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Preface

Our country has a vast forest cover of near about 25% of
geographical area and if man doesn't learn to treat trees with
respect, man will become extinct; Death of forest is end of our
life. Scientific management and judicial exploitation of forest

becomes first task for sustainable development.

Engineer is one such profession which has an inbuilt word
“Engineer - skillful arrangement” and hence IFS is one of the B. Singh (Ex. IES)
most talked about jobs among engineers to contribute their

knowledge and skills for the arrangement and management for sustainable development

In order to reach to the estimable position of Divisional Forest Officer (DFO), one needs to take an
arduous journey of Indian Forest Service Examination. Focused approach and strong determination
are the pre-requisites for this journey. Besides this, a good book also comes in the list of essential

commodity of this odyssey.

| feel extremely glad to launch the revised edition of such a book which will not only make Indian

Forest Service Examination plain sailing, but also with 100% clarity in concepts.

MADE EASY team has prepared this book with utmost care and thorough study of all previous years’
papers of Indian Forest Service Examination. The book aims to provide complete solution to all

previous years’ questions with accuracy.

On doing a detailed analysis of previous years’ Indian Forest Service Examination question papers,
it came to light that a good percentage of questions have been asked in Engineering Services, Indian
Forest Services and State Services exams. Hence, this book is a one stop shop for all Indian Forest

Service Examination, CSE, ESE and other competitive exam aspirants.

I would like to acknowledge efforts of entire MADE EASY team who worked day and night to solve
previous years' papers in a limited time frame and | hope this book will prove to be an essential tool
to succeed in competitive exams and my desire to serve student fraternity by providing best study

material and quality guidance will get accomplished.

With Best Wishes
B. Singh
CMD, MADE EASY Group
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Theory of Machines

1. Analysis of Plane Mechanism

1.1 Single cylinder vertical engine has a bore of 30.5 cm, a stroke of 40 cm, and a connecting rod 80 cm
long. When the piston is at its quarter stroke and moving downwards, the net pressure on it is 65 N/cm?.

(i) If the speed of the engine is 250 rpm and the total equivalent mass of the reciprocating parts is
assumed to be 135 kg, find the net-turning moment on the crank-shaft at the above condition
without considering the mass of the connecting rod.

(ii) If the actual mass of the reciprocating parts is 90 kg and that of connecting rod is 120 kg,
determine the actual turning moment available at the crank-shaft for the same instant. The CG of
the connecting rod is 50 cm from the small end and the radius of gyration about its centroidal
axis is 30 cm.

(iii) Find out the percentage of error in the approximate calculation as in (i).
[IFS (Mains) 2002 : 10+3+2 = 15 Marks]

Solution:
Given, Cylinder bore, d = 30.5 cm, Cylinder stroke, I = 2 r = 40 cm, Length of connecting rod, L =80 cm

Net pressure on piston at quarter stroke,
2
P o = 65N/cm
L 80 _ 4
P

n=7"20"

(2mN) _ 2m x 250

50 50 =26.179 rad/s

Engine speed, N = 250 rom = o =

(iy When the piston is at its quarter stroke and mass of connecting rod is neglected.

x =r(1-cos0)

)
7 - r(1-cos 6) [outer stroke]
2r
Vil r(1-cos0)
cos 0 = l .
=3
or e - 600 l’1
and sin B = sing _ sin60° 0.2165
T4 4 7 o
B=1250 o

Force on piston, f, = B X (gdz) =65 x %(30.5)2 = 47.49 kN

Accelerating force/Inertia force, = mro? |:cose ;080 26]
n
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2 (o]
f, = 135x (&) x (2"(250) ) [cos60° + %] = 6.939 kN

100 60
Net force on the piston, f, = f, - f, + mg = 47.46 - 6.939 + (@) =41.845 kN
F, 41845 .
Crank effort, f, = —L(sin(® = —————sin(12.50° + 60°) = 40.877 kN
1= oosp SO+ B) = i 509 S )
Net turning moment = f,x r= 40.908 x 0.2 = 8.1812 kN-m

(i) AT = correction torque
AT=mobo,(l-L)
m, = mass of connecting rod = 120 kg
Mass at the crank pin = 120 x (%J =75kg

Mass at gudgeon pin

120 -75 = 45kg

Total reciprocating mass = 45 + 90 = 135 kg Piston pin - Gudgeon pi”G Cranlkji”
Inertia force, f, remains same = 6.939 kN Q - O
I b f<d—~|
f,= 47.46 KN | | | ‘
Torque (T,) due to net reciprocating masses remains same, I l .
T, = 8.1816 KN-m
As, o, = Angular acceleration of connecting rod
2 2
5 . n? -1 5 . 4% 1
o, = —0° SiNB| —————=5|= —(26.16)" sin60°
c |:(n2 —Sin2 6)3/2} ( ) [(42 —Sin2 600)3/2}

= —(592.96) x (0.2518) = —149.307 rad/sec?

As, L=b+d
K? . :
L= b+3; k = radius of gyration
L= 50+@ =68cm
50

AT=ma,b(l-L)=120 x (-149.352) x 0.5 (0.8 - 0.68)
AT = -1.0753 KN-m

. 0 60°
The correction torque (T ), T, = (AT)% = —1.0753% =-0.1376 KN-m
n< —sin“o V4 —sin“ 60°

Torque due to weight of mass at crank pin,
T, =m,g =75x10x 0.2 sin 60° = 0.129 kN-m
Net torque (T7) on the crank shaft,
7"=T,-T,+T,=81816-0.1376 + 0.129 = 8.173 kN-m

T'=T 100=8173-81816 .00 _(1051%

8.1816

(iii) % error =
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1.2 A crank and slotted lever quick return motion mechanism has the following specifications :

Distance between fixed centres = 200 mm, Length of the driving crank = 100 mm

Sketch the mechanism. Determine the inclination of the slotted bar with the vertical in the extreme

position and the ratio of cutting stroke to return stroke.

[IFS (Mains) 2004 : 10 Marks]

Solution:

Given, A crank and slotted lever mechanism

Inclination of slotted bar with the vertical in the extreme position is . (say)

Distance between fixed centres, OA = 200 mm
Length of crank, r = 100 mm
In the extreme position: B
From A OPA, ’
p
cosa = 1
100
coso = 200 =05
o= 60°

and From triangle AOP, 6 = 90° - 60° = 30°

The inclination of the slotted bar with the vertical in extreme position = 30°.

And ratio of cutting stroke to return stroke,

Time of cutting _360°-20  360° 1= 360°
Time of return 20, 20, 120°

1.3 Derive an expression for the acceleration of the piston of a reciprocating engine. The following details

pertain to a single cylinder vertical engine:
Bore = 20 cm, Stroke = 40 cm, Connecting rod length = 80 cm, Mass of reciprocating part
= 140 kg, Net gas pressure at the piston when the crank angle is 45° = 65 N/cm? and Speed of the
engine = 300 rpm.
Determine the turning moment on the crank shaft when the crank angle is 45°.

[IFS (Mains) 2005 : 7+8 = 15 Marks]

or

With usual notations show that the velocity of slider of slider-crank mechanism is expressed
approximately by

n2e

. s
Ve = W[S'ne + ) where n = Length of the connecting rod/crank radius.

[IFS (Mains) 2008 : 10 Marks]
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Solution:

Acceleration of the piston of a reciprocating engine.

x = displacement of piston from inner dead centre.
x=BB =BO-B0=B0O-(BA, +A0O)

x=(L+r)-(LcosP + rcos®8)
Taking, (n= L/r)

n2cos?p = n2(1—sin2[3):n2(1—%>'41—;2}:n2[1—SigjeJ
= n®-sin®0
= ncosP = \/m
x=r[(n+1)—(ncos B + cos 0)]
X =

r|:(n +1)— (\/n2 -sin0 + cose)]
x = r|:(1—c:ose)+(n—\/n2 —sinze)]

When connecting rod is very large compared to crank, n? will be large and
(\/n2 —sin26) ~n
So, x =r(1-cos0)

Now, V= %—%x@ = i[r{(1—cose)+(n—\/m)ﬂg

dt  de’” dt a0

V= or (O+sin9)+0—%(n2 —sin? 9)1/2(—2Si090089):|

r sine+7s‘in‘26
= | NP —sinfo [/>>1]

If i is large compared to sin0

V= or|sing +

dv  (dvde d ( . sin26)
9= —=|——| = —|ro|sind+———||w
at aoe dt ae 2n
c0s26
a= rm(cose+ 00329)0) = mzr(cose+ p )
n

For the given single cylinder vertical engine:
Bore, d = 20 cm, Stroke, [ = 2r = 40 cm, Connecting rod length, L = 80 cm, Mass, m = 140 kg

sin2e:|
2n
Acceleration of piston,




MBRDE ERSY Theory of Machines | 5

Net piston pressure, P, = 65 N/cm?, Engine speed, N = 300 rpm, r = Str<23ke = 42—0 =20cm
& w=%=%:31.4rad/8
crank angle, 8 = 45°
Gas pressure force, £, = P % (%Cﬁ)
F. = (65) ><§(20)2 = 20.41 kN
Inertia force, F, = mr’ [cose + @]
F, = 140 (%) x (31.4)2 [oos45° ; 00390"] = 19.52 kN

and,

So,

F = Net force on the vertical engine piston = Fp +mg-F,

140 x 9.81
1000

Fi

F= 20.41+( ]— 19.52 =2.263 kN

Turningmoment, T = F,x r = LSin(e+ B)xr

! cosp

LsinB=rsingd

sinp = SN0 _SIN45° _ 4 4767 — 10.182°
n
3
o 2:268%T07 4504101829 % 0.2

c0s(10.182°)

Turning moment on crank-shaft at 45° crank angle,

1.4 (i)
(ii)
Solution:

T= 377516 N-m
In a four-bar mechanism, S and L are the lengths of the shortest and the longest links, P and Q
are the lengths of the remaining links. State the condition for at least one link to make a full
revolution. Sketch and name the mechanism.
Define pressure angle in a cam-follower and state its importance. Show it on a sketch.
[IFS (Mains) 2007 : 10 Marks]

According to Grashof’s Law a four-bar mechanism has at least one link to make a full revolution if the sum of
the lengths of the largest and the shortest links is less than the sum of lengths of the other two links.

i.e.

S+L<P+Q

Further, if the link adjacent to the shortest link is fixed, the chain acts as Crank-rocker mechanism in which the
shortest link will revolve and the link adjacent to the fixed link will oscillate.
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and if the shortest link is fixed, the chain will act as a double-crank mechanism in which the links adjacent to
the fixed link will have complete revolutions.

(ii) The pressure angle, representing the steepness of the cam profile, is the angle between the normal to the
pitch curve at a point and the direction of the Pressure angle
follower motion. Follower — / (Maximum)
It varies in magnitude at all instants of the follower motion. /
. . . . Pitch point 4»—— Pressure
A high-value of the maximum pressure angle is not desired o\)weme Ay angle
as it might jam the follower in the bearings. As the pressure ,§$Q‘° p
angle decreases, it makes the cam surface more convex 8 (&d\fdj\’e X
and longer. This results in reduced velocity of the follower QA\% Trace point
and more time for the same rise. This also reduces the dwell @
period for a fixed angle of action. Thus the minimum value
of pressure angle cannot be reduced from a certain value. J
The size of the base circle controls the pressure angle. As @
base circle size increases, pressure angle reduces. Pnché“o

1.5 Inavertical double-acting steam engine running at 360 rpm, the cylinder diameter is 0.3 m, piston rod
diameter is 40 mm and length of connecting rod is 0.7 m. When the crank has moved 120° from top
dead centre, the pressure of steam at the covered end is 0.35 N/mm?2 and that at the crank end is
0.03 N/mm?. If the weight of the reciprocating parts is 500 N and length of stroke is 300 mm, find:

(i) piston effort, (ii) force on connecting rod, and (iii) turning moment on the crank shaft for the given
crank position.
[IFS (Mains) 2012 : 10 Marks]

Solution:

_ 2rN _ 2n(360)

Given: Speed, N =360 rpm, o = = 37.68 rad/s
60 60
Cylinder diameter, d, = 0.3 m
A, = L2 =L(0.3)2 = 0.07065 m?
4 4
Piston diameter, d, = 40 mm
Tpeo T 2 .
A, = 505 =7(0.0407° = 1.2561 x 10°m?
Length of connectingrod,/ = 0.7 m
Crank radius, r = 150 x 103 m
I 07x10°
=—-—=—1—"—=467
=TT TR0
Pressure at covered end, P, = 0.35 N/mm?
Pressure at crank end, P, = 0.03 N/mm?
Weight, W = 500 N
w

Mass, m = 5 = 981" 50.968 kg

Pressure force on piston, F, = P,A, = P, (A, = A)
= (0.35 x 108 x 0.07065) — [(0.03 x 108(0.07065 - 1.256 x 1072)]
= 22645.68N
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. cos20
Inertia force, F, = mre® |:cose + T]

Fy =-6589.414 N

50.968 x 0.150 x (37.68)" [cos1 20° + M]

Force on piston, F = F,+ mg—F, =22645.68 + 500 - (-6589.414) = 29735.09 N
Piston effort, F = 29735.09 N = 29.735 kN

Force in the connecting rod, F- = Fl_;ﬁ
and sin B = Si%e = Si2j62700 = 0.1854
B = 10.687°
Turning moment on crank shaft, T = FFSBSin(G +B)xr= %Siﬂﬁ&(ﬁ? +120) x 0.150

3.44 KN-m

1.6 In a quick-return motion of the crank and slotted lever type, the ratio of maximum velocities during
return and forward motions is 2. If the length of stroke is 250 mm, find:
(i) the length of the slotted lever;
(ii) ratio of times of cutting and return strokes;
(iii) maximum cutting velocity per second if the crank rotates at 30 r.p.m.
[IFS (Mains) 2013 : 10 Marks]

Solution:
Given: Quick-Return motion of crank and slotted lever type.
Ratio of maximum velocities during return and forward motion = 2

Vsmax (Return) _ C+r _ 5
Vomax(FOrward) — C—r

Where, r = Crank radius

C = Centre distance between fixed centres

C+r
So, C_, =2
C+r=2C-2r
3r==C
y
= cos[_’):g
B = 70.528°

Ratio of times of cutting and return strokes
_ 20 _360°-28_ 360
T2 2B 2x70.528°

Length of stroke, Lg = 250 mm

-1=1.552
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(Ls/2)  (250/2)
sin(90° —B)  sin(90° — 70.528°)

Length of the slotted lever, L =

= 374.985=375mm

Maximum cutting velocity per second, N= 30 rpm

2rnN  2n(30)
® = -

== =3.14 rad/s
60 60
375
V. = Orx =314 xrx
Voma) = @ C+r 3r+r
375

= 3.14 XT =294.375 mm/s = 0.295 m/s

1.7 Aslider-crank reciprocating mechanism has the following data: Radius of the crank = 480 mm, Length
of the connecting rod = 1600 mm, Angular velocity of the crank = 20 rad/s. Find the velocity and
acceleration of the piston for the crank position of 8 = 45° from the inner dead centre.

[(IFS Mains) 2017 : 8 Marks]

Solution:

Given, Radius of crank (r) = 480 mm, Length of connecting rod (/) = 1600 mm, Angular velocity (o) = 20 rad/s,
Crank Position (0) = 45°

. in2
Velocity of the piston, V = rw[sme +%:|
24n? —sin?0
Here, n = ! = 1609 =3.33
r 480
n? is large compared to sine,

Velocity, V = rm[sin9+ sm26]

. sin90°

V= O.480><20[sm45°+ } = 8.23 m/sec.
2x3.33

cos20

Acceleration of the piston, a = ro? |:Cose+

} 0.480x (20)2 [Cos 450+ 003900}

3.33
= 135.76 m/s?

1.8 What do you mean by the inversions of a kinematic chain? List down all the inversions of a single
slider-crank chain. Explain briefly any two.
[(IFS Mains) 2018 : 8 Marks]

Solution:
(a) Inversion of a kinematic chain is nothing but different mechanism obtained by fixing different links of the
same kinematic chain.

By changing the fixed link, the number of mechanism which can be obtained is equal to the number of
links. The inversion of kinematic chain does not change the motion of its links relative to each other.
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Single slider crank chain Inversions

(i) Firstinversion (When link 1 is fixed) (il) Second inversion (link 2 is fixed)

4

1 (Reciprocating engine)

(Whitworth quick return mechanism)

(i) Third inversion (link 3 is fixed) (iv) Fourth inversion (link 4 is fixed)

3

E 4 (Hand pump)

This mechanism is used in workshops to cut metals.

Slider 4 rotates in a circle about A and slider on link 1. Cis a point in link 1 extended backwards where
link 5 is pivots. The other end of link 5 is pivoted to the tool, the forward stroke of which cuts the metal.

Time of cutting 0

Time of return — B

o Third inversion (Crank and slotted lever mechanism).

If the cylinder of an oscillating cylinder engine is made in the form of a guide and the piston in the form
of a slider, then crank and slotted lever mechanism is obtained.
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1.9 State Kennedy's theorem. Locate all the instantaneous centres for the following mechanism:

[(IFS Mains) 2018 : 8 Marks]
Solution:
° Kennedy'’s Theorem: According to Kennedy’s theorem if three planer bodies have relative motion among

themselves, then their I-centres must lie on a straight line.
Total number of links of given mechanism, n=4

n(n-1) 4x3
2 2

Total number of instantaneous centres, N = 6

1 2
Links 1 2 3 4 7
12 23 34 — o
13 24 DY

14 g
4 3

1.10 A rotor has a mass of 15 kg and is mounted midway on a 24 mm diameter horizontal shaft supported

at the ends by two bearings. The bearings are 1 m apart. The shaft rotates at 2500 rpm. If the

centre of mass of the rotor is 0.11 mm away from the geometric centre of the rotor due to a

manufacturing defect, find the amplitude of the steady-state vibration and the dynamic force
transmitted to the bearing. Take Young's modulus (E) = 210 GPa.

[(IFS Mains) 2020 : 10 Marks]
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Solution:
m =i5 kg 0 =24 mm
| 1m |

Given: N =2500 rpm, £E=210GPa, e=0.11 mm
For simply supported beam:

T 4
489D
R 93: 4 =104.615rad/s
g 5 \/(mg)L mgl:

48E1

e _ 011 —_0.1309 mm

(oY, (104615 |
o 26.18

-ve sign shows that deflection is out of phase of centrifugal force.

mo?A _ KA _15(104615)° (0.1309)
2 2 1000
F, = 21.49N

Dynamic load on each bearing =

2.CAM

2.1 What is the function of a follower in a cam-follower pair? Sketch any four different types of follower.
[IFS (Mains) 2005 : 8 Marks]

Solution:

In a cam-follower pair, a cam is generally the driver and follower is a driven member which is specially
designed to follow cam profiles. The follower motion may be rotating, reciprocating or oscillating. A cam
imparts desired motion to the follower by direct contact. The output followers motion is then used to serve
different purposes like operating valves in IC engines, machine tools, printing control mechanism, etc.

Different types of followers:

1. Flat- faced followers 2. Spherical faced followers

Flat faced
follower

Spherical faced
follower
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