UNIT -1
PRECESSION

Introduction

‘Gyre’ is a Greek word, meaning ‘circular motion’ and &ijon means the whirling motion. A
gyroscope is a spatial mechanism which is genemtployed for the study of precessional
motion of a rotary body. Gyroscope finds applicasion gyrocompass, used in aircraft, naval
ship, control system of missiles and space shufifee gyroscopic effect is also felt on the
automotive vehicles while negotiating a turn.

A gyroscope consists of a rotor mounted in the ringienbal. The inner gimbal is
mounted in the outer gimbal which itself is mounteda fixed frame as shown in Fig.. When the
rotor spins about X-axis with angular velocityrad/s and the inner gimbal precesses (rotates)
about Y-axis, the spatial mechanism is forced to @bout Z-axis other than its own axis of
rotation, and the gyroscopic effect is thus setlipe resistance to this motion is called

gyroscopic effect.

ANGULAR MOTION

A rigid body, (Fig.) spinning at a constant angwaitocity o rad/s about a spin axis
through the mass centre. The angular momentum fHh® spinning body is represented by a
vector whose magnitude isdf. | represents the mass amount of inertia of titerrabout the

axis of spin.



SFEIN AX5

= T

The direction of the angular momentum can be folnooh the right hand screw rule or
the right hand thumb rule. Accordingly, if the ferg of the right hand are bent in the direction of
rotation of rotor, then the thumb indicates thediion of momentum.

GYROSCOPIC COUPLE

Consider a rotary body of mass having radius of gyratiokk mounted on the shaft
supported at two bearings. Let the rotor spinsafes) about X-axis with constant angular
velocity w rad/s. The X-axis is, therefore, called spin aXigxis, precession axis and Z-axis, the

couple or torque axis (Fig.).
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The angular momentum of the rotating mass is gbyen



H=mkw=Iw
Now, suppose the shaft axis (X-axis) precessesigir@a small angld0 about Y-axis in
the planeXOZ,then the angular momentum varies fréito H + H, wheredH is the change in
the angular momentum, represented by vector alui{€i$5.2(b)]. For the small value of angle
of rotation b, we can write
ab = oa x &0
oH = Hx 68
= 108
However, the rate of change of angular momentum is:
dH [!m&ﬂ')

= 5\ 5

d6
=lw—
dr

C = lww
Direction of Spin vector, Precession vector and Couple/Torque vector with

forced precession
To determine the direction of spin, precessiontanglue/couple vector, right hand screw
rule or right hand rule is used. The fingers repnéshe rotation of the disc and the thumb shows

the direction of the spin, precession and torquorgFig.).
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The method of determining the direction of couplegftie vector is as follows

Case (i):

Consider a rotor rotating in anticlockwise direntavhen seen from the right (Fig.5 and
Fig. 6), and to precess the spin axis about prewmessxis in clockwise and anticlockwise
direction when seen from top. Then, to determireabtive/reactive gyroscopic couple vector,
the following procedure is used.

» Turn the spin vector through & the direction of precession on the XOZ plane

* The turned spin vector will then correspond todirection of active gyroscopic
couple/torque vector

* The reactive gyroscopic couple/torque vector igmaBpposite to active gyro vector

direction
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Case (ii):
Consider a rotor rotating in clockwise directionemhseen from the right (Fig.7 and Fig. 8), and
to precess the spin axis about precession axisdhwise and anticlockwise direction when seen
from top. Then, to determine the active/reactiveoggopic couple vector,
* Turn the spin vector through & the direction of precession on the XOZ plane
 The turned spin vector will then correspond to theection of active gyroscopic
couple/torque vector

* The reactive gyroscopic couple/torque vector itakpposite to active gyro vector

direction
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The resisting couple/ reactive couple will act e direction opposite to that of the gyroscopic
couple. This means that, whenever the axis of slpamges its direction, gyr oscopic couple is
applied to it through the bearing which supporesghinning axis.

GYROSCOPIC EFFECT ON SHIP

Gyroscope is used for stabilization and directicraitrol of a ship sailing in the rough
sea. A ship, while navigating in the rough sea, eerience the following three different types
of motion:

(i) Steering—The turning of ship in a curve whilewving forward

(i) Pitching—The movement of the ship up and dofsom horizontal position in a

vertical plane about transverse axis

(iiRolling—Sideway motion of the ship about lohgdinal axis

For stabilization of a ship against any of the abowtion, the major requirement is that
the gyroscope shall be made to precess in suchydhahreaction couple exerted by the rotor
opposes the disturbing couple which may act orirdrae.

Ship Terminology

(i) Bow — It is the fore end of ship

(ii) Stern — It is the rear end of ship

(iif) Starboard — It is the right hand side of gtep looking in the direction of motion

(iv) Port — It is the left hand side of the shipkang in the direction of motion




Consider a gyro-rotor mounted on the ship alongitodinal axis (X-axis) as shown in
Fig.10 and rotate in clockwise direction when vidwieom rear end of the ship. The angular
speed of the rotor i® rad/s. The direction of angular momentum veo@rbased on direction of
rotation of rotor, is decided using right hand thumle as discussed earlier. The gyroscopic
effect during the three types of motion of shipliscussed.

Gyroscopic effect on Steering of ship
(i) Left turn with clockwise rotor
When ship takes a left turn and thetor rotates in clockwise direction viewed from

stern, the gyroscopic couple act on the ship ityaad in the following way.
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Note that, always reactive gyroscopic couple issaered for analysis. From the above
analysis (Fig.), the couple acts over the ship betwstern and bow. This reaction couple tends
to raise the front end (bow) and lower the rear (stefn) of the ship.

(i) Right turn with clockwise rotor

When ship takes a right turn and ttator rotates in clockwise direction viewed from
stern, the gyroscopic couple acts on the ship &yaad (Fig 14). Again, the couple acts in
vertical plane, means between stern and bow. Neweaction couple tends to lower the bow of
the ship and raise the stern.
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(iii) Left turn with anticlockwise rotor
When ship takes a left turn and thetor rotates in anticlockwise direction viewed from

stern, the gyroscopic couple act on the ship ityaed in the following way (Fig.).
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The couple acts over the ship is between sternbamd This reaction couple tends to

press or dip the front end (bow) and raise the eadr(stern) of the ship.



(iv) Right turn with anticlockwise rotor
When ship takes a right turn and thator rotates in anticlockwise direction viewed
from stern, the gyroscopic couple act on the shigccording to Fig 20. Now, the reaction couple

tends to raise the bow of the ship and dip theaster

STAH BOARD

v e —
|J/ d HAFTOH
\ B r__.a- e . | _—
ke T " &
ORE -
e
PORT
A
|;_'-.'f’
=3 A
L
e .xiﬁr_ﬁ_ e :
e |
[y ‘j;_ o e
! =
o~ Ceactan m view
I B £ ot i
rf':‘.'} e -’1 (] & SPINYECTOR 'I,‘_ i
= > 3
G%.ﬁ*" i i
3 4 B ‘ I T
-'f-:f‘-q\_g’ b , 1) s
(AEE i ] =
Tl [ jg
s L 'E
ks -~ -
B w
‘ =
-4
o
o
o
L
=
T &
COFG
AL TIVE GYROSCS
CcOUPLE
o e i
o
5] ————
B L -
5 REACTIVE S ROSC UG '
- COUPLE 'l
|
i
STERN
ar
AFT



Gyroscopic effect on Pitching of ship

The pitching motion of a ship generally occurs tlugvaves which can be approximated

as sine wave. During pitching, the ship moves ug down from the horizontal position in
vertical plane (Fig. )

Let © = angular displacement of spin axis from its mean equilibrium position
A = amplitude of swing
I d 2
{= angle in degree X ——)
= & 360°
and &y = angular velocity of simple hormonic motion | = 2x }
time period

The angular motion of the rotor is given as

B = A sin iyt

dé
Angular velocity of precess: o, = &
d
=—1{A sin @wyr)
dr o
or ay, = Adly COS Gy

The angular velocity of precess will be maximum when cos @y = 1

ar m,lrmut - Arﬂﬁ
— Az
r
Thus the gyroscopic couple: C=lwm,

Consider a rotor mounted along the longitudinakad rotates in clockwise direction
when seen from the rear end of the ship. The daeaf momentum for this condition is shown

by vectorox (Fig.24). When the ship moves up the horizontaitpm in vertical plane by an



angledd from the axis of spin, the rotor axis (X-axis) pesses about Z- axis in XY-plane and
for this case Z-axis becomes precession axis. Kmesgopic couple acts in anticlockwise
direction about Y-axis and the reaction couple ant®pposite direction, i.e. in clockwise
direction, which tends to move towardght side (Fig.25). However, when the ship pitches
down the axis of spin, the direction of reactiomigle is reversed and the ship turns towdefls

side (Fig.)
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Similarly, for the anticlockwise direction of thetor viewed from the rear end (Stern) of

the ship, the analysis may be done.



Gyroscopic effect on Rolling of ship.
The axis of the rotor of a ship is mounted along tbngitudinal axis of ship and
therefore, there iso precession of this axis. Thus, no effect of gyopsc couple on the ship

frame is formed when the ship rolls

Gyroscopic Effect on Aeroplane
Aeroplanes are subjected to gyroscopic effect wheaking off, landing and negotiating
left or right turn in the air.
Let
o = Angular velocity of the engine rotating partgaal/s,
m = Mass of the engine and propeller in kg,
rw = Radius of gyration in m,
| = Mass moment of inertia of engine and propehétg ne,
V = Linear velocity of the aeroplane in m/s,
R = Radius of curvature in m,
op =Angular velocity of precession =v/R rad/s

Gyroscopic couple acting on the aero plan@ =1 w uyp

Let us analyze the effect of gyroscopic couplenactn the body of the aero plane for

various conditions.

Case (i): PROPELLER rotates in CLOCKWISE directwanen seen from rear end

and Aeroplane turns towards LEFT

Tal

Cirection of View
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According to the analysis, the reactive gyroscamaple tends to dip the tail and raise
the nose of aeroplane.

Case (ii): PROPELLER rotates in CLOCKWISE directivhen seen from rear
end and Aeroplane turns towards RIGHT

Tal

Direction of Wisw
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According to the analysis, the reactive gyroscaqmuaple tends to raise the tail and dip

the nose of aeroplane.

Case (iii): PROPELLER rotates in ANTICLOCKWISE diten when seen from
rear end and Aeroplane turns towards LEFT
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The analysis indicates, the reactive gyroscopi@ltends to raise the tail and dip the

nose of aeroplane.

Case (iv):PROPELLER rotates in ANTICLOCKW!ISE direction when seen

from rear end and Aeroplane turnstowardsRIGHT

Tadl

Cirection of Wiew
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The analysis shows, the reactive gyroscopic cotgids to raise the tail and dip the nose of
aeroplane.



Case (v):PROPELLER rotates in CLOCKWISE direction when sé&m

rear end and Aeroplane takes off or nose move wsvar




The analysis show, the reactive gyroscopic cougheld to turn the nose of aeroplane toward

Tail I
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Case (vi): PROPELLER rotates in CLOCKWISE directwhen seen from rear

end and Aeroplane is landing or nose move downwards
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Case (vii): PROPELLER rotates in ANTICLOCKWISE diten when seen from

rear end and Aeroplane takes off or nose move wsvar
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Case (viii): PROPELLER rotates in ANTICLOCKWISE éation when seen from
rear end and Aeroplane is landing or nose move danas
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The analysis show, the reactive gyroscopic couphelg to turn the nose of aeroplane toward
right
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Stability of Automotive Vehicle

A vehicle running on the road is said to be staiilen no wheel is supposed to leave the
road surface. In other words, the resultant reastlyy the road surface on wheels should act in
upward direction. For a moving vehicle, one of taction is due to gyroscopic coupeduced
by the rotating wheels and rotating parts of thgiren Let us discuss stability of two and four

wheeled vehicles when negotiating a curve/turn.

Stability of Two Wheeler negotiating aturn

Fig shows a two wheeler vehicle takihgft turn over a curved path. The vehicle is

inclined to the vertical for equilibrium by an ae@ known as angle of heel.

Let

m = Mass of the vehicle and ttsler in kg,

W = Weight of the vehicle ant$ rider in newtons #.g,

h = Height of the centre ajravity of the vehicle and rider,
rw = Radius of the wheels,

R = Radius of track ocurvature,

Iw = Mass moment of inertia of each wheel,

e = Mass moment of inertia of the rotating partsle engine,
ow = Angular velocity of the wheels,

ot = Angular velocity of the engine rotating parts,

G = Gear ratio =we / ow,



v = Linear velocity of the vehicle aw x rw,
0 = Angle of heel. It is inclination of the vehidie the vertical for equilibrium
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Let us consider the effect of the gyroscopic coaplé centrifugal couple on the wheels.

1. Effect of Gyroscopic Couple
We know that, V =wowXrw
oE = G.ow or
Angular momentum due to wheels =w2dw

Angular momentum due to engine and transmissicne |

Total angular momentum %) = 2  ow T e we

v Vv
= ZIW}:_*'.‘:J"EG}:*

v
= (21, +GI,)

Velocity of precession mp

It is observed that, when the wheels move overctirged path, the vehicle is always
inclined at an anglé with the vertical plane as shown in Fig... This anigl known as ‘angle of
heel'. In other words, the axis of spin is inclinedthe horizontal at an angbe, as shown in
Fig.73 Thus, the angular momentum vectar due to spin is represented by OA inclined to OX

at an anglé. But, the precession axis is in vertical. Thereftine spin vector is resolved along OX.
Gyroscopic Couple,

(I@)cos@ x @,

3

-

C'g =
v

C, =—(21, + Gl )cosf
Rr,

Note: When the engine is rotating in the same toeas that of wheels, then the positive sign

is used in the above equation. However, if the mmgbtates in opposite direction to wheels, then

negative sign is used.



Wheel Rotation Wheel Eoiation

Engine raranon

_|_

The gyroscopic couple will act over the vehicleveartds i.e., in the anticlockwise

Frginee wotafion

direction when seen from the front of the two wkeeThis couple tends to overturn/topple the

vehicle in the outward direction as shown in Fig...
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2. Effect of Centrifugal Couple

Cennifugal Force
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The Centrifugal couple will act over the two wheadeitwards i.e., in the anticlockwise

direction when seen from the front of the two wikeeeThis couple tends to overturn/topple the

vehicle in the outward direction as shown in Fig.

Therefore, the total Over tur

ning couple: C &



Reactive gyro.

¥ couple ™

Cant. coupla

(’:-—~l—."_':;|.f2.’h + Gl ) cosf +mTEhcu.~:H
For the vehicle to be in equilibrium, overturninguple should be equal to balancing
couple acting in clockwise direction due to thegintiof the vehicle and rider.
C = mgh si®

For the stability, overturning couple must be eqadlalancing couple,

2 2
L. (21, + GI,) cos8 ot i h cos@ = mgh sin@
Rr, R

Therefore, from the above equation, the value gfeanf heel §) may be determined, so that the
vehicle does not skid. Also, for the given valué gthe maximum vehicle speed in the turn with

out skid may be determined.



Stability of Four Wheeled Vehicle negotiating a turn.

2)

Consider a four wheels automotive vehicle as showfigure 82. The engine is mounted

)
A =~

at the rear with its crank shaft parallel to tharraxle. The centre of gravity of the vehicle lies

vertically above the ground where total weighthaf vehicle is assumed to be acted upon.

Let

m = Mass of the vehiclgkg)

W = Weight of the vehiclN) =m.g,

h = Height of the centre afravity of the vehicle (m)
rw = Radius of the wheels (m)

R = Radius of track ocurvature (m)

Iw = Mass moment of inertia of each wheel (kg-m
e = Mass moment of inertia of the rotating partsleg engine (kg-mh
ow = Angular velocity of the wheels (rad/s)

ot = Angular velocity of the engine (rad/s)

G = Gear ratio =we / ow,

v = Linear velocity of the vehicle (m/sysw x rw,

x = Wheel track (m)

b = Wheel base (m)



Wheel track (x) .
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Left turn =

() Reaction dueto weight of Vehicle
Weight of the vehicle. Assuming that weight of the vehigmg)is equally distributed over four
wheels. Therefore, the force on each wheel actovgngvard is ng/4 and the reaction by the road

surface on the wheel acts in upward direction.

(i) Effect of Gyroscopic couple dueto Wheel
Gyroscopic couple due to four wheels is,
Cw =4 vty
(iif) Effect of Gyroscopic Couple dueto Engine
Gyroscopic couple due to rotating parts of the eagi

CeE=lEwwp=lEGwwp



Therefore, Total gyroscopic couple:
Cyg=Cwv + Ce= wwyp (4lw £ IEG)
When the wheels and rotating parts of the engirtateoin the same direction, then
positive sign is used in the above equation. Otlserwegative sign should be considered.
Assuming that the vehicle takes a left turn, thectien gyroscopic couple on the vehicle

acts between outer and inner wheels.
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This gyroscopic couple tends to press the outeelslend lift the inner wheels



Reactive Gyro. Couple

OUTER \t}EELH@ INNER WHEELS

B

Due to the reactive gyroscopic couple, verticalctieas on the road surface will be
produced. The reaction will be vertically upwordstbe outer wheels and vertically downwords
on the inner wheels. Let the magnitude of this tieacat the two outer and inner wheels be P

Newtons, then,

(iii) Effect of Centrifugal Couple
When a vehicle moves on a curved path, a centlifiogee acts on the vehicle in outward

direction through the centre of gravity of the \ai&( Fig...)
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OUTER WHEELS l INNER WHEELS
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Left turn



Centrifugal force,

- .’?ﬂ":
Fr = HI(U;R = ——

R

This force forms a Centrifugal couple.

Due to the centrifugal couple, vertical reactionglve road surface will be produced. The
reaction will be vertically upwords on the outereels and vertically downwords on the inner

wheels. Let the magnitude of this reaction at W@ duter and inner wheels be F Newtons, then,

Centrifugal Couple

OUTER WHEELS INNER WHEFLS

2

F

Road reaction on each outer/Inner wheel,



The reactions on the outer/inner wheels are asvisl|
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Total vertical reaction at each outer wheels

Total vertical reaction at each inner wheels
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