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14.1. Introduction

We have already discussed that,

1. When abody moves along a curved path with a
uniform linear velocity, aforcein the direction of centripetal
acceleration (known as centripetal force) has to be applied
externally over the body, so that it moves along the required
curved path. This external force applied is known as active
force.

2. When abody, itself, is moving with uniform lin-
ear velocity along acircular path, it is subjected to the cen-
trifugal force* radially outwards. This centrifugal force is
called reactive force. The action of the reactive or centrifu-
gal forceisto tilt or move the body along radially outward
direction.

Note: Whenever the effect of any force or couple over amoving or
rotating body is to be considered, it should be with respect to the
reactive force or couple and not with respect to active force or
couple.

*  Centrifugal forceisequal in magnitude to centripetal force but
opposite in direction.
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Gyroscopic inertia prevents a spinning top from falling sideways.

14.2. Precessional Angular Motion

We have already discussed that the angular acceleration is the rate of change of angular
velocity with respect to time. It is a vector quantity and may be represented by drawing a vector
diagram with the help of right hand screw rule (see chapter 2, Art. 2.13).

o) 50 /ﬁ{ X
/ w Direction
Axis of spin of viewing
@ ®)

Fig. 14.1. Precessional angular motion.

Consider adisc, asshowninFig. 14.1 (&), revolving or spinning about the axisO X (known as
axisof spin) in anticlockwise when seen from the front, with an angular velocity winaplaneat right
angles to the paper.

After ashort interval of time &t, let the disc be spinning about the new axisof spin OX' (at an
angle 86) with an angular velocity (w + du). Using theright hand screw rule, initial angular velocity
of the disc (w) is represented by vector ox; and the final angular velocity of the disc (w + dd) is
represented by vector ox' asshown in Fig. 14.1 (b). The vector xx' represents the change of angular
velocity intimedti.e. theangular accel eration of the disc. Thismay beresolved into two components,
one paralel to ox and the other perpendicular to ox.

Component of angular acceleration in the direction of ox,

q = X _or—ox_ ox’' cos 08 — ox

ot & &
_ (w+ 3w cosd6— w_ wos 00 +dwos 68 w
- 3t - 3t
Since 60 isvery small, therefore substituting cos 6= 1, we have

W+ Oow— w_ 0w

oG =—"—=—

ot o
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Inthelimit, when ot - O,
D] dw

= Lt =
% obatd
Component of angular acceleration in the direction perpendicular to ox,
_IX' _ox sindd _ (w+3dgsin 36_ win 36 + dwin 36

a. =
° Bt ot a a
Since 66 in very small, therefore substituting sin 36 = 6§ we have

_ ®.00 + dw 69: w 06
¢ ot &t

...(Neglecting dw.08 being very small)
Inthelimit when dt - O,
.00 de .. de 0
a.= Lt —=wx—=w tuting — =
¢ .o ot dt @ '"%ﬂbﬂl Hing dt %B
[0 Total angular acceleration of the disc

= vector xx' = vector sum of o,and a_

_dw do _dw

S—tWX— =F— +t W

dt da dt

where db/dt is the angular velocity of the axis of spin about a certain axis, which is perpendicular to
the plane in which the axis of spin is going to rotate. This angular velocity of the axis of spin (i.e.
dé/dt) is known as angular velocity of precesson and is denoted by w,. The axis, about which the
axisof spinisto turn, isknown as axisof precession. Theangular motion of the axis of spin about the
axis of precession is known as precessional angular motion.
Notes: 1. The axis of precession is perpendicular to the plane in which the axis of spin is going to rotate.

2. If the angular velocity of the disc remains constant at all positions of the axis of spin, then do/dt is
zero; and thus o is zero.

3. If the angular velocity of the disc changes the direction, but remains constant in magnitude, then
angular acceleration of the disc is given by

o, = wdb/dt= w.w,
The angular acceleration a_ is known as gyroscopic acceleration.

Evaporators change liquid
hydrogen to gas

Fuel tank

This experimental car burns hydrogen fuel in an ordinary piston engine. Its exhaust gases cause no pollution,
because they contain only water vapour.

Note : This picture is given as additional information and is not a direct example of the current chapter.
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14.3. Gyroscopic Couple

Consider a disc spinning with an angular velocity w rad/s about the axis of spin OX, in
anti clockwise direction when seen from the front, asshownin Fig. 14.2 (a). Sincethe planein which
the disc isrotating is parallel to the plane YOZ, therefore it is called plane of spinning. The plane
XOZ isahorizontal plane and the axis of spin rotatesin aplane parallel to the horizontal plane about
an axisOY. In other words, the axis of spinis said to be rotating or processing about an axisOYY. In
other words, the axisof spinissaidto berotating or processing about an axis OY (whichisperpendicular
to both the axes OX and OZ) at an angular velocity wy, rap/s. This horizontal plane XOZ is called
plane of precession and OY is the axis of precession.

Let | = Mass moment of inertia of the disc about OX, and
w = Angular velocity of the disc.
O Angular momentum of the disc
=lw
Since the angular momentum is a vector quantity, therefore it may be represented by the
vector ox, as shown in Fig. 14.2 (b). The axis of spin OX is also rotating anticlockwise when seen
from the top about the axis O Y. Let the axis O X isturned in the plane XOZ through asmall angle 66

radiansto the position OX "', in time &t seconds. Assuming the angular velocity wto be constant, the
angular momentum will now be represented by vector ox'.

-
'
-
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Fig. 14.2. Gyroscopic couple.
O Changein angular momentum

=0X —O0X = XX =o0x.50 ...(in the direction of xx )
=1. .06
and rate of change of angular momentum

Sincetherate of change of angular momentum will result by the application of acoupleto the
disc, therefore the couple applied to the disc causing precession,
00 de de

O 0
C=z Lt l.wx—=l.0x— =l.w e — =
50 3t at ® ~H w0 %
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where w, = Angular velocity of precession of the
axis of spin or the speed of rotation of the axis of
spin about the axis of precession OY.

In S.l. units, theunitsof CisN-mwhen| is
inkg-m?.

It may be noted that

1. The couple I.w.w,, in the direction of
the vector xx' (representing the change in angular
momentum) isthe active gyroscopic couple, which
has to be applied over the disc when the axis of
spinismadeto rotate with angular velocity wy, about
the axis of precession. The vector xx' lies in the
plane XOZ or the horizontal plane. In case of avery
small displacement 66, the vector xx' will be
perpendicular to the vertical plane XOY. Therefore
the couple causing this change in the angular
momentum will lie in the plane XOY. The vector Above picture shows an aircraft propeller.

xx’, as shown in Fig. 14.2 (b), represents an These rotors play role in gyroscopic couple.
anticlockwise couple in the plane XOY. Therefore, the plane XOY is called the plane of active
gyroscopic couple and the axis OZ perpendicular to the plane X O, about which the couple acts, is
called the axis of active gyroscopic couple.

2. When the axis of spin itself moves with angular velocity w,, the disc is subjected to
reactive couple whose magnitude is same (i.e. |. w.w),) but opposite in direction to that of active
couple. Thisreactive coupletowhich the discis subjected when the axis of spin rotates about the axis
of precession is known as reactive gyroscopic couple. The axis of the reactive gyroscopic coupleis
represented by OZ' in Fig. 14.2 (a).

3. The gyroscopic couple is usually applied through the bearings which support the shaft.
The bearings will resist equal and opposite couple.

4. The gyroscopic principle is used in an instrument or toy known as gyroscope. The
gyroscopes areinstalled in shipsin order to minimize therolling and pitching effects of waves. They
are also used in agroplanes, monorail cars, gyrocompasses etc.

Example 14.1. A uniformdisc of diameter 300 mm and of mass 5 kg is mounted on one end
of an arm of length 600 mm. The other end of the armisfree to rotate in a universal bearing. If the
disc rotates about the arm with a speed of 300 r.p.m. clockwise, looking from the front, with what
speed will it precess about the vertical axis?

Solution. Given: d=300mmor r=150mm=0.15m; m=5kg; = 600mm=0.6m;
N =300 r.p.m. or w = 21x 300/60 = 31.42 rad/s

We know that the mass moment of inertia of the disc, about an axis through its centre of
gravity and perpendicular to the plane of disc,

I = m.r/2 =5(0.15)%/2 = 0.056 kg-m?
and couple due to mass of disc,
C = mgl=5x%x9.81x0.6=29.43N-m

Let wp = Speed of precession.
We know that couple (C),
29.43 = |.w.0}, = 0.056 x 31.42 x W, = 1.76 w,

29.43/1.76 = 16.7 rad/s Ans.

O W p
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Example 14.2. A uniformdisc of 150 mmdiameter hasa v
mass of 5 kg. It ismounted centrally in bearings which maintain ! oz
itsaxlein a horizontal plane. The disc spinsabout it adewitha Ny o| 7 N j
constant speed of 1000 r.p.m. whilethe axle precessesuniformly -—- —+£—,4{—k ————— X
about the vertical at 60 r.p.m. The directions of rotation are as 7 ! 7

shown in Fig. 14.3. If the distance between the bearings is 100
mm, find the resultant reaction at each bearing due to the mass |
and gyroscopic effects. Fig. 14.3

Solution. Given: d=150 mmorr =75mm =0.075m; m=5Kkg; N = 1000 r.p.m. or
w = 21x 1000/60 = 104.7 rad/s (anticlockwise); N, = 60 r.p.m. or w, = 211 x 60/60 = 6.284 rad/s
(anticlockwise); x=100mm=0.1m

We know that mass moment of inertia of the disc, about an axisthrough its centre of gravity
and perpendicular to the plane of disc,

I = mr?/2=5(0.075)%2 = 0.014 kg m?
O Gyroscopic couple acting on the disc,
C = l.w.}=0.014 x 104.7 x 6.284 = 9.2 N-m

Thedirection of the reactive gyroscopic coupleisshownin Fig.14.4 (b). Let F betheforce at
each bearing due to the gyroscopic couple.

O F = C/x=92/01=92N

Theforce Fwill act in opposite directions at the bearings as shown in Fig. 14.4 (a). Now let
R, and Ry bethereaction at the bearing A and B respectively dueto the weight of the disc. Since the
disc is mounted centrally in bearings, therefore,

R, =Rg=52=25kg=25x9.81=245N

Axis of precession

A B couple N

7 o 7 ;
-=-— —4-—-— X
N ,/T T\
! Axis of spin 5 >
I Active gyro.couple
RAL 100 mm J Rs

(@ (b)
Fig. 14.4

F
| Z . .
; Axis of active Reactive gyro. couple
’

Resultant reaction at each bearing

Let R,,and R;; = Resultant reaction at the bearings A and B respectively.

Since the reactive gyroscopic couple acts in clockwise direction when seen from the front,
thereforeits effect isto increase the reaction on the | eft hand side bearing (i.e. A) and to decrease the
reaction on the right hand side bearing (i.e. B).

O Ry =F+R,=92+245=1165N (upwards) Ans.

and Ry, =F—R; =92-245=67.5N (downwards) Ans.
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14.4. Effect of the Gyroscopic Couple on an Aeroplane

The top and front view of an aeroplane are shown in Fig 14.5 (a). Let engine or propeller
rotatesin the clockwise direction when seen from therear or tail end and the aeroplanetakesaturnto
theleft.

Let w = Angular velocity of the enginein rad/s,
m = Mass of the engine and the propeller in kg,
k = Itsradius of gyration in metres,
| = Mass moment of inertia of the engine and the propeller in kg-m?
=m.k?,
v = Linear velocity of the aeroplanein m/s,
R = Radius of curvature in metres, and

wp = Angular velocity of precession = % rad/s

0 Gyroscopic couple acting on the aeroplane,
C=lww,

Left turn precession
Direction of 7~
viewing Nose
(—— - Axis of X
Rear or spin
- Propeller
tail end
— Wings Axis of
active gyro. couple
Z
Active couple Gyro. Y
couple Plane of
‘ couple )
Plane
- — = X of

Plane of <.Spin
recession

Front view

z
Fig. 14.5. Aeroplane taking aleft turn.
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Beforetaking theleft turn, the angular momentum vector isrepresented by ox. When it takes
|eft turn, the active gyroscopic couple will change the direction of the angular momentum vector from
0X to ox' as shown in Fig. 14.6 (a). The vector xX, in the limit, represents the change of angular
momentum or the active gyroscopic couple and is perpendicular to ox. Thus the plane of active
gyroscopic couple XOY will be perpendicular to xx', i.e. vertical in this case, as shownin Fig 14.5
(b). By applying right hand screw rule to vector xx, we find that the direction of active gyroscopic
coupleisclockwise as shown in the front view of Fig. 14.5 (a). In other words, for left hand turning,
the active gyroscopic couple on the aeroplane in the axis OZ will be clockwise asshownin Fig. 14.5
(b).The reactive gyroscopic couple (equal in magnitude of active gyroscopic couple) will act in the
opposite direction (i.e. in the anticlockwise direction) and the effect of this couple is, therefore, to
raise the nose and dip the tail of the aeroplane.

X!

50

50 o
0 X X
(a) Aeroplanetaking left turn. (b) Aeroplane taking right turn.

Fig. 14.6. Effect of gyroscopic couple on an aeroplane.

Notes: 1. When the aeroplane takes aright turn under similar conditions as discussed above, the effect of the
reactive gyroscopic couple will be to dip the nose and raise the tail of the aeroplane.

2. When the engine or propeller rotates in anticlockwise direction when viewed from the rear or tail
end and the aeroplane takes aleft turn, then the effect of reactive gyroscopic couple will be to dip thenose and
raise the tail of the aeroplane.

3. When the aeroplane takes a right turn under similar conditions as mentioned in note 2 above, the
effect of reactive gyroscopic couple will be to raise the nose and dip thetail of the aeroplane.

4. When the engine or propeller rotates in clockwise direction when viewed from the front and the
aeroplane takes aleft turn, then the effect of reactive gyroscopic couple will betoraisethetail and dip thenose
of the aeroplane.

5. When the aeroplane takes aright turn under similar conditions as mentioned in note 4-above, the
effect of reactive gyroscopic couple will be to raise the nose and dip thetail of the aeroplane.

Example 14.3. An aeroplane makes a complete half circle of 50 metres radius, towards | eft,
when flying at 200 km per hr. The rotary engine and the propeller of the plane has a mass of 400 kg
and aradius of gyration of 0.3 m. The engine rotates at 2400 r.p.m. clockwise when viewed fromthe
rear. Find the gyroscopic couple on the aircraft and state its effect on it.

Solution. Given: R= 50 m; v = 200 km/hr = 55.6 m/s; m= 400 kg; k=03 m;
N = 2400 r.p.m. or w = 211 x 2400/60 = 251 rad/s

We know that mass moment of inertia of the engine and the propeller,
I =m.k?=400(0.3)? = 36 kg-m?
and angular velocity of precession,
s = V/R=55.6/50 = 1.11 rad/s
We know that gyroscopic couple acting on the aircraft,
C=l.w. w=36x2514x1.11=10046 N-m
= 10.046 kN-m Ans.

We have discussed in Art. 14.4 that when the aeroplane turns towards left, the effect of the
gyroscopic coupleisto lift the nose upwards and tail downwards. Ans.
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14.5. Terms Used in a Naval Ship

The top and front views of a naval ship are shown in Fig 14.7. The fore end of the ship is
called bow and therear end is known as stern or aft. The left hand and right hand sides of the ship,
when viewed from the stern are called port and star-board respectively. We shall now discuss the
effect of gyroscopic couple on the naval ship in the following three cases:

1. Steering, 2. Pitching, and 3. Rolling.

Port

Transverse

Direction
of

. A I
VIBWING || ongitudinal  axis

—_—— - — - —d— = - -
Stern | Bow
(Rear end) (Fore-end)

! Rotor

Star board
Top view

w wl |Q
I\ M

Bearings N / (O
Front view Propeller

Fig. 14.7. Termsused in anaval ship.

14.6. Effect of Gyroscopic Couple on a Naval Ship during Steering

Steering is the turning of a complete ship in a curve towards left or right, while it moves
forward. Consider the ship taking aleft turn, and rotor rotatesin the clockwise direction when viewed
from the stern, asshown in Fig. 14.8. The effect of gyroscopic couple on anaval ship during steering
taking left or right turn may be obtained in the similar way asfor an aeroplane asdiscussed in Art.14.4.

Axis of precession Axis of active gyro. couple

YA Transverse axis Reactive gyro.
‘, couple
Direction I > Lleft turn‘ ) >
of viewing Longitudinal r—ﬁxis D AxEof spin
Stern > 0 i X Ac(tzlge glgro.
(Rear end) up

Fig. 14.8. Naval ship taking aleft turn.
When the rotor of the ship rotatesin the clockwise direction when viewed from the stern, it will have
its angular momentum vector in the direction ox as shown in Fig. 14.9 (3). Asthe ship steersto the
left, the active gyroscopic couple will change the angular momentum vector from ox to ox'. The
vector XX now represents the active gyroscopic couple and is perpendicular to ox. Thus the plane of
active gyroscopic coupleis perpendicular to xx' and itsdirection in the axis OZ for left hand turnis
clockwiseasshownin Fig. 14.8. Thereactive gyroscopic couple of the same magnitudewill act inthe
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opposite direction (i.e. in anticlockwise direction). The effect of thisreactive gyroscopic coupleisto
raise the bow and lower the stern.

Notes: 1. When the ship x'
steersto the right under simi- 30

lar conditions as discussed

above, the effect of the reac-

tive gyroscopic couple, as 50

shown in Fig. 14.9 (b), will ¢ > X'
be to raise the stern and

lower the bow. (a) Streeing to the left (b) Streeing to the right

2. When the rotor rates in Fig. 14.9. Effect of gyroscopic couple on anaval ship during steering.
the anticlockwise direction,

when viewed from the stern and the ship is steering to the
|eft, then the effect of reactive gyroscopic couple will be
to lower the bow and raise the gern.

3. When the ship is steering to the right under similar
conditions as discussed in note 2 above, then the effect of
reactive gyroscopic couple will be to raise the bow and
lower the stern.

4. When therotor rotatesin the clockwise direction when
viewed from the bow or fore end and the ship is steering
to the left, then the effect of reactive gyroscopic couple will be to raisethe stern and lower the bow.

5. When the ship is steering to the right under similar conditions as discussed in note 4 above, then the effect of
reactive gyroscopic couple will be to raise the bow and lower the stern.

6. Theeffect of the reactive gyroscopic couple on aboat propelled by aturbinetaking left or right turnissimilar
as discussed above.

14.7. Effect of Gyroscopic Couple on a Naval Ship during Pitching

Pitching isthe movement of acomplete ship up and downinavertical plane about transverse
axis, asshowninFig. 14.10 (a). Inthiscase, thetransverse axisisthe axis of precession. The pitching
of the ship is assumed to take place with simple harmonic motion i.e. the motion of the axis of spin
about transverse axisis simple harmonic.

L
| / ,/
N _L_/i 0 ~ o [ ,ﬁs_of_spin
|\\9
1
| ~
N

! (DPma_x
x
Transverse axis

(a) Pitching of a naval ship

’

o > X

80 _
o X x'
(b) Pitching upward (c) Pitching downward
Fig. 14.10. Effect of gyroscopic couple on anaval ship during pitching.
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Gryroscopic couple plays its role during ship’s turning and pitching.
O Angular displacement of the axis of spin from mean position after timet seconds,

B=0psnw,.t
where @ = Amplitude of swing i.e. maximum angle turned from the mean
position in radians, and
w, = Angular velocity of SH.M.

21 2m
== - - =— radls
Timeperiodof SH.M.inseconds t,

Angular velocity of precession,

=98 _d -
wp = = (@ @) = geros w

The angular velocity of precession will be maximum, if cosw,.t = 1.
0 Maximum angular velocity of precession,
Wppax = @03 = @ 211/ t ...(Substituting cos w, .t = 1)
Let | = Moment of inertia of the rotor in kg-m?, and
w = Angular velocity of the rotor in rad/s.
0 Mamimum gyroscopic couple,
Crax = |- @ 0y

When the pitching isupward, the effect of the reactive gyroscopic couple, asshownin Fig. 14.10
(b), will try to movethe ship toward star-board. Onthe other hand, if the pitching isdownward, the effect
of the reactive gyroscopic couple, as shownin Fig. 14.10 (c), isto turn the ship towards port side.

Notes: 1. The effect of the gyroscopic couple is always given on specific position of the axis of spin i.e.
whether it is pitching downwards or upwards.
2. The pitching of aship produces forces on the bearings which act horizontally and perpendicular to
the motion of the ship.
3. The maximum gyroscopic couple tends to shear the holding-down bolts.
4. The angular acceleration during pitching,
d?e 2. [ ..o de . O
a=—==- sn ... [Differentiating — with respect to t
e G UL H 9 4 esp H
The angular acceleration is maximum, if sin w;t = 1.
0 Maximum angular acceleration during pitching,

- 2
Unax = (wl
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14.8. Effect of Gyroscopic Couple on a Naval Ship during Rolling

We know that, for the effect of gyroscopic couple to occur, the axis of precession should
alwaysbe perpendicular to the axisof spin. If, however, the axis of precession becomesparallel to the
axis of spin, there will be no effect of the gyroscopic couple acting on the body of the ship.

In case of rolling of a ship, the axis of precession (i.e. longitudinal axis) isalwaysparallel to
the axisof spinfor all positions. Hence, thereisno effect of the gyroscopic couple acting on the body
of aship.

Example 14.4. The turbine rotor of a ship has a mass of 8 tonnes and a radius of gyration
0.6 m. It rotates at 1800 r.p.m. clockwise, when looking from the stern. Determine the gyroscopic
couple, if the ship travels at 100 kmvhr and steer to the left in a curve of 75 mradius.

Solution. Given: m= 81t = 8000 kg; k= 0.6 m; N = 1800 r.p.m. or w = 211x 1800/60
=188.5rad/s; v=100 km/h=278m/s; R=75m

We know that mass moment of inertia of the rotor,
| =m.k?=8000 (0.6)2 = 2880 kg-m?
and angular velocity of precession,
W, =V/R=27.8/75=0.37radls
We know that gyroscopic couple,
C = l.w.u}= 2880 x 188.5 x 0.37 = 200 866 N-m
=200.866 kN-m Ans.

We have discussed in Art. 14.6, that when the rotor rotates in clockwise direction when
looking from the stern and the ship steersto the | eft, the effect of the reactive gyroscopic coupleisto
raise the bow and lower the stern.

Example 14.5. The heavy turbine
rotor of a sea vessel rotates at 1500 r.p.m.
clockwise looking from the stern, its mass
being 750 kg. The vessel pitches with an
angular velocity of 1 rad/s. Determine the
gyroscopic coupletransmitted to the hull when
bow isrising, if the radius of gyration for the E8&
rotor is 250 mm. Also show in what direction
the couple acts on the hull?

Solution. Given: N = 1500 r.p.m. or 24
w = 2rt x 1500/60 = 157.1 rad/s, m = 750 kg; i
wp = 1rad/s; k=250 mm =0.25m

Weknow that mass moment of inertia
of therotor,

| = m.k2 =750 (0.25)? = 46.875 kg-m?

. . Ship’s propeller shown as a separa part. A ship’s
[ Gyroscopic couple transmitted 0 o qier is located at backside (stern) of the ship
the hull (i.e. body of the seavessdl), below the water surface.

C=1.0.0),=46.875 x 157.1 x 1= 7364 N-m = 7.364 KN-m
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We have discussed in Art. 14.7, that when the bow isrising i.e. when the pitching is upward,
the reactive gyroscopic couple acts in the clockwise direction which moves the sea vessel towards
star-board.

Example 14.6. Theturbinerotor of a ship hasa mass of 3500 kg. It has a radius of gyration
of 0.45 mand a speed of 3000 r.p.m. clockwise when looking from stern. Determine the gyroscopic
couple and its effect upon the ship:

1. when the ship is steering to the left on a curve of 100 mradius at a speed of 36 knvh.

2. when the ship is pitching in a simple har monic motion, the bow falling with its maximum
velocity. The period of pitching is 40 seconds and the total angular displacement between the two
extreme positions of pitching is 12 degrees.

Solution. Given : m= 3500 kg ; k = 0.45 m; N= 3000 r.p.m. or w = 21x 3000/60 = 314.2 rad/s
1. When the ship is steering to the left

Given: R=100 m; v=km/h =10 m/s

We know that mass moment of inertia of the rotor,

I = m.k?= 3500 (0.45)? = 708.75 kg-m?
and angular velocity of precession,
wp = V/R=10/100 = 0.1 rad/s

0 Gyroscopic couple,

C=1.w.0}=70875x 314.2x 0.1=22 270 N-m
=22.27 KN-m Ans.

We have discussed in Art. 14.6, that when the rotor rotates clockwise when looking from the
stern and the ship takes aleft turn, the effect of the reactive gyroscopic coupleisto raise the bow and
lower the stern. Ans.

2. When the ship is pitching with the bow falling

Given: = 40s

Since the total angular displacement between the two extreme positions of pitching is 12°
(i.e. 2¢=12°), therefore amplitude of swing,

@=12/2=6°=6x 17180 = 0.105 rad
and angular velocity of the simple harmonic motion,
w, =21/t =2/ 40 = 0.157 rad/s
We know that maximum angular velocity of precession,
Wy = @.0) = 0.105 x 0.157 = 0.0165 rad/s

[0 Gyroscopic couple,

C =1.w.0),=708.75 x 314.2 x 0.0165 = 3675 N-m
=3.675 kN-m Ans.

We havediscussed in Art. 14.7, that when the bow isfalling (i.e. when the pitching is down-
ward), the effect of the reactive gyroscopic couple is to move the ship towards port side. Ans.

Example 14.7. The mass of the turbine rotor of a ship is 20 tonnes and has a radius of
gyration of 0.60 m. Its speed is 2000 r.p.m. The ship pitches 6° above and 6° below the horizontal
position. A complete oscillation takes 30 seconds and the motion is simple harmonic. Determine the
following:
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1. Maximum gyroscopic couple, 2. Maximum angular acceleration of the ship during pitch-
ing, and 3. The direction in which the bow will tend to turn when rising, if therotation of therotor is
clockwise when [ooking fromthe | eft.

Solution. Given: m=20t=20000kg ; k= 0.6m; N= 2000 r.p.m. or w = 21x 2000/60 =
209.5rad/s; @ =6° = 6 x TY180 = 0.105 rad ; t,= 30s

1. Maximum gyroscopic couple
We know that mass moment of inertia of the rotor,
I =m.k?= 20000 (0.6)% = 7200 kg-m?
and angular velocity of the simple harmonic motion,
w, =2m/t = 230 = 0.21 rad/s
0 Maximum angular velocity of precession,
Wpay = ©-03 =0.105 x 0.21 = 0.022 rad/s
We know that maximum gyroscopic couple,
Crrox = |- 0.6, = 7200 x 209.5 x 0.022 = 33 185 N-m
=33.185 kN-m Ans.
2. Maximum angular acceleration during pitching
We know that maximum angular acceleration during pitching
= @(w)? = 0.105 (0.21)? = 0.0046 rad/s?
3. Direction in which the bow will tend to turn when rising

We havediscussedin Art. 14.7, that when the rotation of the rotor is clockwise when looking
from the l€ft (i.e. rear end or stern) and when the bow is rising (i.e. pitching is upward), then the
reactive gyroscopic couple actsin the clockwise direction which tends to turn the bow towards right
(i.e. towards star-board). Ans.

Example 14.8. A ship propelled by a turbine rotor which hasa mass of 5 tonnes and a speed
of 2100 r.p.m. Therotor has a radius of gyration of 0.5 mand rotatesin a clockwise direction when
viewed from the stern. Find the gyroscopic effectsin the following conditions:

1. The ship sails at a speed of 30 knvh and steers to the left in a curve having 60 mradius.

2. The ship pitches 6 degree above and 6 degree below the horizontal position. The bow is
descending with its maximum vel ocity. The motion dueto pitching is simple harmonic and the periodic
timeis 20 seconds.

3. Theship rollsand at a certain instant it has an angular velocity of 0.03 rad/s clockwise
when viewed from stern.

Determineal so the maximumangular acceleration during pitching. Explain howthe direction
of motion due to gyroscopic effect is determined in each case.

Solution. Given: m= 5t = 5000 kg; N = 2100 r.p.m. or w = 21 2100/60 = 220 rad/s;
k=05m

1. When the ship steersto the left
Given: v=30km/h=833m/s; R=60m
We know that angular velocity of precession,
s = V/R=8.33/60=0.14 rad/s
and mass moment of inertia of the rotor,
| =m.k?=5000(0.5)? = 1250 kg-nm?
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0 Gyroscopic couple,
C =l.w.0) = 1250 x 220 x 0.14 = 38 500 N-m = 38.5 kN-m

We have discussed in Art. 14.6, that when the rotor in a clockwise direction when viewed
from the stern and the ship steers to the left, the effect of reactive gyroscopic coupleisto raise the
bow and lower the stern. Ans.

2. When the ship pitches with the bow descending

Given: @=6°=6x717/180=0.105rad/s; t,= 20s

We know that angular vel ocity of simple harmonic motion,

w, =2m/t =2m/20=0.3142 rad/s
and maximum angular velocity of precession,
Wpax = @.0; = 0.105 x 0.3142 = 0.033 rad/s
0 Maximum gyroscopic couple,
Crrox = |-0.00p, = 1250 x 220 x 0.033 = 9075 N-m

Since the ship is pitching with the bow descending, therefore the effect of this maximum
gyroscopic coupleisto turn the ship towards port side. Ans.

3. When the ship rolls

Sincetheshiprollsat anangular velocity of 0.03rad / s, therefore angular vel ocity of precession
when the ship rolls,

W, =0.03rad /s
0 Gyroscopic couple,
C = l.w.wp = 1250 x 220 x 0.03 = 8250 N-m

In case of rolling of aship, the axis of precession isaways parallel to the axis of spin for all
positions, therefore there is no effect of gyroscopic couple. Ans.
Maximum angular acceleration during pitching

We know that maximum angular acceleration during pitching.

. = @ (w,)? = 0.105 (0.3142)% = 0.01 rad/s® Ans,

Example 14.9. The turbine rotor of a ship has a mass of 2000 kg and rotates at a speed of
3000 r.p.m. clockwise when looking from a stern. The radius of gyration of the rotor is0.5 m.

Deter mine the gyroscopic couple and its effects upon the ship when the ship is steering to the
right in a curve of 100 mradius at a speed of 16.1 knots (1 knot = 1855 mvhr).

Calculate also thetorque and its effects when the ship is pitching in simple harmonic motion,
the bow falling with its maximum vel ocity. The period of pitching is50 seconds and the total angular
displacement between the two extreme positions of pitching is 12°. Find the maximum acceleration
during pitching motion.

Solution. Given : m = 2000 kg ; N = 3000 r.p.m. or w = 211 x 3000/60 = 314.2 rad/s;
k=05m;R=100m;v=16.1knots=16.1 x 1855/ 3600 = 8.3 m/s
Gyroscopic couple

We know that mass moment of inertia of the rotor,

I = m.k?= 2000 (0.5)? = 500 kg-m?
and angular velocity of precession,
wp =V/R=8.3/100=0.083 rad /s
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[0 Gyroscopic couple,
C = l.w.w, = 500 x 314.2 x 0.083 = 13 040 N-m = 13.04 kN-m
We have discussed in Art. 14.6, that when the rotor rotates clockwise when looking from a
stern and the ship steersto the right, the effect of the reactive gyroscopic coupleisto raise the stern
and lower the bow. Ans.

Torque during pitching

Given: t,=50s; 2 ¢@=12° or ¢=6° x 77180 = 0.105 rad

We know that angular vel ocity of simple harmonic motion,

w, = 2m/t = 21/50 = 0.1257 rad/s
and maximum angular velocity of precession,
Wpax = @.0; = 0.105 x 0.1257 = 0.0132 rad/s
0 Torque or maximum gyroscopic couple during pitching,
Chrox = |- 0.00p = 500 x 314.2 x 0.0132 = 2074 N-m Ans.

We have discussed in Art. 14.7, that when the pitching is downwards, the effect of the reac-
tive gyroscopic coupleisto turn the ship towards port side.

Maximum acceleration during pitching
We know that maximum accel eration during pitching
.. = @ (w)?=0.105 (0.1257)% = 0.00166 rad/s* Ans.

14.9. Stability of a Four Wheel Drive Moving in a Curved Path
Consider the four wheels A, B, C and D of an

automobilelocomotive taking aturn towards | eft as shown Inner wheel _ Outer wheel
inFig. 14.11. Thewheels A and C areinner wheels, whereas N
B and D are outer wheels. The centre of gravity (C.G.) of A(P Left turn e
the vehicle lies vertically above the road surface. LL s iJ
— . . |
Let m Majssofthevemc,tlelr?kg, wia wia
W = Weight of thevehiclein newtons=m.g, i -
ry = Radiusof the wheelsin metres, Qe Q2
R = Radius of curvature in metres |
R>1y), o o
h = Distance of centre of gravity, vertically i"—x—"i
above theroad .surface in metres, Wi wia
X = Width of track in metres, pio
l,, = Mass moment of inertia of one of the pi2
wheelsinkg-m?, @z Q2
w,, = Angular velocity of the wheels or ve-

I. = Mass moment of inertia of the rotating movingin acurved path.

parts of the enginein kg-m?,
we = Angular velocity of therotating parts of
theengineinrad/s,

G = Gear ratio = W /w,,
v = Linear velocity of the vehiclein m/s=w,.1,,
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A little considereation will show,
that the weight of the vehicle (W) will be
equally distributed over the four wheels
which will act downwards. The reaction
between each wheel and the road surface
of the same magnitude will act upwards.
Therefore

Road reaction over each wheel
=W/4 =m.g /4 newtons

Let us now consider the effect of
the gyroscopic couple and centrifugal couple on the vehicle.

1. Effect of the gyroscopic couple

Since the vehicle takes a turn towards left due to the precession and other rotating parts,
therefore a gyroscopic couple will act.

We know that vel ocity of precession,

wp =VIR
[0 Gyroscopic couple dueto 4 wheels,

Coy = 4l 0y

and gyroscopic couple due to the rotating parts of the engine,

Ce = g wp=1..G.w,,.wp (0 G=wdwy,)

[0 Net gyroscopic couple,
C=C,xtC=41,0,wt1.Cw,.w
=W, W (41, Gy

The positive sign is used when the wheel s and rotating parts of the engine rotatein the same
direction. If therotating parts of the enginerevolvesin opposite direction, then negative signisused.

Due to the gyroscopic couple, vertical reaction on the road surface will be produced. The
reaction will be vertically upwards on the outer wheelsand vertically downwards on theinner wheels.
L et the magnitude of thisreaction at the two outer or inner wheels be P newtons. Then

Pxx=C or P=C/x
[0 Vertical reaction at each of the outer or inner wheels,
P/2=Cl2x
Note:  We have discussed above that when rotating parts of the engine rotate in opposite directions, then —ve
signisused, i.e. net gyroscopic couple,
c=C,-C:

When C_>C,,,, then Cwill be—ve. Thusthe reaction will be vertically downwards on the outer wheels

and vertically upwards on the inner wheels.

2. Effect of the centrifugal couple

Since the vehicle moves along acurved path, therefore centrifugal forcewill act outwardly at
the centre of gravity of the vehicle. The effect of this centrifugal forceisalso to overturn the vehicle.
We know that centrifugal force,
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O The couple tending to overturn the vehicle or overturning couple,

mv?

CO:chh: xh

This overturning couple is balanced by vertical reactions, which are vertically upwards on
the outer wheels and vertically downwards on the inner wheels. L et the magnitude of thisreaction at
the two outer or inner wheelsbe Q. Then

X =C. or _Co _mv¥h
Qxx=Cq 0 X RX
O Vertical reaction at each of the outer or inner wheels,
Q_mvh
2 2R.x
0 Total vertical reaction at each of the outer wheel,
PO = W + E + 9
4 2 2
and total vertical reaction at each of theinner wheel,
PI = W — E — 9
4 2 2

A little consideration will show that when the vehicle is running at high speeds, P, may be
zero or even negative. Thiswill cause the inner wheels to leave the ground thus tending to overturn
the automobile. In order to have the contact between the inner wheels and the ground, the sum of
P/2 and Q/2 must be less than W/4.

Example 14.10. A four-wheeled trolley car of mass
2500 kg runs on rails, which are 1.5 m apart and travels
around a curve of 30 mradius at 24 km/ hr. Therailsare at
thesamelevel. Each whesdl of thetrolleyis0.75 min diameter
and each of the two axlesis driven by a motor running in a
direction opposite to that of the wheels at a speed of five
times the speed of rotation of the wheels. The moment of £
inertia of each axle with gear and wheelsis 18 kg-nv. Each ' .}
motor with shaft and gear pinion hasa moment of inertia of
12 kg-n?. The centre of gravity of the car is 0.9 mabove the
rail level. Determinethe vertical force exerted by each wheel
on the rails taking into consideration the centrifugal and
gyroscopic effects. Satethe centrifugal and gyroscopic effects
onthetrolley.

Solution. Given: m=2500kg; x=15m;R=30m;
v =24 km/h = 6.67 m/s ; d,, = 0.75 m or rW:0.375m;G:wE/wW:S;IW:18kg-m2;
le=12kg-m?; h=09m

The weight of the trolley (W = m.g) will be equally distributed over the four wheels, which
will act downwards. The reaction between the wheelsand the road surface of the same magnitude will
act upwards.

0 Road reaction over each wheel = W/4 =m.g/4 = 2500 x 9.81/4 = 6131.25 N

We know that angular velocity of the wheels,

w,, = Vi, =6.67/0.375 = 17.8 rad/s
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and angular velocity of precession, wp = V/IR=6.67/30=0.22 rad/s
[0 Gyroscopic couple due to one pair of wheels and axle,
Cy = 21,-0,.00,=2%x 18 x 17.8 x 0.22 = 141 N-m
and gyroscopic couple due to the rotating parts of the motor and gears,
Ce = 2lp0pp=21.6.w, .0,  ..( =G W)
=2x12x5x17.8x0.22=470N-m
[0 Net gyroscopic couple, C=C,—-C.=141-470=-329 N-m
... (~ve sign is used due to opposite direction of motor)

Dueto this net gyroscopic couple, the vertical reaction on the rails will be produced. Since
Cc isgreater than C,, therefore the reaction will be vertically downwards on the outer wheels and
vertically upwards on theinner wheels. L et the magnitude of thisreaction at each of the outer or inner
wheel be P/2 newton.

0 Pl2 =C/2x=329/2x15=109.7N
We know that centrifugal force, Fc = m.v?/R = 2500 (6.67)%/30 = 3707 N
Fo x h=3707 x 0.9 = 3336.3 N-m

Thisoverturning coupleisbalanced by the vertical reactionswhich are vertically upwardson
the outer wheels and vertically downwards on the inner wheels. L et the magnitude of thisreaction at
each of the outer or inner wheels be Q/2 newton.

0 Overturning couple, Co

O Q/2=C,/2x=3336.3/2x15=1112.1N
We know that vertical force exerted on each outer whee!,
W P Q
R = 2 - Bl + B =6131.25—-109.7 + 1112.1 = 7142.65 N Ans.
and vertical force exerted on each inner whee!,
W P Q
R = 7 + > - 2 =6131.25 + 109.7 — 1112.1 = 5128.85 N Ans.

Example 14.11. A rear engine automobile is travelling along a track of 100 metres mean
radius. Each of the four road wheels has a moment of inertia of 2.5 kg-n? and an effective diameter
of 0.6 m. The rotating parts of the engine have a moment of inertia of 1.2 kg-n. The engine axisis
parallel to the rear axle and the crankshaft rotatesin the same sense asthe road wheels. The ratio of
engine speed to back axle speed is 3 : 1. The automobile has a mass of 1600 kg and hasits centre of
gravity 0.5 m above road level. The width of the track of the vehicleis 1.5 m.

Determine the limiting speed of the vehicle around the curve for all four wheelsto maintain
contact with the road surface. Assume that the road surface is not cambered and centre of gravity of
the automobile lies centrally with respect to the four wheels.

Solution. Given: R=100m; I,,, = 2.5 kg-m?; d, =0.6 morr,, =0.3m; I = 1.2 kg-m?
G=w/w,=3;m=1600kg; h=05m;x=15m

Theweight of thevehicle (m.g) will beequally distributed over the four wheelswhich will act
downwards. The reaction between the wheel and the road surface of the same magnitude will act
upwards.

0 Road reaction over each wheel

=W/4=m.g/4=1600 x 9.81/4 = 3924 N
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Let v = Limiting speed of the vehiclein m/s.
We know that angular velocity of the wheels,

Vv Vv
=— =— =333vrad/s
“w 03

Tw
and angular velocity of precession,

=Y :LO =0.01vrad/s

[0 Gyroscopic couple dueto 4 wheels,

Y Y 2
= =4x25%x — x— =0.33v°N-m
CW 4IW.ooW.coP 03 <100

and gyroscopic couple due to rotating parts of the engine,
Ce = g wp=1.G.w,,.wp
=1.2x3x3.33vx0.0lv=0.12v?>N-m
[0 Total gyroscopic couple,
C=C, +C.=033v?+0.12v?=0.45v2N-m
Due to this gyroscopic couple, the vertical reaction on the rails will be produced. The reac-

tionwill bevertically upwards on the outer wheelsand vertically downwards on theinner wheels. Let
the magnitude of this reaction at each of the outer or inner wheel be P/2 newtons.

O P/2 =C/2x=0.45v4/2 x 1.5=0.15Vv2 N

We know that centrifugal force,
Fe =m.v¥/R =1600 x v/100= 16 v>N

[0 Overturning couple acting in the outward direction,
Cy=F.xh=16Vv?x05=8Vv2N-m

Thisoverturning coupleisbalanced by vertical reactionswhich arevertically upwardson the

outer wheelsand vertically downwards on theinner wheels. L et the magnitude of thisreaction at each
of the outer or inner wheels be Q/2 newtons.

O Q/2:C0/2x:8v2/2><1.5:2.67v2N
We know that total vertical reaction at each of the outer wheels,
W P Q

P,=— +— +-=
°T 4 27 ®

and total vertical reaction at each of the inner wheels,

':Z_E_E_Z_HE EB (1)

From equation (i), we see that there will always be contact between the outer wheels and

the road surface because W/4, P/2 and Q/2 are vertically upwards. In order to have contact between

the inner wheels and road surface, the reactions should also be vertically upwards, which is only
possible if

N
N O
IS
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ie 0.15v2+267v2<3924 or 2.82v2<3924
a v2 < 3924/2.82 = 1391.5
or v £ 37.3 m/s=37.3 x 3600/ 1000 = 134.28 km/h Ans.

Example 14.12. A four wheeled motor car of mass 2000 kg has a wheel base 2.5 m, track
width 1.5 mand height of centre of gravity 500 mm above the ground level and liesat 1 metre from
the front axle. Each wheel has an effective diameter of 0.8 m and a moment of inertia of 0.8 kg-n".
The drive shaft, engine flywheel and transmission are rotating at 4 times the speed of road wheel, in
a clockwise direction when viewed from the front, and is equivalent to a mass of 75 kg having a
radius of gyration of 100 mm. If the car istaking a right turn of 60 mradius at 60 knvh, find theload
on each wheel.

Solution. Given: m=2000kg:b=25m;x=15m; h=500mm=05m;L=1m;d, =
08morr,=04m;l, =08kgm?;G=w./w,=4;m.=75kg; k.=100mm=0.1m;
R=60m;v=60km/h=16.67 m/s

Sincethe centre of gravity of the car liesat 1 m from the front axle and the weight of the car
(W = m.g) lies at the centre of gravity, therefore weight on the front wheels and rear wheelswill be
different.

Let W, = Weight on the front wheels, and
W, = Weight on the rear wheels.
Taking moment about the front wheels,
W, x25 =W x1=mgx1=2000x9.81x1=19620
O W, =19620/25=7848N
We know that weight of the car or on the four wheels,
W = W, + W, =m.g=2000x 9.81 =19 620 N

or W, =W -W,=19620-7848=11772N Rear wheels

0 Weight on each of the front wheels - s 4 g
=W,/2=11772/2=5886 N X wy2
and weight on each of the rear wheels X Zs
= W, /2=7874/2=3924N Y@2 o6 25m
Sincetheweight of the car over the four wheelswill act T<_1 5m
downwards, therefore the reaction between each wheel andthe ~ 1m Engine

]1@2

road surface of the same magnitude will act upwards as shown ¢

inFig. 14.12.
Let us now consider the effect of gyroscopic couple

Front wheels

: . w,/2 A W,/2
due to four wheels and rotating parts of the engine. P2 ¥ / [f,irectipn P2
. Oof viewin
We know angular velocity of wheels, F2 Y 9 Fi2
Right
W, = Vir, =16.67/04=41675rad/s @2 ¥ 'yin @2

and angular velocity of precession,
wp = V/IR=16.67/60=0.278 rad /s

Fig. 14.12
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[0 Gyroscopic couple due to four wheels,

Cuy = 41y Wy 05
= 4x0.8%41.675%0.278=37.1N-m
This gyroscopic couple tendsto lift the inner wheels and to press the outer wheels. In other
words, the reaction will be vertically downward on the inner wheels (i.e. wheels 1 and 3) and verti-

cally upward on the outer wheels (i.e. wheels 2 and 4) asshown in Fig. 14.12. L et P/2 newtons bethe
magnitude of this reaction at each of the inner or outer wheel.

O P/2=C,/2x=371/2x15=1237N
We know that mass moment of inertia of rotating parts of the engine,
le = mg (k)? =75(0.1)%=0.75 kg-m? (o 1=mk?)

[0 Gyroscopic couple due to rotating parts of the engine,
Ce = Iz, =me (kp)? G. wy,.wp
= 75(0.1)2 4 x 41.675 x 0.278 = 34.7 N-m
This gyroscopic couple tends to lift the front wheels and to press the outer wheels. In other
words, the reaction will be vertically downwards on the front wheels and vertically upwards on the

rear wheelsas shown in Fig. 14.12. Let F/2 newtons be the magnitude of this reaction on each of the
front and rear wheels.

O FI2=C./2b=347/2x25=6.94N

Now let usconsider the effect of centrifugal couple acting on the car. We know that centrifugal
force,

Fe = m.v?/R=2000 (16.67)% 60 =9263 N
0 Centrifugal couple tending to overturn the car or over turning couple,
Co = Fcxh=9263 x 0.5=4631.5N-m

This overturning couple tends to reduce the pressure on the inner wheels and to increase on
the outer wheels. In other words, the reactions are vertically downward on the inner wheels and
vertically upwards on the outer wheels. Let Q/2 be the magnitude of thisreaction on each of theinner
and outer wheels.

O Q/2=C,/2x=46315/2%x15=1543.83N

From Fig. 14.12, we see that

Load on the front wheel 1

W P F Q
:7—5————:5886—12.37—6.94—1543.83:4322.86NAns

2 2

Load on the front wheel 2
W, P _F_ Q
2 2

= 5886 + 12.37 —6.94 + 1543.83 = 7435.26 N Ans.

2 2
Load on the rear wheel 3
W, P F Q
= 2 - B + 5 - 2 =3924 —12.37 + 6.94 — 1543.83 = 2374.74 N Ans.

Load on the rear wheel 4

W, P F Q
= Y + 5 + o + 5T 3924 + 12.37 + 6.94 + 1543.83 = 5487.14 N Ans.
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Example 14.13. A four-wheeled trolley car of total mass 2000 kg running on rails of 1.6 m
gauge, rounds a curve of 30 m radius at 54 knvh. The track is banked at 8°. The wheels have an
external diameter of 0.7 mand each pair with axle has a mass of 200 kg. The radius of gyration for
each pair is0.3 m. The height of centre of gravity of the car above the wheel baseis 1 m. Determine,
allowing for centrifugal force and gyroscopic couple actions, the pressure on each rail.

Solution. Given: m=2000kg; x=1.6m; R=30m;v=54km/h=15m/s;08=8°;
d,=07morr, =035m;m, =200kg;k=03m;h=1m

Firstof al, let usfind thereactionsR, and Ry at thewheels A and B respectively. Thevarious
forces acting on thetrolley car are shown in Fig. 14.13.

Resolving the forces perpendicular to the track,
2

: mv° .
R,+R; =Wcos6+F.sin6=m.gcos6 + ?sme

xsn 8°

2
= 2000 x 9.81 C0S 8° + %

=19620 x 0.9903 + 15 000 x 0.1392 = 21 518 N

Fig. 14.13

Now taking moments about B,

X
R, xx=(Wcos8 +F.sinb) E+Wsin(-)><h—Fccose><h

0 RAzéngcose+mF\fsin9§1+ﬁmgsn e—zcosé

O 2
= %OOO x 9.81 cos 8° + 2000 (15) SE

h
X

O 2 0
+ Ezooo x 981 snge - 200U19" g 1
30 H1is6

1
= (19620 x 0.9903 + 15 000 x 0.1392) 5

1
+ (19 620 x 0.1392 — 15 000 x O. 9903) o
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= (19 430 + 2088) % +(2731 — 14 855) 1—16
= 10 759 — 7577 = 3182 N

O R; = (R, +Rg)—R, =21518-3182=18336 N
We know that angular velocity of wheels,
Wy = =2 — 4286 radls
rw 035
and angular velocity of precession,
v _15
=— ="— =05rad/s
@ R 30
0 Gyroscopic couple,
C="*1w, cosB x w,=m.k2.w, cosb.c, (0 T=mk?)

= 200 (0.3)? 42.86 cos 8° x 0.5 = 382 N-m

Dueto this gyroscopic couple, the car will tend to overturn about the outer wheels. Let P be
the force at each pair of wheels or each rail due to the gyroscopic couple,

O P=C/x=382/1.6=238.75N
We know that pressure (or total reaction) on the inner rail,
P, =R, —P=3182-238.75=294325 N Ans.
and pressure on the outer rail,
P, =Rg +P=18336+238.75=18 574.75N Ans.

Example14.14. A pair of locomotive driving wheelswith the axle, have a moment of inertia
of 180 kg-m?. The diameter of the wheel treads is 1.8 m and the distance between wheel centresis
1.5 m. When the locomotive istravelling on a level track at 95 km/h, defective ballasting causes one
wheel to fall 6 mmand to rise again in a total time of 0.1 s. If the displacement of the wheel takes
place with simple harmonic motion, find : 1. The gyroscopic couple set up, and 2. The reaction
between the wheel and rail due to this couple.

Solution. Given: 1 =180kg-m?; D=18morR=09m;x=15m;v=95km/h=26.4m/s
1. Gyroscopic couple set up

We know that angular velocity of the locomotive,

w=Vv/R=26.4/09=293rad/s

Since the defective ballasting causes one wheel to fall 6 mm and to rise again in atotal time

(t) of 0.1 s, therefore

Amplitude, A:% Fdll :% Rise :% x6 =3 mm

and maximum velocity whilefalling,

Vinax = ZTH x A :(2)—1; x3 =1185 mm/s =0.1885 m/s
0 Maximum angular velocity of tilt of the axle or angular velocity of precession,
Wp rrax :Lmax :01885 =0.126 rad /s
X

* Angular momentum about axle = I.w,,
O Angular momentum about horizontal = 1., cos 6
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We know that gyroscopic couple set up,
C=1.0.wp = 180 x 29.3 x 0.126 = 664.5 N-m Ans.

The gyroscopic couple will act in a horizontal plane and this couple will tend to produce
swervei.e. it tendsto turn the locomotive aside.

2. Reaction between the wheel and rail due to the gyroscopic couple
We know that the reaction between the wheel and rail due to the gyroscopic coupleis
P= C/x=664.5/15=443N Ans.

14.10. Stability of a Two Wheel Vehicle Taking a Turn

Consider atwo wheel vehicle (say a scooter or motor cycle) taking aright turn as shown in
Fig. 14.14 (a).

’

!
'

— ——y®p
Cent. couple

’/\ Q} Axis of

Engine /

’ Axis of precession

7/

/
+» Reactive gyro. ;K Z
"

[ Front wheel @ /

]

| —
L/
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0 < / C.G.
| =
| n Fe / T~ T
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Fig. 14.14. Stability of atwo wheel vehicle taking a turn.

Let m = Mass of the vehicle and its
rider in kg,

W = Weight of the vehicle and

itsrider in newtons = m.g,

h = Height of the centre of
gravity of the vehicle and
rider,

ry = Radiusof the wheels,

R = Radius of track or
curvature,

Motorcycle taking a turn.

I, = Mass moment of inertia of each wheel,

I = Mass moment of inertia of the rotating parts of the engine,
w,, = Angular velocity of the wheels,

we = Angular velocity of the engine,

G = Gear ratio = W/ W,
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v = Linear velocity of the vehicle = w,, x 1,
0 = Angleof hedl. Itisinclination of the vehicle to the vertical for equilibrium.

L et usnow consider the effect of the gyroscopic couple and centrifugal couple onthevehicle,
as discussed bel ow.

1. Effect of gyroscopic couple

We know that V=0, XTIy or Wy =Vv/ry,
\%
and W :G'(*“N =G x—
fw

O Totd (Ixw) =21, xw, xlxw
=21y x L sl xGx L =Y (21, £Glg)
f'w f'w Tw

and velocity of precession, w, =V /R

A little consideration will show that when the wheels move over the curved path, the vehicle
isawaysinclined at an angle 6 with the vertical planeasshowninFig. 14.14 (b). Thisangleisknown
asangleof hed. In other words, the axis of spin isinclined to the horizontal at an angle 6, as shown
inFig. 14.14 (c). Thusthe angular momentum vector | w dueto spinisrepresented by OAinclined to
OXat an angle 6. But the precession axisis vertical. Therefore the spin vector isresolved along O X.

0 Gyroscopic couple,

C, =l.wcos 8 x ¢p :l(ZIW *G.l¢) cos B x”
w R

V2

21y £G.g) cos B
Tw
Notes: (a) When the engineisrotating in the same direction asthat of wheels, then the positive signisused in
the above expression and if the engine rotates in opposite direction, then negative sign is used.
(b) The gyroscopic couple will act over the vehicle outwardsi.e. in the anticlockwise direction
when seen from the front of the vehicle. The tendency of this couple isto overturn the vehicle in outward
direction.

An aircraft of 1920’s model.
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2. Effect of centrifugal couple
We know that centrifugal force,
2
TR
Thisforce acts horizontally through the centre of gravity (C.G.) along the outward direction.
O Centrifuga couple,

Omv? 0
G =k thosezﬁ—ﬁhcose
R

Since the centrifugal couple has atendency to overturn the vehicle, therefore
Total overturning couple,
Co = Gyroscopic couple + Centrifugal couple

2 2
:V—(ZIW +G.IE)cose+mv

Rry

B RS T
RO Tw O
We know that balancing couple=m.g.h sin 6
The balancing couple acts in clockwise direction when seen from the front of the vehicle.
Therefore for stability, the overturning couple must be equal to the balancing couple, i.e.

xh cos 6

2
. g ;
V- R2Iw*Gle | 1 Hose=mghsin 6
R 0 rW O

From thisexpression, the value of the angle of heel (8) may be determined, so that the vehicle
does not skid.

Example 14.15. Find the angle of inclination with respect to the vertical of a two wheeler
negotiating a turn. Given : combined mass of the vehiclewith itsrider 250 kg ; moment of inertia of
the engine flywheel 0.3 kg-m? ; moment of inertia of each road wheel 1 kg-nv ; speed of engine
flywheel 5 times that of road wheels and in the same direction ; height of centre of gravity of rider
with vehicle 0.6 m; two wheeler speed 90 kmvh ; wheel radius 300 mm; radius of turn 50 m.

Solution. Given : m=250kg; I = 0.3 kg-m?; |, = 1 kg-m? ; w- =5 w,, or G =% -
Wy

h=06m;v=90kmh=25m/s;r, =300mm=0.3m;R=50m

Let 0 = Angle of inclination with respect to the vertical of atwo wheeler.
We know that gyroscopic couple,
2 2
Y% (25)
= 21y +Glg)cosB = 2 x1 +5 x0.3) cos 0
G = mr @lw +Cle) 003 )
= 146 cos 6 N-m
2 2
and centrifugal couple, C, = mF\QI x h cos 6 :$ x0.6 cos 6= 1875 cosO N-m

0 Tota overturning couple,
= C, + C, =146 cos 6 + 1875 cos 6 = 2021 cos 6 N-m
We know that balancing couple
=m.ghsinB=250x9.81x0.6sin6=1471.5sin 6 N-m
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Since the overturning couple must be equal to the balancing couple for equilibrium condi-

tion, therefore
2021 cosB = 1471.5sin6

O tan® =sinB/cosO =2021/1471.5=1.3734 or 6 = 53.94° Ans.

Example14.16. A gyrowheel D of mass 0.5 kg, with aradius
of gyration of 20 mm, is mounted in a pivoted frame C as shown in
Fig. 14.15. The axis AB of the pivots passes through the centre of
rotation O of the wheel, but the centre of gravity G of theframe Cis
10 mm below O. The frame has a mass of 0.30 kg and the speed of
rotation of the wheel is 3000 r.p.m. in the anticlockwise direction as
shown.

Theentireunitismounted on a vehicle so that theaxisABis
parallel to the direction of motion of the vehicle. If thevehicletravels
at 15 m/sin a curve of 50 metres radius, find the inclination of the
gyrowheel fromthe vertical, when

1. Thevehiclemovesin thedirection of thearrow ‘ X' taking
a left hand turn along the curve, and

2. The vehicle reverse at the same speed in the direction of arrow ‘Y’ along the same path.

Solution. Given : m; = 0.5kg ; k=20 mm =0.02m ; OG =h =10 mm = 0.01 m ;
m, =0.3kg; N =3000r.p.m.or w=271x3000/60=314.2rad/s;v=15m/s; R=50m

We know that mass moment of inertia of the gyrowheel,
I = m,.k?=0.5(0.02)> = 0.0002 kg-m?
and angular velocity of precession,
wp =V/R=15/50=0.3rad/s
Let 6 = Angleof inclination of gyrowheel from the vertical.

Fig. 14.15

1. When the vehicle moves in the direction of arrow X taking a left turn along the curve
We know that gyroscopic couple about O,
C, =l w.wpcos6 =0.0002 x 314.2 x 0.3 cosB N-m
= 0.019 cos 6 N-m (anticlockwise)
and centrifugal couple about O,

_ myV2 0.3 (15)
50

C, = xhcos 6 = x0.01cos ON-m

= 0.0135 cos 6 N-m (anticlockwise)
[0 Tota overturning couple
=C,-C,=0.019 cos 6 -0.0135 cos 6
... (—ve sign due to opposite direction)
= 0.0055 cos 6 N-m (anticlockwise)
We know that balancing couple due to weight (W, = m,,.g) of the frame about O,
=m,.ghsn8=0.3x9.81x0.01sn6N-m
= 0.029 sin 6 N-m (clockwise)
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Since the overturning couple must be equal to the balancing couple for equilibrium condi-
tion, therefore
0.0055 cos 6 = 0.029sin B
or tan® = sin 6/ cosB = 0.0055/0.029 = 0.1896
O 6 =10.74° Ans.

Active gyro.
couple

/vMoment of W,
/ /yCent. couple

Reactive
gyro. couple

Fig. 14.16
2. When the vehicle reverses at the same speed in the direction of arrow Y along the same path

When the vehicle reverses at the same speed in the direction of arrow Y, then the gyroscopic
and centrifugal couples (C, and C,) will bein clockwise direction about O and the balancing couple
due to weight (W, = m,.qg) of the frame about O will be in anticlockwise direction.

[0 Tota overturning couple
=C,+C,=0.019 cos 6 + 0.0135 cos 6 = 0.0325 cos 6 N-m
Equating the total overturning couple to the balancing couple, we have
0.0325cos 6 = 0.029sin B
or tan® =sin6/cosB =0.0325/0.029 = 1.1207
O 0 =48.26° Ans.

my. g9

14.11. Effect of Gyroscopic Couple on a Disc Fixed Rigidly at a Certain
Angle to a Rotating Shaft

Consider adisc fixed rigidly to arotating shaft such that the polar axis of the disc makes an
angle B with the shaft axis, as shown in Fig. 14.17. Let the shaft rotates with an angular velocity w
rad/sin the clockwise direction when viewed from the front. A little consideration will show that the
disc will also rotate about O X with the same angular velocity w rad/s. Let OP be the polar axis and
OD the diametral axis of the disc.

Polar axis )

P / Disc

~

AN

/, \03 coso
xS/ \snanas

Direction > @ .
of viewing A N

osin® N~
/4&— Diametral axis

Fig. 14.17. Effect of gyroscopic couple on adisc fixed rigidly at a certain angle to a rotating shaft.
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0 Angular velocity of the disc about the polar axis OP or the angular velocity of spin
= wcoso ... (Component of w in the direction of OP)
Since the shaft rotates, therefore the point P will move in a plane perpendicular to the plane
of paper. In other words, precession is produced about OD.
0 Angular velocity of the disc about the diametral axisOD or theangular velocity of precession
=wsinB
If 1,isthe mass moment of inertiaof the disc about the polar axis OP, then gyroscopic couple
acting on the disc,

a1 :
Cp = lpwcosB.wsinB = - x lo?sin 20

.. ("~ 2sin B cos O =sin 20)
Theeffect of thisgyroscopic coupleisto turn the disc in the anticlockwise when viewed from
the top, about an axis through O in the plane of paper.

Now consider the movement of point D about the polar axis OP. In this case, OD is axis of
spin and OP isthe axis of precession.

0 Angular velocity of disc about OD or angular velocity of spin

=wsino
and angular velocity of D about OP or angular velocity of precession
= wcosB

If 1, is the mass moment of inertia of the disc about the diametral axis OD, then gyroscopic
couple acting on the disc,

: _1 .
Cp = lpwsinB.wcosO= - x lp-w?sin 20

The effect of this couple will be opposite to that of C.
[0 Resultant gyroscopic couple acting on the disc,

1
C =Cp=Cp= ;X W sin26 (I~ 1)

Thisresultant gyroscopic couplewill act in the anticlockwise direction as seen from the top.
In other words, the shaft tendsto turnin the plane of paper in anticlockwise direction as seen from the
top, as aresult the horizontal force is exerted on the shaft bearings.

Notes: 1. The mass moment of inertia of the disc about polar axis OP,
lp = mr2
and mass moment of inertia of the disc about diametral axis OD,

D % 2
where m = Mass of disc,
r = Radius of disc, and
| = Width of disc.
2. If thediscisthin, | may be neglected. In such acase
lp = mr/4
O Czlxwzsinzel]m'rz—m'rZD:m x3.r?sin2 8
2 H2 ~aFs
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Example 14.17. A shaft carries a uniform thin disc of 0.6 m diameter and mass 30 kg. The
discisout of truth and makes an angle of 1° with a plane at right angles to the axis of the shaft. Find
the gyroscopic couple acting on the bearing when the shaft rotates at 1200 r.p.m.

Solution. Given : d=06morr=03m,m=30kg; 6 =1°; N = 1200 r.p.m. or
w=2T1% 1200/60 = 125.7 rad /s

We know that gyroscopic couple acting on the bearings,

C :%1 x of.rsin 20 :3—80 (125.7) (0.3)? sin 2° = 186 N-m Ans.

EXERCISES

1. A flywheel of mass 10 kg and radius of gyration 200 mm s spinning about itsaxis, whichishorizontal
and is suspended at a point distant 150 mm from the plane of rotation of the flywheel. Determine the
angular velocity of precession of the flywheel. The spin speed of flywheel is 900 r.p.m.

[Ans. 0.39 rad/q]

2. A horizontal axle AB, 1 mlong, is pivoted at the mid point C. It carriesaweight of 20 N at A and a
wheel weighing 50 N at B. Thewheel is made to spin at aspeed of 600 r.p.m in a clockwise direction
looking from its front. Assuming that the weight of the flywheel is uniformly distributed around the
rim whose mean diameter is 0.6 m, calculate the angular velocity of precession of the system around
the vertical axisthrough C. [Ans. 0.52 rad/s]

3. An aeroplane runs at 600 km / h. The rotor of the engine weighs 4000 N with radius of gyration of
1 metre. The speed of rotor is 3000 r.p.m. in anticlockwise direction when seen from rear side of the
aeroplane.

If the plane takes aloop upwards in a curve of 100 metres radius, find : 1. gyroscopic couple devel-
oped; and 2. effect of reaction gyroscopic couple developed on the body of aeroplane.
[Ans. 213.5 kKN-m]

4. An aeroplane makes a complete half circle of 50 metres radius, towards left, when flying at 200 km
per hour. The rotary engine and the propeller of the plane has a mass of 400 kg with a radius of
gyration of 300 mm. The engine runs at 2400 r.p.m. clockwise, when viewed from the rear. Find the
gyroscopic couple on the aircraft and state its effect on it. What will be the effect, if the aeroplane
turnsto itsright instead of to the left ? [Ans. 10 KN-m]

5. Each paddle wheel of asteamer have amass of 1600 kg and aradius of gyration of 1.2 m. The steamer
turnsto port in acircle of 160 m radiusat 24 km/ h, the speed of the paddles being 90 r.p.m. Find the
magnitude and effect of the gyroscopic couple acting on the steamer. [Ans. 905.6 N-m]

6. Therotor of theturbine of ayacht makes 1200 r.p.m. clockwise when viewed from stern. Therotor has
amass of 750 kg and itsradius of gyration is 250 mm. Find the maximum gyroscopic couple transmit-
ted to the hull (body of the yacht) when yacht pitches with maximum angular velocity of 1 rad/s. What is
the effect of this couple ? [Ans. 5892 N-m]

7. The rotor of aturbine installed in a boat with its axis along the longitudinal axis of the boat makes
1500 r.p.m. clockwise when viewed from the stern. The rotor has a mass of 750 kg and a radius of
gyration of 300 mm. If at an instant, the boat pitchesin the longitudinal vertical plane so that the bow
rises from the horizontal plane with an angular velocity of 1 rad /s, determine the torque acting on the
boat and the direction in which it tends to turn the boat at the instant. [Ans. 10.6 kN-m]

8. The mass of aturbine rotor of aship is 8 tonnes and has aradius of gyration 0.6 m. It rotates at 1800

r.p.m. clockwise when looking from the stern. Determine the gyroscopic effects in the following
Cases:
1. If theship travelling at 100 km/ h streesto theleft inacurve of 75 mradius, 2. If the shipispitching
and the bow is descending with maximum vel ocity. The pitching is simple harmonic, the periodic time
being 20 seconds and the total angular movement between the extreme positionsis 10°, and 3. If the
shipisrolling and at a certain instant has an angular velocity of 0.03 rad/s clockwise when looking
from stern.
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In each case, explain clearly how you determine the direction in which the ship tends to move as a
result of the gyroscopic action. [Ans. 201 kKN-m ; 14.87 kKN-m ; 16.3 kKN-m]
Theturbinerotor of aship hasamassof 20 tonnesand aradius of gyration of 0.75 m. Its speed is 2000
r.p.m. The ship pitches 6° above and bel ow the horizontal position. One complete oscillation takes 18
seconds and the motion is simple harmonic. Calculate :
1. the maximum couple tending to shear the holding down bolts of the turbine, 2. the maximum
angular accel eration of the ship during pitching, and 3. the direction in which the bow will tend to turn
whilerising, if the rotation of the rotor is clockwise when looking from rear.
[Ans. 86.26 kN-m ; 0.0128 rad /s?, towards star-board)]
A motor car takes a bend of 30 m radius at a speed of 60 km / hr. Determine the magnitudes of
gyroscopic and centrifugal couples acting on the vehicle and state the effect that each of these has on
the road reactions to the road wheels. Assume that :
Each road wheel has amoment of inertia of 3 kg-m? and an effective road radius of 0.4 m.
Therotating parts of the engine and transmission are equival ent to aflywheel of mass 75 kg with aradius
of gyration of 100 mm. The engine turns in a clockwise direction when viewed from the front.
The back-axleratiois4 : 1, the drive through the gear box being direct. The gyroscopic effects of the
half shafts at the back axle are to be ignored.
The car has amass of 1200 kg and its centre of gravity is 0.6 m above the road wheel.
Theturnisinaright hand direction.
If the turn has been in aleft hand direction, al other details being unaltered, which answers, if any,
need modification. [Ans. 347.5 N-m : 6670 N-m]
A rail car hasatotal mass of 4 tonnes. There are two axles, each of which together with itswheelsand
gearing has atotal moment of inertia of 30 kg-m?. The centre distance between the two wheels on an
axleis 1.5 metres and each wheel is of 375 mm radius. Each axleis driven by amotor, the speed ratio
between the two being 1 : 3. Each motor with its gear has amoment of inertiaof 15 kg-m? and runs
in adirection opposite to that of its axle. The centre of gravity of the car is 1.05 m above the rails.
Determine the limiting speed for this car, when it rounding a curve of 240 metres radius such that no
wheel leavestherail. Consider the centrifugal and gyroscopic effects completely. Assumethat no cant
is provided for outer rail. [Ans. 144 km / h]
A racing car weighs 20 KN. It has awheel base of 2 m, track width 1 m and height of C.G. 300 mm
above the ground level and lies midway between the front and rear axle. The engine flywheel rotates
at 3000 r.p.m. clockwise when viewed from the front. The moment of inertia of the flywheel is
4 kg-m? and moment of inertia of each wheel is 3 kg-m?. Find the reactions between the wheels and
the ground when the car takes acurve of 15 m radius towards right at 30 km/ h, taking into consider-
ation the gyroscopic and the centrifugal effects. Each wheel radiusis 400 mm.
[Ans. Front inner whed = 3341.7 N ; Front outer wheel = 6309.5 N ;
Rear inner whedl = 3690.5 N ; Rear outer wheel = 6658.3 N]
A four wheel trolley car of total mass 2000 kg running on rails of 1 m gauge, rounds a curve of 25 m
radius at 40 km / h. The track is banked at 10°. The wheels have an external diameter of 0.6 m and
each pair of an axle has amass of 200 kg. The radius of gyration for each pair is 250 mm. The height
of C.G. of the car above the wheel base is 0.95 m. Allowing for centrifugal force and gyroscopic
couple action, determine the pressure on each rail. [Ans. 4328 N ; 16 704 N]
A 2.2 tonneracing car has awheel base of 2.4 m and atrack of 1.4 m from the rear axle. The equiva-
lent mass of engine partsis 140 kg with radius of gyration of 150 mm. The back axle ratio is 5. The
engine shaft and flywheel rotate clockwise when viewed from the front. Each wheel has a diameter of
0.8 m and a moment of inertia of 0.7 kg-m?. Determine the load distribution on the wheels when the
car isrounding a curve of 100 m radius at a speed of 72 km/ h to the | eft.
A disc hasamassof 30 kg and aradius of gyration about itsaxis of symmetry 125 mmwhileitsradius
of gyration about a diameter of the disc at right angles to the axis of symmetry is 75 mm. Thediscis
pressed on to the shaft but due to incorrect boring, the angle between the axis of symmetry and the
actual axis of rotation is 0.25°, though both these axes pass through the centre of gravity of the disc.
Assuming that the shaft isrigid and is carried between bearings 200 mm apart, determine the bearing
forces due to the misalignment at a speed of 5000 r.p.m. [Ans. 1810 N]
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A wheel of alocomotive, travelling on alevel track at 90 km/ h, fallsin a spot hole 10 mm deep and
rises again in a total time of 0.8 seconds. The displacement of the wheel takes place with smple
harmonic motion. Thewheel has adiameter of 3 m and the distance between the wheel centresis1.75
m. The wheel pair with axle has amoment of inertia of 500 kg-m2. Determine the magnitude and the
effect of gyrocouple produced in this case. [Ans. 186.6 N-m]
Each road wheel of amotor cycle hasamass moment of inertiaof 1.5 kg-m2. Therotating parts of the
engine of the motor cycle have amass moment of inertia of 0.25 kg-m?. The speed of the engineis5
timesthe speed of thewheelsand isin the same sense. The mass of the motor cyclewithitsrider is250
kg and its centre of gravity is 0.6 m above the ground level.

Find the angle of heel if the cycleistravelling at 50 km / h and is taking a turn of 30 m radius. The
wheel diameter is0.6 m. [Ans. 35.7°]
A racing motor cyclist travels at 140 km/h round a curve of 120 m radius measured horizontally. The
cycle and rider have mass of 150 kg and their centre of gravity liesat 0.7 m above the ground level
when the motor cycleisvertical. Each wheel is0.6 min diameter and has moment of inertiaabout its
axis of rotation 1.5 kg-m?. The engine has rotating parts whose moment of inertia about their axis of
rotation is 0.25 kg-m? and it rotates at five times the wheel speed in the same direction. Find : 1. the
correct angle of banking of the track so that there is no tendency to side dlip, and 2. the correct angle
of inclination of the cycle and rider to the vertical. [Ans. 52.12°; 55.57°]
[Hint. In calculating the angle of banking of the track, neglect the effect of gyroscopic couple]

DO YOU KNOW ?

Write a short note on gyroscope.

What do you understand by gyroscopic couple ? Derive aformulafor its magnitude.
Explain the application of gyroscopic principlesto aircrafts.

Describe the gyroscopic effect on sea going vessels.

Explain the effect of the gyroscopic couple on the reaction of the four wheels of avehicle negotiating
acurve.

Discuss the effect of the gyroscopic couple on atwo wheeled vehicle when taking a turn.
What will be the effect of the gyroscopic couple on adisc fixed at a certain angle to arotating shaft ?

OBJECTIVE TYPE QUESTIONS

A disc is spinning with an angular velocity w rad/s about the axis of spin. The couple applied to the
disc causing precession will be

@) %I.wz ) 1. © %Imup @ 1w

P

where | Mass moment of inertia of the disc, and

Angular velocity of precession of the axis of spin.

Wp

A disc spinning on itsaxis at 20 rad/s will undergo precession when atorque 100 N-m is applied about
an axis normal to it at an angular speed, if mass moment of inertia of the disc isthe 1 kg-m?

(@) 2radls (b) 5radis (c) 10rad/s (d) 20rad/s

Theengine of an aeroplanerotatesin clockwise direction when seen fromthetail end and the aeroplane
takes aturn to the left. The effect of the gyroscopic couple on the aeroplane will be

(a) toraisethe nose and dip the tall (b) todip the nose and raise the tall
(c) toraisethe nose and tall (d) todip the nose and tall
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Theair screw of an aeroplaneisrotating clockwise when looking fromthefront. If it makesaleft turn,
the gyroscopic effect will
(a) tend to depress the nose and raise the tail
(b) tend to raise the nose and depress the tail
(c) tilt the aeroplane
(d) none of the above

The rotor of aship rotatesin clockwise direction when viewed from the stern and the ship takes aleft
turn. The effect of the gyroscopic couple acting on it will be

(@) toraisethebow and stern (b) tolower the bow and stern

(c) toraisethe bow and lower the stern (d) tolower the bow and raise the stern
When the pitching of a ship is upward, the effect of gyroscopic couple acting on it will be

(@) to move the ship towards port side (b) to move the ship towards star-board

(c) toraisethe bow and lower the stern (d) toraisethe stern and lower the bow

In an automobile, if the vehicle makes aleft turn, the gyroscopic torque

(@) increases the forces on the outer wheels (b) decreases the forces on the outer wheels

(c) doesnot affect the forces on the outer wheels
(d) none of the above

A motor car moving at a certain speed takes a left turn in a curved path. If the engine rotates in the
same direction as that of wheels, then due to the centrifugal forces

(a) thereaction on the inner wheels increases and on the outer wheels decreases
(b) the reaction on the outer wheels increases and on the inner wheels decreases
(c) thereaction on the front wheelsincreases and on the rear wheels decreases
(d) thereaction on the rear wheels increases and on the front wheels decreases

ANSWERS

(d) 2. (b) 3 @ 4. (b)
© 6. (b) 7. (3 8. (b

Q To FIRST
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