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UNIT-11
Engine Force Analysis and Turning Moment Diagram

Forces acting on the engine are weight of reciprocating masses & CR, gas forces, Friction & inertia
forces (due to acceleration & retardation of engine elements).

1) Piston effort (effective driving force)
-Net or effective force applied on the piston.
In reciprocating engine:

The reciprocating parts (masses) accelerate during the first half of the stroke and the
inertia forces tend to resist the same. Thus, the net force on the piston is reduced. During the
later half of the stroke, the reciprocating masses decelerate and the inertia forces oppose this
deceleration or acts in the direction of applied gas pressure and thus effective force on piston is
increased.

In vertical engine, the weights of the reciprocating masses assist the piston during out
stroke (down) this increasing the piston effort by an amount equal to the weight of the piston.
During the in stroke (up) piston effect is decreased by the same amount.

Force on the piston due to gas pressure; FP =P1A1— P2A2

P1=Pressure on the cover end,

P2= Pressure on the rod

Az=area of cover end,

Ao= area of rod end,

m=mass of the reciprocating parts.

Inertia force (Fj)=m a

™

,j
Cos28 J (Opposite to acceleration of piston)

=m.r:u:[ Cos8 +

n

Force on the piston F=Fp- F

(if Fy frictional resistance is also considered)
F=Fp-FE-F

In case of vertical engine, weight of the piston or reciprocating parts also acts as force.

nF=Fr+mz-F-F

ii) Force (Thrust on the CR)
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F. = force on the CR

Equating the horizontal components:

F.Cos¢=F or F.

Cos’o

iit) Thrust on the sides of the cylinder
It is the normal reaction on the cylinder walls

F =F sing= F tang
iv) Crank effort (T)

It is the net force applied at the crank pin perpendicular to the crank which gives the required
TM on the crank shaft.

F xr = F_rsin(6+0)

F, = F_sin(8+¢)

= F -sin(é + @)
cos ¢

v) Thrust on bearings (F,)

The component of F¢ along the crank (radial) produces thrust on bearings

F,=F_Cos(@+0¢)=

osd

- Cos(8 +¢@)

vi) Turning moment of Crank shaft

T'=F Xr

z o
SiI@+ @) < r = —~
COos¢@

~ (sin# + cos @ + cos #sing)
cos¢@

e sin
= Fxr(sma-«—cosa 0]
cos¢

Proved earlier
sin#+cosé# LU ]
n l

cosa=l\}n: —sin’ @
—1/ 2 _sin*@ £

n

c sin &
SIn@=
n

rsin(@+ @)= OD cos¢

T=F xr
. rsin(@+o)
o

F
cosg

. 0D coso
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Difference between Governor and Flywheel:

A governor controls the speed of the output shaft within close limits, but its action
depends upon controlling the amount of working fluid to the engine as required by the load on
the engine. The flywheel, on the other hand, serves only to smooth out the energy transfer in
each energy cycle. For example, if an engine is operating at quarter load, with the governor in a
particular position controlling the amount of working media to the engine; the flywheel would
take care of redistributing the energy throughout a cycle. If the load was increased to full load
the governor action would permit more working fluid to the engine maintaining the speed of the
engine, but when balance of working fluid to the engine and load on the engine was reached, the
flywheel would continue its action of redistributing the energy throughout a cycle. Changes of
seed in an engine will cause the governor to respond and attempt to do the flywheels job.
Usually, the effect of the governor is disregarded in the design of the flywheel. The flywheel
analysis is limited to engines receiving power at a variable rate and delivering it to a shaft at an
approximately constant rate.

Crank effort diagrams or Turing Moment diagrams:
It is the graphical representation of turning moment or crank effort for the various positions of the
crank. The TM is plotted on ‘y’ axis and crank angle on ‘x’ axis.

Use of turning moment

Diagram: The area under the turning moment diagram represents work done per cycle. The area
multiplied by number of cycles per second gives the power developed by the engine.
1) By dividing the area of the turning moment diagram with the length of the base we get the
mean turning moment. This enables us to find the fluctuation of energy.
2) The max. ordinate of the turning moment diagram gives the maximum torque to which the

crank shaft is subjected. This enables us to find diameter of the crank shaft. TMD for a four
strokel.C. Engine

m 21 ar a4

' — CRANK pOsITION
ﬁ_SUCTloNl C *Powa& E xHAUST;
1

We know that four stroke cycle internal combustion engine there is one working stroke
after the crank has turned through two revolutions (4p or 720°). Since the pressure inside the
engine cylinder is less than the atmospheric pressure during suction stroke therefore a negative
loop is formed as shown in figure. During compression stroke the work done on engine the gases
therefore a higher negative loop is obtained. During expansion or working stroke the fuel burns
and the gases expand, therefore a large positive loop is obtained. In this stroke, the work is done
by the gases. During exhaust stroke, the work is done on the gases; therefore a negative loop is
firmed.
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Problem 2

The torque delivered by two stroke engine is represented by T = 10004300 sin 26-500 cos 26
where 6 is angle turned by the crack from inner dead under the engine speed. Determine work
done per cycle and the power developed.
Solution

g.deg. T.,N—-m

0 500
90 1500
180 500
270 1500
360 500

Work done / cycle = Area under the turning moment diagram.

I
:f'rda
1]

hF
= j' (1000 + 300sin 28 — 500c0s28) d8

0
=2000r N —m

T = W.D [ cvycle
27

=2 =1000 N —m
27

Power developed =T, x .,

_1000x ZN
60

27 % 200
60

= 1000 =
= 26179W
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Problem: 3
The turning moment curve for an engine is represented by the equation,

T = (20 000 + 9500 sin 26 - 5700 cos 26) N-m, where 6 is the angle moved by the crank from
inner dead centre. If the resisting torque is constant, find:

1. Power developed by the engine;

2. Moment of inertia of flywheel in ke-m?, if the total fluctuation of speed is not the exceed 1%
of mean speed which is 180 r.p.m. and

3. Angular acceleration of the flywheel when the crank has turned through 45" from inner dead
centre.

Solution:
Given, T= (20 000 + 9500 sin 26 - 5700 cos 26) N-m ;
N=180r.p.m. or w=2n x 180/60 = 18.85 rad/s

Since the total fluctuation of speed (wi-w2, is 1% of mean speed (o), coefficient of fluctuation
of speed,

s=P "% _g,—0.01
[

1. Power developed by the engine.
Work done per revolution

2x 2z

- _[Tdﬁ' - j(ztmo + 9500 sin 26 — 5700 cos 26) dé
1] 0

=[2(}0009—

9500 cos 26 5700 sin zar
2 2

o

=20000x27 =40 0007 N—m

Mean resisting torque of the engine,

_ Work done per revolution 40 000
2T 2r

T,

HIEQn

=20000 N —-m

Power developed by the engine

=T, .=20000x18.85 =377 000W = 377kW,
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2. Moment of inertia of the flywheel
The turning moment diagram for one stroke (i. e. half revolution of the crankshaft) is shown in

the Fig. Since at points B and D, the torque exerted on the crankshaft is equal to the mean
resisting torque on the flywheel, therefore,

i Tnu'an
20 000 + 9500sin 26 — 5700 cos 26 —20 000
9500sin 26 =5700 cos 2¢
tan 26 = sin 26 /cos 26 = 5700/9500 = 0.6
20 = 31° or@ =15.5°

ie..8, = 15.5° and 6, =90° + 15.5° = 105.5°

m ,

— Turning mement —

-
P e
o

fp

——— Crank angle —————

o

Maximum fluctuation of energy,

ép

AE=([(T -T,,,)d6
by

105.5¢

= j(20000 + 9500 sin 26 — 5700 cos 26— 20 000)d6

15.5°

ép

; 105.5¢
AE=I(T—T,MGn)d6 2{_ 950025m 26 5700 ;os 20} .
L

15.5°

Maximum fluctuation of energy ( AE),

11078 =Lax § =I1(18.85)° 0.01=3.551
I=11078/3.55 = 3121 kg-m°.
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3. Angular acceleration of the flywheel
Let 0. = Angular acceleration of the flywheel, and
6 = Angle turned by the crank from inner dead centre = 45°... (Given)

The angular acceleration in the flywheel is produced by the excess torque over the mean torque.
Excess torque at any instant,

T, =T -T,

€xXcess mean

20 000 + 9500sin 26 — 5700 cos 26 = 20 000
9500sin 26 — 5700 cos 26

.. Excess torque at 45°= 9500 sin 90° - 5700 cos 90° =9500Nm

We also know that excess torque=.o0.= 3121 xa.
From equations (i) and (ii),

o =9500/ 3121 = 3.044 rad/s>.

Problem 5: The equation of the turning moment diagram of a three crank engine is
2100047000 sin36 Nm. Where 6 in radians is the crank angle. The moment of inertia of the
flywheel is 4.5 x 10° Nm”and the mean engine speed is 300 rpm. Calculate the power of the

engine and the total percentage fluctuation of speed of the flywheel (i) if the resisting torque is
constant (ii) if the resisting torque is 21000 + 3000 sinB Nm.

a) T, = 21000 Nm.

2% 21000 = 300
60

Power = = 660LkW.

3
by () AE = [ 7000 sin 36d6 = 4666 .7 N .
0

100 AE

.. Total percent fluctuation of speed = IPE
m - Ean

100 x 4666.7 x 9.8
faoo;-rf
\ 30 A

45 % 10° %

= 1.04%
(ii) Engine torque = load torque, at crack angles given by
7000 sin38 = 3000 sinB

i.e., 2.33 (3sind - 4 sin’) = sind
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One solution is sinf =0, i.e., 8 = () and 180°, and the other is sinf = 0.803, i.e., 6 = 53°24°or
126°36" between 0° and 180°. The intersections are shown in figure and the areas between the

curves represent increase or decrease of total energy. The numerically longest is between 6 =
53% 24" and 126°36".

T000ain3e

30008ing@

e T

TERS Ny

.|'r|; T F
! i

21000

1267367
— = B

126 “36°
i.e., AE = j{?[}[]{] sin 36 — 3000 sin &) d&

LL R

=7960 Nm.

Therefore, the total (percentage) fluctuation of speed £

T~ ean
100 = 7960 < 9.8
300,?}3

30

4.5 107 x [

=1.65%
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A machine punching 3.8 cm dia hole in a 3.2 cm thick plate does 600 J of work / sq. cm of
sheared area. The punch has a stroke of 10.2 cm and punches 6 holed / min. The maximum
speed of the flywheel at its radius of gyration is 27.5 m/s. Find the mass of the flywheel so that
its speed at the same radius does not fall below 24.5 m/s. Also determine the power of the

motor, driving this machine.

d=3.8cm.t=3.2cm A=38.2 cm’

Energy required / punch = 600 x 38.2=22.920]

6, -6)_ 32
(27) 28 204

Assuming,

f
~(AK, =E|l-—|=
(A [ 25’} 2

327 1 ., i
=22.920{1- = —mk* e, —@?,

204 2
V  =kwo_ =2T5mls

A

V. =k =245m/s
We oet,

3.2 1

22920 [1— }zim{Z’}'.SE—M.SE}:—m 158
20.4 2 2

som = 244kp.
The energy required / minute 15 6 x 229207

. Mortor power = w ke = 2.292kW
1000 = 60
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A riveting machine is driven by a constant torque 3 kW motor. The moving parts including the
flywheel are equivalent to 150 kg at 0.6 m radius. One riveting operation takes 1 second and
absorbs 10 000 N-m of energy. The speed of the flywheel is 300 r.p.m. before riveting. Find
the speed immediately after riveting. How many rivets can be closed per minute.

Solution.

Given: P=3 kW; m= 150 kg; k = 0.6m; N; = 300 r.p.m. or e = 21 x 300/60 = 31.42rad/s
Speed of the flywheel immediately after riveting

Let = Angular speed of the flywheel immediately after riveting.

We know that, energy supplied by the motor,

E,=3 kW =3000 W =3000 N —m/s (v IW=1N—-mls)
But, energy absorbed during one riveting operation which takes | second,
E =10000 N —m

. Energy to be supplied by the flywheel for each riveting operation per second or the
maximum fluctuation of energy,

AE = E; - E; =10 000-3000 = 7000 N-m

We know that maximum fluctuation of energy (AE),

2

7000 = %x mk (@, - {%)3]=%x 150 (0.6)° [31.42)° — (e, )" ]

— 2700872 - (o, ]
(,)* = 987.2 — 7000 /27 =728 or @, = 26.98 rad | s

Corresponding speed in r.p.m.,
N, =2698x60/2x=257.6 r.p.m.
Number of rivets that can be closed per minute.

Since, the energy absorbed by each riveting operation which takes 1 second is 10 000 N-m,
therefore number of rivets that can be closed per minute,

E oo 3000
E, 10 000

x 60 =18 rivets




