Features

Eal

© N o u

10.

12.

13.

14.

15.

Introduction.

Resultant Effect of a System of
ForcesActing on a Rigid Body.
D-Alembert’sPrinciple.
Velocity and Acceleration of
the Reciprocating Parts in
Engines.

Klien’s Construction.
Ritterhaus's Construction.
Bennett’s Construction.
Approximate Analytical
Method for Velocity and
Acceleration of the Piston.
Angular  Velocity and
Acceleration of the Connecting
Rod.

Forces on the Reciprocating
Parts of an Engine Neglecting
Weight of the Connecting Rod.
Equivalent Dynamical System.
Determination of Equivalent
Dynamical System of Two
Masses by Graphical Method.
Correction Couple to be
Applied to Make the Two Mass
Systems Dynamically
Equivalent.

Inertia Forces in a
Reciprocating Engine
Considering the Weight of
Connecting Rod.

Analytical Method for Inertia
Torque.

Inertia
Forces In

Reciprocating

Parts

15.1. Introduction

Theinertiaforceis an imaginary force, which when
acts upon arigid body, bringsit in an equilibrium position. It
is numerically egual to the accelerating force in magnitude,
but oppositein direction. Mathematically,

Inertiaforce = — Accelerating force=—m.a
m= Mass of the body, and

a= Linear acceleration of the centre
of gravity of the body.

Similarly, the inertia torque is an imaginary torque,
which when applied upon therigid body, bringsit in equilib-
rium position. It isequal to the accel erating couple in magni-
tude but opposite in direction.

where

15.2. Resultant Effect of a System of Forces
Acting on a Rigid Body
Consider a rigid body acted upon by a system of
forces. Theseforcesmay bereduced to asingleresultant force
514
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Fwhoseline of actionisat adistance h from the centre of F
gravity G. Now let usassumetwo equal and oppositeforces o f

(of magnitude F ) acting through G, and paraléel to the

resultant force, without influencing the effect of the

resultant force F, asshownin Fig. 15.1. O

A little consideration will show that the body is
now subjected to a couple (equal to F x h) and a force,
equal and parallel to the resultant force F passing through
G. Theforce F through G causeslinear accel eration of the
c¢.g. and the moment of the couple (F x h) causes angular
acceleration of the body about an axis passing through G
and perpendicular to the point in which the couple acts.

Fig. 15.1. Resultant effect of a system of
forces acting on arigid body.

Let o = Angular acceleration of the rigid body due to couple,
h = Perpendicular distance between the force and centre of gravity of the
body,

m = Mass of the body,
k = Least radius of gyration about an axis through G, and

I = Moment of inertiaof the body about an axis passing through its centre
of gravity and perpendicular to the point in which the couple acts

=m.K
We know that
Force, F =Mass x Acceleration = m.a (D)
and Fh=mkla=Ila (o 1 =mk?) (i)

From equations (i) and (ii), we can
find thevaluesof aand a, if the values of F,
m, k, and h are known.

15.3. D-Alembert’s Principle

Consider arigid body acted upon by
a system of forces. The system may be
reduced to asingle resultant force acting on
the body whose magnitude is given by the
product of the mass of the body and the linear
acceleration of the centre of massof the body.

According to Newton’s second law of The above picture shows the reciprocating parts
motion, of a 19th century oil engine.

F =ma (D)
where F = Resultant force acting on the body,
m = Mass of the body, and
a = Linear acceleration of the centre of mass of the body.
The equation (i) may also be written as:
F-ma =0 (i)
A little consideration will show, that if the quantity — m.a betreated asaforce, equal, opposite
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and with the same line of action as the resultant force F, and include this force with the system of
forces of which F is the resultant, then the complete system of forces will be in equilibrium. This
principleisknown asD-Alembert’sprinciple. The equal and oppositeforce—m.aisknown asreversed
effective force or the inertia force (briefly written as F,). The equation (ii) may be written as
F+F =0 (i)
Thus, D-Alembert’s principle states that the resultant force acting on a body together with
the reversed effective force (or inertia force), are in equilibrium.

Thisprincipleis used to reduce adynamic problem into an equivalent static problem.
15.4. Velocity and Acceleration of the Reciprocating Parts in Engines

The velocity and acceleration of the reciprocating parts of the steam engine or interna
combustion engine (briefly called as|.C. engine) may be determined by graphical method or analytical
method. Thevelocity and accel eration, by graphical method, may be determined by one of thefollowing
constructions:

1. Klien's construction, 2. Ritterhaus's construction, and 3. Bennett's construction.
We shall now discuss these constructions, in detail, in the following pages.

15.5. Klien’s Construction

Let OC bethe crank and PC the connecting rod of areciprocating steam engine, as shownin
Fig. 15.2 (a). Let the crank makes an angle 6 with the line of stroke PO and rotates with uniform
angular velocity wrad/s inaclockwisedirection. The Klien’svelocity and acceleration diagrams are
drawn as discussed below:

(a) Klien’s acceleration diagram. (b) Velocity diagram. (c) Acceleration diagram.
Fig. 15.2. Klien's construction.
Klien’s velocity diagram

First of all, draw OM perpendicular to OP; such that it intersects the line PC produced at M.
Thetriangle OCM isknown as Klien’s velocity diagram. In thistriangle OCM,

OM may be regarded as aline perpendicular to PO,

CM may be regarded as aline parallel to PC, and (- Itisthesameline)
CO may beregarded asaline parallel to CO.

We have aready discussed that the velocity diagram for given configurationisatriangle ocp



Chapter 15 : Inertia Forces in Reciprocating Parts ® 517

asshowninFig. 15.2 (b). If thistriangle isrevolved through 90°, it will be atriangle oc, p,, inwhich
oc, representsv , (i.e. velocity of C with respect to O or velocity of crank pin C) andisparalel to OC,

op, represents v, (i.e. velocity of P with respect to O or velocity of cross-head or piston P)
and is perpendicular to OP, and

C,p, represents v, (i.e. velocity of P with respect to C) and is parallel to CP.
A little consideration will show, that the triangles oc,p, and OCM are similar. Therefore,

ﬁ = & = ﬁ = w(a constant)

or - - -

0 Voo = WX OC; Vg =wx OM, and V. = wx CM

Thus, we see that by drawing the Klien’s velocity diagram, the velocities of various points
may be obtained without drawing a separate velocity diagram.
Klien's acceleration diagram

TheKlien'sacceleration dia-
gramisdrawn as discussed below:

1. First of all, draw acircle
with C as centre and CM as radius.

2. Draw another circle with
PC as diameter. Let thiscircle inter-
sect the previouscircleat K and L.

3. Join KL and produce it to
intersect PO at N. Let KL intersect !
PC at Q. Thisformsthe quadrilateral
CQNO, which is known as Klien's
acceleration diagram.

We have already discussed
that the acceleration diagram for the given configuration is as shown in Fig. 15. 2 (c). We know that

(i) oc represents a. (i.e. radial component of the acceleration of crank pin C with respect
toO) and ispardlel to CO;

(i) c'x represents af (i.e. radia component of the acceleration of crosshead or piston P
with respect to crank pin C) and is parallel to CP or CQ;

(i) xp' represents aj (i.e. tangential component of the acceleration of Pwith respect to C)
and isparallel to QN (because QN is perpendicular to CQ); and

(iv) op' represents a., (i.e. acceleration of P with respect to O or the acceleration of piston
P) and is parallel to PO or NO.

A little consideration will show that the quadrilateral o'c'x p' [Fig. 15.2 (c)] is similar to
quadrilateral CQNO [Fig. 15.2 (8)]. Therefore,

oc _cx _xg _dp _

= of (a constant)
OC CQ QN NO
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or

O aco = f XOC; ape = § xCQ

abc = of xQN; and apg = 3 xNO
Thus we see that by drawing the Klien's acceleration diagram, the acceleration of various
points may be obtained without drawing the separate accel eration diagram.
Notes: 1. The acceleration of piston P with respect to crank pin C (i.e. a,;) may be obtained from:

°p_ o 2cC _ 2
CN CN
O a,. = W xCN

2. Tofind the velocity of any point D on the connecting rod PC, divide CM at D, inthe sameratio as D
divides CP. In other words,

by _cp
CM CP
0 Velocity of D, v, = wx OD,

3. To find the accel eration of any point D on the connecting rod PC, draw aline from apoint D parallel
toPOwhichintersectsCN at D, .

O Accelerationof D, a; = w?x OD,

4. If the crank position is such that the point N lies on theright of O instead of to the |eft as shown in
Fig. 15.2 (a), then the accel eration of the piston is negative. In other words, the piston isunder going retardation.

5. The acceleration of the piston P is zero and its velocity is maximum, when N coincides with O.
Thereisno simple graphical method of finding the corresponding crank position, but it can be shown that for N
and O to coincide, the angle between the crank and the connecting rod must be slightly less than 90°. For most
practical purposes, it isassumed that the accel eration of piston Piszero, when the crank OC and connecting rod
PC are at right angles to each other.

15.6. Ritterhaus’s Construction

Let OC be the crank and PC the connecting rod of arciprocating steam engine, as shown in
Fig. 15.3. Let the crank makes an angle 8 with the line of stroke PO and rotates with uniform angular
velocity w rad/s in a clockwise direction. The Ritterhaus's velocity and acceleration diagrams are
drawn as discussed below:

Fig. 15.3. Ritterhaus's construction.

Ritterhaus's velocity diagram

Draw OM perpendicular to theline of stroke PO, such that it intersects the line PC produced
at M. Thetriangle OCM is known as Ritterhaus's vel ocity diagram. It is similar to Klien’s velocity
diagram.
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O Velocity of Cwith respect to O or the velocity of crank pin C,
Voo = Ve =wx0C
Velocity of Pwith respect to O or the velocity of crosshead or piston P,
Vpg = Vp= WX OM
and velocity of P with respect to C, Ve = WXCM
Ritterhaus's acceleration diagram
The Ritterhaus's accel eration diagram is drawn as discussed below:
1. From point M, draw MK parallel to the line of stroke PO, to interect OC produced at K.
2. Draw KQ parallel to MO. From Q draw QN perpendicular to PC.

3. The quadrilateral CQNO is known as Ritterhaus's acceleration diagram. Thisis similar
to Klien's acceleration diagram.

O Radial component of the acceleration of C with respect to O or the acceleration of crank

pin C,
aco =8 = of xOC
Radial component of the acceleration of the crosshead or piston P with respect to crank
pin C,

3 = of xCQ
Tangential component of the acceleration of P with respect to C,
apc = ¥ xQN

and acceleration of P with respect to O or the acceleration of piston P,

a0 = a8 = of xNO
Notes : 1. The acceleration of piston P with respect to crank pin C is given by
3c = WxCN

2. Tofind the velocity of any point D on the connecting rod PC, divide CM at D, inthe sameratio as D
divides CP. In other words,

by _ €D
CM CP
0 Velocity of D Vp = wx 0D,

3. To find the acceleration of any point D on the connecting rod PC, draw DD, parallel to the line of
stroke PO, which intersects CN at D,,. The acceleration of D is given by

a, = w? x 0D,
15.7. Bennett’s Construction

Let OC be the crank and PC the connecting rod of reciprocating steam engine, as shown in
Fig. 15.4. Let the crank makes an angle 8 with the line of stroke PO and rotates with uniform angular
velocity w rad/s in the clockwise direction. The Bennett’'s velocity and acceleration diagrams are
drawn as discussed below:

Bennett's velocity diagram

When the crank OC isat right angleto theline of stroke, it occupiesthe postition OC, and the
crosshead P movesto the position P, asshownin Fig. 15.4. Now, produce PC to intersect OC, at M.
Thetriangle OCM isknown as Bennett’s vel ocity diagram. It issimilar to Klien's velocity diagram.
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Fig. 15.4. Bennett's construction.
O Velocity of Cwith respect to O or the velocity of crank pin C,
Vo = Ve =wx 0OC
Velocity of Pwith respect to O or the velocity of crosshead or piston P,
Vpg = Vp=wx OM

and velocity of P withrespectto C, v =wx CM
Bennett's acceleration diagram
The Bennett's acceleration diagram is drawn as discussed below:

1. From O, draw OL, perpendicular to P,C, (i.e. position of connecting rod PC when crank is
at right angle). Mark the position of point L on the connecting rod PC suchthat CL =C,L,.

2. FromL, draw LK perpendicular to PC and from point K draw KQ perpendicular to theline
of stroke PO. From point C, draw CN perpendicular to the line of stroke PO. Join NQ. A little
consideration will show that NQ is perpendicular to PC.

3. The quadrilateral CQNO is known as Bennett's acceleration diagram. It is similar to
Klien’s accel eration diagram.

O Radial component of the acceleration of C with respect to O or the acceleration of the
crank pin C,
abo =8 =of xOC
Radial component of the acceleration of the crosshead or piston P with respect to crank

pin C,
apc = o xCQ
Tangential component of the acceleration of P with respect to C,
apc = of XQN

and acceleration of P with respect to O or the acceleration of piston P,

apo = a = af xNO
Notes : 1. The acceleration of piston P with respect to crank pin C is given by

apc = uf XCN

2. Thevelocity and acceleration of any point D on the connecting rod PC may be obtained in the similar
way, as discussed in the previous articles, i.e.
Velocity of D, vy = wx OD,

and Acceleration of D, a; = w? x OD,,
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Example 15.1. The crank and connecting rod of a reciprocating engine are 200 mm and 700
mm respectively. The crank is rotating in clockwise direction at 120 rad/s. Find with the help of
Klein's construction: 1. Velocity and acceleration of the piston, 2. Velocity and acceleration of the
mid point of the connecting rod, and 3. Angular velocity and angular acceleration of the connecting
rod, at the instant when the crank is at 30° to 1.D.C. (inner dead centre).

Solution. Given: OC=200mm=0.2m; PC=700 mm = 0.7 m; w= 120 rad/s

Fig. 15,5

TheKlein'svelocity diagram OCM and Klein'saccel eration diagram CQNO asshownin Fig.
15.5isdrawn to somesuitable scale, in the similar way asdiscussed in Art. 15.5. By measurement, we
find that

OM =127mm=0.127m; CM=173mm=0.173m; QN=93mm=0.093m ; NO =200 mm
=02m

1. Velocity and acceleration of the piston
We know that the velocity of the piston P,
Vp=wx OM =120 x 0.127 = 15.24 m/s Ans.
and acceleration of the piston P,
a, = w? x NO = (120)?x 0.2 = 2880 m/s?> Ans.
2. Velocity and acceleration of the mid-point of the connecting rod

In order to find the velocity of the mid-point D of the connecting rod, divideCM at D, inthe
sameratio as D divides CP. Since D isthe mid-point of CP, therefore D, isthe mid-point of CM, i.e.
CD, =D,M. Join OD,. By measurement,

OD, =140mm=0.14 m
O Velocity of D, vy = wx OD, = 120 x 0.14 = 16.8 m/s Ans.

In order to find the acceleration of the mid-point of the connecting rod, draw aline DD,
parallel to the line of stroke PO which intersects CN at D,,. By measurement,

OD,=193mm=0.193 m
O Acceleration of D,
ay = w? x OD,, = (120)? x 0.193 = 2779.2 m/s? Ans.
3. Angular velocity and angular acceleration of the connecting rod
We know that the vel ocity of the connecting rod PC (i.e. velocity of P with respect to C),
Vpe = WX CM =120 x 0.173 = 20.76 m/s
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O Angular acceleration of the connecting rod PC,

_Vee 2076 _5q 66 radis Ans

PC 07
We know that the tangential component of the acceleration of P with respect to C,

abe = of xQN =(120)% x0.093 =1339.2 m/s®
O Angular acceleration of the connecting rod PC,

Upe = € = _7 =1913.14 rad/s’ Ans

Example 15.2. Inadider crank mechanism, the length of the crank and connecting rod are
150 mm and 600 mm respectively. The crank position is 60° frominner dead centre. The crank shaft
speed is 450 r.p.m. clockwise. Using Ritterhaus's construction, determine 1. Velocity and accelera-
tion of the dlider, 2. Velocity and acceleration of point D on the connecting rod which is 150 mmfrom
crank pin C, and 3. angular velocity and angular acceleration of the connecting rod.

Solution. Given : OC =150 mm=0.15m; PC=600mMm=0.6m;CD =150 mm=0.15m;
N =450 r.p.m. or w = 21t % 450/60 = 47.13 rad/s

The Ritterhaus's velocity diagram OCM and acceleration diagram CQNO, as shown in
Fig. 15.6, isdrawn to some suitable scale in the similar way as discussed in Art. 15.6. By measure-
ment, we find that

OM=145mm =0145m; CM =78 mm = 0.078 m; QN = 130 mm = 0.13 m; and

NO=56mm=0.056 m K
KT - - = M

1. Velocity and acceleration of the slider
We know that the velocity of the slider P,
Vp = W xOM =47.13 x0.145 =6.834 m/s Ans.
and acceleration of the slider P,
3 =of xNO =(47.13)* x0.056 =124.4 m/s® Ans.
2. Velocity and acceleration of point D on the connecting rod

In order to find the velocity of point D on the connecting rod, divide CM at D, in the same
ratio as D divides CP. In other words,
g:C_D or CDlzc_DxCM :@ x78 =19.5 mm
CM CP CcP 600
Join OD,. By measurement, OD, = 145 mm = 0.145m
O Velocity of point D,

Vp = wx0D; =47.13 x0.145 =6.834 m/s Ans.
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In order to find the acceleration of point D on the connecting rod, draw DD, parallel to the
line of stroke PO. Join OD,,. By measurement, we find that OD,, = 120 mm = 0.12 m.
00 Acceleration of point D,
ap = o xOD, =(47.13)> x0.12 =266.55 m/s® Ans.
3. Angular velocity and angular acceleration of the connecting rod
We know that the vel ocity of the connecting rod PC (or the vel ocity of point Pwith respect

to C),
Ve = W XCM =47.13 x0.078 =3.676 m/s
O Angular velocity of the connecting rod,
_Vee 3676 ¢ 157 radis Ans.
PC 0.6
We know that the tangential component of the acceleration of P with respect to C,
abe = of xQN =(47.13)% x0.13 =283.76 m/s®
O Angular acceleration of the connecting rod PC,
t
Qpe = € = 288.76 _ 481,27 radi? Ans
PC 0.6
15.8. Approximate Analytical Method for Velocity and Acceleration of the
Piston

Consider the motion of acrank and connecting rod of areciprocating steam engine as shown
in Fig. 15.7. Let OC be the crank and PC the connecting rod. Let the crank rotates with angular
velocity of w rad/s and the crank turnsthrough an angle 6 from theinner dead centre (briefly written
as|.D.C). Let x bethedisplacement of areciprocating body Pfrom|.D.C. after timet seconds, during
which the crank has turned through an angle 6.

Fig. 15.7. Motion of a crank and connecting rod of a reciprocating steam engine.
Let | = Length of connecting rod between the centres,

r Radius of crank or crank pin circle,
Inclination of connecting rod to the line of stroke PO, and

Ratio of length of connecting rod to the radius of crank = 1/r.

S 6
Il

Velocity of the piston
From the geometry of Fig. 15.7,

x=PP=0P -OP =(PC +CO) -(PQ +QO)

0. PQ=Icose0
=( +r) —(I cos @ +r cos § “Hnd QO = cos 8H
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or

Note:

=r(l-cos6) +I (1 -cos @ =r al—cose) +IF(1—cos (QE

=r[@-cosB) +n (@ —cos @] (D)
From triangles CPQ and CQO,
CQ =1Ising=rsin® or I/r =sinB/sing
O n =snb/sng or sn@=snb/n (i)
N 1
Weknow that,  cos ¢ =(1 - sin® g)2 —g-sm 952
O
Expanding the above expression by binomial theorem, we get
1 sm 6 -
cos@ =1 - > 5— tee ...(Neglecting higher terms)
n
sin?9
l-coso= (i
0= (iii)
Substituting the value of (1 —cos @) in equation (i), we have
0 n? 0 200
X=r [(1—cose)+n>< & g=r [([1 cose)+sm GD (iv)
0 2n? D ng -

Differentiating equation (iv) with respect to 6,
dx . 1 sin26[]
%—r n9+2—><23|necos%—r%s 9+4% (V)
(- 25n6.cosB =sin 26)
O Velocity of Pwith respect to O or velocity of the piston P,
V, =V, dX dX @ :% X W
PO " dt de dt de
...(~ Ratio of change of angular velocity =d6/dt = )
Substituting the value of dx/d8 from equation (v), we have

sn200 _
on H (Vi)

Voo = Vp = gn9+

We know that by Klien's construction,
Vp = W xOM
Comparing this equation with equation (vi), we find that

sin 200J

Zn%

OM:rE§in6+
d

Acceleration of the piston

Sincethe acceleration isthe rate of change of velocity, therefore accel eration of the piston P,
= % = % X @ = % X (}J
d do dt de
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Differentiating equation (vi) with respect to 6,

dvp 0 €0s 20 x 2] 0 €0s260]
—— =r 0SS0 +——— 1 = wr xosO +
d B on 4 HE° n B
o avp .
Substituting the val ue of e M the above equation, we have

ap = r %os 0+ COT]ZGE X W=Q@r Ecos 0 +% (Vi)

Notes: 1. When crank is at the inner dead centre (1.D.C.), then 6 = 0°.

0 ap = 6Pr %:osO°+COSOE:(S.r%;L+%
2. When the crank is at the outer dead centre (O.D.C.), then 6 = 180°.

= ofr Hos1g0 + 05221800 _ 2 Ly, 1)
H B = W gosI80TE T g S LY I

Asthe direction of motion isreversed at the outer dead centre therefore changing the sign of the above
expression,

v =ifr -1

n

T Tre—

Above picture shows a diesel engine. Steam engine, petrol engine and diesel engine, all
have reciprocating parts such as piston, piston rod, etc.

15.9. Angular Velocity and Acceleration of the Connecting Rod

Consider the motion of aconnecting rod and acrank asshown in Fig. 15.7.From the geometry
of thefigure, we find that

CQ =Ilsinp=rsnb
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. _r _ . . _sin® 0.0
D Sm(p—l— XSHB—T B n rB
Differentiating both sides with respect to timet,
cos ¢ x 39 de _cos 6 Xd_e _cos 6 X 0 E dé _ [
dt n dt n dt

Sincetheangular velocity of the connecting rod PC is same asthe angular velocity of point P
with respect to C and is equal to dg/dt, therefore angular velocity of the connecting rod

d(p cos 6 w w_cos 6

= — X—— =— X—m
e dt n COS@ n cos @
1
1 ) = .
_ .2 Y, _d sin“BLR 0. aneq=SN60
We know that, cos<p_(1-sm2(p)2 _El_ > E [ sne == =1
W cos 6 W cos 6
0 wPC S= & 1 S= &
n 0 Snz GEE n 7(”2 S'n2 9)1/2
d-——0
U n° O
_ wcos 0 _
‘m (i)
Angular acceleration of the connecting rod PC,
& = Angular acceleration of Pwith respect to C = d((:tpc)
We know that
d(wpc) _ d((*bc) de d((*bc) (ii)
dt de dt de
(e dB/dt = )

Now differentiating equation (i), we get
d(wpe) _ d O wcos® 0O
d6  de Hn® -sin® 621

—gin 61/2( sin e)] —[(COS@ xl (n sin2 0_1/2 x —2sin 6cos %

= [!
g n® -sin’9 B
_ B( - sin?@)Y?(-sin § +(n? —sin? Y2 sin Bcos? %
0 n’ —sin”@ O
- _wsin egnz ~ sin? g)12 —(n2 -sin? §7Y2 cos? 6]
0 n? —sin’@ EJ

E(n - sn?6) —cos® 6]

= - wsn GD (n —dn e)3/2 D ..[Dividing and multiplying by(n —-sin 9)1/2]
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- wsin O s —wsin §(n? -
S5 35 -(sn“96 +C032 5 a5
3/2 @1 ( G)E (n2 _S'n2 6)3/2

(n? —sin? )
(- sin%0 + cos? B =1)
_ d(wp _ -« snB(n® -l
Ho e dBC)V W= (n? — sin? g)%'2 ...[From equation (ii)] (i)

The negative sign shows that the sense of the acceleration of the connecting rod is such that it tends to
reduce the angle @.
Notes: 1. Sincesin?0issmall ascompared to n?, thereforeit may be neglected. Thus, equations (i) and (iii) are
reduced to

_wcos B _ —fsin B(n? 1)

, and Opc = 3

n
2. Also in equation (iii), unity is small as compared to n?, hence the term unity may be neglected.
2 .
-w’sin 6
. e

Example 15.3. If the crank and the connecting rod are 300 mm and 1 m long respectively
and the crank rotates at a constant speed of 200 r.p.m., determine: 1. The crank angle at which the
maximum vel ocity occurs, and 2. Maximum vel ocity of the piston.

Solution. Given: r=300mm=0.3m;|=1m;N=200r.p.m. or w= 2 11x 200/60 = 20.95 rad/s
1. Crank angle at which the maximum velocity occurs

Let 08 = Crank angle from the inner dead centre at which the maximum
velocity occurs.

We know that ratio of length of connecting rod to crank radius,
n = Il/r=203=333

and velocity of the piston,
v —mrD'n9+Sin29D )
p= Ef‘ on H (i)
For maximum velocity of the piston,
%:0 ie r ﬁ:ose+2cosze|]=0
doe 2n
or ncos@+2cos?8-1=0 ..(~ c0s 208 =2 cos® 8 -1)

2c0s?0+3.33c0os0-1=0

~333+,/(333)2 + 4 x2 x1

cos B =
. 2x2

=0.26 ...(Taking + ve sign)

or €& 75°Ans.
2. Maximum velocity of the piston
Substituting the value of 8 = 75° in equation (i), maximum velocity of the piston,

Vi(mag = G %n?? + S”;:O E =20.95 ><0.3EO.966 ¥ % m's

= 6.54 m/s Ans
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Example 15.4. The crank and connecting rod of a steam engine are 0.3 mand 1.5 min
length. The crank rotates at 180 r.p.m. clockwise. Determine the velocity and acceleration of the
piston when the crank is at 40 degrees from the inner dead centre position. Also determine the
position of the crank for zero acceleration of the piston.

Solution. Given: r=0.3;1=1.5m; N =180 r.p.m. or w= 11X 180/60 = 18.85 rad/s; 6 = 40°
Velocity of the piston

We know that ratio of lengths of the connecting rod and crank,

n=I/r=1503=5
O Velocity of the piston,

i sin80°
Vp:mrisin9+smzem O

0.
=18.85 x0.3 (§in40° + m/s
2n H BS 2x5 H
= 4.19 m/s Ans.

Acceleration of the piston
We know that accel eration of piston,

cos 29@ - (18.85)2 xo.ﬁcos 400+
n

ap:ooz.rﬁsose+ @Em/s2

= 85.35 m/s® Ans
Position of the crank for zero acceleration of the piston

Let 8, = Position of the crank from theinner dead centre for zero acceleration
of the piston.
We know that accel eration of piston,
a0 = G ﬁ:os o, + cos 26, [
n
wr
or 0=""(ncos@ +cos26) ~( 3 =0)
n
00 ncosB, +cos26,=0
5cosB, +2cos’0,—1=0 or 2cos?0,+5c0s8,—-1=0
~5+ /5% +4x1x2
0 cos @, = =0.1862 ...(Taking + ve sign)
2x2
or B8 79.27° or 280.73° Ans.

Example 15.5. In a dider crank mechanism, the length of the crank and connecting rod are
150 mm and 600 mm respectively. The crank position is 60° frominner dead centre. The crank shaft
speed is450r.p.m. (clockwise). Using analytical method, determine: 1. Vielocity and acceleration of
the dlider, and 2. Angular velocity and angular acceleration of the connecting rod.

Solution. Given: r =150 mm =0.15m; | = 600 mm = 0.6 m; 6 = 60°; N = 400 r.p.m or
w=Trx 450/60 = 47.13 rad/s
1. Velocity and acceleration of the slider

We know that ratio of the length of connecting rod and crank,

n=1/r=06/015=4
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O Velocity of the dlider,

0. sin260 0. sin 120°0
Vo = @I 8N + =47.13 x0.15 sin 60° + m/s
: ES 2n H BS 2%x4 H
= 6.9 m/s Ans.
and acceleration of the dlider,
cos 20 c0s120°[] /2

ap = WBr ﬁ:os 6 + <> = =(47.19 ><O.15§cos 60° +

=124.94 m/s? Ans.
2. Angular velocity and angular acceleration of the connecting rod
We know that angular velocity of the connecting rod,

_wcos 6 _47.13 xcos 60°

n
and angular acceleration of the connecting rod,

_ f sin 6 _ (47.13)* xsin 60°
n 4

=5.9 rad/s ANS.

=481 rad/s® Ans.

Opc

15.10. Forces on the Reciprocating Parts of an Engine, Neglecting the
Weight of the Connecting Rod

The various forces acting on the reciprocating parts of ahorizontal engine are shown in Fig.
15.8. The expressionsfor these forces, neglecting the weight of the connecting rod, may be derived as
discussed below :

1. Piston effort. It is the net force acting on the piston or crosshead pin, along the line of
stroke. It is denoted by F,in Fig. 15.8.

B

\ /
WR
Fig. 15.8. Forces on the reciprocating parts of an engine.

Let m, = Mass of the reciprocating parts, e.g. piston, crosshead pin or
gudgeon pin etc., in kg, and

W, = Weight of the reciprocating partsin newtons = m..g
We know that accel eration of the reciprocating parts,
cos 26
n

ag =ap = ur ﬁ:ose+
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O *Accelerating force or inertiaforce of the reciprocating parts,
cos 200
T H

F = mg.ag = Mg.02r Sl:ose +
n
It may benoted that in ahorizontal
engine, the reciprocating parts are
accelerated fromrest, during thelatter half
of the stroke (i.e. when the piston moves
from inner dead centre to outer dead
centre). Itis, then, retarded during thel atter
half of the stroke (i.e. when the piston
movesfrom outer dead centreto inner dead
centre). The inertia force due to the
acceleration of the reciprocating parts,
opposes the force on the piston dueto the
difference of pressuresin the cylinder on
the two sides of the piston. On the other
hand, the inertia force due to retardation of the reciprocating parts, helps the force on the piston.
Therefore,

Connecting rod of a petrol engine.

Piston effort, F> = Net load on the piston ¥ Inertia force
=F FH ...(Neglecting frictional resistance)
=F FF - R ...(Considering frictional resistance)
where R = Frictional resistance.

The—-ve sign is used when the piston is accelerated, and +ve sign is used when the piston is
retarded.

In adouble acting reciprocating steam engine, net load on the piston,
I:L = plAl_pz A2 = p1 Al_pz (Al_a)

where p,, A, = Pressure and cross-sectional area on the back end side of the
piston,

p,, A, = Pressure and cross-sectional area on the crank end side of the
piston,

a = Cross-sectional area of the piston rod.
Notes: 1.If ‘p’ isthe net pressure of steam or gas on the piston and D is diameter of the piston, then

m
Net load on the piston, F, = Pressure x Area= P - % D2

2. In case of avertical engine, the weight of the reciprocating parts assists the piston effort during the
downward stroke (i.e. when the piston moves from top dead centre to bottom dead centre) and opposes during
the upward stroke of the piston (i.e. when the piston moves from bottom dead centre to top dead centre).

O Piston effort, Fe=F FFK tW; - R

2. Force acting along the connecting rod. It is denoted by Fo in Fig. 15.8. From the geom-
etry of thefigure, we find that

Fe
Cos @

FQ:

*  The acceleration of the reciprocating parts by Klien's construction is,
a,=wxNO
O F = m,.uw x NO
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i 2
sn“o
Weknow that cos @ =,/1 ——
n
0 Fo = Fe
in2
1_sm 0
n2

3. Thrust on the sides of the cylinder walls or normal reaction on the guide bars. It is
denoted by F,, in Fig. 15.8. From the figure, we find that

0 Fo O

IP .
xsin @ =F5 tan @ e Fo =
P H "?7 cos

Cos @

4. Crank-pin effort and thrust on crank shaft bearings. The force acting on the connecting

rod FQ may be resolved into two components, one perpendicular to the crank and the other along the

crank. The component of FQ perpendicular to the crank isknown as crank-pin effort and it isdenoted

by F inFig. 15.8. The component of F, along the crank produces athrust on the crank shaft bearings
and it isdenoted by Fy in Fig. 15.8.

Resolving FQ perpendicular to the crank,

Fn = Fo sing =

Fr=Fosn(®@+¢ = Fe xsin (0 + @
cos @

and resolving FQ aong the crank,

Fg =Fycos(B+¢@ = Fe xcos (0 + @
Cos @

5. Crank effort or turning moment or torque on the crank shaft. The product of the crank-
pin effort (F;) and the crank pin radius (r) is known as crank effort or turning moment or torgue on
the crank shaft. Mathematically,

:Fpsin(6+q)xr

Crank effort, T=F xr
cos @
_ F> (sn B cose +cos Bsin ¢ r
cos @

sin e, ;
coscpH

= Fp(sin 6 + cos Btan @ xr (D)

0.
FpEfmleCOSGX

Weknow that | sh@ =rsin@
sn 6

H.n=
o ~Brn="1

sin(pzlisin 0=

02
and cos@ =41 -sin> ¢ = |1 _sm29 =l\/ n’> -sin’> @
n n
0 tanq)_sm(p_sme)< n _ sin 6

Tcosg n \/nz—sinzﬁ _\/nz—sinze
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Substituting the value of tan @ in equation (i), we have crank effort,

. cos0snBO O
T=F@N0+———pxr
w/n2—sin2(aﬁ
0. sn20 [
:F Xr n9+7 o
P ﬁﬂ 2 n2—sin2(aﬁ (1)

..(2cosBsn B =sn26
Note:  Sincesin? 8 isvery small as compared to n? therefore neglecting sin® 8, we have,

sin 2600 _

0.
Crank effort, T=FpXrrsin@ + =Fp xOM
P ES' 2n B P
We have seen in Art. 15.8, that
oM :rEsine+S'”29E]
2n

Therefore, it is convenient to find OM instead of solving the large expression.

Example 15.6. Find the inertia force for the following data of an I.C. engine.

Bore = 175 mm, stroke = 200 mm, engine speed = 500 r.p.m., length of connecting rod =
400 mm, crank angle = 60° from T.D.C and mass of reciprocating parts = 180 kg.

Solution. Given: *D =175mm ;L =200mm=0.2morr=L/2=0.1m; N=500r.p.m. or
w = 21 x 500/60 =52.4 rad/s ; | = 400 mm = 0.4 m ; m; = 180 kg

The inertia force may be calculated by graphical method or analytical method as discussed
below:

1. Graphical method

First of al, draw the Klien’s acceleration diagram OCQN to some suitable scale as shown in
Fig. 15.9. By measurement,

ON = 38mm=0.038 m
00 Acceleration of the reciprocating parts,
a, = w? x ON
= (52.4)?x 0.038 = 104.34 m/s
We know that inertiaforce,
F, =mg x a, =180 x 104.34 N
=18780 N=18.78kN Ans.
2. Analytical method
We know that ratio of lengths of connecting rod and crank,
n=1/r=04/01=4
cos 20[]
n

O Inertiaforce, F = mg.ofr ﬁ:os 0+

220 =18500 N

=180 x (52.4)% x 0.1 ﬁ:os 60° +

=18.53 kN Ans.

*  Superfluous data.
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Example15.7. The crank-pin circleradius of a horizontal engineis 300 mm. The mass of the
reciprocating partsis 250 kg. When the crank hastravelled 60° from1.D.C., the difference between
the driving and the back pressuresis 0.35 N/mm?. The connecting rod length between centresis 1.2 m
and the cylinder boreis 0.5 m. If theenginerunsat 250 r.p.m. and if the effect of piston rod diameter
is neglected, calculate: 1. pressure on dide bars, 2. thrust in the connecting rod, 3. tangential force
on the crank-pin, and 4. turning moment on the crank shaft.

Solution. Given: r = 300 mm = 0.3 m; my = 250 kg; 6 = 60°; p, — p, = 0.35 N/mm?,
[=12m;D=05m=500mm ;N =250r.p.m.or w=2T1x 250/60 = 26.2 rad/s

First of all, let usfind out the piston effort (Fy).
We know that net load on the piston,

FL=(p - P2) E x D2 =035 xf(500)2 ~68730 N

...(". Force = Pressure x Area)
Ratio of length of connecting rod and crank,
n=1/r=12/03=4
and accelerating or inertiaforce on reciprocating parts,

cos 26[]
n

F :mR.werpose+

cos 120 ﬁ ~19306 N

= 250 (26.2)2 0.3 ﬁ:os 60° +

O Piston effort, F,=F_—F =68 73019306 =49 424 N = 49.424 kN
1. Pressure on dide bars
Let @ Angle of inclination of the connecting rod to the line of stroke.

sin @ _sin 60° _0.866
4

We know that, sin ¢ = =0.2165

0 @ 12.5°
We know that pressure on the slide bars,
Fy = Fptan 9=49.424 x tan 12.5° = 10.96 KN Ans.

2. Thrugt in the connecting rod
We know that thrust in the connecting rod,

=50.62 kN Ans.

F o= Fo _ 49424
Q cos @ cosl2.5°

3. Tangential force on the crank-pin
We know that tangential force on the crank pin,
Fr =Fg sin (8 + ¢ =50.62sin (60 ° +12.5) =48.28 kN Ans,
4. Turning moment on the crank shaft
We know that turning moment on the crank shaft,
T = F; xr =48.28 x0.3 =14.484 kKN-m Ans.
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Example 15.8. A vertical double acting steam engine has a cylinder 300 mm diameter and
450 mm stroke and runs at 200 r.p.m. The reciprocating parts has a mass of 225 kg and the piston rod
is 50 mm diameter. The connecting rod is 1.2 m long. When the crank has turned through 125°
fromthetop dead centre, the steam pressure above the piston is 30 kN/n and bel ow the pistonis 1.5
kN/n?. Calculate the effective turning moment on the crank shaft.

Solution. Given: D =300mm =03 m; L =450 mmorr=L/2=225mm=0.225m;
N =200 r.p.m. or w= 211 x 200/60 = 20.95 rad/s ; my=225kg; d=50mm =0.05m ;I =12m;
8=125°;p, =30 kN/m? = 30 x 10° N/m?; p,=15 KN/m?2 = 1.5 x 103 N/m?

We know that area of the piston,

A = g x D2 :%:x (03?2 =0.0707

11 s
and areaof thepistonrod, @ = d? =% (0.05)% =0.00196 m?
[0 Force on the piston due to steam pressure,
FL=pA - (A -29)
=30 x10° x0.0707 -1.5 x10° (0.0707 —0.001 96) N
=2121-103=2018 N
Ratio of lengths of connecting rod and crank,
n=1/r=1212/0225=533
and inertiaforce on the reciprocating parts,

O cos 200
F, = m,.w°.r [0oso +
1= Mp 001 (050 + = =
O cos 250°
= 225 (20.95)? x 0.225 ros125° + =-14 172N
( ) Ex 533 O

We know that for avertical engine, net force on the piston or piston effort,
Fo = F —F +mgg
= 2018 - (—14 172) + 225x 9.81 = 18 397 N

Let @= Angle of inclination of the connecting rod to the line of stroke.
Weknow that, sin@ = siné =3n 125 = 0.8191 =0.1537

533 5.33
0 @ =884°

We know that effective turning moment on the crank shaft,

Fo xsin(6+ ¢ p = 18397 sin(125° +8.84 )
CoSs @ cos 8.84°

= 3021.6 N-m Ans.

Example 15.9. The crank and connecting rod of a petrol engine, running at 1800 r.p.m.are
50 mmand 200 mmrespectively. The diameter of the piston is80 mmand the mass of the reciprocat-
ing partsis 1 kg. At a point during the power stroke, the pressure on the piston is 0.7 N/mnm?, when it
has moved 10 mmfromtheinner dead centre. Determine: 1. Net load on the gudgeon pin, 2. Thrust
in the connecting rod, 3. Reaction between the piston and cylinder, and 4. The engine speed at which
the above values become zero.

Solution. Given : N = 1800 r.p.m. or w = 21t x 1800/60 = 188.52 rad/s ; r = 50 mm = 0.05 m;
=200 mm; D=80mm; m,=1Kg; p=0.7N/mm?; x =10 mm

T= x0.225 N-m
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1. Net load on the gudgeon pin
We know that load on the piston,

3 :gsz p :7’:><(80)2 x0.7 =3520 N

Fig. 15.10
When the piston has moved 10 mm from the inner dead centre, i.e. when P,P = 10 mm, the

crank rotates from OC, to OC through an angle 6 as shown in Fig. 15.10.
By measurement, we find that *0 = 33°.
We know that ratio of lengths of connecting rod and crank,
n = 1/r=200/50=4
and inertiaforce on the reciprocating parts,

F =mgag = mg.ofr Ecose + cos 280
n
= 1x (188.52)? x0.05 Ecos 330 + 90566 ﬁ =1671 N

We know that net load on the gudgeon pin,
Fo =F - F =3520 -1671 =1849 NAns.
2. Thrust in the connecting rod

Let ¢ = Angleof inclination of the connecting rod to theline of
stroke.
We know that, sin @ = Sin® _sin33® _05446 =0.1361
n 4 4
O @ =782°

*  Theangle 8 may also be obtained as follows:

g sin? GD 1- cos® &
X=r - 0) + =r cos 6) +
We know that [{1 - cos 6) on D(l S —EI2 n

5
10 = 50[(1 cose)+12+oze|:| — H8-8cos 6 +1 —cos? &

=50-50cos0 + 6.25—6.25 cos? 0
or 6.25 cos? 0 + 50 cos 6 —56.25 =0
Solving this quadratic equation, we get 6 = 33.14°
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Twin-cylinder aeroplane engine.

We know that thrust in the connecting rod,

Fo 1849

= =1866.3N Ans.
cos@ cos7.82°

FQ:

3. Reaction between the piston and cylinder
We know that reaction between the piston and cylinder,

Fy = Fp tan @ =1849 tan 7.82° =254 N Ans.

4. Engine speed at which the above values will become zero

A little consideration will show that the above valueswill becomezero, if theinertiaforce on
the reciprocating parts (F,) is equal to the load on the piston (F, ). Let w, be the speed in rad/s, at
whichF =F .

O
0 mg(w)?r B:ose+

1(y)? x0.05 ﬁ:os 33° + x(80)2 x0.7 or 0047 ()? =3520

O (w,)>=3520/0.047 = 74 894 or w, = 273.6 rad/s
O Corresponding speed inr.p.m.,
N, =273.6 x 60/ 2rt=2612r.p.m. Ans.

Example 15.10. During atrial on steamengine, it isfound that the acceleration of the piston
is 36 m/s? when the crank has moved 30° fromtheinner dead centre position. The net effective steam
pressure on the piston is 0.5 N/mn and thefrictional resistanceis equivalent to a force of 600 N. The
diameter of the piston is 300 mm and the mass of the reciprocating partsis 180 kg. If the length of
the crank is 300 mm and the ratio of the connecting rod length to the crank length is 4.5, find:
1. Reaction on the guide bars, 2. Thrust on the crank shaft bearings, and 3. Turning moment on the
crank shaft.

Solution. Given: a, = 36 m/s?; 8 = 30°; p = 0.5 N/mm?; R-= 600 N; D = 300 mm;
M, =180kg;r=300mm=03m;n=1/r=45
1. Reaction on the guide bars

First of al, let usfind the piston effort (F.). We know that load on the piston,

F = px xD” =05 x x(300)° =35350 N
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and inertiaforce due to reciprocating parts,
F, =mg x a,=180 x 36 = 6480 N
O Piston effort, F,=F_—F, —R.=35 350 - 6480 — 600 = 28 270 N = 28.27 kN

Let ¢ = Angle of inclination of the connecting rod to the line of stroke.
Weknow that sin @=sin8/n=sn30°/4.5=0.1111
O @ =6.38°

We know that reaction on the guide bars,
Fy =Fptan @=28.27tan 6.38° = 3.16 kN Ans.
2. Thrust on the crank shaft bearing
We know that thrust on the crank shaft bearings,
_ Fp cos(B + ¢ _ 28.27 cos (30° + 6.38°)

8 CoSs @ cos 6.38°
3. Turning moment on the crank shaft

We know that turning moment on the crank shaft,

=229 kN Ans.

_Fp sn®+q@ p = 28.27 sin (30° +6.389
CoSs @ Cos 6.38°

T x 0.3 kN-m

=5.06 kN-m

Example 15.11. A vertical petrol engine 100 mm diameter and 120 mm stroke has a
connecting rod 250 mm long. The mass of the piston is 1.1 kg. The speed is 2000 r.p.m. On the
expansion stroke with a crank 20° fromtop dead centre, the gas pressure is 700 kN/n. Determine:

1. Net force on the piston, 2. Resultant load on the gudgeon pin,
3. Thrust on the cylinder walls, and 4. Speed above which, other things re-
maining same, the gudgeon pin load would be reversed in direction.

Solution. Given: D =100 mm =01 m; L =120 mm = 0.12 m or
r=_L/2=006m;!=250mm=025m; mg,=11kg; N =2000r.p.m.or
w = 2 Tr% 2000/60 = 209.5 rad/s ; 8 = 20°; p = 700 KN/m?
1. Net force on the piston

The configuration diagram of avertical engineisshowninFig. 15.11.

We know that force due to gas pressure,

700 KN/m~

F=p x; xD? =700 xf x(0.)? =55kN
= 5500 N
and ratio of lengths of the connecting rod and crank,

n=1/r=0.25/0.06 = 4.17
O Inertia force on the piston,

cos 20[]
n

F = mg.ofr ﬁ:ose +

cos 40°(] B.D.C
417 0 Fig. 15.11

=1.1x (209.5)2 x 0.06 x ﬁ:os 20° +
= 3254 N
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We know that for avertical engine, net force on the piston,
Fe=F -k +W; =F -F +m:.g
= 5500 - 3254 +1.1 x9.81 =2256.8 N Ans.

2. Resultant load on the gudgeon pin

Let @ = Angle of inclination of the connecting rod to the line of stroke.

We know that,

sin@=sn0/n=sin20°/4.17 = 0.082

O o =47

We know that resultant load on the gudgeon pin,
Fo _ 2256.8

cos@ cos4.7°
3. Thrust on the cylinder walls

We know that thrust on the cylinder walls,

FQ = =2265 N Ans.

Fy = Fp tan @ =2256.8 xtan 4.7 ° =185.5 N Ans.
4. Speed, above which, the gudgeon pin load would be reversed in direction
Let N, = Required speed, inr.p.m.
Thegudgeon pinloadi.e. FQ will bereversedindirection, if FQ becomes negative. Thisisonly
possible when F is negative. Therefore, for F to be negative, F, must be greater than (F + W),

cos 29@ >5500 +1.1 x9.81
n

0
ie Mg (00y)°r pos 6 +

cos 40 ﬁ >5510.8

1.1 (63)? x0.06 ﬁ:os 20° +

0.074 (w)® >5510.8 or (w)> >5510.8/0.074 or 74 470

or w, >273rad/s
O Corresponding speed inr.p.m.,
N, > 273x60/2m  or 2606 r.p.m.Ans.

Example 15. 12. A horizontal steam engine running at 120 r.p.m. has a bore of 250 mmand
a stroke of 400 mm. The connecting rod is 0.6 m and mass of the reciprocating partsis 60 kg. When
the crank has turned through an angle of 45° from the inner dead centre, the steam pressure on the
cover end sideis 550 kN/m? and that on the crank end side is 70 kN/n. Considering the diameter of
the piston rod equal to 50 mm, determine:

1. turning moment on the crank shaft, 2. thrust on the bearings, and 3. acceleration of the
flywheel, if the power of the engineis 20 kW, mass of the flywheel 60 kg and radius of gyration 0.6 m.

Solution. Given: N =120r.p.m. or w= 21t x 120/60=12.57 rad/s; D =250 mm=0.25m;
L=400mm=04morr=L/2=02m;1=06m;m,=60kg;8=45°;d=50mm=0.05m;
p, = 550 kN/m? = 550 x 103 N/m?; p, = 70 kN/m? = 70 x 10% N/m?
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High-pressure steam in Exhaust steam

Valve rod

Cross head )
Cross-head guide

Piston Rod Piston

Cylinder

1. Turning moment on the crankshaft
First of al, let usfind the net load on the piston (Fy).
We know that area of the piston on the cover end side,

A = ng2 :an(o.zs)2 = 0.049 m?

T T
and area of piston rod, a= d? = 2" (0.05)*> =0.00196 m?

0 Net load on the piston,
Fo=pA P A =pA - (A -3)
=550 x10° x 0.049 - 70 x10° (0.049 -0.00196) =23657 N

We know that ratio of lengths of the connecting rod and crank,
n=I/r=06/02=3
and inertiaforce on the reciprocating parts,

=mg.ofr n 0+ cos 29
R =M fpos® + ==
_ 2 O cos N0 _
=60 x (12.57) XO.ZH:os45°+TB =1340 N
[0 Net force on the piston or piston effort,
Fo = F, - F =23657 —1340 =22 317 N =22.317 kN

Let ¢ = Angleof inclination of the connecting rod to the line of stroke.
Weknow that, sin @= sin8/n=sin45°/3=0.2357
0 @=13.6°

We know that turning moment on the crankshaft,

_Fpsin(®+9 “p = 22.317 x sin (45° +13.6°)
cos @ €c0s13.6°

=3.92 KN-m = 3920 N-m Ans.

T

x 0.2 KN-m
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2. Thrust on the bearings

We know that thrust on the bearings,
_ Fpcos (B + @ _ 22.317 xcos (45° +13.6 9
- Cos@ - cos 13.6°

Fg =11.96 kN Ans.

3. Acceleration of the flywheel
Given: P=20kW =20x 103W; m=60kg; k=0.6m
Let o = Acceleration of the flywhee! in rad/s?.
We know that mass moment of inertia of the flywheel,
I = m.k?=60 x (0.6) 2 = 21.6 kg-m?
0 Accelerating torque, T, =l.a =21.6 a N-m ()

2TNT [
and resisting torque, Tg = Px60_20x 10° x 60 =1591 N-m ﬁ] P
21N 2 11 X120 60

Sincethe accel erating torqueisequal to the difference of torques on the crankshaft or turning
moment (T) and the resisting torque (T), therefore, accel erating torque,
T,=T-T,=3920-1591 = 2329 N-m (i)
From equation (i) and (ii),
o =2329/21.6 = 107.8 rad/s*> Ans.

Example 15.13. A vertical, single cylinder, Pz = P3
single acting diesel engine has a cylinder diameter T
300 mm, stroke length 500 mm, and connectingrod & P
length 4.5 times the crank length. The engine runs £
at 180 r.p.m. The mass of the reciprocating partsis %
280 kg. Thecompressionratiois14 andthepressure & Pa
remains constant during the injection of the oil for p
1/10th of the stroke. If the compression and !
expansion follows the law p.V*% = constant, find:
1. Crank-pin effort, 2. Thrust on the bearings, and
3. Turning moment on the crank shaft, when the Volume (V)—»
crank displacement is45° fromtheinner dead centre N N
28 o g N N .
position during expansion stroke. N N Cylinder
The suction pressure may be taken as AS =
0.1 N/mn?. Piston x|
Solution. Given: D =300 mm =03 m; Fig. 15.12
L=500mm=05mor r=025m;|l= 45rorn=1/r=45; N=180r.p.m. or
w = 2mx 180/60 = 18.85 rad/s; my =280 kg ; \% =14;6=45°% p, = 0.1 N/mm?
2

The pressure-volume (i.e. p-V) diagram for a*diesel engineisshownin Fig 15.12, in which

1-2 representsthe compression, 2-3 representstheinjection of fuel, 3-4 representsthe expan-
sion, and 4-1 represents the exhaust.

Let p,, p,, P3, ad p, = Pressures corresponding to points 1, 2, 3 and 4 respectively, and
V., V,, Vg and  V, =Volumes corresponding to points 1, 2, 3 and 4 respectively.

* Inadiesel engine, the compression and expanssion areisentropic i.e. according to thelaw p.VY = constant.
Theinjection of fuel takes place at constant pressure and the exhaust is at constant volume.
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Since the compression followsthe law p.V*% = constant, therefore

B )Y = py (V)
5

3!
or P = Py Dvlgl =0.1x (14)** =3.526 N/mm?
i,

We know that swept volume,

Vs = g x D2 x L :%Tx(o,3)2 x0.5 =0.035 m®

and compression ratio, = Vi _Ve*Vs _ 1 +£ (o Vo =)
V2 VC VC
0 14=1+20% Ve = 0035 _ 0027 m®
a 14-1

Since theinjection of fuel takes place at constant pressure (i.e. p, = p,) and continues up to
1/10th of the stroke, therefore volume at the end of the injection of fuel,

0.035 _ 4 0062 m?

1
Vo, =V~ + — xVe =0.0027 +
3 cTio s

When the crank displacement is 45° (i.e. when 6 = 45°) from the inner dead centre during
expansion stroke, the corresponding displacement of the piston (marked by point 4' on thep-V diagram)
isgiven by

in2e0 [ in? 45¢]
sSn eD:rD(l—cos45‘) 43N0 45
ng 0 2x4.

0
X=r{l-cos6) +
O

=025 gl - 0.707) + %E =0.087 m

0 VLA +g x D? x x =0.0027 +£ x(0.3)% x0.087 =0.0088 m>
Since the expansion follows the law p. V12 = constant, therefore,

p3 (\/3)1.35 - p4’ (\/4 )1.35

DV DLSS
0 Py = P3[1°[] =3526
4

Difference of pressures on two sides of the piston,

3
0.0062(] =2.2 N/mm?

P=py - P =22 -01=21N/mm? =2.1 x10° N/m?
[0 Net load on the piston,

F=p xl: xD? =2.1 x10° "ZT x(0.3)2 =148 460N

Inertiaforce on the reciprocating parts,

a cos 200
F =mg.of.r[cos8 +
T MRS n 0
= 280 x (18.85)? x 0.25 ﬁ:os45° 4 O0S ZO ﬁ =17585 N



542 e Theory of Machines

We know that net force on the piston or piston effort,
Fo=F -F +Wg; =F_ -F, +mg.g
=148460 — 17858 + 280 x9.81 =133622 N
1. Crank-pin effort

Let @= Angle of inclination of the connecting rod to the line of stroke.
We know that, sin@=sin8/n=sn45°/4.5=0.1571
O @ = 9.04°
We know that crank-pin effort,

_ Fpsin (8 + ¢) _ 133622 x sin (45° + 9.04°) -109522 N

Cos @ cos 9.04°
=109.522 kN Ans.
2. Thrust on the bearings
We know that thrust on the bearings,
F, = Fp.cos (8 + @ _ 133622 % sin(45° + 9.04°) — 79456 N

CosQ cos 9.04°
= 79.956 kN Ans.

3. Turning moment on the crankshaft
We know that the turning moment on the crankshaft,
T =F; xr =109.522 x0.25 =27.38 KN-m Ans.

Example 15.14. A vertical double acting steam engine
has cylinder diameter 240 mm, length of stroke 360 mm and A
length of connecting rod 0.6 m. The crank rotates at 300 r.p.m. Pa=Ps
and the mass of the reciprocating partsis 160 kg. The steamis
admitted at a pressure of 8 bar gauge and cut-off takes place at
1/3rd of the stroke. The expansion of steam is hyperbolic. The
exhaust of steam takes place at a pressure of —0.75 bar gauge.
Thefrictional resistanceisequivalent to aforce of 500 N. Deter-
mine the turning moment on the crankshaft, when the piston is
75° fromthetop dead centre. Neglect the effect of clearance and

assume the atmospheric presssure as 1.03 bar. <V *I
Solution. Given D = 240 mm = 0.24 m ; L = 360 mm < Vi

=036morr=L/2=018m; |1 =06 m; |=0.6 m; — Volume (V) —>
N =300 r.p.m. or w= 21 x 300/60= 31.42 rad/s; m, =160 kg ; N
p, =8+ 1.03 =9.03 bar = 903 x 103 N/m?; p. =—0.75 + 1.03
=0.28 bar =28 x 103 N/m?; F; =500 N ; 8 = 75°

First of al, let usfind the piston effort (Fy).

The pressure-volume ( p-V) diagram for asteam engine, Fig. 15.13
neglecting clearance, is shown in Flg. 15.13, in which AB
represents the admission of steam, BC the expansion and DE the exhaust of steam. The steamis cut-
off at point B.

We know that the stroke volume,

S,

Pressure (p)—»

s
m
Il
s
o
A

I
I
I
I
L
I
|
|
I
I
I
I
I
I
I

7117/,

Vg = %‘ x D% x L :ZT[ x(0.24)> x0.36 =0.0163 m?
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Since the admission of steam is cut-off at 1/3rd of the stroke, therefore volume of steam at

cut-off,
Vg =Vg/3=0.0163/3 = 0.005 43 m?3

We know that ratio of the lengths of the connecting rod and crank,
n=1/r =0.6/0.18 =3.33

When the crank positionis 75° from the top dead centre (i.e. when 6 = 75°), the displacement
of the piston (marked by point C' on the expansion curve BC) is given by

O in e O in? 7581
X=r {1-cosB) + sn BDZO.lajl —cos 75° el s
0 2n g 0O 2x33
=0.1586 m
0 Ve =V x X 200163 x 21280 00072 m?
L 0.36
Since the expansion is hyperbolic (i.e. according to the law pV = constant), therefore
PeVe = Pc Vo
3
o = Pg Vg _ 903 x10° x0.00543 _ 681 x10° N/m?
or Vc' 0.0072

O Difference of pressureson the two sides of the piston,
P=pc — Pe =681x10° -28 x10° =653 x10°N/m?
We know that net load on the piston,

F = g x D2 x p :%T><(o.24)2 x653 x10° =29545 N

and inertiaforce on the reciprocating parts,

0 cos 200
F = my.w’r [ros6 +
| = MR s B + — =
=160 x (31.42) x 0.18 %:os?S° # OSI0Y a5
333
O Piston effort, Fo=F -F +W; —Fs
= 29545—-(-36) +160 x9.81 —500 =30651 N
Turning moment on the crankshaft
Let ¢ = Angleof inclination of the connecting rod to theline of stroke.
We know that sing =sinB/n=sn75°3.33=0.29
O ¢ =16.86°
We know that turning moment on the crankshaft
T= Fosin(® + @ “p = 30651 sin (75° + 16.86°) % 0.18 N-m
Cos @ €0s 16.86°
= 5762 N-m Ans.

15.11. Equivalent Dynamical System

In order to determine the motion of arigid body, under the action of external forces, it is
usually convenient to replace therigid body by two masses placed at a fixed distance apart, in such
away that,
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1. thesum of their massesis equal to the total mass of the body ;
2. the centre of gravity of the two masses coincides with that of the body ; and
3. the sum of mass moment of inertia of the masses about their centre of gravity isequal to
the mass moment of inertia of the body.
When these three conditions are satisfied, then it is said to be an equivalent dynamical system.
Consider arigid body, having its centre of gravity at G, as shownin Fig. 15.14.
Let m = Mass of the body,
ks = Radius of gyration about
its centre of gravity G,
m, and m, = Two masses which form a
dynamical equivalent system,
I, = Distance of massm, from G,

Rigid body

I, = Distance of massm, from G, B
and
L = Total distance between the «— L[ —>
masses m, and m,,. Fig. 15.14. Equivalent
Thus, for the two masses to be dynamically equivalent, dynamical system.
m+m=m (D)
muy =ml, (i)
and m ()% +m, (1,)* =m (kg)? ..(iii)
From equations (i) and (ii),
__lm :
I +1, (V)
[;.m
and m, = (V)
lp +1,
Substituting the value of m, and m, in equation (iii), we have
lbm o lm 2 2 Iy (3 +135) 2
1) + | =m or —=——=2=(k
W T () = m k) i =)
a Iyl = (ke)2 (Vi)

This equation gives the essential condition of placing the two masses, so that the system
becomes dynamical equivalent. The distance of one of the masses (i.e. either |, or ) is arbitrary
chosen and the other distanceis obtained from equation (vi).

Note : When the radius of gyration k5 is not known, then the position of the second mass may be obtained by
considering the body as acompound pendulum. We have already discussed, that the length of the simple pendu-
lum which gives the same frequency as the rigid body (i.e. compound pendulum) is

L= (ke)? +h? _ (kg)? + (1)

..(Replacingh by I,)

h Iy
We also know that 1o = (kG)2
2
0 L = Il'|2 + (Il) - |2 + Il

Iy
This means that the second massis situated at the centre of oscillation or percussion of the
body, whichisat adistance of |, = (k)1



Chapter 15 : Inertia Forces in Reciprocating Parts

e 545

15.12. Determination of Equivalent Dynamical System of Two Masses by

Graphical Method

Consider abody of massm, acting at G as
showninFig. 15.15. Thismass m, may bereplaced
by two masses m, and m, so that the system becomes
dynamical equivalent. The position of massm, may
be fixed arbitrarily at A. Now draw perpendicular
CG at G, equal inlength of theradius of gyration of

the body, k; . Then join AC and draw CB
perpendicular to AC intersecting AG produced in
B. The point B now fixesthe position of the second
massm,.

(_Zz

N

A little consideration will show that the Fig. 15.15. Determination of equivalent
triangles ACG and BCG are similar. Therefore, dynamical system by graphical method.

kG I2 2
=== o (k)" =hl;
L ke
...(Same as before)

Example 15.15. The connecting rod of a gasoline engine
is 300 mm long between its centres. It has a mass of 15 kg and
mass moment of inertia of 7000 kg-mn. Its centre of gravity is at
200 mm from its small end centre. Determine the dynamical
equivalent two-mass system of the connecting rod if one of the
masses is located at the small end centre.

Solution. Given : 1=300mm ; m= 15kg; | = 7000 kg-mm?;
[, =200 mm

The connecting rod is shown in Fig. 15.16.

Let ks = Radius of gyration of the connecting rod
about an axis passing through its centre of
gravity G.
We know that mass moment of inertia (1),
7000 = m (kg)? = 15 (k)
0 (kg)?= 7000/15 = 466.7 mm? or k; = 21.6 mm
Itisgiven that one of the massesislocated at the small end

centre. Let the other massis placed at adistance |, from the centre
of gravity G, asshownin Fig. 15.17.

We know that for adynamical equivalent system,

12 = (ks)? r:n1
2
0 I, = (k)™ _ 4667 _ 5 33 mm ‘@—‘—
I, 200 ,
I‘—
Let m, = Mass placed at the small end ! h
centre, and

m,= Massplaced at adistancel, from
the centre of gravity G.

mall end

A

mm

Fig. 15.16

e ___e-

Fig. 15.17
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We know that
l,m _ 233x15
= = =0.17 kg A
M= 1, " 200+233 gAns
and hm _ 200x15 _j,e9 kg Ans.

l, +1, 200 +2.33
Example 15.16. A connecting rod is suspended from a point 25 mm above the centre of
small end, and 650 mm above its centre of gravity, its mass being 37.5 kg. When permitted to oscil-
late, thetime period isfound to be 1.87 seconds. Find the dynamical equival ent system constituted of
two masses, one of which islocated at the small end centre.

Solution. Given: h=650mm=0.65m; |, =650—-25=625mm
=0.625m; m=37.5kg; = 187s

First of all, let usfind the radius of gyration (k) of the connect-
ing rod (considering it is a compound pendulum), about an axis passing
through its centre of gravity, G.

We know that for a compound pendulum, time period of
oscillation (tp),

2 2 2 2
187 =2m | (S I o 187 _ [(ke) + (0657
g.h 21 9.81 x0.65

Squaring both sides, we have
(ks)? +0.4225
6.38
(kg)? = 0.0885 x 6.38 — 0.4225 = 0.1425 m?
0  kg=0377m

Itisgiventhat oneof the massesislocated at the small end centre.
L et the other massislocated at adistancel, from the centre of gravity G,
asshowninFig. 15.19. Weknow that, for adynamically equivalent system,

0.0885 =

1315 = (ke)? m, m,
(ke)? _ 0.1425 : G
I, = =——=0.228m _ - _
2771, 0625 @\ - B
Let  m, =Massplaced at the small end |, > >
centre A, and _
Fig. 15.19

m, = Mass placed at adistancel, from
G,i.e.aB.

We know that, for adynamically equivalent system,

_l,m _ 0228x375
l, +1, 0.625+0.228

=10 kg Ans.

lLm _ 0625x37.5

and = =
M= 41, ~ 0625+0.228

=275 kg Ans.
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Example 15.17. The following data relate to a connecting rod of a reciprocating engine:

Mass = 55 kg; Distance between bearing centres = 850 mm; Diameter of small end bearing
= 75 mm; Diameter of big end bearing = 100 mm; Time of oscillation when the connecting rod is
suspended fromsmall end = 1.83 s; Time of oscillation when the connecting rod is suspended from
bigend= 1.68s.

Determine: 1. the radius of gyration of the rod about an axis passing through the centre of
gravity and perpendicular to the plane of oscillation; 2. the moment of inertia of the rod about the
sameaxis,; and 3. the dynamically equival ent systemfor the connecting rod, constituted of two masses,
one of which is situated at the small end centre.

Solution. Given : m = 55 kg; | = 850 mm = 0.85 m; d; = 75 mm = 0.075 m;
d,=100mm=01m;t, =183s;t,=168s '

First of al, let usfind the lengths of the equivalent simple
pendulum when suspended

75 mm
h

A

(a) fromthetop of small end bearing; and
(b) from the top of big end bearing.

Let L, = Length of equivalent simple pendulum
when suspended from the top of small

. 850 mm
end bearing,

L, =Length of equivalent simple pendulum
when suspended from the top of big end
bearing,

h, = Distance of centre of gravity, G, from the
top of small end bearing, and

h, = Distance of centre of gravity, G, from the :
top of big end bearing. Big end

We know that for asimple pendulum Fig. 15.20

I P s
ty =2m E or EZ_T[E _E ...(Squaring both sides)

- L =g E%E =081 51%3@2 -0832m

1,0 1687
i L, = P2= =981 =0.7m
Similarly, 2 =9 ZHB BEB

1. Radius of gyration of the rod about an axis passing through the centre of gravity and perpen-
dicular to the plane of oscillation

Let ks = Required radius of gyration of the rod.
We know that the length of equivalent simple pendulum,

L:W or (kg)>=Lh-h?>=h(L -h)

0 When therod is suspended from the top of small end bearing,
(ke)® = (L —hy) (i)
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and when the rod is suspended from the top of big end bearing,

(k) =y (L, —hy) (i)
Also, from the geometry of the Fig. 15.20,
h +h, _4 +1 +$ - 0075 +0.85 +O—'1 =0.9375m
2 2 2 2

0 h, =09375 - h (i)
From equations (i) and (ii),
h (L —h)=h, (L, —h)
Substituting the value of h, from equation (iii),
h, (0.832 - hy) =(0.9375 - h)) [0.7 - (0.9375 — hy)]
0.832h - (h)? =-0.223 +1.175 h —(h)?
0.343h =0.2330r hy =0.223/0.343 =0.65m
Now from equation (i),

(kG)2 = 0.65(0.832 - 0.65) =0.1183 or kg =0.343 mAns.
2. Moment of inertia of therod
We know that moment of inertia of the rod,

| =m(kg)® =55 x0.1183 =6.51 kg-m?Ans.

3. Dynamically equivalent system for the rod

Since one of the masses (m,) is situated at the centre of small end bearing, therefore its
distance from the centre of gravity, G, is

l,=h,—0.075/2=0.65-0.0375=0.6125m
Let m, = Magnitude of the second mass, and

|, = Distance of the second mass from the centre of gravity, G,
towards big end bearing.

For adynamically equivalent system,
(kg)? _0.1183

I, = (kg)? or I, = = =0.193m
12 = (ko) 27, 06125
Weknow that m, = lpm _ 0198x55 _,31g kg Ans.
L, +1, 06125 +0.193
l.m _ 06125x55
and 1= = =41.82 kg Ans.

Tl +1, 06125+ 0.193

15.13. Correction Couple to be Applied to Make Two Mass System
Dynamically Equivalent

In Art. 15.11, we have discussed the conditions for equivalent dynamical system of two
bodies. A little consideration will show that when two masses are placed arbitrarily*, then the condi-

*  When considering the inertia forces on the connecting rod in a mechanism, we replace the rod by two
masses arbitrarily. Thisis discussed in Art. 15.14.
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tions (i) and (ii) asgivenin Art. 15.11 will only be satisfied. But the condition (iii) is not possible to
satisfy. This meansthat the mass moment of inertia of these two masses placed arbitrarily, will differ
than that of mass moment of inertia of the rigid body.

:

/ P

Fig. 15.21. Correction couple to be applied to make the two-mass system dynamically equivalent.
Consider two masses, one at A and the other at D be placed arbitrarily, asshownin Fig. 15.21.
Let I, = Distance of mass placed at D from G,

I, = New mass moment of inertia of the two masses,
k, = New radius of gyration;
o = Angular acceleration of the body;
| = Mass moment of inertia of adynamically equivalent system;
ks = Radiusof gyration of adynamically equivalent system.
We know that the torque required to accel erate the body,

T =lLa=m(kg)?a ()
Similarly, the torque required to accel erate the two-mass system placed arbitrarily,
T, =l.a=m(k)%a (1))

[ Difference between thetorques required to accel erate the two-mass system and the torque
required to accelerate the rigid body,

T =T-T=m(k)?*a-m(kg)?a=m[(k)>— (ko) a (V)

The difference of thetorques T' is known as correction couple. This couple must be applied,

when the masses are placed arbitrarily to make the system dynamical equivalent. This, of course, will
satisfy the condition (iii) of Art. 15.11.

Note:  Weknow that (ko> =1y, and (k)?=1.1,
[0 Correction couple, T =m( ;=1 L) a=ml (;-1)a
But =1, =1-L
ad T =ml (-L)a
where | = Distance between the two arbitrarily masses, and
L = Distance between the two masses for atrue dynamically equivalent

system. It isthe equivalent length of asimple pendulum when abody

is suspended from an axis which passes through the position of mass

m, and perpendicular to the plane of rotation of the two mass system.
_ (ke)® + (1)?

lh
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Example 15.18. A connecting rod of an I.C. engine has a mass of 2 kg and the distance
between the centre of gudgeon pin and centre of crank pinis250 mm. The C.G. fallsat a point 100 mm
fromthe gudgeon pin along the line of centres. The radius of gyration about an axisthrough the C.G.
perpendicular to the plane of rotation is 110 mm. Find the equivalent dynamical systemif only one of
the masses is located at gudgeon pin.

If the connecting rod is replaced by two masses, one at the gudgeon pin and the other at the
crank pin and the angular acceleration of the rod is 23 000 rad/s? clockwise, determine the correc-
tion couple applied to the systemto reduce it to a dynamically equivalent system.

Solution. Given:m=2kg ;1 =250mm=0.25m;1, =100mm=0.1m ; k;=110mm=0.11m;
a = 23000 rad/s?

Equivalent dynamical system

Itisgiven that one of the massesis|ocated at the gudgeon pin. Let the other mass be located

at adistance |, from the centre of gravity. We know that for an equivalent dynamical system.

I, = (kg)? or I, :(kf—)zz% =0.121m
L .

Let m, = Mass placed at the gudgeon pin, and
m, = Mass placed at adistancel, from C.G.

lb,m _ 0121x2

We know that = = =11kgA
exnow M= 41, To01+0121 gAns
ILm _ 01x2
= = =09k
and M= 41, T 01+0121 9 Ans

Correction couple

Since the connecting rod is replaced by two masseslocated at the two centres (i.e. one at the
gudgeon pin and the other at the crank pin), therefore,

=01m, and I;=1-1,=025-0.1=0.15m
Let k, = New radius of gyration.
Weknow that ~ (k,)>=1,.1;=0.1x 0.15=0.015 m?

0 Correction couple,
T'=m(k? - k3) o = 2[.015 - (0.11)2F 23 000 =133.4 N-m Ans.

Note: Since T' is positive, therefore, the direction of correction couple is same as that of angular acceleration
i.e. clockwise.

15.14. Inertia Forces in a Reciprocating Engine, Considering the Weight of
Connecting Rod

In areciprocating engine, let OC be the crank and PC, the connecting rod whose centre of
gravity liesat G. Theinertiaforcesin areciprocating engine may be obtained graphically asdiscussed
below:

1. First of all, draw the acceleration diagram OCQN by Klien's construction. We know that
the acceleration of the piston P with respect to O,

aPO:aP:('OZXNO’
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actinginthedirection fromN to O. Therefore, theinertiaforce F, of thereciprocating partswill actin
the opposite direction as shown in Fig. 15.22.

I Y
L
Fr
X
K Fr
Fo c M
Q
g >0> ¢
P ‘\ II 0
Fedls - Vi TS 0
Treal . We ) g/ /LN
v N i
Fy Z

Fig. 15.22. Inertiaforces is reciprocating engine, considering the weight of connecting rod.

2. Replace the connecting rod by dynamically equivalent system of two masses as discussed
inArt. 15.12. L et one of the masses be arbitrarily placed at P. To obtain the position of the other mass,
draw GZ perpendicular to CP such that GZ = k, the radius of gyration of the connecting rod. Join PZ
and from Z draw perpendicular to DZ which intersects CP at D. Now, D isthe position of the second
mass.

Note: The position of the second mass may a so be obtained from the equation,
GPxGD =Kk

3. Locate the points G and D on NC which is the accel eration image of the connecting rod.
Thisisdone by drawing parallel linesfrom G and D to theline of stroke PO. Let these parallel lines
intersect NC at g and d respectively. Join gO and dO. Therefore, acceleration of G with respect to O,
in the direction from g to O,

aGO = aG = X gO
and acceleration of D with respect to O, in the direction from d to O,
ay, =@, =’ xdO0

4. From D, draw DE paralel to dO which intersects the line of stroke PO at E. Since the
accelerating forces on the masses at P and D intersect at E, therefore their resultant must also pass
through E. But their resultant is equal to the accelerang force on the rod, so that the line of action of
the accelerating force on therod, is given by aline drawn through E and parallel to gO, in the direc-
tion from g to O. The inertia force of the connecting rod F_ therefore acts through E and in the
opposite direction as shown in Fig. 15.22. The inertiaforce of the connecting rod is given by

Fo =mexw?xg0 (i)
where m. = Massof the connecting rod.

A little consideration will show that the forces acting on the connecting rod are :

(a) Inertiaforce of the reciprocating parts (F, ) acting along the line of stroke PO,
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(b) The side thrust between the _ -
crosshead and the guide bars i
(Fy) acting at P and right angles
to line of stroke PO,

(c) Theweight of theconnecting rod
(We=mc.0),

(d) Inertia force of the connecting
rod (Fp),

(e) The radial force (Fg) acting
through O and parallel to the
crank OC,

(f) The force (F;) acting perpen-
dicular to the crank OC.

Now, produce the lines of action of
Fr and F to intersect at apoint I, known as
instantaneous centre. From | draw | X and |
Y, perpendicular to the lines of action of F
and W .. Taking moments about I, we have

FrxIC =F xIP+F.xI X+W x1Y (i)
The value of F. may be obtained from this equation and from the force polygon as shownin

Fig. 15.22, theforces F, and F; may be cal culated. We know that, torque exerted on the crankshaft to
overcome the inertia of the moving parts= F; x OC

Radial engines of a motor cycle.

Note : When the mass of the reciprocating parts is neglected, then F, is zero.
15.15. Analytical Method for Inertia Torque

The effect of the inertia of the connecting rod on the crankshaft torque may be obtained as

discussed in the following steps:
FY

We=m,g

Fig. 15.23. Analytical method for inertia torque.

1. The mass of the connecting rod (m(.) is divided into two masses. One of the massis placed
at the crosshead pin P and the other at the crankpin C as shown in Fig. 15.23, so that the centre of
gravity of these two masses coincides with the centre of gravity of therod G.

2. Since the inertia force due to the mass at C acts radially outwards aong the crank OC,
therefore the mass at C has no effect on the crankshaft torque.

3. Theinertiaforce of the mass at P may be obtained as follows:
Let m. = Mass of the connecting rod,
| = Length of the connecting rod,
I, = Length of the centre of gravity of the connecting rod from P.
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0 Massof the connecting rod at P,
| =1
= | X rTh
The mass of the reciprocating parts (my) isalso acting at P. Therefore,

Total equivalent mass of the reciprocating parts acting at P

I
00 Tota inertiaforce of the equivalent mass acting at P,

:mR+ 1Xr‘ﬂc

O | =1 O
F = + 1x ;
| HTh I mCBaR ..(0)

where a, = Acceleration of the reciprocating parts
— Wr ﬁ:os 0+ cos 20
n

0 | =1 O O cos 207

F = + Lx W’.r Tros 0 +
. CTER T gty n

and corresponding torque exerted on the crank shaft,

sin 26 O

0.
T,=F xOM =Fr@né+ ——— .
[ | | ﬁﬂ > /nz—sinz GE (i)

Note: Usualy the value of OM is measured by drawing the perpendicular from O on PO which intersects PC
produced at M.

4. In deriving the equation (i) of the torque exerted on the crankshaft, it is assumed that one
of thetwo massesisplaced at C and the other at P. Thisassumption does not satisfy the condition for
kinetically equivalent system of arigid bar. Hence to compensate for it, acorrecting torque is neces-
sary whose valueis given by

T'=me Hk)? - (kg)*B Apc = Mcly (I - L) ape

where L = Equivaent length of asimple pendulum when swung about an
axisthrough P
() +()°
Iy
Opc = Angular acceleration of the connecting rod PC.
_-w’sn®
B ...(From Art. 15.9)

The correcting torque T' may be applied to the system by two equal and opposite forces F,
acting through P and C. Therefore,
F/xPN =T or F, = T/PN
and corresponding torque on the crankshaft,

T

T
T.=F, x NO =
co Y PN

x NO ...(iii)

We know that, NO = OCcos6=rcos6
and PN =PCcos@=1cos@
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NO _rcos6 _ cosH 0 IO
—_— - - N =—
O PN lcos@ ncos@ B rH
_ cos 6 _ cos @
= = | [ g2 gD
2 2 2 sin“ 0
an 9 \/n —SIn 9 N COS(P: 1-
n \/1— 2 ﬁ n? ﬁ
Since sin?6 is very small as compared to n?, therefore neglecting sin’e, we have
NO _cosb
PN n
Substituting this value in equation (iii), we have
T =T ><cose =me %1, (1 -L) e >(cosG
2 o .
w’sn B _cos O 0 -w’sin 62
= - x|. (I =L X ER =
me xly ( ) n % Opc N %
_ w’sin 20
=-me xly ( _L)T ..(+ 2sin 8 cos 6 =sin 26)

5. The equivalent mass of the rod acting at C,

Il
rT|2 = r‘[‘h XI—
0 Torque exerted on the crank shaft dueto massm,,
Ty =—-M, xg xNO = -m. xg XII—1 xNO = -m; xg xlli X cos O
... NO =r cos 6)
= - X Xl—l
me *g n

6. The total torque exerted on the crankshaft due to the inertia of the moving parts is the
agebraicsumof T,, T.and T,,.

xcos 6 (o Hr=n)

Example 15.19. The crank and connecting rod lengths of an engine are 125 mm and 500
mm respectively. The mass of the connecting rod is 60 kg and its centre of gravity is275 mmfromthe
crosshead pin centre, the radius of gyration about centre of gravity being 150 mm.

If the engine speed is 600 r.p.m. for a crank position of 45° from the inner dead centre,
determine, using Klien's or any other construction 1. the acceleration of the piston; 2. the magni-
tude, position and direction of inertia force due to the mass of the connecting rod.

Solution. Given: r = OC = 125 mm; | = PC = 500 mm; m. = 60 kg ; PG = 275 mm;
m.=60kg; PG=275mm;k;=150mm ;N =600r.p.m. or w=2rx 600/60=62.84 rad/s; 8 = 45°

1. Acceleration of the piston
Let a, = Acceleration of the piston.

First of all, draw the configuration diagram OCP, as shown in Fig. 15.24, to some suitable
scale, such that

OC=r=125mm; PC=1=500 mm; and 6 = 45°.
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Now, draw the Klien's acceleration diagram OCQN, as shown in Fig. 15.24, in the same
manner as aready discussed. By measurement,
NO=90mm=0.09m
0 Acceleration of the piston,
a,= w? x NO = (62.84)? x 0.09 = 355.4m/s Ans.

K
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Fig. 15.24

2. The magnitude, position and direction of inertia force due to the mass of the connecting rod
The magnitude, postition and direction of the inertiaforce may be obtained as follows:

(i) Replacethe connecting rod by dynamical equivalent system of two masses, assuming that
one of the massesis placed at P and the other mass at D. The position of the point D is obtained as
discussed in Art. 15.12.

(i) Locate the points G and D on NC which isthe accel eration image of the connecting rod.
Let these points are g and d on NC. Join gO and dO. By measurement,

gO =103mm =0.103m
0 Accelerationof G, g = w? x gO, acting in the direction from g to O.

(iii) Frompoint D, draw DE parallel to dO. Now E isthe point through which theinertiaforce
of the connecting rod passes. The magnitude of the inertia force of the connecting rod is given by

Fo =mg x 62 x gO = 60 x (62.84)?x 0.103 = 24 400 N = 24.4 kN Ans.

(iv) From point E, draw aline parallel to gO, which showsthe position of the inertiaforce of
the connecting rod and actsin the opposite direction of gO.

Example 15.20. The following data refer to a steam engine:

Diameter of piston = 240 mm; stroke = 600 mm ; length of connecting rod = 1.5 m; mass of
reciprocating parts= 300 kg; mass of connecting rod = 250 kg; speed = 125r.p.m; centre of gravity
of connecting rod from crank pin = 500 mm; radius of gyration of the connecting rod about an axis
through the centre of gravity = 650 mm.
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Determine the magnitude and direction of the torque exerted on the crankshaft when the
crank has turned through 30° frominner dead centre.

Solution. Given: D=240mm=0.24m; L=600mm or r=L/2=300mm=0.3m;
I=15m;m,=300kg; m.=250kg; N=125rpm. or w=2mx 12560 = 13.1 rad/s;
GC=500mm=0.5m; k;=650mm=0.65m;06=230°

The inertia torque on the crankshaft may be determined by graphical method or analytical
method as discussed below:
1. Graphical method

First of all, draw the configuration diagram OCP, as shown in Fig. 15.25, to some suitable
scale, such that

OC=r=300mm;PC=1=15m; and angle POC = 6 = 30°.

Y
X
Fr
F
Fo K T
D C M
Gl d
/
b RN =S
F, S | N E 6]
~ /
\\\ A A / L 6 =30°
v Sel Wer )/
P .. I
. ‘ ,
~ o [N
S |4
RS \ 7
\\/I/
Z
Fig. 15.25

Now draw the Klien'saccel eration diagram OCQN, asshown in Fig. 15.25, and completethe
figurein the similar manner as discussed in Art. 15.14.

By measurement; NO=0.28m;gO0O=028m;IP=103m;| X=038m;| Y=0.98m,
andIC=17m.

We know that inertia force of reciprocating parts,

F =mg x o« xNO =300 x(13.1)° x0.28 =14 415N
and inertiaforce of connecting rod,
Fo =me x of xgO =250 x(13.1)? x0.28 =12 013 N

F; = Force acting perpendicular to the crank OC.
Taking moments about point I,

Let

Fr xIC=F xIP +W; x1Y +F, xIX
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F; x1.7 =14 415 x1.03 + 250 x9.81 x0.98 +12013 x0.38 =21816

O Fr =2.816/1.7 =12833 N (0 We = me.9)
We know that torque exerted on the crankshaft
= F; xr =12833 x0.3 =3850 N-m Ans.
2. Analytical method
We know that the distance of centre of gravity (G) of the connecting rod from P, i.e.,
,=1-GC=15-05=1m
O Inertiaforce dueto total mass of the reciprocating parts at P,

Hn?+ 1><rnCBooer:ose+C0826D
ﬁgoo S50 1 z5on(13 22 x 03Hcos 30° + COSSGOCD =19 064 N
D —I,:B:
5 “r 03 %
0 Corresponding torque dueto F,
T, =F xOM =F.r giné + sn2 O
= X =
' . % 24/n* —sin GE

=19 064 x 0.3 (N 30° + zsms_oz =
245° —dn 30°E

=5719.2 x 0.587 = 3357 N-m (anticlockwise)
Equivalent length of a simple pendulum when swung about an axisthrough P,

L= (ko) + (1) _(065)° +1°
1

ly

=142m

00 Correcting torque,

E—mﬁﬂ—u%imﬂﬁ

2 < o[ ]
= 250 x1(15 ~1.42) (o) SN 60 _ 59 5 N-m (anticlockwise)
O 2x5 O

Torque due to the weight of the connecting rod at C,
Ty =W, x 1 XC0s 6 =m. xg XL xcos 0
n n
= 250x9.81 x; x cos 30° =424.8 N-m (anticlockwise)

[0 Total torque exerted on the crankshaft,
=T, +Te + Ty
= 3357 +59.5 +424.8 =3841.3 N-m (anticlockwise) Ans.

Note: Theslight differencein resultsarrived at by the above two methodsis mainly dueto error in measurement
in graphical method.
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Example 15.21. A vertical engine running at 1200 r.p.m. with a stroke of 110 mm, has a
connecting rod 250 mm between centres and mass 1.25 kg. The mass centre of the connecting rod is
75 mmfromthe big end centre and when suspended as a pendulum from the gudgeon pin axis makes
21 complete oscillations in 20 seconds.

1. Calculate the radius of gyration of the connecting rod about an axis through its mass
centre.

2. When the crank is at 40° from the top dead centre and the piston is moving downwards,
find analytically, the acceleration of the piston and the angular acceleration of the connecting rod.
Hence find the inertia torque exerted on the crankshaft. To make the two-mass system to be dynami-
cally equivalent to the connecting rod, necessary correction torque has to be applied and since the
engineis vertical, gravity effects are to be considered.

Solution. Given : N = 1200 r.p.m. or w = 21t x 1200/60 = 125.7 rad/s;;
L=110mmorr=L/2=55mm=0.055m; | =PC =250 mm=0.25m;
m.=125kg; CG=75mm=0.075m; 6 = 40°

The configuration diagram of the engineis shownin Fig. 15.26.

1. Radius of gyration of the connecting rod about an axis through its mass
centre

Let ks = Radius of gyration of the connecting rod about
an axisthrough its mass centre,
I, = Distance of the centre of gravity from the point
of suspension = PG
=250-75=175mm=0.175m

Sincethe connecting rod makes 21 compl ete oscillationsin 20 seconds,
therefore frequency of oscillation,

n=2t-105H,
20

We know that for a compound pendulum, frequency of oscillation,

a1 gh 2 1 gh Fig. 15.26
2y (ko)” + (1)° art (kg)* +(1)’*

...(Squaring both sides)

_ gl 2 9.81x0.175 2 2
and 2= - ()" =————— -(0.175)" =0.0088 m
ko)™ =z ~ MW" =00 x(1.05)2
O kg =0.094 m =94 mm Ans.

2. Acceleration of the piston
We know that acceleration of the piston,

d cos 260 2 O o cos80° [
= W =(125.7)° 0.055cos 40° + ———————
8 = W' [os 6 + — =0 =(1257) ay 0.25/0.055H
=698.7 M/ Ans. Con=1/r)

Angular acceleration of the connecting rod
We know that mass of the connecting rod at P,
_ —afsin 8_ —(125.7)? sin40° _

a = -2234.4radlS> A
PC n 0.25/0.055 ns
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Inertia torque exerted on the crankshaft
We know that mass of the connecting rod at P,
m :ﬁxmc :0.25—0.175
I 0.25
O Vertical inertiaforce,

F, = m.ap =0.375x698.7 =262 N
and corresponding torque due to F;,
T, =-F xOM = -262 x0.0425 = -11.135 N-m

x1.25 =0.375 kg

=11.135 N-m (anticlockwise) ...(By measurement, OM = 0.0425 m)

We know that the equivalent length of a simple pendulum when swung about an axis passing
through P,
L= (ke)® + (1)? _ (0.094)* +(0.175)°
I, 0.175
0 Correction couple,
T =-mcly (I - L) ape = -1.25 x0.175 (0.25 —-0.225) 2234.4 = -12.22 N-m
Corresponding torque on the crankshaft,
_ T'cos 6 _ —-12.22 x cos 40°
n 0.25/0.055
Torque due to the mass at P,
T =m x g xOM =0.375 x9.81 x0.0425 =0.156 N-m (clockwise)
Equivalent mass of the connecting rod at C,

Iy 0.175
= x = =125 x
e = Me | 0.25

=0225m

Te = -2.06 N-m =2.06 N-m (anticlockwise)

=0.875 kg

Torque dueto massat C,
Ty =M, x g x NC =0.875 x9.81 x0.035 =0.3 N-m (clockwise)

...(By measurement, NC = 0.035 m)
O Inertiatorque exerted on the crankshaft

=T, +T. —-Tp - Ty
=11.135 + 2.06 - 0.156 - 0.3 =12.739 N-m (anticlockwise) Ans.

Example 15.22. The connecting rod of an internal combustion engine is 225 mm long and
has a mass 1.6 kg. The mass of the piston and gudgeon pinis 2.4 kg and the stroke is 150 mm. The
cylinder boreis112.5 mm. The centre of gravity of the connection rod is 150 mmfromthe small end.
Itsradius of gyration about the centre of gravity for oscillationsin the plane of swing of the connect-
ing rod is 87.5 mm. Determine the magnitude and direction of the resultant force on the crank pin
when the crank isat 40° and the piston is moving away frominner dead centre under an effective gas
presure of 1.8 MN/n?. The engine speed is 1200 r.p.m.

Solution. Given: | =PC =225 mm = 0.225 m; m. = 1.6 kg; m, = 2.4 kg; L = 150 mm or
r=L/2=75mm=0.075m; D=1125mm=0.1125m ; PG= 150 mm ; k; = 87.5mm = 0.0875m;
0 =40°; p=18MN/m?=1.8x 10% N/m?; N = 1200 r.p.m. or w = 211 x 1200/60 = 125.7 rad/s
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First of al, draw the configuration diagram OCP, as shown in Fig. 15.27 to some suitable
scale, suchthat OC=r=75mm; PC=1=225mm; and 6 = 40°.

=<

Fig. 15.27

Now, draw the Klien'saccel eration diagram OCQN. Compl ete the diagram in the same manner
as discussed earlier. By measurement,

NO=0.0625m;gO0=0.0685m;IC=029m;IP=024m;lY=0.148m;and | X=0.08 m
We know that force due to gas pressure,

F o= g x D2 x p :£[><(0.1125)2 x1.8 x10° =17 895 N

Inertiaforce due to mass of the reciprocating parts,

R =mg x of xNO =24 (125.7)? x0.0625 =2370 N
0 Net force on the piston,

Fo=F - F =17895 -2370 =15525 N
Inertiaforce due to mass of the connecting rod,

Fo =m x of xgO =16 x(125.7)* x0.0685 =1732 N
Let F; = Force acting perpendicular to the crank OC.
Now, taking moments about point I,

Fo X IP =W xIY +F. xIX +F; xIC
15525x 0.24 =1.6 x9.81 x0.148 +1732 x0.08 +F; x0.29

O Fr =12362 N (0 We =me.g)

Let usnow find the values of F and F, in magnitude and direction. Draw the force polygon
asshownin Fig. 15.25.
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By measurement, Fy, = 3550 N; and F, = 7550 N

The magnitude and direction of the resultant force on the crank pinisgivenby F, whichis
the resultant of F; and F.

By measurement, FQ =13750N Ans.

EXERCISES

1 The crank and connecting rod of a reciprocating engine are 150 mm and 600 mm respectively. The
crank makes an angle of 60° with the inner dead centre and revolves at a uniform speed of 300 r.p.m.
Find, by Klein's or Ritterhaus's construction, 1. Velocity and acceleration of the piston, 2. Velocity
and acceleration of the mid-point D of the connecting rod, and 3. Angular velocity and angular accel-
eration of the connecting rod.[Ans. 4.6 m/s, 61.7 m/s? ; 4.6 m/s, 93.8 m/s?; 4.17 rad/s, 214 rad/s]

2. In a dlider crank mechanism, the length of the crank and connecting rod are 100 mm and 400 mm
respectively. The crank rotates uniformly at 600 r.p.m. clockwise. When the crank has turned through
45° from the inner dead centre, find, by analytical method : 1. Velocity and acceleration of the slider,
2. Angular velocity and angular acceleration of the connecting rod. Check your result by Klein's or
Bennett’s construction. [Ans. 5.2 m/s; 279 m/s%; 11 rad/s, 698 rad/s]

3. A petrol engine has a stroke of 120 mm and connecting rod is 3 times the crank length. The crank
rotates at 1500 r.p.m. in clockwise direction. Determine: 1. Velocity and acceleration of the piston,
and 2. Angular velocity and angular acceleration of the connecting rod, when the piston had travelled
one-fourth of its stroke from |.D.C. [Ans. 8.24 m/s, 1047 m/s% 37 rad/s, 5816 rad/s?]

4. The stroke of a steam engine is 600 mm and the length of connecting rod is 1.5 m. The crank rotates
at 180 r.p.m. Determine: 1. velocity and acceleration of the piston when crank has travelled through
an angle of 40° from inner dead centre, and 2. the position of the crank for zero acceleration of the
piston. [Ans. 4.2 m/s, 85.4 m/s? 79.3° from |.D.C]

5. The following data refer to a steam engine:
Diameter of piston =240 mm,; stroke = 600 mm; length of connecting rod = 1.5 m; mass of reciprocat-
ing parts = 300 kg; speed = 125 r.p.m.
Determine the magnitude and direction of the inertia force on the crankshaft when the crank has
turned through 30° from inner dead centre. [Ans. 14.92 kN]

6. A vertical petrol engine 150 mm diameter and 200 mm stroke has a connecting rod 350 mm long. The
mass of the piston is 1.6 kg and the engine speed is 1800 r.p.m. On the expansion stroke with crank
angle 30° from top dead centre, the gas pressure is 750 kN/m?. Determine the net thrust on the piston.

[Ans. 7535 N]

7. A horizontal steam engine running at 240 r.p.m. has a bore of 300 mm and stroke 600 mm. The
connecting rod is 1.05 m long and the mass of reciprocating partsis 60 kg. When the crank is 60° past
itsinner dead centre, the steam pressure on the cover side of the piston is 1.125 N/mm? while that on
the crank side is 0.125 N/mm?. Neglecting the area of the piston rod, determine : 1. the force in the
piston rod ; and 2. the turning moment on the crankshaft. [Ans. 66.6 kN ; 19.86 kKN-m]

8. A steam engine 200 mm bore and 300 mm stroke has a connecting rod 625 mm long. The mass of the

reciprocating partsis 15 kg and the speed is 250 r.p.m.When the crank is at 30° to theinner dead centre

and moving outwards, the difference in steam pressures is 840 kN/n. If the crank pin radius is 30 mm,
determine: 1. the force on the crankshaft bearing; and 2. the torque acting on the frame.

[Ans. 20.04 kN ; 2253 N-m]

9. A vertical single cylinder engine has a cylinder diameter of 250 mm and a stroke of 450 mm. The
reciprocating parts have a mass of 180 kg. The connecting rod is 4 times the crank radius and the
speed is 360 r.p.m. When the crank has turned through an angle of 45° from top dead centre, the net
pressure on the piston is 1.05 MN/m?. Calculate the effective turning moment on the crankshaft for
this position. [Ans. 2368 N-m]
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1.

12.

13.

14.

15.

16.

17.

18.

A horizontal, double acting steam engine has a stroke of 300 mm and runsat 240 r.p.m. The cylinder
diameter is 200 mm, connecting rod is 750 mm long and the mass of the reciprocating partsis 70 kg.
The steam is admitted at 600 kN/m? for one-third of the stroke, after which expansion takes place
according to the hyperbolic law p.V = constant. The exhaust pressure is 20 kN/m?. Neglecting the
effect of clearance and the diameter of the piston rod, find : 1. Thrust in the connecting rod, and 2.
Effective turning moment on the crankshaft when the crank has turned through 120° from inner dead
centre. [Ans. 11.506 kN; 1322 N-m]

A horizontal steam engine running at 150 r.p.m. has a bore of 200 mm and a stroke of 400 mm. The
connecting rod is 1 m long and the reciprocating parts has a mass of 60 kg. When the
crank has turned through an angle of 30° from inner dead centre, steam pressure on the cover sideis
0.6 N/mm? while on the crankside is 0.1 N/mm?. Neglecting the area of the piston rod, determine:
1. turning moment on the crankshaft, 2. acceleration of the flywheel, if the mean resistance torqueis
600 N-m and the moment of inertiais 2.8 kg-m?. [Ans. 1508 N-m; 324.3 rad/s?

The ratio of the connecting rod length to crank length for a vertical petrol engineis 4:1. The bore/
stroke is 80/100 mm and mass of the reciprocating parts is 1 kg. The gas pressure on the piston is
0.7N/mm? when it has moved 10 mm from T.D.C. on its power stroke. Determine the net load on the
gudgeon pin. The engine runs at 1800 r.p.m. At what engine speed will this load be zero?

[Ans. 1862.8 N; 2616 r.p.m.]

A petrol engine 90 mm in diameter and 120 mm stroke has a connecting rod of 240 mm length. The
piston has amass of 1 kg and the speed is 1800 r.p.m. On the explosion stroke with the crank at 30°
from top dead centre, the gas pressure is 0.5 N/mm?. Find :

1. theresultant load on the gudgeon pin, 2. the thrust on the cylinder walls, and 3. the speed, above
which other things remaining same, the gudgeon pin load would be reserved in direction.

Also calculate the crank effort at the given position of the crank.
[Ans. 1078 N; 136 N ; 2212 r.p.m.; 39.4 N-m]

A single cylinder vertical engine hasabore of 300 mm, storke 360 mm and a connecting rod of length
720 mm. The mass of the reciprocating partsis 130 kg. When the piston is at quarter stroke from top
dead centre and is moving downwards, the net pressure on it is 0.6 MPa. If the speed of the engineis
250r.p.m., calculate the turning moment on the crankshaft at the instant corresponding to the position
stated above. [Ans. 6295 N-m]

A horizontal, single cylinder, single acting, otto cycle gas engine has abore of 300 mm and a stroke of
500 mm. The engine runs at 180 r.p.m. The ratio of compression is 5.5. The maximum explosion
pressureis 3.2 N/mm? gauge and expansion followsthe law p. V123 = constant. If the mass of the piston
is 150 kg and the connecting rod is 1.25 m long. Cal cul ate the turning moment on the crankshaft when
the crank has turned through 60° from the inner dead centre. The atmospheric pressureis 0.1 N/mm?.

[Ans. 15.6 KN-m]
A vertical single cylinder, diesel engine running at 300 r.p.m. has a cylinder diameter 250 mm
and stroke 400 mm. The mass of the reciprocating partsis 200 kg. The length of the connecting
rodis0.8 m. Theratio of compression is 14 and the pressure remains constant during injection of
oil for 1/10th of stroke. If theindex of the law of expansion and compression is 1.35, find the torque
on the crankshaft when it makes an angle of 60° with the top dead centre during the expansion stroke.
The suction pressure may be taken as 0.1 N/mm?. [Ans. 7034 N-m]

A gas engine is coupled to a compressor, the two cylinders being horizontally opposed with the
pistons connected to a common crank pin. The stroke of each piston is 500 mm and the ratio of the
length of the connecting rod to the length of crank is5. The cylinder diameters are 200 mm and 250 mm
and the masses of reciprocating parts are 130 kg and 150 kg respectively. When the crank has moved
through 60° from inner dead centre on the firing stroke, the pressure of gas on the engine cylinder is
1 N/mm? gauge and the pressure in the compressor cylinder is 0.1 N/mm? gauge. If the crank moves
with 200 r.p.m. and the flywheel of radius of gyration 1 m has a mass of 1350 kg, determine the
angular acceleration of the flywhesl. [Ans. 2.4 rad/s

Thelength of aconnecting rod of an engineis 500 mm measured between the centres and its massis 18
kg. The centre of gravity is 125 mm from the crank pin centre and the crank radiusis 100 mm.
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Determine the dynamically equivalent system keeping one mass at the small end. The frequency of
oscillation of the rod, when suspended from the centre of the small end is 43 vibrations per minute.
[Ans. 4.14 kg; 13.86 kq]

A small connecting rod 220 mm long between centres has a mass of 2 kg and a moment of inertia of
0.02 kg-m? about its centre of gravity. The centre of gravity islocated at a distance of 150 mm from
the small end centre. Determine the dynamically equivalent two mass system when one massiis lo-
cated at the small end centre.

If the connecting rod is replaced by two masses located at the two centres, find the correction couple
that must be applied for complete dynamical equivalence of the system when the angular acceleration
of the connecting rod is 20 000 rad/s? anticlockwise.

[Ans. 0.617 kg; 1.383 kg; 20 N-m (anticlockwise)]

The connecting rod of a horizontal reciprocating engine is 400 mm and length of the stroke is 200
mm. The mass of the reciprocating partsis 125 kg and that the connecting rod is 100 kg. The radius
of gyration of the connecting rod about an axis through the centre of gravity is 120 mm and the
distance of centre of gravity of the connecting rod from big end centreis 160 mm. The engine runs at
750 r.p.m. Determine the torque exerted on the crankshaft when the crank has turned 30° from the

inner dead centre. [Ans. 7078 N-m]
If the crank has turned through 135° from the inner dead centre in the above question, find the torque
on the crankshaft. [Ans. 5235 N-m]

DO YOU KNOW ?

Define ‘inertiaforce’ and ‘inertiatorque’.

Draw and explain Klien's construction for determining the vel ocity and accel eration of the pistonina
slider crank mechanism.

Explain Ritterhaus's and Bennett’s constructions for determining the acceleration of the piston of a
reciprocating engine.

How are velocity and acceleration of the slider of asingle slider crank chain determined analytically?

Derive an expression for the inertia force due to reciprocating mass in reciprocating engine, ne-
glecting the mass of the connecting rod.

What is the difference between piston effort, crank effort and crank-pin effort?

Discuss the method of finding the crank effort in areciprocating single acting, single cylinder petrol
engine.

The inertia of the connecting rod can be replaced by two masses concentrated at two points and
connected rigidly together. How to determine the two masses so that it is dynamically equivalent to
the connecting rod ? Show this.

Given acceleration image of a link. Explain how dynamical equivalent system can be used to
determine the direction of inertiaforce on it.

Describe the graphical and analytical method of finding the inertia torque on the crankshaft of a
horizontal reciprocating engine.

Derive an expression for the correction torque to be applied to a crankshaft if the connecting rod of
a reciprocating engine is replaced by two lumped masses at the piston pin and the crank pin
respectively.

OBJECTIVE TYPE QUESTIONS

Whenthecrank isat theinner dead centre, in ahorizontal reciprocating steam engine, then the vel ocity
of the piston will be

(@) zero (b) minimum (c) maximum
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2. The acceleration of the piston in areciprocating steam engineis given by

(@ @r Esine + sngGﬁ (b) or %059 + coaneD
(© wr %n9+&nzeﬁ (d o’r ﬁ:ose +%29D
where @ = Angular velocity of the crank,
r = Radiusof the crank,
0 = Angleturned by the crank from inner dead centre, and
n = Ratio of length of connecting rod to crank radius.

3. A rigid body, under the action of external forces, can be replaced by two masses placed at a fixed
distance apart. The two masses form an equivalent dynamical system, if

(a) thesum of two massesis equal to the total mass of the body
(b) the centre of gravity of the two masses coincides with that of the body

(¢) thesum of mass moment of inertiaof the massesabout their centre of gravity isequal to the mass
moment of inertia of the body

(d) all of the above
4. Theessential condition of placing the two masses, so that the system becomes dynamically equivalent

is
@ 1, 1,=kg? () 1, 1,=kg (© 1, =kg (d l,=kg
where I, andl, = Distance of two masses from the centre of gravity of the body, and
ks = Radius of gyration of the body.
5. In an engine, the work done by inertiaforcesin acycleis
(a) positive (b) zero (¢) negative (d) none of these
ANSWERS
1. (a) 2. (d) 3. (d) 4. (a) 5. (a)

o FIRST
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