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FLYWHEELS For steam engine and 2-stroke IC engines, angle turned

TURNING MOMENT DIAGRAMS AND
FLYWHEEL

Turning moment diagram is the graphical representation
of turning moment or crank effort for various positions of
the crank. It is also known as crank effort diagram. In plot-
ting the diagram, the turning moment is taken as the ordi-
nate and the crank angle as abscissa.

The turning moment diagram for a single cylinder, dou-
ble acting steam engine is as shown below.

Turning moment —»

0

0 180°
Crank angle —»

As work done is the product of the turning moment and the
angle turned, the area of the turning moment diagram
represents the work done per revolution.

The mean torque (7, ., ) against which the engine works is
given by

Area of turning moment diagram for one cycle

mean

Angle turned by crank (in radian) per cycle

by crank/cycle = 27z rad while it is 47z rad for 4 stroke IC
engines.

It is assumed that the work done by the turning moment
per revolution is equal to the work done against the mean
resisting torque. The area of the rectangle a4 Fe in the figure
is proportional to the work done against the mean resisting
torque.

When the engine torque is more than the mean resisting
torque, the crank shaft accelerates and the work is done by the
steam. This is represented in areas between B and C or D and E.

When the engine torque is less than the mean resisting
torque, the crank shaft rotates and the work is done on the
steam.

The turning moment diagram for a 4-stroke cycle IC
engine is as shown below.
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During suction stroke, the pressure inside the cylinder
is less than the atmospheric and a part negative loop is
formed. During compression stroke, the work is done on the
gases and a higher negative loop is formed. During working
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stroke, the fuel burns and the gases expand, and a large
positive loop is obtained. During exhaust stroke, the work
is done on the gases and a part negative loop is formed.
The effect of inertia forces on the piston is also taken into
account. The loops above and below abscissa are positive
and negative, respectively.

FLYWHEEL

The flywheel used in machines serves as a reservoir which
stores energy during the period when the supply of energy is
more than the requirement and releases it during the period
when the requirement of energy is more than the supply.

The flywheel controls the speed variations caused by the
fluctuation of the engine turning moment during each cycle
of operation for constant load.

In the case of an engine, the energy is produced only
during the power stroke; therefore, the input torque varies
but the load on the crank shaft is constant. The flywheel
does not control the speed variations caused by varying
loads on crank shaft. The speed control in that case is done
by governors.

Therefore, there is energy fluctuations and as a result
there is speed fluctuations. The function of the flywheel is
to control the speed fluctuations per cycle. It can also be
used to perform the said function when the input torque
is constant and the load varies during the cycle as in the
case of punching press or rivetting machines.

FLUCTUATION OF ENERGY

When the engine torque is more than the mean torque, the
flywheel is accelerated and excess energy is stored as kinetic
energy. When the engine torque is less than the mean torque,
the flywheel releases the stored kinetic energy. The varia-
tions of energy above and below the mean resisting torque
line are called fluctuations of energy. The speed will be max-
imum at the end of a positive loop (Positions ¢ or s in figure)
and minimum at the end a negative loop (Position p or r in
figure). The difference between the maximum and minimum
energies is known as maximum fluctuation of energy.

Coefficient of fluctuation of energy is defined as the
ratio of the maximum fluctuation of energy to the work
done per cycle.

C.— Maximum fluctuation of energy
=

Work done per cycle
Work done per cycle=T7,_ X6
Where T = = Mean torque and
6 = Angle turned in radian during a cycle
= 2 for steam engine and two stroke IC Engine

= 4r for 4 stroke IC Engine
_ P x60
mean an
Where P = Power transmitted in watt
N = Speed in rpm
The work done per cycle may also be obtained using the relation

P x60

n
Where n = Number of working strokes per Minute

Work done per cycle =

Coefficient of Fluctuation of Speed (C))

The difference between the maximum and the minimum speeds
during a cycle is called the maximum fluctuation of speed.
N, = maximum speed
N, = Minimum speed
N +N,

N = Mean speed = EE—

Coefficient of Fluctuation of Speed C,

_ Maximum fluctuation of speed

Mean speed

_ N =N, _2(Mi-N,)
N N;+N,

=0 -0 _ 2((01_(02) Vi=Vy _ 2(v1—v2)

w (l)l + (l)2 v Vi + %)
(= angular velocity

v = linear speed)
COEFFICIENT OF STEADINESS (M)

M=L__N
G, Ni=N,

Solved Examples

Example 1: The turning moment diagram of a petrol engine is
drawn to the following scales. Turning moment, 1 mm =5 Nm
Crank angle, 1 mm = 1°

The turning moment diagram repeats itself at every half
revolution of the engine and the areas above and below the
mean turning moment line taken in order are 295, 685, 40,
340, 960, 270 mm?. The rotating parts are equivalent to a
mass of 36 kg at a radius of gyration of 150 mm. Coefficient
of fluctuation of speed when the engine runs at 1800 rpm
is

Solution:
m=36kg; k=150 mm =0.15 m; N= 1800 rpm

960

! B WQD F_an
A Wc \‘/E \‘/

270




1 mm? of turning moment diagram

T T

180 36

Let the total energy at A = F

Energy at B = £+ 295

Energy at C=E + 295 - 685 =E -390
Energy at D=E -390 +40=FE - 350
Energy at E = E —350 -340=E — 690
Energy at F = E — 690 + 960 = E + 270
Energyat G=E+270-270=E

It is seen that the maximum energy is at B and the minimum
energy is at £

Maximum fluctuation of energy

A E = (E +295) — (E — 690)

=985 mm? = 985 x 3”_6=86 Nm

AE=mko*C, (" o= Zn(])\f rad/s)
72
= — mi’N°C,,
900

where
C_ = coefficient of fluctuation of speed

2
L 86= 2 _x36x(0.15)° x(1800) C,
900

C,=0.00299
=0.3%

ENERGY STORED IN FLYWHEEL
The mean kinetic energy of the flywheel

1 1
E=_l10*=_mk’

Where 7 = mass moment of inertia in kg m?
m =mass in kg
o= Mean angular speed in radian/s
k =radius of gyration in metre

The maximum fluctuation of energy

A E = Maximum kinetic energy — Minimum Kkinetic energy

= %I(a)l2 —,?)

1
E[(w1+w2)(w1—w2)
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S P
w

=m v*C, (v =mean peripheral speed of flywheel)
Lo 1 5
=2EC |vE==I0w"=—my
§ 2 2

Since 0= M

AE= " IN(N N
~ g N M)

2
= I NZCS
900

For finding out the mass moment of inertia

I = mk?, the radius of gyration (k) may be taken equal
to the mean radius of the rim (R), because the thickness of
rim is very small as compared to the diameter of rim. The
mass moment of inertia of the hub and arms is neglected as
these are nearer to the axis of rotation and the value of the
moment of inertia for these is very small compared to the
moment of inertia of the rim.

FLywHEEL RiIM DIMENSIONS

Consider a small element of rim as shown in figure.
Volume of the element =4 x R 60
where A = area of cross section
Mass of the element
dm=pAR 50
where p = density, R = means radius of rim
Centrifugal force dF = dm o’ R
=pAR?> 50 a?
Vertical component of centrifugal force
=dF sin 0
=pAR>a’ 50sin O
Total vertical upward force = p 4 R? a?
This vertical upward force will produce tensile stress or
hoop stress and it is resisted by 2P such that

2P=204
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where o = tensile or hoop stress
From the above we get,
2pAR* =204

o=p @ R*=pH?

where v = mean speed of flywheel (m/s),
measured at the mean radius of rim = @R
Mass of the rim m = Volume X density
=nDAXp,
D = mean diameter of rim

A= 2
nDp
Example 2: From the turning moment diagram of a multi
cylinder engine running at 800 rpm, the maximum fluctua-
tion of energy is found to be 23500 Nm.

The engine has a stroke of 300 mm. The fluctuation of
speed is not to exceed + 2% of the mean speed. If safe cen-
trifugal stress is not to exceed 7 MPa and density of material
is 7200 kg/m?, the mean diameter and cross-sectional area
of the rim of the flywheel are

Solution:
N =800 rpm
0= 27N _ =83.8rad/s
60
Stroke = 300 mm
o=7MPa
=7 x 10% N/m?
p=7200 kg/m?
Fluctuation of speed
o, - 0,=4%of ®
=0.04 w

. C=w1_w2

()

_ 0040 _ 04

o=p? (0]
. 7x10°=7200 12
orv=31.2m/s
Let D be the mean diameter of the flywheel

_ DN
60
. T X D x 800 ~312
60
D=0.745m
Maximum fluctuation of energy
=1 a*C,
o\
=mR? (—) C,
R
=m?C,
=23500 Nm (- data)

< mx (31.2)? x 0.04 = 23500

= m=603.53 kg

ButrDAp=m

Where A = cross sectional area of rim
. x0.745 x A x 7200 = 603.53

= A4=0.0358 m2.

FLYWHEEL IN PUNCHING PRESS

In the case where engine load is constant and the input
torque varies during a cycle. The flywheel is used to reduce
fluctuations of speed. But in the case of a punching press
or a rivetting machine, the input torque is constant and the
load during cycle varies. Here also a flywheel can be used to
reduce the fluctuation of speed.

Work done or energy required for punching a hole,

El = lFV X1,
2
where
F = Maximum shear force
=nd 1, T,

Where d| = diameter of hole to be punched

t, = thickness of plate

T, = ultimate shear stress of plate material
(It is assumed that as the hole is punched, the shear force
decreases uniformly from maximum to zero)

Assuming one punching operation per revolution, the
energy supplied to shaft by motor per revolution also should
be equal to £

Let the punching operation take place during the crank
angle positions 6, to 8,. The energy supplied by the motor
during punching operation.

0, -0
E E 2 1
’ 1( 27r)

The energy supplied by the flywheel,
(Balance energy required for punching)

=E -k,

—E, -E, (92 91)
2r

. [l (9227:01 H

The energy is supplied by the flywheel by a decrease in its kinetic
energy when the speed falls from maximum to minimum.
Thus, the maximum fluctuation of energy

AE=E, —E,

Example 3: A punching press is driven by a constant torque
electric motor. The flywheel of the punching press rotates at
a maximum speed of 220 rpm. The radius of gyration of the



flywheel is 0.5 m. The press punches 12 holes per minute.
Each punching operation requires 15 kNm of energy and
takes 2 s. If the minimum speed of the flywheel is limited
to 200 rpm, the minimum mass of the flywheel is
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The torque and the angular speed data over one cycle
for a shaft carrying a flywheel are as shown in the above
figures. The moment of inertia (in kg m?) of the flywheel is

Solution:

N, =220 rpm; N, =200 rpm; k= 0.5 m; £, =15 kKN m;
Holes/minute = 12

Required power of the motor

= 15000 x %N_m =3000 W

s
=3kW

Energy supplied by the motor during the punching operation
of2s

=3000x2J=60007J

Energy supplied by the flywheel during punching =
maximum fluctuation of energy

A E = 15000 — 6000 = 9000 J
Ny +N,

2
_220+200

Mean speed

=210 rpm

Let m be the mass of flywheel

T2
AE= %mk N(N,=N,)

2
i.c., 9000 = %meo.s2 x 210(220 - 200)

= m = 781.62 kg, is the minimum mass needed for the
flywheel

Example 4:
Torque (Nm)
A
3000 [-------
0 4 + 2z >
n 3 0 (rad)
1500 | ------2oone- 2
Angular speed ; ;
A 1 1
0 | i
20 rad/s 9 i
10 rad/s . ; :
0 : : . o
n T 3 2r g (rad)
2 2

Solution:
During the angular displacement from 6, = % radto 6,=7
rad, the energy absorbed by the flywheel is equal to the area

of turning moment diagram for this interval.
.. AE = Area of rectangle

- (77: —£)x3000
2

=15007r Nm
During the time, ® varies from
o, = 10 rad/s to @, = 20 rad/s (from graph)

1
We have AE = — I (0,% —®,?
y 1@ -a)
/ 2AE
=>l=7——5>
[
2x 15007
(202 -102)
=107 kg m?
=31.42 kg m?
Hence, the moment of inertia of the flywheel is 31.42 kg m2.

Example 5: If Cfis the coefficient of speed fluctuation of a
flywheel, then ratio of @_, /e, . will be

1-2C 2-C
(A) f (B) f

1+ 2Cf 2+ C_ s

1+2C, 2+C
(©) / (D) /

1-2¢, 2-C
Solution:

WDy — O
C = max min
4 w
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Cf(wmax)_l_ Cf = za)max -2
WOpmin ’ WOmin

o (@ | _[2+CS

DO min 2- Cf
Example 6: The maximum fluctuation of kinetic energy in
an engine has been calculated to be 2600 J. Assuming that the
engine runs at an average speed of 200 rpm, the polar mass

moment of inertia (in kg m?) of the flywheel to keep the speed
fluctuation within + 0.5% of the average speed is

Solution:
Given N =200 rpm: AE =2600]

27N 21 x200 1
w="="""""rads
60 60
=20.944 rad s™!
C.=0.01 (% 0.5% = 1%)
AE=1a?C,
=/ = AE
®>C;
2600
(20.944)" x0.01
=592.73 kg m?

Hence, the polar moment of inertia of the flywheel is
592.73 kg m?.

Example 7: Consider the following statements.

1. Flywheel reduces speed fluctuations during a cycle
for a constant load but flywheel does not control the
mean speed of an engine, if the load changes.

2. Flywheel can be used to control speed fluctuations
during a cycle when input torque is constant and load
varies during the cycle.

3. Governor controls the speed fluctuations during a
cycle for constant load but governor does not control
the mean speed of the engine if the load changes. The
correct statements are

(A) 2 and 3 only
(C) 1only

Solution:
Statement 3 is not correct. Other statements are correct.

(B) 1 and 3 only
(D) 1 and 2 only

Example 8: The moment of inertia of a flywheel is
1000 kg m?. It starts from rest and rotates with a uniform
angular acceleration of 0.5 rad/s?. Its kinetic energy (in J)
after 5 s from start is

(A) 2500 (B) 31257
(C) 12500 (D) 25000 J
Solution:
Given I = 1000 kg m?
o =0.5 rad/s?

t=5s
®,=0
w=0,+at=0+0.5%x5=25rad/s

KE = %1 = % x 1000 x (2.5)2

=3125] Choice (B)

Example 9: A flywheel is fitted to the crankshaft of an en-
gine having indicated work per revolution E. If the permis-
sible limits of the coefficients of fluctuation of energy and
speed are k, and k respectively, then the kinetic energy of
the flywheel is equal to

kpE 2k E
(A) =£= (B) E
2kg kg
© &E (D) KeE
2k kg
Solution:
AE=kE
1
AE= El(wmax wminz)
1
= El(wmax + wmin)(wmax wmin)
=7 (wmax — Wpin )(D
[0}
2 1.5
=lw°K;= Ela) 2K,
= kinetic energy, 1 Iw? |= AE _ kg
2 2k, 2k,
Example 10:
A
t1 /70
g 15
g A B\ 55 ~C D\ 55 /E
» 0

Crank angle —

The crank-effort diagram per cycle of an engine running a
machine is shown in the areas above and below the mean
line (in J). The maximum fluctuation of energy per cycle as
per this diagram is

(A) 501 (B) 851 (C) 951 (D) 451
Solution:
Let the energy at 4 be E|,

. Energy at B = (£, + 70)

Energy at C=E,+ 70 — 55 = (E, + 15)
Energy at D=FE + 15+ 15 = (£, + 30)
Energy at E=E;+ 30— 55=E;,— 25
B (@ B)=E;+70

Emin (atE):EO

S AE=(E,+70) - (E,—25)=951]



GEAR TRAINS

This section deals exclusively with the Gear Trains. For

all

other related concepts on gears, the section ‘Gears’ in

‘Machine Design’ of this book shall be referred to. However,
some important concepts that are needed for study of gear
trains are reiterated here.

1.

Module (m) is the ratio of pitch circle diameter (in
mm) to the number of teeth. The module of two mating

D
gears must be the same. m = —*

T

. Diametral pitch (P,) is the number of teeth per unit

. . . . T
length of pitch circle diameter (in mm) P, = —,

m
where

T =no of teeth
D, = pitch circle diameter in (mm)

. Circular pitch (P,) is the distance along a pitch circle

from one point on a tooth to the corresponding point
on the next tooth.

Pzﬂzﬂrm
c T

. Gear ratio (G) is the ratio of number of teeth on gear to

the number of teeth on pinion G = s

T,
where P

T, =number of teeth on gear and
T, = number of teeth on pinion

. Velocity ratio (VR) is the ratio of angular velocity of

follower (w,) to the angular velocity of driver (w,)
=0 _T
o T,

Vi
where
T, = number of teeth on driver and

T,= number of teeth on driven

A combination of two or more gears used for transmit-
ting power from a driving shaft to a driven shaft is known
as gear train. These are usually used when a large speed
reduction is to be carried out in a small available space.
The classification of gear trains is as follows.

v '

|Ordinary gear train | | Epicyclic gear train ‘

Simple gear train

A

|Compound gear train|

|

‘Revened|

| Non-reverted |
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The mating gears in gear trains can have external

meshing, in which case the mating gears rotate in opposite
sense or they can have internal meshing, in which case the
mating gears rotate in the same sense.

In ordinary gear trains, the axes of the shafts on which

the gears are mounted remain fixed relative to each other.

SIMPLE GEAR TRAIN

External teeth

External teeth

\o oo
Driver(1)/4
) d » X_Driver (2)
Shaft (1)

ci‘(/Shaﬂ(2)

A []
Tl
ﬁ"l

A o J X

Gear (1) Gear (2)

Simple Gear Train (External Meshing)

Driver (2)
=

Internal teeth Driver (1)

Gear (2)

Shaft (2)

Simple Gear Train (Internal Meshing)

In simple gear trains,

1. Each gear is mounted on a separate shaft i.e. the
number of gears is equal to the number of shafts. In the
simplest form, there are only two gears.



2. The axes of the shafts on which the gears are mounted
are fixed relative to each other.

3. When power is given to gear 1, it is called the driver
and the other gear (gear 2) is called the follower (or
driven).

4. Gears having external mesh rotate in opposite
sense while gears having internal mesh rotate in
same sense.

5. If R, = pitch circle radius of gear 1 and R, = pitch
circle radius of gear 2, then the distance between the
axes of gears (d) is given by (when shafts are parallel)
d=R, + R,, for external meshing and d = |[R, —R,| for
internal meshing.

6. When the distance between the axes of the shafts
is to be increased without changing the gear sizes,
intermediate gears (mounted as separate axes) can be
used. These intermediate gears are called idlers. For
gears in external mesh, the driver and driven gears
will rotate in the same sense, if the number of idlers
(or total number of gears in train) is odd and they will
rotate in the opposite sense, if the number of idlers (or
total number of gears in train) is even.

Driver (3)

Driver (2)

Driver (1)

k‘“lx‘

Shaft (1)| Shatt (2)

a [
A
0D

d =R, + 2R, + R,, with one idler. This formula holds
good only when all the three shafts are parallel and
centres of gears are on same straight line.

7. Speed ratio (or velocity ratio) of a gear train is
defined as the ratio of angular speed of driver (®,) to
the angular speed of driven (or follower)®,.

A
Q

o, _ N,
W, N,

*. speed ratio = , where N, and N, are the
speeds in rpm of the driver and follower.

The peripheral velocity V of any point on the pitch
circle must be the same for all meshing gears;
otherwise there will be slipping.

D D
D,

" V: wl
2 2
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(Here, D,, D, = pitch circle diameters of gear 1 and 2,
T,, T, = number of teeth on gears 1 and 2
m = module of gears

Speed ratio = ﬂ:&:&:Q

o, N, D T

Speed of driver

Speed of follower

No. of teeth on driven (or follower)

No. of teeth on driver

8. The inverse of the speed ratio is known as the train

value.
Train value = &:&:ﬂzﬁ
o N D, T,

Speed of follower

Speed of driver

No.of teeth on driver

No. of teeth on follower

9. In an ideal gear train, the input and output powers are
the same
_ 27[N1T1 _ 27TN2T2
60 60

where T, T, = torque on driver 1 and follower 2
respectively

.. Power, P

. T N, .
R IR speed ratio=——
T, N, Train value

If mechanical efficiency (1) is given,

22,7,
then n= Output power _\ 60
Input power M
60
= Moty
Nty

As the output and input torque are different, in order
to prevent the body of gear box from rotating, the
gear box has to be clamped (i.e. a holding torque T,
must be applied to the body of gear box through the
clamps), so that the total toque on system is zero.




Conventionally anti-clockwise torques are taken as
positive and clockwise torques negative.

1. The intermediate gears (or idlers) have no effect on
speed ratio or train value of a simple gear train. They are
only used for adjusting the distance between the axes of
driver and follower, and also to change the direction of
rotation of follower (clockwise or anticlockwise).

2. When bevel gears are used in simple gear trains, the
formula for distance between the shafts given earlier
cannot be used.

3. If the driver and the follower rotate in opposite sense,
the speed ratio (or train value) will be negative; if the
driver and the follower rotate in same sense, the speed
ratio (or train value) will be positive.

4. The degree of freedom of a simple gear train is one.

Direction for questions (Example 11 and 12): Two parallel
shafts are connected with the help of two gears 4 and B, with
one gear on each shaft. The number of teeth on gear 4 is 41
and it is mounted on a shaft which is rotating at 540 rpm.
Given the speed ratio is equal to 5 and circular pitch of gears
is 22 mm. A is the driver and B is the driven gear.

Example 11: The number of teeth on gear B and the speed
of its shaft (in rpm) are respectively

(A) 205, 2700 rpm (B) 205, 108 rpm

(C) 108, 205 rpm (D) 108, 2700 rpm

Solution:

Given T, = 41; N, = 540 rpm; speed ratio = 5 and circular
pitch P, =22 mm

Speed ratio = Ny (_ Speed of drlver)

N\ Speed of driven
N 5

.. Hence, speed of shaft of gear B is 108 rpm.

Also, the speed ratio = Ty
Ty

:5:% = T,=41x5=205

Hence, number of teeth on B is 205 and speed of shaft of B
is 108 rpm.

Example 12: The centre distance between the two shafts
(in mm) is

(A) 861.35 mm
(C) 781.45 mm

(B) 633.72 mm
(D) 821.36 mm

Solution:
D
We know P .= = =D= ﬂ
T T
wp,=Fcla _22X8_ o005 mm
T
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_ P.Ty _ 22%205

Dy = ———=1435.58 mm
T /4
d = Distance between parallel shafts
=R,+R,
_ Dy+Dp 287.12+1435.58
2 2
= 1722.7 =861.35 mm.
2
Example 13:
Driver 1 Driven 2 (follower)
'd x

W

In the simple gear train shown, the shafts are parallel and
carry one gear on each. The number of teeth on the driver
is 25 and on the driven is 65 respectively. The train value of
the gear train and the speed of the driver shaft (in rpm), if
the driven shaft rotates at 250 rpm is

(A) 2.6, 650 rpm (B) 0.3846, 96.2 rpm

(C) 0.3846, 650 rpm (D) 0.6312, 396 rpm

Solution:

Train value = Speed of follower

Speed of driver

No.of teeth on driver

No.of teeth on follower

= 2 =0.3846
65
. 1
.. Speed ratio= —————
Train value
~8 26
25

Speed of driver

But speed ratio =
Speed of follower

= speed of driver = Speed ratio X Speed of follower
=2.6 X250 =650 rpm

Example 14:
!

Y

Gear 3
Gear 2

Gear 1 "i‘f'_
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Gear 1, gear 2 and gear 3 form a simple gear train with
parallel shafts. The number of teeth in gear 1, gear 2 and
gear 3 are 45, 25 and 135 respectively. Gear 1 is the driver
and rotates clockwise at 300 rpm. The speed ratio of the
gear train and direction of rotation of the follower (gear 3)
are respectively

(A) 100, CCW (B) 1.67,CCW
(©) 3,CW (D) 3,CCW
Solution:

Gear 2 is an idler and it does not affect the speed ratio of
simple gear train. Gear 1 and Gear 2 are having external
mesh and so they rotate in opposite directions — gear
2 rotates anticlockwise (. 1 rotates CW ). Gear 2 and Gear
3 are having internal mesh — gear 2 and gear 3 rotate in
same sense.

. Gear 3 rotates in anticlockwise direction (i.e. counter-
clockwise CCW)

Speed ratio = M = B = 135 =
Ny I, 45

Compound Gear Trains

1. In compound gear trains, at least one shaft carries more
than one gear. This shaft is usually the intermediate shaft
and all the gears on this shaft rotate about the same axis,
in the same sense, with the same angular velocity

1

=

/\/3f
NIEAAN

Driven (2)
N x

L R SADADRRROT

I

B A NN

Z

Driver (1) = [II

0]
O

en (4)

Drivi
(T &

Driver (3)

A compound gear train is shown in figure. Gears 2 and 3
are mounted on the same shaft (intermediate shaft). Hence,
gear 2 and gear 3 rotate with the same angular velocity, in
the same sense of rotation.

The number of teeth on gears 1, 2, 3 and 4 are T}, 7,
T, and T, respectively. The driver is gear 1 which rotates at
a speed N, in clockwise (say) direction. This drives gear 2
which rotates in counter clockwise (.- external mesh) direc-
tion ata speed N,. As gear 3 mounted on same shaft as gear 2,

speed of 3 is also N, (in CCW). Gear 3 drives gear 4 (the
follower of this gear train) and rotates at a speed N, in the
clockwise (CW) sense. (. 3 and 4 are in external mesh)

2N Ty (L
Nl TZ T2

The minus (—) sign indicates that N, and N, rotate in
opposite sense.

Ny T, 7,
VImVE
=N,=- (_Nl _1)_3
=+ N, Ln (+ sign indicate N, and N, are rotating in
21y

same sense)
. Ny _TT
N T, 7T,

_ Speed of last driven (or follower)

Speed of first driver
= Train value

Ny
Ny

.. Train Value =

Product of number of teeth on driving gears

~ Product of number of teeth on follower gears

L M

Speed ratio= _— ~  _
Trainvalue N,

Speed of first driver

Speed of last follower

Product of number of teeth on follower gears

Product of number of teeth on driving gears

Compound gear trains are preferred when large speed
ratios are required.
The degree of freedom of a compound gear train is one.

ReVERTED GEAR TRAINS

In a compound gear train, when the driving shaft and the
driven shaft (or follower shaft) are co-axial, it is called a
Reverted gear train. Such arrangements are used in lathes
and clocks.



Follower (4) Driven (2)
\‘ v Driver (1 Driver (3)‘(
4 A
Gear (1) i Q Gear (2)
Griven [T (AT
(I (I eeer o

Follower . J

In the reverted gear train shown, the driver (gear 1) and
the follower (gear 4) are co-axial. The intermediate shaft
mounts gears 2 and 3 on it.

d = centre distance between gears 1 and 2

= centre distance between gears 3 and 4

d=R +R,=R,+R, (1)

where R, R), R, and R, are pitch circle radii of gears 1, 2,
3 and 4 respectively.

If m_ is the module for gears 1 and 2 (must be of same
module as they are meshing) and m, is the module for gears
3 and 4 (must be of same module as they are meshing but

>

mT R. = mT,
) 2

need not be equal to m ), then R, = 5

myTs
R, = R, =
3 5 4

number of teeth on gears 1, 2, 3 and 4 respectively.

ny T4

where T, T, T; and T, are the

()= ml(T1+T2):m3(Ts+T4)
N 2 2

o m_(B+1%) @)

ms (Ti'f’Tz)

Ifm =my, then T, + T, =T+ 7T,
M
N,

Speed ratio =

_ Product of number of teeth on driven gears

~ Product of number of teeth on driving gears

_ TLxT,
T xTy
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A

Trainvalue= —_—  _
Speed ratio N,

_ Product of number of teeth on driving gears

~ Product of number of teeth on driven gears
= L XD
T, xTy

Example 15:
x Driver shaft

|

I
C (25) Q‘E
™ Driven shaft

In the compound gear train shown, gears B and C are
mounted on the same shaft, gear 4 is mounted on the driving
shaft which rotates at 1170 rpm in the clockwise sense. The
table below gives the number of teeth on each gear.

Gear A B C D
No. of teeth 40 100 25 45

The speed of driven shaft D (in rpm) and its sense of rotation
are (CW = clockwise, CCW = counter clockwise)

(A) 292.5 rpm, CW (B) 260 rpm, CW

(C) 260 rpm, CCW (D) 292.5 rpm, CCW

Solution:

Speed ratio = Ny

D
_ Product of number of teeth on driven gears

~ Product of number of teeth on driving gears

_ TpxTp, _ 100x45 _

T xT. 40x25

4.5

.. Nj, = speed of shaft of driven gear D

N, _ 1170

= =260 rpm
Speed ratio 4.5

A rotates CW — B rotates CCW
(* A and B have external mesh)
.. Crotates CCW

(* B and C on same shaft)
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— D rotates CW
(*+ Cand D have external mesh)
.. Shaft of gear D rotates at 260 rpm in the clockwise sense.

Direction for questions 16 and 17:

A

N A AL
F E

A reverted gear train consisting of gears 4, B, C, D, E,
F and G is shown in figure. Gear 4 is mounted on the
driving shaft which is rotating counter clockwise (CCW)
at 1200 rpm. Gear G is mounted on the driven shaft
(follower) which is rotating at 64 rpm. Gears B and C and
gears D and E are mounted on the same shaft and gear
F is mounted on a shaft co-axial with shaft of B and C.
Gear F transmits motion from Gear £ to gear G which is
coaxial with gear 4. The number of known teeth on gears
are tabulated below.

Gear: A B C D E F
No. of teeth: 18 48 24 54 16 72

Example 16: The number of teeth on gear G and its sense
of rotation are

(A) 50,CCW (B) 64, CCW
(C) 90, CW (D) 50,CW
Solution:

Gear F'is only an idler and it does not affect the speed ratio.
N, = speed of gear 4
= 1200 rpm, CCW
N = speed of gear G = 64 rpm
A rotates CCW — B rotates CW
(" A and B have external mesh)
B and C rotate in the same sense ("
shaft)
D rotates CCW (- C and D have external mesh)
D and E rotate in the same sense
(-~ mounted in same shaft)
... E rotate CCW
F rotates CW (- E and F have external mesh)
*. G rotates CCW (" G and F have external mesh)
*. G rotates at 64 rpm, CCW

mounted on same

We have speed ratio = Na

Ng
Product of no. of teeth on driven

" Product of no. of teeth on driver

Ny 1200 _ T xTp XTg
Ng 64 T, XT-xTg

(v Fisanidler, T, is neglected)

1200 x T T- Ty
64xTpTp

=7.=

_ 1200 x18 %24 x16
64 x 48 %54

=50

“T;=50 and G rotates CCW.

Example 17: If m,, m, and m, are the modules of gear 4,
gear C and gear G respectively, m : m, : m, is equal to

(A) 1.8485:1.4325:1 (B) 1.8485:1.1282: 1

(C) 1.4325:1.1282: 1 (D) 1:1.1282:1.8485

Solution:

Let d, = distance between axis of gears 4 and B

= distance between axis of gears G and F' (data)

Gear 4 and B have the same module (m,), Gears C and D have
same module (1n,) and gears £, F"and G have same module (71,)

=>d =R, +Ry=R;+R,
m, Q.,_T_B =my (T—G+T—F)
2 92 2 2
-,-R:m_T)
2

om (T +Tr)
( + Ty

s )
_(50+72) 122
(18+48) 66

=1.8485

Also, let d, = distance between axis of gears C and D
= distance between axis of gears F and E

=>d,=R.+R,=R,+R,

=m, (TC"'TD) = m3(TF+TE)
2 2

_om _Te+Tp _ (72+16)
my  To+T, (24+54)
=88 %
78

myim, My = 1.8485:1.1282:1



Example 18: Q

A compound gear train with gears P, O, R and S has number of
teeth 20, 40, 15 and 20, respectively. Gears O and R are mounted
on the same shaft as shown in the figure below. The diameter of
the gear Q is twice that of gear R. If the module of gear R is 2
mm, the centre distance (in mm) between gears P and S is

(A) 40 (B) 80 (©) 120 (D) 160

Solution:
Data
Tp=20,T,=40,T;=15 and 7¢=20
Module of gear R = m, =2 mm
(= same as module of gear S, because R and S are in mesh)
Diameter of O, DQ =2D,
where
D, = diameter of R
Let d, = distance between centres of gears R and §
=R, + R,
(Tp +T, )
2

_ mTp myI _
== o=
2[15+20]
—=35
2
Diameter of R, D, =m,T, =2 %15
=30 mm
-~ Diameter of Q, DQ =2D,=2x30
=60 mm
Dy 60 mm

Module of O, m, = —=
YTy 40

2

mm

=15 mm

Module of P = same as module of Q
(*+ Pand Q are in mesh)
Let d, = distance between centres of P and Q

_ ny (TP + TQ)
2
1.5(20+40)
= —— =45 mm
2
.. Centre distance between P and S
=d, +d,=45+35=80 mm

ErpicycLic GEAR TRAINS

Epicyclic gear means one gear revolving upon and around
another. Thus, there is relative motion between the axes of
the gears in an epicyclic gear train. They are also known as
planetary gear trains. If at least the axis of one gear moves
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relative to the frame, then it is an epicyclic gear train. When
an annular wheel is added to an epicyclic gear train, it is
called as sun and planet gear train.

In a simple planetary gear train (or epicyclic gear
train), there are two gears in the mesh pivoted on a link
(called arm)

Gear 1
Arm

Gear 2

If the arm is fixed, then gear 1 and gear 2 can only rotate
about their fixed axes and in such a case it becomes a sim-
ple gear train. But if either gear 1 is fixed (or only gear 2 is
fixed), then the arm connecting the gears can also move and
the arrangement becomes an epicyclic gear train. The fixed
gear becomes ‘the Sun’ and the moving gear becomes the
planet. The whole arrangement can be enclosed is an annual
wheel, which can be fixed (instead of fixing the gears).

If there are more than one arm in a planetary gear train,
then it is known as a compound planetary gear train.
Planetary gear trains are used in machines where a high
speed ratio between the input and output speeds is required
within a small space.

The degree of freedom of an epicyclic gear train is two.

Speed Ratio of Epicyclic (Planetary)
Gear Trains

In determining the speed ratio of epicyclic gear trains, the
following concepts are applied.

1. The relative motion between a pair of mating gears
remains the same, whether the axes of rotation are
fixed or moving.

2. Ratio of relative motion is equal to inverse ratio of the
number or teeth on the gears.

3. Gears with external meshing rotate in opposite
sense while gears with internal meshing rotate in
same sense. There are two methods for speed ratio
determination of epicyclic gear trains. (i) Relative
velocity method (or Algebraic method (ii) Tabular
method. The procedure is the same in both cases.
The results are expressed in the form of equation in
the algebraic method, while they are expressed in the
form of a table in tabular method.

Relative Velocity (Algebraic) Method

Consider an epicyclic gear train as shown in figure. Gear 4
is fixed. Gear B can move over Gear 4. Arm c also rotates.
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Gear B (No. of teeth Tp)
Arm C, having speed N¢ (rpm)

Gear A (No. of teeth Ty)

We have to find the speed of gear B which we denote as
Np. (If Gear B was fixed, instead of gear 4, then we have to
find speed of gear 4 which will be denoted as V)

Relative speed of 4 with respect to C

=N,—N¢
Relative speed of B with respect to C
=Np—N¢

Gears 4 and B are in external mesh, so they will rotate
in the opposite sense. As the relative motion between gear
A and B is the same whether their axes are fixed or not and
this ratio of relative motion is equal to the inverse ratio of
the number of teeth on the gears

. Speed of B relative toarm C -7

Speed of A relative to arm C  Tp

(—sign because 4 and B rotate in opposite sense)

NB_NC =_TA (1)
Ny=Nc Ty
If gear 4 is fixed, then N, =0
c Ty
N T
= —B=1+—A :>NB= NC 1+T_A
C B TB

Thus, the speed of gear B can be determined if speed
of arm N, number of teeth on gears 4 and B are known.
Similarly, if gear B was fixed and we have to determine the

speed of gear 4, we will get N, = N, |:1 +T_B:| . Ifthe arm is

T,
fixed (N, = 0), then it becomes a simple gear and equation (1)
= N = —Ta
Ny, Ty

Tabular Method

In this method, we start off by considering the arm c as fixed
(N, = 0) and giving +1 rotation to arm 4 (+1 means one
anticlockwise rotation, so — will mean clockwise rotation),
so N,=+1. As B is in external mesh with 4, the correspond-

T
ing rotation of B will be N = _(_A)

Ty

(- indicates anticlockwise rotation) Next, keeping the
arm fixed, gear 4 is given +x rotations (i.e. x rotation is
the anticlockwise direction). i.e. N =0, N, = +x and so

Np=—x (T_AJ . Now, all elements are given y rotations anti-
Tp
clockwise.i.e. No=+4y, N,=+x+yand Ny =-x L +y.
Ty
The operations and resulting rotation of each element
(gear A, gear B and arm C) is written in a tabular form as
given below.

Revolution of elements

Sl .
No. Operation ArmC GearA Gear B
(No) (N, (Ng)
1. Armis fixed. Gear A T
. o A
is given +1 rotation (ie 0 +1 —(?)
anticlockwise) =2
2. Armis fixed. Gear A
is given +x rotation (ie Ts
X rotations in the anti- 0 X X Ts
clockwise direction)
3. All elements are given +y
rotation (j.e. y rotation in + +
anticlockwise direction 4 4 y
for all elements)
4. Resultant motion (=
sum of second and +y X+y X [-LA] +y
third rows) Ts

If gear 4 is fixed, then x +y = 0. If N is given in problem,
then y is known and N, can be determined. If N, is given,
then we have two equations connecting x and y (usually 7,
and T are given in problems, so we are not treating 7, and
T}, as variables) and hence x and y can be solved. If arm is
rotating at 10 rpm in clockwise direction, then y =—10 (-
clockwise rotation)

Example 19: The arm C of an epicyclic gear train rotates
at 150 rpm in the clockwise direction. The arm carries two
gears A and B having 60 and 75 teeth respectively. The gear 4
is fixed, while the arm rotates about the centre of gear 4. The
gear B meshes externally with gear 4. The speed of gear B is
(A) 225 rpm, CW

(B) 270 rpm, CCW

(C) 225 rpm, CCW

(D) 270 rpm, CW

Solution:

(i) Algebraic Method
Let N,, Ny and N be the speed of gear 4, gear B and arm
C respectively.

T,=60and T,=75

_ Relative velocity of B WRT C
Relative velocity of 4 WRT C




- %’ (- because external mesh between 4 and B)
B

Nz —-N . . .
MmN _ I is the governing equation.
N,—N¢ Ty

ie.,

Given gear 4 is fixed (i.e., N, = 0) and N.=—150 rpm
(because clockwise)

Ng—(-150) 60 4

0-(-150) 75 5

Np+150 4
- — =

150 5
=>NB=7%><150—150 =120 - 150 =270

.. Gear B makes 270 rpm, clockwise.

(i1) Tabular Method
Revolution of elements
SI- Operation
No. ArmC GearA
Gear B (N,
N (N (N
Arm C is fixed and Gear Ty
1. L . 0 +1 - =
A is given +1 rotation Ts
Arm C is fixed and Gear Ta
2 o . 0 +X x| =
A is given +x rotation Ts
3 All elements are given + + +
* 4y rotation y y y
4 Resultant motion (= sum N .t X Ta
*  ofrows2and 3) 4 y Ts 4
Given gear 4 is fixed .. x+y =0 €8
Arm ¢ makes 150 rpm CW
= y=-150 Q)

sx=—y=—(—150)=150

60
SN=—x | — |+
B (75) y

= 50x 99150
75

=120 -150

- 270

. B makes 270 rpm in the clockwise direction.
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Example 20:

An epicyclic gear train is shown schematically in figure.
The sun gear 2 on the input shaft is a 20 teeth external gear.
The planet gear 3 is a 40 teeth external gear. The ring gear 5
is a 100 teeth internal gear. The gear 5 is fixed and the gear
2 is rotating at 60 rpm CCW

(CCW = counter clockwise, CW = clockwise). The arm 4
attached to the output shaft will rotate at

(A) 10 rpm CCW (B) 10 rpm CW

(C) 12 rpm CCW (D) 12 rpm CW

(i) Algebraic Method

Solution:
The number of teeth are T, = 20, 7, =40, T, =100
Let the speeds of 2, 3,4 and 5 be N,, N;, N, and N,
. Speed of arm 4 =N,
Speed of gear 3 relative toarm 4 =N, — N,
Speed of gear 2 relative toarm 4 =N, — N,
We have M L

(Ns-Ng) T
("~ 2 and 3 have external mesh they rotate in opposite
sense)

N,-N, 40

e RS A ) (1)
N;—N, 20
Relative velocity of 5 with respect to arm 4 =N, — N,
" Ns =Ny = I (*~3 and 5 have internal mesh, they
N3=Ny T
rotate in same sense)
Ns=Ny _ 40 _o4 2)
N;—-N, 100

Given N;=0 (" Sis fixed) and N, =+ 60 (- CCW is taken
as positive)
(i) — 60-Ng =2 3)
3~ 1Vy
0-N,

(ii) — =04 )

3 4

There are two unknowns N, and N, and we can obtain their
values by solving equation (3) and equation (4).

= N;=-15 rpm and

N,=+10rpm

i.e. Gear 3 makes 15 rpm (CW) and arm (4) makes 10 rpm
(CCW)
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(i1) Tabular Method

Sl. No. Operation

Number of rotations of

Arm 4 Gear 2 (T, = 20)

Gear 3 (T, = 40) Gear 5 (T; = 100)

1. Arm 4 is fixed and gear 2 is given + 1 rotation (CCW)

2. Arm4is fixed and gear 2 is given + x rotation (CCW)

3.  All elements are given + y rotation (CCW)

4,  Resultant motion (sum of rows 2 and 3)

Given gear 5 is fixed = — §+ y=0

ire.x=5y )]
Gear 2 rotates at 60 rpm CCW
=x+y=60 2)
. 60
ie.5y+y=60=y= ?:10
.. The arm 4 rotates at y = 10 rpm (CCW)
Example 21:
5
3 ::4
2 Arm
__________ ———_Shaftaxis

N, =Number of teeth for gear i

N, =20
N, =24
N, =32
N, =80

For the epicyclic gear arrangement shown in figure,
, =100 rad/s clockwise (CW) and @, = 80 rad/s counter
clockwise (CCW). The angular velocity @; (in rad/s) is

+1 —1><£=—1 —1><Q><B:_i-I
T3 2 Ts Ts 5
+x X X
2 5
+y +y +y +y
X X
+y X+y —§+y 7§+y
Solution:

(1) Algebraic Method (Relative velocity method)
Let ®,, @;, @,, @; and @, be the angular velocities of gears
2, 3,4, 5 and arm respectively. @; = @, (" they are on same

shaft)
Then ( ®,) = (2 )X(w“ _wa)
) w3_a)a) (wS_wa)
N,
( J (FJ 2 and 3 mesh externally; 4 and 5
mesh internally)
__ 24 80 _ 4
20 32
Dy =Dy _ 4 (1)
Vs — @,
Given @, =—100 rad/s (.. CW)
and @, =+80 rad/s ("~ CCW)
L= —100-80 __4
ws —80

= —180 = —3@; + 240
=30, =240 + 180 = 420

= ;= 4§—0= +140 (+— CCW)

(A) 0 (B) 70 CW
(C) 140 CCW (D) 140 CW . Angular velocity @; is 140 rad/s CCW.
(i1) Tabular Method
Sl. o " No. of revolutions of
peration
No.

Arm Gear 2 (N,=20) Gear 3 (N,=24) Gear4 (N,=32) Gear5 (N,=280)

1. Arm s fixed and gear 2 is given +1 rotation (CCW) O

2. Armis fixed and gear 2 is given +x rotation (CCW) O

+1 _20_ 5 _20_-5 =20 32 __1
24 6 24 6 24 “80 3

_5x _5x _x

X 6 6 3

(Continued)
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No. of revolutions of

Sl. Operation
No. Arm Gear 2 (N,=20) Gear 3 (N,=24) Gear4(N,=32) Gear5(N,=2380)
3. All elements are given +y (CCW) rotation +y +y +y +y +y
4. Resultant motion (sum of rows 2 and 3) +y X+y —gx +y —%x +y _g +y
Given x + y =—100 (~- CW) ) [~ 1 and 2 in external mesh, 3 and 4 in external mesh]
and y = + 80 ) B S RV U SV S
- x=—100 —y=—100 — 80 1520
—(=1 —
‘. w5=—§+y =@+80 (w4 a)5)
=60 + 80 = 140 Example 23: For @, =60 rpm clockwise (CW) when looked

. 05 =140 rad/s CCW.

Direction for questions (Examples 4 and 5):

Arm

A planetary gear train has four gears and one arm (carrier).
Angular velocities of the gears are ®,, ®,, ®; and o,
respectively. The carrier rotates with angular velocity «;.

Example 22: The relation between the angular velocities
of gear 1 and gear 4 is given by the equation

s)

S

) (@ ®) (@a-0s5) _

—=0

(w4—w5): w]_ws
©) (@-) (2 (D) M=_(§)
(w4 —ws) 3 Wy~ s 9
Solution:
(0 -~ os) _ (0 ;) % (03 - os)
(0’4 —ws) (602 —605) (a)4 —ws)

[~ ®,= w, as they are on same shaft]

-~h L
LT

from left, what is the angular velocity of the carrier and its
direction so that gear 4 rotates in counter clockwise direction
(CCW) at twice the angular velocity of gear 1 when looked
from left?

(A) 130 rpm, CW
(C) 256 rpm, CW

(B) 223 rpm, CCW
(D) 156 rpm, CCW

Solution:

We have M
(@4 — 5)
Given @, = =60 rpm (.. CW),
o, =+2 || (- CCW)
=2x60=120 rpm (CCW)

=6 (1)

a1y 90705 g
120 - w5
= —60 — @, =720 — 6w,
= 60, — w;="720 + 60
i.e. So,="780

= w5 = 7;zo=156(+—>CCW)

-~ ;=156 rpm, CCW.

Example 24: 100 kW power is supplied to a machine through
a gear box which uses an epicyclic gear train. The power is
supplied at 100 rad/s. The speed of the output shaft of the gear
box is 10 rad/s in a sense opposite to the input speed. The mag-
nitude of the holding torque on the fixed gear of the train is

(A) 10 kNm (B) 8 kNm
(C) 9kNm (D) 11 kNm
Solution:

P,=P, =100 kW =100 x 1°W
Input power P, = output power P,
(- Efficiency is taken as 100%)

o, =100 rad/s CW (assumed)
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-, Input torque 7, = il
3
100
T = output torque
P 3
_ Lo _100x10° _ _0anm
o, (-10)

(~+ @,=-10rad/s, opposite to ®,)
If T}, is the holding torque, for rotational equilibrium of gear
box, we have
I.+7,+7,=0
=10°-10*+7,=0
= T7,=9x10°Nm
=9kNm
.. Holding torque on fixed gear = 9 kN m

Example 25: A pinion and a gear are in mesh with each
other. The gear ratio is 2 and the moment of inertias of the
pinion and gear about their axes of rotation are 3 kg m? and 5
kg m? respectively. For the gear to have an angular accelera-
tion of 4 rad/s?, the torque to be applied to the pinion shaft is
(A)5SNm (B) IONm (C) 14Nm (D) 17 Nm

Solution:

100% efficiency is assumed
.. Power given to gear = Power given to Pinion

= Torque on gear X @,,, = Torque on pinion X

wpinion
.. (0]
= Torque on pinion = Torque on gear X —E£2

a)pinion
No.of teeth on pinion

=Torque on gear X
No. of teeth on gear

1

=( [
gear ratio

gear X &, ) X

gear
=5%X4x —
2
=10 Nm
[_ @gear _ No.of teeth on pinion _ 1 )
-

pinion ~ NO. Of teeth on gear  Gear ratio

Example 26: Consider the following statements given
below.

(1) The mating spur gears must have the same pressure angle
(2) The mating spur gears must have the same module

(3) The mating spur gears must be of the same material

The true statements are:

(A) 1,2and 3
(C) 2 and 3 only

(B) 1 and 2 only
(D) 1 and 3 only

Solution:
The mating spur gears must be of same pressure angle and
same module but they can be made of different materials.

Example 27: Two parallel shafts whose axes are fixed and
separated by a distance of 40 mm are to be connected by a

spur gear set so that the output shaft rotates at %rd of the
speed of the input shaft. Which of the following could be

the pitch circle diameters of the gears?

(A) 20 mm and 60 mm (B) 30 mm and 50 mm
(C) 15 mm and 65 mm (D) 40 mm and 120 mm

Solution:
. D+ D
Distance between centres, d = %
D, +D
—40= 21
= D, +D,=2x40=_80 mm (1)
&=£=&:3 '.'&=3 giVen
o, T, D @,
~.D,=3D, )

From (1) and (2) D, + 3D, =80
= D1 = % =20 mm

D,=3D,=20x3 =60 mm
.. The diameters are 20 mm and 60 mm.

Practice Problems |

1. A circular solid disc of uniform thickness 25 mm,
radius 250 mm and mass 25 kg is used as a flywheel.
Its kinetic energy (in joule) when it rotates at 900 rpm
is

2. The speed of a flywheel of mass moment of inertia
15 kg m? fluctuates by 30 rpm for a fluctuation in energy
0f 2467 joule. The mean speed of the flywheel (in rpm) is
(A) 450 (B) 500
(C) 550 (D) 600

3. The speed of an engine varies from 250 rad/s to 240 rad/s.
Change in kinetic energy during the cycle is 420 J. Mass
moment of inertia of the flywheel (in kg m?) is
(A) 0.1714 (B) 0.1962 (C) 0.2272 (D) 0.2986

4. The mean speed of a vertical double acting steam
engine developing 80 kW is 250 rpm. The maximum
and minimum speeds are not to vary more than 1%
on either side of the mean speed and maximum fluc-
tuation of energy is one third of the indicated work per
stroke. If the mean radius of gyration of the flywheel is
0.6 metre, its mass is (in kg)




. A punching press is required to punch 30 mm diameter
holes, in a plate of 15 mm thickness, at the rate of 30 holes
per minute. It requires 6 J of energy per mm? of sheared
area. Punching of a hole takes 0.2 s and the speed of the
flywheel varies from 160 rpm to 140 rpm. If radius of
gyration is 1 metre, mass of the flywheel is.

(A) 192kg (B) 204kg (C) 232kg (D) 248kg

. A simple gear train has total of seven gears including
the driver and the driven, all having external meshing.
If the driver rotates in the clockwise direction (CW),
the driven will rotate in the

(A) clockwise sense (CW)

(B) counter clockwise sense (CCW)

(C) either clockwise (CW) or counter clockwise (CCW )
(D) Cannot be predicted

. A simple gear train consists of gears 4 and B, having
module 2 mm and centre distance of shafts equal to 115
mm. If the pitch circle diameter of the driver (gear 4) is
46 mm, the train value of the gear train is

1
wl ®! ol o
2 3 4 2.5
. Two parallel shafts are to be connected by spur gears.
The shafts are 600 mm apart approximately. Speed of
the driver shaft is 360 rpm and the speed of the other is

120 rpm. The circular pitch is 25 mm. Fill up the blanks
(i) No. of teeth on driver gear is

(i) No. of teeth on driven gear is

(iii) Pitch circle diameter of gear is

(iv) Exact centre distance between shafts is

Direction for questions 9 and 10:

Sun
wheel S

Carrier C

Stationary
internal
gear E

An epicyclic gear train consists of a sun wheel S, a
stationary internal gear £ and three identical planet
wheels P carried on a star shaped carrier C. The

size of the different toothed wheels are such that the
th

planet carrier C rotates at 7 of the speed of the

sun wheel S. The minimum number of teeth on any
wheel is 18. The driving toque on the sun wheel is
80 Nm.

10.

11.
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The number of teeth on Sun gear, Internal gear and
planet gears are respectively

(A) 18,54,24 (B) 22, 66, 33

(C) 26,78,52 (D) 18,54, 18

The magnitude of the torque necessary to keep the
internal gear stationary is

(A) 320Nm (B) 240 Nm

(C) 400 Nm (D) 80 Nm

In the figure shown, gear 2 rotates at 1200 rpm in counter
clockwise direction and engages with gear 3. Gear 3 and
Gear 4 are mounted on the same shaft. Gear 5 engages
with gear 4. The numbers of teeth on gears 2, 3, 4 and 5
are 20, 40, 15 and 30 respectively. The speed of gear 5 is

(A) 300 rpm, CCW
(B) 300 rpm, CW
(C) 4800 rpm, CCW
(D) 4800 rpm, CW

13.

100

In the compound gear train shown, there are 6 gears
(1,2, 3,4, 5 and 6) with gear 1 being the driver and gear
6 being the driven. The number of teeth on gears 1, 2, 3,
4, 5 and 6 are, respectively, 25, 60, 39, 100, 20 and 65.
Gears 2 and 3 are mounted on same shaft while gears 4
and 5 are mounted on same shaft. Gear 1 meshes with
2, gear 3 meshes with 4 and gear 5 meshes with 6, all
meshing being external. If gear 1 rotates at 1320 rpm in
the clockwise direction, the speed of rotation of gear 6
(in rpm) and its direction are respectively.

(A) 33 rpm, CCW (B) 66 rpm, CW

(C) 66 rpm, CCW (D) 33 rpm, CW

For the gear train in Qn. 12 above, if the modules of
gears 1, 3 and 6 are 1 mm, 1.5 mm and 2 mm respec-
tively, the distance between the shafts on which gear 1
and gear 6 are mounted is
(A) 199.75 mm

(C) 292.25 mm

(B) 264.35 mm
(D) 231.75 mm
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Practice Problems 2

1.

Mass of a flywheel is 5000 kg and radius of gyration is
1.8 m. From the turning moment diagram maximum
fluctuation of energy is found to be 52 kJ. If the mean
speed of the engine is 120 rpm, its maximum speed is
(A) 115.26 rpm (B) 121.22 rpm

(C) 128.34 rpm (D) 132.58 rpm

In the turning moment diagram of a four stroke gas
engine, areas representing various strokes are as
follows.

Suction stroke, 4,= 0.45 x 1073 m?

Compression stroke, 4,= 1.7 x 1073 m?

Expansion stroke, 4;= 6.8 X 1073 m?

Exhaust stroke, 4, = 0.65 x 1073 m?

One m? of the area represents 3 MN'm of energy.(ie MJ)
Maximum fluctuation of energy (in J) is

— Tmax

Tl T L.

(9]

£

[]

1S

()]

£

g Tmean

[

p Q /? As \S T
Ay T\ A, /27 3r Ay 4

Crank angle

A rivetting machine is driven by a constant torque
motor of power 3 kW. The moving parts, including the
flywheel, have an equivalent mass of 150 kg at 0.5 m
radius. One rivetting operation takes 1 s and absorbs
9000 J of energy. Speed of the flywheel is 300 rpm
before rivetting. Speed of flywheel immediately after
rivetting is

(A) 196.4 rpm
(C) 232.8 rpm

(B) 208.3 rpm
(D) 246.6 rpm

15.

In the reverted gear train shown in figure, all the gears
have same module. Gear 2 and gear 3, which are
mounted on the same shaft, have 57 teeth and 22 teeth
respectively. If the internal gear 4 (which meshes with
gear 3) has 98 teeth, the number of teeth on gear 1 is
(A) 17 (B) 18 ©) 19 (D) 21

For the gear train in Qn. 14 above, if the driver (gear 1)
rotates at 735 rpm clockwise, the speed and direction
of rotation of driven (gear 4) is

(A) 147 rpm, CW (B) 55 rpm, CCW

(C) 55rpm, CW (D) 147 rpm, CCW

Direction for questions 4 and 5: A punching machine
makes 20 working strokes per minute and is used for
punching 30 mm diameter holes in 20 mm thick steel
plates of ultimate shear strength 300 MPa. The punching

operations takes place during m

th
of a revolution of the

crank shaft.

The flywheel revolves at 10 times the speed of the crank

shaft. The permissible coefficient of fluctuation of speed
is 0.1

4,

If the mechanical efficiency is 95%, power required for
the driving motor is
(A) 1.984 kW
(C) 2.948 kW

(B) 2.232 kW
(D) 3.526 kW

. If radius of gyration of the flywheel is to be 0.7 m, the

minimum mass required for the flywheel is
(A) 249.24 kg (B) 236.78 kg
(C) 159.22kg (D) 136.73 kg

Consider a flywheel whose mass m is distributed almost
equally between a heavy ring-like ring of radius R and

R
a concentric disk-like feature of radius 7 . Other parts

of the flywheel such as spokes etc have negligible mass.
The best approximation of ¢, if the moment of inertia
of the flywheel about its axis of rotation is expressed as
OMR?, is

A certain machine requires a torque of (200 + 20 sin )
kNm to drive it, where O 1is the angle of rotation of shaft
measured from certain datum. The machine is directly
coupled to an engine which produces a torque (200 +
20 sin2 ) kNm in a cycle. The number of times the
value of torque of machine and engine will be identical
in a cycle is

(A) 8 © 2

Maximum fluctuation of energy for flywheel is the

(A) sum of maximum and minimum energies.

(B) difference between the maximum and minimum en-
ergies.

(B) 4 (D) 1



10.

11.

12.

13.

14.

15.

16.

(C) difference between the maximum and mean energies.
(D) ratio of the maximum energy to the minimum energy.

The amount of energy absorbed by a flywheel is deter-
mined from the

(A) speed-energy diagram.

(B) speed-space diagram.

(C) Torque-crank angle diagram.

(D) Acceleration-crank angle diagram

If the rotating mass of a rim type flywheel is distrib-
uted on another rim type flywheel, whose mean radius
is half the mean radius of the former, then the energy
stored in the latter at the same speed will be

(A) 4 times the first one.  (B) same as the first one.
1" 1

©) " of the first one. (D) 5 of the first one.
The average speed of a flywheel is 1200 rpm and its
polar moment of inertia is /(kg m?). The fluctuation of
speed is 4%. The average speed of the flywheel is to
be halved and the fluctuation of speed is to be brought
down to 2%. Assuming that the fluctuation of energy
in the flywheel remains constant, the polar moment of
inertia of the flywheel has to be changed to

(A) 21 (B) 47 (C) 421 (D) 8I

If V is the maximum peripheral speed of flywheel, p is
the density of flywheel material and o is the allowable
hoop stress in the flywheel, then

) V=JE3 ) v=po

p
_ [P _ @
(©) V—\/; (D) V—\/;

Why is the mass of the flywheel concentrated in the rim?
(A) To store maximum energy.

(B) To make it strong.

(C) To store minimum energy.

(D) To let it rotate freely.

The density of a flywheel material is 7.82 g/cm? and
the safe hoop stress in it is 24.8 MN/m?. The maximum
safe peripheral velocity of the flywheel (in m/s) is

(A) 1.89 (B) 5631 (C) 1780.83 (D) 66.34

In which of the following case, the turning moment dia-
gram will have the least variation?

(A) Double arting steam engine.

(B) Four stroke, single cylinder petrol Engine.

(C) 8 cylinder, 4 stroke diesel engine.

(D) Pelton wheel.

The radius of gyration of a uniform solid disc type fly-
wheel of diameter D is
3D

D
(A) D © 7 (D) ——

D
B) NG

17.

18.

19.

20.

21.

22.

23.

24,
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Flywheels are fitted for single cylinder and multi-
cylinder engine of the same power rating. Which of the
following statement is true?

(A) The size of flywheel for an engine depends on the
compression ratio.

The flywheel will be smaller for single cylinder
engine when compared to that for multi-cylinder
engine.

The flywheel will be smaller a for multi-cylinder
engine as compared to that of a single cylinder en-
gine.

(D) The flywheel of the two engines will be identical.

(B)

©

The power developed by a 4 stroke engine is 150 kW
at 100 rpm. The fluctuation of energy is 0.58 times the
energy developed per cycle. The fluctuation of energy
(in kJ) per cycle is.

(A) 480 (B) 360 (C) 256.7

Consider the following statements.

(D) 208.8

The flywheel in an IC engine
(1) acts as a reservoir of energy.
(i) minimises cyclic fluctuations in engine speed.
(iii) takes care of load fluctuations in the engine and
controls speed variation.

The correct statements are:

(A) (i) and (iii) (B) (i), (ii) and (iii)

(C) (i) and (ii) (D) (ii) and (iii)

The turning moment diagram of a 4 stroke IC engine
during compression stroke is

(A) positive throughout

(B) negative throughout

(C) positive during major portion of stroke

(D) negative during major portion of stroke.

A simple gear train consists of a pair of spur gears with
module 5 mm and a centre distance of 450 mm. If the
speed ratio is 5:1, the number of teeth on the pinion is

In a simple gear train, two mating spur gears have
40 and 120 teeth, respectively. The pinion rotates at
1200 rpm and transmits a torque of 20 N'm. The torque
transmitted by the gear is

(A) 6.6 Nm (B) 20 Nm

(C) 40 Nm (D) 60 Nm

In a simple gear train, the pinion rotates at a speed of
1440 rpm and transmits a power of 1000 W. The speed
ratio for this unit is 10 : 1 with pinion being the driver.
If the torque transmitted by the gear is 56.36 Nm, the
mechanical efficiency of the transmission is about

(A) 78% (B) 85% (C) 63% (D) 96%

The velocity ratio in the case of compound train of
wheels is equal to

(A)

Number of teeth on first driver

Number of teeth on last follower
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25.

26.

27.

28.

29.

30.

31.

Number of teeth on last follower

(B)

Number of teeth on first driver

Product of teeth on the drivers

©

Product of teeth on the followers

Product of teeth on the followers

(D) Product of teeth on the drivers

The gear train usually employed in clocks is a
(A) reverted gear train.

(B) simple gear train.

(C) sun and planet gear.

(D) differential gear.

Train value of a gear train is

(A) equal to speed ratio.

(B) half of speed ratio.

(C) equal to speed ratio plus one.
(D) reciprocal of speed ratio.

A gear train, in which at least one of the gear axes is in
motion relative to the frame, is called

(A) compound gear train. (B) Epicyclic gear train.
(C) reverted gear train. (D) double bevel gear train.
A reverted gear train is one in which the output shaft
and input shaft

(A) rotate in opposite directions.
(B) are co-axial.
(C) are at right angles to each other.
(D) are at an angle to each other.
Consider the following specifications of gears 4, B, C
and D
Gears A B C D
No. of teeth 20 60 20 60
1 o 1 o , 1 o
Pressure angle 14— 14— 20 14—
2 2 2
Module 1 3 3 1
Material Steel Brass Brass Steel

Which of these gears form a pair of spur gears to
achieve a gear ratio of 3?

(A) Aand B (B) A4and D

(C) Band C (D) Cand D

In a reverted gear train, two gears 4 and B are in external
mesh. B-C is a compound gear and C and D are in exter-
nal mesh. The module of 4 and C are 3 mm and 4 mm,
respectively. The number of teeth in 4, B and C are 20, 44
and 18, respectively. The number of teeth in D is

(A) 26 (B) 34 (C) 46 (D) 30

In a compound gear train, gear P drives gear Q. Gear Q
and gear R are mounted on same shaft. Gear R drives
gear S. All gears are in external mesh. The number of
teeth on gear P and gear R are same while the number
of teeth on gear O and gear S are same. When P rotates
at 156 rpm, S rotates at 100 rpm. The rotational speed
of compound gear O-R is nearly

32.

33.

34.

3s.

(A) 125 rpm
(C) 118 rpm

(B) 135 rpm
(D) 142 rpm

|

[ I ]
B(Tg=70)

[ | ]
ZLJE D C(To=18)

In the reverted gear train shown, gear 4 is the driver and
rotates at 2100 rpm. Gear B and gear C are mounted on
the same shaft. The module of Gear B is 1.2 mm and
it has 70 teeth while Gear C has 18 teeth. The distance
between centres of the shafts is 54 mm. The module of
gear D is (in mm)

(A) 1.2 mm (B) 1.5 mm
(©) 1.75mm (D) 2.0 mm

In a simple gear train, the idle wheel

(A) has no influence on speed ratio. It only affects the
direction of rotation.

changes the speed ratio and also direction of rotation.
may change the speed ratio but may not affect the
direction of rotation.

does not change the centre distance between the
driver and driven shafts.

B)
©

(D)

Driven
(Follower)

F (45)

E (25)

A compound gear train consists of spur, bevel and spi-
ral gears as is shown in the figure with the name of
gear in bold capital letters followed by the number of
teeth on that gear in parenthesis (bracket). Gear 4 is the
driver and gear F is the driven (follower). The overall
speed ratio of the train is

(A) 9 (B) 18
(C) 16 (D) 24

Pinion A and gear B for a simple gear train are made
of spur gears. The speed ratio is 4 and the module is
2.5 mm. If the gear rotates at 400 rpm and has 84 teeth,
the centre distance between shafts (in mm) and the
pitch line velocity (in m/s) are respectively



(A) 131.25 mm, 5.6125 m/s
(B) 122.65 mm, 4.3982 m/s
(C) 131.25 mm, 4.3982 m/s
(D) 122.65 mm, 5.6125 m/s

A fixed gear 4 having 117 teeth is in external mesh
with another gear B having 39 teeth. The number of
revolutions made by the smaller gear for one revolution
of the arm(connecting the two gear) about the entire of

36.

the bigger gear is
(A) 3 (B) 4
© s (D) 2

Direction for questions 37 and 38: In an epicyclic gear
train, an annular wheel C having 150 teeth is in internal
mesh with a planet wheel B having 60 teeth. The sun wheel
A is in external mesh with planet B. The centres of wheel 4
and B are connected by an arm D.

37. The number of teeth on sun wheel 4 is
(A) 20 (B) 30 (C) 40 (D) 45

38. If the sun wheel A4 is fixed and the arm D is given
5 rotations clockwise, the number of rotations made by
the annular wheel C is

39.

40.
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(A) 4 rotations, CCW (B) 6 rotation, CW
(C) 3 rotations, CCW (D) 4 rotations, CW

The first and last gear in a simple gear train, with all
gears having external mesh, are having 20 teeth and 70
teeth, respectively. If the first gear is the driver, then the
train value and speed ratio of this train are, respectively,
(A) cannot be determined from given data.

2
(B) —and =
7
7
C) = and —
© >
5
D) = and —
D) 2
A spur gear having 40 teeth and having circular pitch of

25 mm is rotating at a speed of 150 rpm. Its diametral
pitch (in per mm) and pitch line velocity (in m/s) are,
respectively,

(A) 0.1257/mm, 2.5 m/s
(C) 0.1257/mm, 2.8 m/s

(B) 0.1467/mm, 2.3 m/s
(D) 0.1467/mm, 2.5 m/s

PREvViOUs YEARS’ QUESTIONS

1. Twomatingspurgearshave40and120teeth,respectively.
The pinion rotates at 1200 rpm and transmits a torque of
20 Nm. The torque transmitted by the gearis [2004]
(A) 6.6 Nm (B) 20 Nm
(C) 40 Nm (D) 60 Nm

2. If C, is the coefficient of speed fluctuation of a fly-

wheel then the ratio of @, / @, . will be: [2006]
1-2C 2-C
(A) L ®)
1+2C, +Cy
1+2C 2+C
©) - D) —F
1-2C; 2-C,

Direction for questions 3 and 4: A planetary gear train
has four gears and one carrier. The angular velocities of
the gears are ®,, ®,, ®; and @,, respectively. The carrier
rotates with angular velocity ;.

Gear 2 o —
45T Gear 3
= 20T
1 S
S
L e
772 | Carrier 5
Gear 1 L
15T Gear 4
40T

3.

What is the relation between the angular velocities of

gear 1 and gear 4? [2006]
(O () -
(a) S22 = (B) 2=
4 — s 1 =@
0 —® 2 W, -5 8
(©) #=(_) (D) 2 5 2
Wy —W; 3 0y—ws 9

. For @, = 60 rpm clockwise (CW) when looked from

the left, what is the angular velocity of the carrier and
its direction so that gear 4 rotates in counterclockwise
(CCW) direction at twice the angular velocity of gear
1 when looked from the left [2006]
(A) 130 rpm, CW (B) 223 rpm, CCW
(C) 256 rpm, CW (D) 156 rpm, CCW

. The speed of an engine varies from 210 rad/s to 190

rad/s. During a cycle the change in kinetic energy is
found to be 400 Nm. The inertia of the flywheel in

kgm? is [2007]
(A) 0.10 (B) 0.20
(C) 0.30 (D) 0.40

An epicyclic gear train is shown schematically in the
adjacent figure. The sun gear 2 on the input shaft is a
20 teeth external gear. The planet gear 3 is a 40 teeth
external gear. The ring gear 5 is a 100 teeth internal
gear. The ring gear 5 is fixed and the gear 2 is rotating
at 60 rpm CCW (CCW = counter clockwise and CW
= clockwise)
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The arm 4 attached to the output shaft will rotate at
[2009]

(B) 10 rpm CW
(D) 12 rpm CCW

(A) 10 rpm CCW
(C) 12 rpm CW
7. Forthe epicyclic gear arrangement shown in the figure,
, = 100 rad/s clockwise (CW) and @, = 80 rad/s
counter clockwise (CCW). The angular velocity @,(in

rad/s) is [2010]
N; = Number of teeth for gear i
N, =20
_ Nz =24
N, =32
8 N5 =80
2
________ Mo SUEIEE
(A) 0 (B) 70 CW
(C) 140 CCW (D) 140 CW

8. A circular solid disc of uniform thickness 20 mm,
radius 200 mm and mass 20 kg, is used as a flywheel.
If it rotates at 600 rpm, the kinetic energy of the fly-

wheel, in Joules is [2012]
(A) 395 (B) 790
(C) 1580 (D) 3160

9. A compound gear train with gears P, O, R and S has
number of teeth 20, 40, 15 and 20, respectively. Gears
QO and R are mounted on the same shaft as shown in
the figure below. The diameter of the gear Q is twice
that of the gear R. If the module of the gear R is 2 mm,
the center distance in mm between gears P and S is

[2013]
Q
P c’ s

(A) 40 (B) 80
(©) 120 (D) 160

10. A flywheel connected to a punching machine has to
supply energy of 400 Nm while running at a mean
angular speed of 20 rad/s. If the total fluctuation of
speed is not to exceed +2%, the mass moment of iner-
tia of the flywheel in kg-m? is [2013]
(A) 25 (B) 50

(C) 100 (D) 125

A pair of spur gears with module 5 mm and a center
distance of 450 mm is used for a speed reduction of
5 : 1. The number of teeth on pinion is [2004]

11.

12. Consider a flywheel whose mass m is distributed
almost equally between a heavy, ring-like rim of
radius R and a concentric disk—like feature of radius
R/2. Other parts of the flywheel, such as spokes, etc,
have negligible mass. The best approximation for ¢,
if the moment of inertia of the flywheel about its axis

of rotation is expressed as aMR?, is [2014]

. Maximum fluctuation of kinetic energy in an
engine has been calculated to be 2600 J. Assuming
that the engine runs at an average speed of 200
rpm, the polar mass moment of intertia (in
kg.m?) of a flywheel to keep the speed fluctua-
tion within £ 0.5% of the average speed is
[2014]
Gear 2 rotates at 1200 rpm in counter clockwise
direction and engages with Gear 3. Gear 3 and Gear 4
are mounted on the same shaft. Gear 5 engages with
Gear 4. The numbers of teeth on Gears 2, 3, 4 and 5
are 20, 40, 15 and 30, respectively. The angular speed

of Gear 5 is [2014]
40T el

(A) 300 rpm, CCW (B) 300 rpm, CW

(C) 4800 rpm, CCW (D) 4800 rpm, CW
Torque and angular speed data over one cycle for a
shaft carrying a flywheel are shown in the figures. The
moment of inertia (in kg.m?) of the flywheel is

14.

20T

15.

[2014]
Torque
Angular speed
30004 A
N-m 20 rad/s 7\
10 rad/s ,
r 3m22n P ' 0
0 m2 " : ,
-1500 : —> 0
N-m 0 m2 & 32 2n
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16. 18. In the gear train shown, gear 3 is carried on arm 5,
Gear 3 meshes with gear 2 and gear 4. The number of
teeth on gear 2, 3 and 4 are 60, 20 and 100, respec-

e tively. If gear 2 is fixed and gear 4 rotates with an

angular velocity of 100 rpm in the counterclockwise

direction, the angular speed of arm 5 (in rpm) is:

Driven

[2016]
A gear train is made up of five spur gears as shown
in the figure. Gear 2 is driver and gear 6 is driven
member. N,, N,, N,, N; and N, represent number of
teeth on gears 2, 3, 4, 5 and 6 respectively. The gear(s)
which act(s) as idler(s) is/are: [2015]
(A) Only 3 (B) Only 4
(C) Only 5 (D) Both 3 and 5
17. The torque (in N-m) exerted on the crank shaft of
a two stroke engine can be described as 7' = 10000
+ 1000 sin 26 — 1200 cos 26, where 6 is the crank
angle as measured from inner dead center position. (A) 166.7 counterclockwise
Assuming the resisting torque to be constant, the (B) 166.7 clockwise
power (in kW) developed by the engine at 100 rpm is (C) 62.5 counterclockwise
. [2015] (D) 62.5 clockwise
ANSWER KEYs
EXERCISES
Practice Problems |
1. 3469.78 J 2. B 3. A 4. 648.46 kg 5 C 6. A 7. C
8. (i) 38 (i) 114 (i) 302.39 mm (iv) 60479 mm 9. D 10. B 11. A 12. C 13. D
14. C 15. B
Practice Problems 2
1.B 2. 175107 3. D 4. A 5. B 6. 0.5625 7. B 8. B 9. C 10. C
11. D 12. D 13. A 14. B 15. D 16. B 17. C 18. D 19. C 20. B
21. 30 22. D 23. B 24. D 25. A 26. C 27. B 28. B 29. B 30. D
31. A 32.D 33. A 34. B 35. C 36. B 37. B 38. D 39. C 40. A
Previous Years’ Questions
1. D 2. D 3. A 4. D 5. A 6. A 7. C 8. B 9. B 10. A
11. 29t0 31 12. 0.55t00.57 13. 590 to 595 14. A 15. 30t0 32 16. C

17. 104 to 105 18. C
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