1 :
5 maB? = mgcos § -+ constant.

An alternative method of carrying out the above integration is to use

460  dé

é S —G applying the chain rule),
& @ (applying )
_ 1de?

If it is assumed that P has a speed u [i.e. 8 = ﬁ) at its lowest point 4 (when 6 =0),
a,

the constant can be found by substituting into the expression for 62 giving
a’>07? = u’ +2ag(cos © — 1).
This equation could also have been obtained by using conservation of energy, this is

actually the most direct method and will be considered below.

The value of @ can now be substituted into the equation for R giving

mu2

R = ——+mg(3cos 6 - 2).
a
The basic problem has now been solved and it now remains to interpret it. The
interpretation varies with the type of problem but before going any further it is worth
looking at the use of energy conservation.

Energy Conservation
It can be proved that
Kinetic energy + Potential energy due to gravity
+ Elastic energy (if an elastic string is involved) = Work done by other forces.

A proof is given in M2 for one dimensional motion but it is possible, by using the
work energy principle, to prove the above result. You will not be expected to derive a
proof as some of the mathematics necessary is not covered in your course.

In the case of the bead threaded on the wire the only other force acting is the reaction,
The wire is smooth so the reaction is always perpendicular to the direction of motion
and the work done by it is therefore zero. Therefore the total energy is conserved.
The work done by the tension in an inextensible string is also zero and energy is again

conserved.
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We retum now to the problem of the bead on the wire. The potential energy, taking

the potential energy to be zero at the level of the centre of the circle, is — mga cos 0.

. 1 .
The kinetic energy is 5 mv?®, where v denotes the speed, and therefore conservation of

energy gives
1

Emv2 —ga cos O = constant.
This, when you remember that v = |aé |, is the equation found by integrating the radial
equation of motion. Using energy conservation avoids having to integrate the

equation of motion directly.

Interpretation of results
The basic results are
a’0’= u’ +2ag(cos 0 —1),

mu2

and R = +mg(3 cos 6 —2).

If 6 = = is substituted into the equation for 07 this gives its value at the highest
point as u? — 4ag. If u? < 4ag this expression will be negative meaning that the
particle will not reach the highest point and will just oscillate on cither side of the

vertical through the centre.

There are five slightly different problems involving motion in a vertical circle: a
particle whirled at the end of a string, a particle moving on the inside or outside of a
smooth circle, a particle threaded on a bead or attached to the end of a thin rod (the
last two are effectively the same). The main difference between the problems is the
way in which the motion breaks down (i.e. whether the string becomes slack or breaks
and whether the particle comes off the circular path). The problems of the threaded
bead and rod are slightly different in that the motion cannot break down other than by

the wire or rod collapsing.

Particle on inside of a cylinder

For a particle on on the inside of a cylinder the motion will be as shown in the above
diagram with the reaction R inwards and so the expression for R must always be
positive. For 6 = m, Ris equal to u2 — 5ag. If u?2 < 5ag the particle will drop off the
cylinder, and the particle will move as a projectile for a while. The actual value of 0

at which the break down occurs is found by setting R = 0.
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Particle on an inextensible string
This problem is mathematically identical to that of a particle on the inside of a
cylinder. The reaction R has to be replaced by the tension 7 of the string. The string

will become slack when, as above, 2 < 5ag.

Particle on outside of cylinder

The forces acting on a particle at the lowest point on the outside of a cylinder will all
be downwards and, as you would expect, the particle drops down. Therefore, in this
case, it is not sensible to project a particle from the lowest point with speed u and
different initial conditions have to be used. The equations of motion could be
obtained by replacing R by —R above but, in order to get more practice, it seems

better to start again.

The diagram shows a vertical section of a circular cylinder centre O and radius a on
which a particle P of mass m can move. The angle between OF and the upward
vertical is denoted by 0. (When OP is horizontal the horizontal force acting on it is
outwards and its horizontal acceleration is inwards. This is an impossible situation
and therefore the particle will have dropped off before reaching this position. It is
better to use the angle with the upward vertical since 6 will always acute.} Since the
cylinder is smooth the reaction of the cylinder will be radially outwards and denoted
by S. The radial equation of motion is
mgcos B8-S = maéz,

the potential energy (taking the potential energy to be zero at the level of O)
is mga cos 6.

Conservation of energy gives

L

7 mv2+ mga cos 6 = constant.
If the speed of the particle at the top is assumed to be U (U* < ga), then the constant
1
is 5 mU ? + mga so that

v: = U’ +2ga(l —cos 0).
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This becomes, using v = {aé I,
a’62= U +2ga (1 - cos ).

Substituting in the radial equation gives
mU?

= 3mgcos 6 —2mg —

2
mU L
, and the restriction on

Substituting 8 = 01in this equation for § gives S = mg —

U means that this is positive so that there is a positive reaction at the highest point and
the particle will not fly off .

If U? > ga then S would be negative for 6 = 0 and the particle would just fly off at
the top of the cylinder.

For 8 = E, S will be negative so the particle will fall off before getting to the level of

the cenire of the cylinder, as predicted above. The actual value of 0 at which this
happens is found by setting § = 0 and solving for 6, this gives
2
cos B= E—Jrg
3ga 3

Problem solving

The first step is, as usual, to show in a diagram the forces acting and, in particular, to
make sure that (when relevant) they are in the physically sensible sense (for example
the tension in a string is always radially inwards). Once the forces have been
determined the next step is to write down the radial equation of motion and the
equation of conservation of energy. It is very important to use your initial conditions
carefully in order to find the constant in the energy equation. In many cases it is
simpler to use speed rather than angular speed, particularly if you are given

information about speeds or asked to find speeds. In such cases you use the radial
2

.. v . . : 2
acceleration in the form —. The expression obtained for 0 * or v? can then be used to
¥

express the radial force in terms of 0.

An alternative to using conservation of energy is to obtain the tangential equation of
motion and integrate it as above. This method has the snag of making errors more
likely.

In harder problems where you are uncertain that energy is conserved (if for example
friction is involved) you will have to use the tangential equation of motion and
atterapt to integrate it using g = %78 = 3—29 You may also need to use the

tangential equation when more than one particle is involved.
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You then have to try and interpret the results for your particular problem. The
variations in the type of problems that can occur are produced almost entirely by
varying the way in which the particle is constrained. If for example the particle is
attached to the end of a light inextensible string {or moves on the inside of a smooth
cylinder) then motion is only possible for positive values of the tension (or reaction)
and the conditions for the motion to be possible, or the value of 6 for which the
motion ceases to be possible (that is the particle leaves the circle), are often sought.
Similar problems occur for motion on the outer surface of a cylinder or sphere. The
reaction in this case is outward and the condition for a positive reaction may have to
be applied to determine whether or not the motion is feasible.

You may also be required in particular cases to determine whether or not complete

revolutions are described. The smallest value of 0 % occurs at the highest point of the
circle and for complete revolutions this has to be positive. It is of course necessary to
make certain first that the motion has not already ceased to be possible before

reaching this position.

Example 4.21
A child of mass 25 kg is on a swing and swings freely through an angle of 30° on

either side of the vertical. The ropes of the swing are 2 m long. Assuming that the
motion of the child can be modelled by that of a particle of mass 25 kg attached to an
inextensible rope of length 2 m, find the speed of the child when the rope is vertical

and also the tension in the rope at that instant.

TN

25x9.8N

The diagram shows the motion when the rope is at an angle 8 to the vertical with the
tension in the rope being denoted by TN and acting inwards.

The radial equation of motion is
2
25 .

»

i

T—-25%x98cos 0

The equation of conservation of energy is

%x 25v* -25x9.8x 2cos® = constant.
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The swing stops at 30° on either side of the vertical so v =0 for 8 = 30° so that the

constant is —25x 9.8 x 2 cos 30° and therefore

%x 2507 =25%9.8x2(c0s0 - 30° )

The value of the speed at the lowest point can be found by substituting 6 = 0 into the
equation of energy giving the speed as 2.29 ms .

Substituting this value of the speed into the radial equation of motion for 6 = 0 gives

the tensionas 311 N.

Example 4.22
A particle of mass m free to move on the inner surface of a smooth hollow cylinder of

internal radius 2« is projected from the lowest point of the cylinder with a horizontal
speed of magnitude /2ga. Determine the maximum height that the particle rises

above the point of projection.

The forces acting are as shown in the diagram. The radial equation of motion is
R—-mgcos § = 2mab ?,
and the equation of conservation of energy is

—;-m(2a) 2622 mg a cos 6 = constant.

The speed when 8= 0 is \f@ = 246 and substituting these values in the energy
equation shows that the constant is — mga so that

2a>6 = ga(2 cos - 1).
6 vanishes when cos 0 = 1 so that the greatest height (2a — 2a cos8 ) reached above

the lowest point is ¢. In this case it is obvious that R is positive when 6 is acute and

so the particle does not leave the cylinder before reaching the above position.
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Example 4.23
A particle P of mass m is free to move on the outer surface of a smooth circular

cylinder of radius a, and is released from rest at a depth of —1% below the highest point.

Find the height above the centre of the cylinder of the point at which P leaves the
cylinder.

The situation is shown in the diagram with R denoting the reaction of the cylinder
acting outwards. The radial equation of motion is
mgcos © —R = mad?,

and the equation of conservation of energy is

1 .
—ma® 8% +mgacos 8 = constant.

. : . 9
Initially, 8 =0 when cos 6 = 1%— so that the constant is equal to —Tgﬁ . Therefore,

Sma®0? + 10mga cos 6 = 9mga.
Substituting for 6 in the radial equation of motion gives
SR =15mgcos 8 ~ 9mg.

. . 3 . . . 2
The reaction vanishes when cos 8 = g , that 1s, when P is at a distance —;i above the

centre.

Modelling a real sitnation

If a round circular cake tin was placed on its side and a small particle placed at the top
and gently disturbed then this problem could be modelled by that of a particle set off
from rest from the top of a circular cylinder. The situation is exactly as in the
previous example and the radial equation of motion is unchanged. Since the particle
is released from rest from the highest point (you actually have to assume that it is
given a small velocity otherwise it will not move!) the constant in the equation of

energy is now mga so that

1 N
E}—ma2 6% +mgacos 8 = mga.
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Substituting in the radial equation gives
mU*?

a

R= 3mgcos 0 —2mg ~

For a particle just disturbed from rest U = 0 and therefore the particle would

. . 2
leave the cylinder when the radius had tumned through an angle 0 where cos 0 = 3

ie. 0 = 48.2°

In practice modelling a particle sliding would not be particularly accurate as friction
would have to be taken into account. However a marble rolling could be modelled
relatively accurately by a particle sliding on a smooth surface since the friction at the
point of contact does no work. For a marble rolling with speed v the kinetic energy

7 . . . .
can be shown to be 0 mv® and using this value the equation of conservation of

energy becomes
7v? = 10ga (1 —cos 6).

Substituting in the radial equation of motion i.e.

vz

mgcos @ —R = m—,
a

17 10
mg 70050—7 .

The reaction vanishes for cos 6 = :—2 giving 0 = 53°.

il

gives R

Exercises 4.4

Questions | to 4 refer to a particle, describing a vertical circle, attached to one end of

a light inextensible string of length a.

1 Given that the speed at the highest point is 8\/g7a , find the speed at the lowest

point.

2 Find the speed with which the particle is projected from the lowest point so that

it describes semi-circles.

3 Given that the particle 1s of mass 0.2 kg, ¢ = 0.4 m and the tension when the
string is inclined at an angle 60° to the downward vertical is 15 N, find the speed
at the lowest point.

4 Given that ¢ = 0.5m and that the greatest and least tensions are in the

ratio 3 to 1, find the greatest speed of the particle.

5  An aeroplane is flown at a constant speed of 180 ms™! in a vertical circle of radius
1200 m. Find the force exerted by the seat on the pilot, of mass 75 kg, at the
lowest and highest points.
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A man swings a bucket full of water in a vertical plane in a circle of radius 0.4 m.
What 1s the smallest velocity that the bucket should have at the top of the circle

if no water is to be spilt.

The diagram shows a cylinder of radius 0.35 m rotating about its axis, which is
horizontal, with constant angular speed ®. A particle of mass m on the inner
surface of the cylinder is rotating without slipping relative to the cylinder. The
coefficient of friction between the particle and the cylinder is p. Find the
condition to be satisfied by © if the particle has not slipped at the position
shown.

A bead of mass m is threaded on a smooth circular loop of wire of radius a which
is fixed in a vertical plane. The bead is released from rest at the end of a
horizontal diameter. Find the reaction of the wire when the bead has turmned
through an angle 6.

A vparticle is released from rest on the surface of a smooth sphere of radius ¢ at a

height —;i above the centre of a smooth sphere of radius . Find the height above

the centre at which the particle leaves the sphere.

A particle of mass m is free to slide on a circular wire hoop of radius g in a
vertical plane. The wire is such that, once the particle is set in motion, it
experiences a force of constant magnitude 3mg opposing its motion. The
particle 1s projected from the lowest point of the wire and it comes to
instantaneous rest opposite the centre of the wire. Find the speed of projection.

Miscellaneous Exercises 4

A fixed point O is at a height & above a smooth horizontal table and one end of a
light inextensible string is fixed at O and a particle P, of mass m, is attached to
the other end. The particle is made to describe a circle on the table, with constant
angular speed @, and with the string taut. The centre of the circle is directly
below Q. Find, in terms of m, g, © and £, the magnitude of the reaction of the

table. Determine the greatest value of @’ for which such a motion is possible.
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The table is then removed and the inextensible string replaced by a light elastic
string of modulus mg and natural length . The particle P is then constrained to
describe horizontal circles, with centre directly below O with constant angular
speed Q. Denoting the tension in the string by 7, find an expression for the
length of the string
(i) interms of T, m, gand g, (i1) interms of 7, mand Q.
Hence find 7 in terms of m, g, o and Q.

2 A particle of mass m is attached to one end of a light inextensible string of length
a whose other end is attached to a fixed point O. Initially the particle is held at

rest at a point B with the string taut and OB inclined at an angle % to the

downward vertical through O.

(a) The particle is projected horizontally with speed u from B so that it
describes, with constant speed, a horizontal circle whose centre lies on the
vertical through O. Find u and the time taken to describe one complete
circle.

(b) The particle is projected from B, perpendicular to OB in the vertical plane
containing (OB with speed w so that it starts describing a vertical circle,
centre O.

Find the tension in the string when it is inclined at an angle 6 to the downward

vertical. Find also the least value of w so that the particle describes complete

circles.

3 A particle of mass m is suspended from a fixed point 4 by an elastic string of
natural length 6 and modulus 4. The particle describes a horizontal circle with
angular speed ® with the string being of constant length / (> b), the centre of the
circle being directly below A.

Given that the angle between the string and the downward vertical is 0, show

that

cos 0 = 5.
Io?

The breaking tension in the string is 10mg and it is found that this occurs

when bo® = 9g. Find cos © when the string breaks and express A in terms of

mandg.

4 A particle of mass m is attached by a light inextensible string of length / ro the
vertex of a conc of semi-vertical angle «. The cone is fixed with its axis
vertical and vertex upwards and the particle moves in a horizontal circle on the
smooth outside surface of the cone with angular speed ©. Find expressions for

the reaction R between the cone and the particle, and the tension 7 in the string.
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Find the greatest possible value of o in terms of g, / and o if the particle is to

remain on the cone.
Suppose now that the string is elastic of natural length @ and modulus

3mg, oo =tan”' (%) and that ®° = —2‘5- Find the extension of the string.

a
The maximum speed at which a car can travel around a horizontal circular bend
of radius 120 m without skidding is 30 ms ™. Find the coefficient of friction
between the wheels of the car and the road. Calculate the least angle at which
the road should be banked in order that the car can negotiate the bend without
skidding at 50 ms™, assuming that the coefficient of friction remains
unchanged.
A car travels, without skidding, at 63 km h™' round a circular bend of radius 80
m on a horizontal surface. Show that the coefficient of friction between the

wheels and the road is at least % .

The diagram shows a car of mass m travelling at constant speed in a horizontal
circle of radius a on a road banked at an angle o to the horizontal. The

coefficient of friction between the car and the road is 0.6 and sin ¢ = ]—53; The

car may be modelled as a particle of mass m moving in a horizontal circle of
radius a. Given that the car is on the point of sliding up the bank

(a) show, by resolving vertically, that the normal reaction of the road on the car

is 13mg ,
9

(b) find, in terms of g and a, the speed of the car.

In some amusement parks there is a ride which is effectively an open cylinder
which can rotate about a vertical axis. The riders stand on the base of the
cylinder but against the surface of the cylinder. When the angular speed reaches
a certain value the floor is dropped but the riders remain stuck to the surface of
the cylinder. The radius of the cylinder is 2.5 m and the speed of rotation 1s 30
revolutions per minute. Find the smallest possible coefficient of friction

between the rider and the cylinder surface so that the ride works effectively.
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a4

An aircraft, in order to travel in a circle, has to bank (i.e. tilt so that the wings
are at an angle to the vertical). The diagram shows an aircraft, banked at an
angle of 30° to the vertical, travelling in a horizontal circle, at constant height.
The only forces acting in the plane perpendicular to the direction of motion of
the aircraft are the lift L, perpendicular to the wings, and the weight # as shown.

The aircraft is of mass 1200 kg and is moving with constant speed 60 ms ™.

(a) Modelling the aircraft as a particle find
(i) the lift,
(ii) the radius of the circle in which the aircraft is moving.

(b) The words underlined above imply a modelling assumption about the forces
acting on the aircraft in the direction of its motion. State what you think
this modelling assumption to be.

A particle P of mass m is placed at the highest point on the outside of a fixed

smooth hollow sphere of radius a and centre 0. The particle P is just disturbed

from rest. Assuming that P remains in contact with the sphere, show that the
reaction of the sphere on P is
mg (3cos 6 -2},

where 8 is the angle between the upward vertical and the radius OP.

Write down the value of cos 8 at the point where P leaves the sphere.

A vparticle ¢, on the inside of the sphere is projected horizontally from the

lowest point of the sphere with speed u. Find u, in terms of @ and g, so that both

P and @ leave the surface of the sphere at the same height above O.

A smooth loop of wire in the form of a circle centre O and of radius 0.3 m, is

fixed in a vertical plane. A bead of mass 0.5 kg is threaded on the wire and

projected with speed u ms™ from the lowest point of the wire so that it comes
to instantaneous rest at a height of 0.1 m above the level of O. Find

(1) the value of u,

(11) the reaction of the wire on the particle when the particle is level with O.

One end of a light inextensible string of length 24 is attached to a fixed point O.

A particle of mass m is attached to the other end and moves in complete circles,
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centre O, in a vertical plane. Its speed at the lowest point of the wire is 6nga .
Find

(a) the sguare of its least speed,

{(b) the greatest tension in the string.

The diagram shows a vertical cross-section of a fixed circular cylinder with
radius @; the point 4 is on the same horizontal level as the point B; the point C is
on the same horizontal level as the point O and O is the lowest point of the arc
ACDB.
(a) Testyn has to set up a mathematical model describing the motion of a particle
moving on the inside of the cylinder. He sets up a model in which a particle
P released from rest at the point 4 reaches the point B and then returns to 4
and the cycle then repeats itself.
(1) State two physical assumptions that have been made to give this model.
(i1} Where is the force acting on P perpendicular to its velocity?
(ii1) Is the velocity of P at C equal to that at D?

iv) Given that 4 is at a height 2 above O what is the speed of P at O which
g 1 p

would be predicted by this model?

(b) lestyn then uses the model to predict what happens when a particle is
projected horizontally from the lowest point of the wire with speed u.
Find the condition that ¥ would have to satisfy in order that the particle goes
completely round the cylinder.

A particle is suspended from a fixed point 4 by a light inelastic string of length 4.
Find the speed with which it must be projected horizontally from its lowest point
in order that it should pass through 4.

A bead sliding on a fixed vertical smooth circular hoop of radius a has speed V
at the lowest point. Prove that the bead makes complete revolutions if V> > 4ag
and that the force exerted by the hoop on the bead is always radially inwards for
V? > 5ag. If the greatest speed is V7 times the lowest speed show that

- /14ag'
3

Find the position of the bead when the force between it and the hoop vanishes.
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The diagram shows a roller coaster track, the circular part of which has
a radius of 12 m. The roller coaster is to be designed so that the force towards
the centre of the track exerted on a passsenger by her seat at the highest point is
at least half her weight.

(a) Find the minimum speed at the top of the track.

(b) Find the minimum speed at the lowest point of the track.

(c) State clearly two modelling assumptions that you make.

A

The diagram shows a vertical section of a part of the frack of a fairground nide.

The part AB is sfraight and inclined at an angle of 45° to the horizontal. The

part BCD i1s an arc of a circle of radius a and centre O. The point C is the lowest

point of the circle, D is the highest point and CD is vertical. The angle BOC is

45° so that AB is a tangent to the arc of the circle at B.

A passenger car (which is to be modelled as a particle P of mass m) is released

from rest at a point () on AB at a height 3a above C.

Given that the track is smooth

(a) find the reaction of the track on P when it reaches C,

(b) show that, when it is between C and D and the angle COP is 0, the reaction
of the track on Pismg (4 +3 cos 8).

A smooth wire, on which a small bead B of mass m is threaded, is formed into a

circle of radius a and fixed in a vertical plane. The bead is projected from the

lowest point of the circle with speed 1/@ . Show that, when the direction of

motion of B has turned through an acute angle 6, the square of its speed

is 6ag + 2ag cos 6,

Find, in terms of m, g and 0, the reaction of the wire on the bead.
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A banked corner of a racing track can be regarded as a circle of radius # and the
gradient of the track is such that a car travelling at speed « has no tendency to
side slip. Find the relationship between o, » and w.

Show that the coefficient of friction necessary to prevent sideslip at a
(v2 —u? }sina cosa

v2 sin® a +u? cos® o

A particle P is attached to one end of a light inextensible string of length a whose
other end is attached to a fixed point O. Initially the particle is in equilibrium,
suspended from O, at the point B and it is then projected horizontally with speed

u from B. The particle initially moves in a circle but at a particular point of its

speed v > u must be at least

path the string becomes slack and the particle then moves in a parabolic path
which passes through B. Find the angle between the string and the upward
vertical when the string becomes slack and also determine w.

A particle is suspended from a fixed point O by a light inelastic string of
length a. The particle is projected horizontally, in the vertical plane containing
the string, with speed « and the string becomes slack when it makes an angle o
with the upward vertical. Find «* in terms of @, g and o..

Given that the particle subsequently passes through O, find the value of cos a.

C
//‘—‘\\
N O-"a
VAL
A D B

The diagram shows a vertical section ABC of a smooth surface. 4B is horizontal
and BC is a semicircular arc of radius a, whose centre O is at a distance a
vertically above B. The surface is used in a game where a small ball P of mass
m is projected with speed u towards B from a point D on 4B. Subsequently it
moves along the arc BC, leaving BC at C. It then moves under gravity until it
first hits 4B at D.
(a) Find, in terms of m, u, g, a and 8 the reaction of BC on P when OP is
inclined at an angle 0 to the downward vertical.
(b) Find u so that BD = 3a.
{c) Find the smallest possible value of BD.
State two modelling assumptions that you have made.
A circular bend of radius # is banked at an angle o such that the maximum speed
at which a car can travel around it without skidding is v. If the coefficient of
friction between the wheels and the road is p (= tan A), show that this

maximum speed is given by v? = rgtan (o + A).
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Chapter 5

General Equilibrium of a Rigid Body

After working through this chapter, you should

¢ Be able to draw diagrams showing forces acting on rigid bodies including normal
contact forces and friction.

¢ Be able to solve simple problems involving a rigid body in equilibrium under

several coplanar forces.

5.1 Conditions for equilibrium

If a rigid body is in equilibrium under the action of a system of coplanar forces, then
the forces satisfy the following conditions:-

(a) the sum of the forces is zero,

(b) the forces have zero moment about any point of the system.

Equivalently, the total clockwise moment is equal to the total anticlockwise moment.
For condition (a), it is often more convenient to resolve all the forces in two mutually
perpendicular directions. Usually, these will be horizontal and vertical, or parallel
and perpendicular to an incline plane. This gives us two independent equation. A
third independent equation is obtained by taking moments about a convenient point so
as to eliminate as many as possible of the unknown quantities that are not required.
You can obtain two or three equations by taking moments about two or three points
but you should remember that you can only get three independent equations.

In problems involving frictions, when equilibrium is about to be broken by slipping,
the friction is limiting at the point of contact at which slipping is likely to occur. If
the body is not on the point of moving, friction is not at its maximum possible value.
When solving problems, it is important to interpret the information given and draw a
clear diagram. Mark on the diagram all the forces acting on the body and indicate
clearly the direction of these forces. Sometimes it is not vital to know the direction of
action of a particular force because a negative answer in the solution will indicate that

the direction of the force is opposite to that indicated in the diagram.
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Example 5.1
A loft door 4B of length 1m and mass 5 kg is propped open at 60° to the horizontal by

means of a strut BC. BC is of length 1 m and mass 2 kg. Find the thrust of the strut.

The first step 1s to draw a diagram showing all the forces.

T is the thrust of the strut.

P is the contact force at the hinge; its direction is unknown. If we take moments at A,
P will not feature in the equation and we will only have one unknown 7.

The triangle ABC is equilateral.

Taking moments about 4,

ng-;—casé()" +2gx{1——;-00560°} =T x1sin 60°

which gives ~ T=-%£ 3112 N
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Exercises 5.1

1. A uniform rod 4B of mass 10 kg and length 2 m is freely hinged at 4 to a vertical
wall. A force P is applied at B at an angle 6 to AB to keep the rod in
equilibrivm. When in equilibrium A8 makes an angle o above the horizontal.
Forces X and Y are the horizontal and vertical components of the reaction at the
hinge. Calculate the magnitude of P, X and ¥ when
(8) 6=90",a=0"
(b) 0=45,a=0
(¢) 6=30",a=60

2. A uniform rod 4B of mass 5 kg and length 4 m is freely hinged at 4 to a vertical
wall. A force P applied at B at an angle 0 to AB keeps the rod in equilibrium.

When in equilibrium, 4B makes an angle o above the horizontal. R is the
reaction at the hinged which makes an angle B with the wall. Find the

magnitude of the forces P and R and the size of angle B when
(a) 0=060",0=10

(b) 6=060",c=30°

() ©=30",0.=-45"
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A uniform rod 4B of mass § kg has its lower end A4 in contact with a rough

horizontal floor. The coefficient of friction between the rod and the floor is .

A string is aftached to end B and keeps the rod in equilibrium at an angle o with

the horizontal when the string makes an angle § with the rod. Calculate the

tension in the string, the normal reaction and the frictional force at 4 when

(a) a=30",B=90°

(b) a=45p=60

(c) a=60",8=30°

A uniform horizontal rod A8 of length 3 m and mass 20 kg is freely hinged at 4

to a vertical wall. The end B is attached by means of a light inextensible rope

inclined at 30° to the horizontal to a point of the wall above 4. A mass of 30 kg

is suspended from B. Calculate the tension in the rope.

The rope breaks when the tension exceeds 200g N. Calculate the largest distance

from A at which an additional mass of 135 kg can be attached, to the rod 4B.

A uniform rod 4B of length 4 m and mass 5 kg is hinged freely to a vertical wall

at A and has a mass of 8 kg suspended from the end B. The rod is kept in a

horizontal position by a light inextensible rope CD attached to the midpoint C of

the rod and a point D on the wall 1.5 m above 4. Find the tension in the rope and

the magnitude and direction of the force at the hinge.

A heavy uniform metal beam AB, 4 m long and of mass 200 kg is lifted onto a

truck by means of a chain attached to end B of the beam. End 4 rests on rough

horizontal ground. The chain passes over a pulley C fixed above the truck. The

beam and chain are in the same vertical plane. The system is in equilibrium

when the beam makes an angle of 25° with the ground and angle ABC is 135°.

Find

(a) the tension in the chain,

{(b) the magnitude and direction of the reaction between the beam and the
ground.

A uniform straight rod AB has its centre of gravity at C. The rod has mass 10 kg.

The rod is acted upon by a force of 20g N vertically upwards at end B, by a force

of 10g N vertically downwards at end 4, and by horizontal forces at B and C such

that rod 4B is in equilibrium inclined at an angle 30° to the horizontal with end B

higher than end 4. Show that the horizontal forces at B and C are equal in

magnitude and find this magnitude.
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5.2 Ladder problems

These are problems involving a ladder in equilibrium with its foot on the ground and
its top resting against a wall. The wall or the ground may be rough or smooth and the
ground may not be horizontal nor the wall vertical.

When a ladder rests against a smooth surface, there will only be a normal reaction at
the point of contact perpendicular to the surface. When the surface is rough, there

will also be a frictional force opposing motion.

Example 5.2
A ladder 10m long rests on rough horizontal ground against a smooth vertical wall

and is inclined at an angle 0 to the horizontal where sin8 = g— . The mass of the ladder

is 15 kg and its centre of mass i1s 4m from the lower end. A man of mass 75 kg stands
on the ladder 8 m from the lower end. Find the friction force at the ground.

Draw a clear diagram showing all the forces.

P and Q are the normal contact force fromn the wall and the ground. F is the friction
force at the lower end of the ladder; it acts-to the left as the ladder will have the
tendency to slip to the right. To eliminate P and (0, take moments about X.
Fx10sin0=75gx8cos8+15gx 4cosb

Substituting sin 6 = %, cosf= g,

F=4851N
The friction force is 485.1 N.
The remaining force on the ladder, if required, could most simply be found by
resolving horizontally and vertically.
Resolving horizontally

P-F=0
P = 4851 N.
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Resolving vertically
QO-75g-15¢=0
Q =882N
Also, for equilibrium to be possible, the coefficient of friction between the ladder and

the ground must not less than g, which equals 0.55.

Sometimes, it is easier to take moments about more than one point. Remember,

however, that there are only three independent equations.

Example 5.3
A uniform rod AB of length 2 m and mass 5 kg has its end A4 resting on rough ground.

It is supported at 60° to the horizontal by a string attached to its upper end B. In the
position of equilibrium, the string is at right angles to AB. Calculate the tension in the

string, the friction and the normal forces at 4.

~|
C
AN
[N
|

I

|

I

|

~T

60° h
A F

Let the tension in the string be T'N, the friction /' N and the normal reaction at 4 to be
PN.

To eliminate P and F, take moments about 4.
Tx2sin60° =5¢ x1cos60°

53
6 g
P and F may be found by resolving horizontally and vertically. Alternatively, taking

T N.

moments about C will eliminate 7 and P.
F x 2sec30°=5g x 1cos 60°

5v3

3
F=——gN.
3 g

Taking moments about D eliminates T and F.

P x 2 sec 60° = 5g (sec 60° — 1 cos 60°)

35
P=—gN.
8g
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Exercises 5.2

1.

A uniform ladder of mass 20 kg and length 2/ m rests in limiting equilibrium with
its upper end against a smooth vertical wall and its lower end on a rough
horizontal floor. The coefficient of friction between the ladder and the floor is
u. The ladder is inclined at an angle of 75° to the horizontal.

Calculate the normal reaction at the wall, the normal reaction and the friction
force at the ground, and the value of .
A uniform ladder of mass m kg and length 2/ m rests in limiting equilibrium with

its upper end against a rough vertical wall and its lower end against a rough

horizontal floor. The coefficient of friction between the ladder and the wall is %

and that between the ladder and the floor is —;- The ladder makes an angle 6

with the floor. Calculate the normal reactions at the wall and the floor in terms of
m,gand 6.

A uniform ladder 8 m long, and of mass 30 kg rests with its top against a smooth
vertical wall and its foot on rough ground 2 m from the wall. Find the normal
and friction forces at the foot of the ladder.

The foot of a uniform 30 kg ladder is on rough horizontal ground with its top
resting against a smooth vertical wall. The ladder is in limiting equilibrium and
makes an angle of 60° with the horizontal. Find the coefficient of friction.

If a man of mass 60 kg stands three-quarters of the way up the ladder, find the
smallest horizontal force that needs to be applied to the foot of the ladder to keep
it in equilibrium.

One end of a uniform ladder of weight W rests on a rough wall, the other
end rests on rough horizontal ground. When in limiting equilibrium, the ladder is
inclined at an angle 6 to the vertical. The coefficient of friction between the
ladder and the wall is p and the coefficient of friction between the ladder and the
ground isp'.

Show that

2w

lup'

A uniform ladder of mass 50 kg rests with its upper end in contact with a smooth

tanf =

vertical wall and its lower end in contact with smooth horizontal ground. The
ladder is being prevented from slipping by a horizontal force exerted by an
inextensible string fixed to its lower end. If the breaking tension of the string is
12.5g N, calculate the greatest possible inclination of the ladder to the horizontal.
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7. A uniform ladder of mass 8 kg rests in equilibrium with its base on a smooth
horizontal floor and its top against a smooth vertical wall. The base of the ladder
is 1 m from the wall and the top of the ladder is 2 m from the floor. The ladder is
kept in equilibrium by a light inextensible string attached to the base of the ladder
and to a point on the wall, vertically below the top of the ladder and 1m above
the floor. Find the tension in the string,

8. A uniform ladder rests in limiting equilibrium with its top end against a smooth

vertical wall and its base on a rough horizontal floor. The coefficient of friction
between the ladder and the floor is p. The ladder makes an angle 6 with the

floor. Show that tan = —1—
n
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ANSWERS TO EXERCISES

Exercises 1.1

1

e

12.
13.

x=ae” +be™

x =ae' + be”

x =e"(acost +bsini)

y= ae* + be**

y =e**(acos8x + bsin8x)
at t

x =ae? +be?

x = acos5t+bsin5t

y =3cos4x

x =2¢" cosdt
x=12e% —7¢™

y= —;-e“(”) sin 5x
x =3 +2e7

y =e™**(2c0s2x + 65in2x)

Exercises 1.2

1.

AN N

&

10.

x=2+ae” + be*

x=21+3+ae’ +be'
x=2+e™ (acost + bsint)

x=3t—4+e " (acos3t +bsin3t)
y=3x+1+ae™ +be™

1 -
y= Zx+x2+a +be

x= 34-262r +—1—e'}0’
2 2

x =4+3e” cosdt

y=3x+4+xe"

y=4+3e cosdx

Miscellaneous Exercises 1

1.
2.

3.(a)

(b)
4. (a)

y =3x+1+e*(Acos3x + Bsin3x)
y=3+A4e” +Be™

x =—k—+Ae—3' +Be™ | x =-f€———]ie'3’ +i—e
36 36 27 108
dx
N‘3X”y, —d?:‘iy, k=12N,

x=e™(Acos2t + Bsin2t)
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(b) ﬂ’ﬁ:[, ﬂ:_gk_u, k>0ast—>w
dr dr

5. p=2+e"(0.5c0s4¢+0.125sin 4¢)

@ 2, () 2-05e¢, t=

R

6.(a) y=4x+8-e" —2e¢"
() y=e*(5cosx—11sinx)
(c) y=e*(5-1 1;c)

1 b 17 b
7. x=—|a——le" +—la+—l", 2x,>
2[ J 2 4] 0o

Exercises 2.1

1. m ms™
2. 1.61 m
3. 3—3, x =1
X
4. i, 241+ 2¢
x
5. S5+x, —-5+5¢
6. e, 11‘1[ 2
1-21
3 4
7. 2x*, T
16
8. £3— 8
2
9. S50 km

Exercises 2.2
L Sen,B
6 6

2. (3x + 15)%
3. 2e7, 2e° -2

4 o0
8t +1
5 t =28, § m
D
6 60m
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Exercises 2.3

1. -}wln 10s
4
) 0.96s
3. 48In2m
4, 1000 In gg m
169
;£ d
mk k
3.12 ms’l, 0.91m
1.25tan" 45

Miscellaneous Exercises 2
1. (a) @2_0_11/2, I_OQE:_VJ
dr 12y
{b) takes an infinite time to come to rest,

any resistance which does not vanish forv =0

1@ O Yomm a8 :

dr ( 2

1+ 4ntu )"

. u g 1.20°
(b) @ = i — 3
(1+8xu2)5 (1+8xu2)5
3.(a) 8, (b)) 6150W, (¢ 147km

4 2w 1)430eM. Forr—2sv=-001, 192N

5. 78125s,  99.8m
6. (i) I2s, (i) 2m

2
7.(a) (1) Ju® - 2g(x - b), (i1) stops when x = E——;Ligﬁ and returns to earth
g

by () Ju +—-— 5 (i) returns to earth,  (ili) escapes to infinity
=t
10. St+50'Le‘° ~1}

t
11. 6gt—36g[]—e 6}

12. (a) (1) n\/%, @) -3«

®6 2 G peg
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Answers to Exercises

Exercises 3.1
1. ns
2. 05m, 03m

I

3. — ms’
n
4, i m
3n
5. Sm, ms
6. 5m, 20ms”
7. 04m
8. 2«[5- m %TE 8
9. 63.7 Hz

10, 0.63ms™ to 1.57 ms™
11. 022s, 0.12s

12. 3sin s m
12

13. 0.057
14. 6.48 am
15. 12.32 am and 8.18 pm
2
6. 0.2n ms™, 0.2n e
3
17 42N, 3.6N
18. 0.06 m
19. §§HZ
i

20.  Does not slip
2. 99x107m

2. 2m =

7

s, x=1m

Exercises 3.2
1. (a) 0.13s, (b) 0.17s

2. x=-04sin2tm, v =-—0.8cos 2t ms™
3. 1.13s
4 (@ 0.13s, (b) 0.17s
5. 1.13s
T

6. (@ —s, (b) 023s
@ s O

7. 02m, 0.05s
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Answers to Exercises

8. 0.25s

) 1.10s, 02m
10. 0.13

11 0.77 s

12 024ms™, 0.16s
13, 14ms™

Exercises 3.3
1. 0.52¢™ — .48

2. 0.05¢™ sin12¢
3. —e7"+0.8¢7"
4, —02te™™
5. gﬁ S
3

6.

20
7 253N

Miscellaneous Exercises 3

L@ 8m, (i) %s, (i) 1083 W, (iv) 216 W

2. kil rads“l, 2m, -S—E rad, —Sit ms™’
6 3
3. e"(A cos 2t + Bsin 2!), b= --;—, 2¢” cos2t
4. @) J2gx, x=06, 1= i“g“é" (iv) 3.28ms™", 0.932

5. () %"-s, (i) 0.057m, (i) 0.057sin5, (iv) 0.16s, 3.75N

6. acosot, () —~ (i) —, Gi) 4,  (v) Sb
3w 120
7. 02m, 296N

8. ¢'(0.28cos 7t +0.04sin7¢r), 0.82m

9. (i) 5N, (i) 10(x+0.098)N, (iv) %s, (v) 0.433ms™

(vi) string becomes slack during motion

10. () 0.6 sing-t, (i) 0.5 (iti)  0.083 smg“-zcos-;‘-zw
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Answers to Exercises

1. () 1.568m, (i) 02cos2.5t (iii) fsfs, (iv)%‘-s,

3
%f_i“’i = —6.25(x - 0.4sin2r)

12. (i) 0.1 m, —N— S, (i) 0.1sin20tm, 2 cos20tms™, (iv) 2 s,
40 60

(v) Car moves away with same speed as it collides. This takes no account of

energy loss due to collision

13, 1.5m, 12.5 hrs, 8.5+1.5cos 1421;-5 m, 2027hrs, 0.754 cm per min
4. 13em, ns, —s
4

15, iz-coswf—s—‘g—vt, 2n E
5 a \ng

16. 25, 10 m
17. 140N, 1.67ms™

2
18. 9—'2})'+-2-}£y=0, gcos g;it

ds m 6 m
21, J6m
22. %(H«/E)
24, Sm, §7-t- S, éﬁ 5

5 15

25. 2¢+06n’ N, 2g-06n° N
26. k<1, k=0.16, n=2.03

Exercises 4.1

1. 60.75 N

2. 1.3

3. 0.87m

4, 0.83s

5. 0.13

7. 4974 N

8. 0588
a

9, 9.33ms™

10. 1(2&
3a
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Answers to Exercises

Exercises 4.2
23ms™
1705 N
0.99 m
6064 N
1.65s
Jah
7. 2n @v—‘;
\lﬁg
. mg smg 1
37 127 2

2

A O S e

2
V
cota, m[w—gcosa], v’ >gacosa

10. mgsind +

[£4 a

11

11. —
7

Exercises 4.3

451N
12.5ms™
63.9°
82.8ms™
1.25mgsina
0.33

8.2°

0.33, 0.37
14.6°
119ms™'<v<42.7 ms™

S I R I I

M
@

xercises 4.4

A 68ag

V2ag

5.65ms™

6.26ms™

2760 N, 1290 N

1.98 ms™
pe? = 28(sin0 + pcos )

.\JP\V‘:“P’NT‘VTJ
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Answers to Exercises

8. 3mg sin O

4

3
10. 1fagi2+37ti
Miscellaneous Exercises 4

. .. O?
1. m(g—hcoz), \F%, ) a—%ﬁy_" (i) .LQ med .
h mg mL)”  g—all
2
a

(b) @ —mg +3mgcost, 2.jug

2. (a) V{%’ n\[—ég:

3. 0.1, 90mg
4. mg sina —mf@” sina.cosa, mgcoso+méo’ sin’ o,

gseca 4%a
Ve T 14

5. 0.77, 53.7°

7 6lga
45

8. 28

S5n”
9. 23.52 kN, 212 m
10. %, 2 jag
1. () 2.8 (i) 327N
12. (a) 28ag, () 19mg

13.(a) (i) smooth cylinder, no air resistance (1) 0, (ii) No, (iv) 1}325

(b) u’ =5ag
14, \/agiZ +43 )
15.  radius to bead at cos ™' gto upward vertical

16.(a) 1328 ms™  (b) 2543 ms”

17.(a) Tmg

18.  3mg (2+cos6)

SN
3

L

21. ag(2+3005a), 1

V3

5
22.(a) m: —2mg + 3mgcos0, (b) Ewlag (c) 4a
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Answers to Exercises

Exercises 5.1

l.(a 5gN, 0, 5gN, (b) 5gv2N, 5gN, 5gN
(C) SgN, S_gﬁ , gis_g.N

2 2
2@ 2N XN o3, @ XN, §g—‘/§N, 30°

NN 2 2

(¢) 10gv2 N, 92.14N, 113°
3.(a) 2g¥3 N, llg, gJ3N (b %g-N, 716N, 284N

(c) 4gN, 10gN, 2g/3 N
4. 80gN, 1%- m
5. 35¢N, 431.6N, 51°to the vertical
6.(a) 890N, 61°to the horizontal, (b) 1256 N
7. 20gV3 N

Exercises 5.2

1. 26.26 N, 196 N, 26.26 N, 0.134.
) Smg cos0 3mg cosh

10sin® + 2cosH’ 6cosh —2sinb
3. 30gN, 5gv3 N

1
4. ., gJI5N
3 8
6. tan™ 2
7. 2g¥2 N
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Angular velocity
Banked track

Complementary function
Conical pendulum

Differential equation
second order
homogeneous
inhomongeneous

Energy conservation
Equilibrium,

conditions for

Ladder problems

Motion in horizontal circles

Motion in vertical circles
Particular integral

Simple harmonic motion
alternative definitions

summary of basic formulae

damped motion

85

98

92

109

124

127

84
108

42
47

69

Index

INDEX
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