Introduction

The functicn of a governaris to maintain the speed of an engine within specified limits whenever there is a variation of
load. In general, the speed of an engine varies in two ways—during each revolution (cyclic variation) and over a number
of revolutions. In the former case, it is due to variation in the output torque of the engine during a cycle and can be
regulated by mounting a suitable flywheel on the shaft. In the latter case, it is due to variation of load upon the engine
and requires a governor to maintain the speed. The operation of a flywheel is continuous whereas that of a governor is
more or less intermittent. A flywheel may not be used if there is no undesirable cyclic luctuation of the energy output,
but a governor is essential for all types of engines as it adjusts the supply according to the dernand.

If the load on the shaft increases, the speed of the engine decreases unless the supply of fuelis increased by opening
the throttle valve. On the other hand, if the load on the shaft decreases, the speed of the engine increases unless the
fuel supply is decreased by closing the valve sufficiently to siow the engine to its original speed. The throttle vatve is
operated by the governor through a mechanism for the purpose.

461 TYPES OF GOVERNORS

Governors can broadly be classified into two types.

(i) Centrifugal Governor

This is the more common type. Its
action depends on the change of
speed. It has a pair of masses. known
as governor balls, which rotate with a Ball .
spindle. The spindle is driven by an
engine through bevel gears (Fig, 16.1).
The action of the govemor depends Bell crank lever
upon the centrifugal effects produced
by the masses of the two balls, With the
increase in the speed, the balls tend to
rolate al a greater radius from the axis.
This causes the sleeve to slide up on
the spindle and this movement of the
sleeve is communicated to the throttle
through a bell crank lever. This closes .
the throttle valve to the required Fig. 1&%
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extent. When the speed decreases, the balls rotate at a smaller radius and the valve is opened according to
the requirement. '

(ii} Inertia Governor

In this type, the positions of the balls are affected by the forces set up by an angular acceleration or deceleration
of the given spindle in addition to centrifugal forces on the balls. Using suitable linkages and springs, the
change in position of the balls is made to open or close the throttle valve, _

Thus, whereas the balls are operated by the actual change of engine speed in the case of centrifugal
governors, it is by the rate of change of specd in case of inertia governors. Therefore, the response of inertia
governors is faster than that of centrifugal types.

OR (SIMPLE CONICAL GOVERNOR) L

Figure 16.2 shows three forms of a
simple centrifugal or a Watt governor.
In this, a pair of balls (masses) is
attached to a spindle with the help of
links. In Fig.16.2(a), the upper links are
pinned at point O. In the Fig.16.1(b),
the upper links are connected by a
horizontal link and the governor is
known as the open-arm type Watt
governor. On extending the upper arms,
they still meet at O. In Fig.16.2(c), the
upper links cross the spindle and are
connected by a honizontal link and the
governor is known as a crossed-arm :
Watt govemor. In this type also, the two links intersect at O, The lower links in every case are fixed to a
sleeve free to move on the vertical spindte.

As the spindle rotates, the balls take up a position depending upon the speed of the spindle. If it lowers,
they move near to the axis due to reduction in the centrifugal force on the balls and the ability of the sleeve
to slide on the spindle. The movement of the sleeve is further taken to the throttle of the engine by means of
a suitable linkage to decrease or increase the fuel supply.

The vertical distance from the plane (horizontal) of rotation of the balls to the point of intersection of
the upper arms along the axis of the spindle is called the height of the governor. The height of the governor
decreases with increase in speed, and increases with decrease in speed.

Let m = mass of each ball

h = height of governor

w= weight of each ball (= mg)

= angular velocity of the balls, arms and the sleeve
T = tension in the amm

r = radial distance of ball-centre from spindle-axis

Assuming the links o be massless and neglecting the friction of the sleeve, the mass m at 4 is in static
equilibrivm under the action of

s Weight w (= mg)

+ Centrifugal force mrer

¢ Tension T in the upper link

If the sleeve is massless and also friction is neglected, the lower links will be tension free.




Governors Sg

The equilibrium of the mass provides

T'cos 8= mg and T sin 8= mre’

mrﬂ)2 r&)2

tan g = = —
mg g

or

ar T [ZKN] =
60

(16.1)

_ 895 000
N2
Thus, the height of a Watt governor is inversely proportionat to the square of the speed. A close look at this
equation would reveal that the vaniation in /4 is appreciable for low values of speed N. As the speed N becomes
larger, the variation in # becomes very small.
The following table shows the height 4 with the variation in speed:

or h

300
9.9

10¢
895

N (rpm) 50
h (mm) 358

156
39.8

200
224

400
56

This shows that in this type of governor, the movement of the sleeve is very less at high speeds and thus is
unsuitable for these speeds. However, this drawback has been overcome by loading the govemnor with a dead
weight or by means of a spring. Such governors have been discussed in the sections that follow.

Example 16.1
S [Fig. 16.3(w)], AE = 400 mm,
EF = 50 mm and angle 6 =

In an apen-arm type governor

Solution Refer Fig, 16.3(b),
h=GO=GH+ HO = AE cos@+ EH cot@
h =400 cos 35° + 25 ¢ot 35°

359 Deterntine the percentage =363.4 mm
change in speed when 0 k" =400 cos 30° + 25 cot 30°
decreases to 30°. =389.7 mm

Now,hzi and h’=i

2

W w;z
L JE = /ﬁ = 0.966
a i 389.7
Decrease in speed = (1 — 0.966) x 100 = 3.44%
Alternatively,

N = J395000 _ Jﬁs»sooo
h 363.4

N’ = [895000 = 47.92 rpm
389.7 -

- N’  49.63-47.92
T 4963

=49.63 rpm

x 100 = 3.44%

Decrease =
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163 PORTER GOVERNOR

If the sleeve of a Watt governor is loaded with a heavy
mass, it becomes a Porter governor [Fig.16.4(a)]
Ler M = mass of the sleeve
m = mass of each ball
[ =force of friction at the sleeve
The force of friction always acts in & direction oppostte
to that of the motion. Thus when the sleeve moves up, the
force of friction acts in the downward direction and the
downward force acting on the sleeve is (Mg + /). Similarly,
when the sleeve moves down, the force on the slecve will
be {Mg — /). In gencral, the net force acting on the sleeve
is (Mg £ /} depending upon whether the sleeve moves
upwards or downwards.
Forces acting on the sleeve and on cach bail have been
shown in Fig.16.4(b}.
Let & = height of the governor
r = distance of the centre of each ball from axis of rotation
The instantaneous centre of rotation of the link 4B is at  for the given configuration of the governor, It is
because the motion of jts two points 4 and B relative to the link is known. The point 4 oscillates about the
point O and B moves in a vertical direction parallel to the axis. Lines perpendicular 1o the direction of these
maotions locates the point /.
Considering the equilibrium of the left-hand haif of the governor and taking moments about /,

Mgt f
2

mre’.a = mge+ (c+5)

or mrw":mg£+Lu(£+_
a 2 a

Mgt f

= myg tan 8 + (tan & + tan f3)

Mgty
=Lan9[mg+—~§_2—f(]+k}} (takingk: lanﬁJ

or =£{mg+ Mg: / (I+k)}

h

Mgz f ;
or o = _1_[ 2mg +(Mg £ )+ k)} A porter governor
mh 2
(znw’ )2 _g{2mg+ (Mgt fy(l+ k}]
or L Img

A

e :@(mﬁo gif)(l+k)]

Taking ¢ =9 81 m/s?
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This equation would provide two values of N for the same height of the governor. The phenomenon can
be explained as below.

First assume that the sleeve has just moved down. This means that the force acting on the sleeve is
(Mg - {) downwards. Now, if the speed of the engine increases, the balls would tend to move away from
the axis, but now as the friction has to act in the downward direction, the resistance to the motion would be
(Mg + {). Thus until the speed rises to such a value as to overcome this resistance, the sleeve will not move. In
the same way, when the sleeve has moved up and the speed decreases, the resistance to the sleeve movement
would be only (Mg — f), Thus, until the speed reduces to such a value as to give a force equal to (Mg ~f),
the sleeve will not move.

Thus, for a given value of A, the governor is insensitive between two values of e given by Eq. (16.3).

B¥5({ mg+(Mgx /)
. Ifk=1, N2=~h—(——mgg—L]
895 2m+ M(1 + k)
. =0 IR T
895( m+ M
o Ifk=1/=0 NFT[ m )

Example 16.2  Eacharmofa Porter governor
is 200 mm long and is pivoted
on the axis of the governor.
The radii of rotation of the
balls at the minimum and the maximum speeds
are 120 mm and 160 mm respectively. The mass
of the sleeve is 24 kg and each ball is 4 kg.
Find the range of speed of the gavernor. Also
determine the range of speed if the friction at the
sleeve is I8 N.

Solution m=4kg, M=24kg f=18N

mgi2
At minimum speed, i = V200° —120° = |60 mm (b
[Fig. 16.5(a)] S 4 gl
Ask=1,f =0, Fig. 1655
( = — ==
N S_E[m+ M ] _ 895 {4+24]: 39 156 Range of speed = 228.5 — 197.9 = 30.6 rpm
h m 0.16 When friction at the sleeve is I8 N
or AN=1979rpm At minimum speed,
At maximum speed, & = 200° —160° = A< 895( mg +(Mg — f)
120 mm [Fig. 16.5(b)} R
As k=1/=0, B 895{4><9.81+(24><9.81—18)]
z=@[’"+’”}: 895[4”4\:52 208 " 016 4% 981
h\ m ) o\ 4 )

or  N=2285rmpm =36590 or ¥N=191.3 rpm
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At maximum speed,
§2§(mg+(Mg+f)J
h mg
_ 895 (4x9.81+(24%9.81+18)
_0.12[ 4x9.8! )

=55 630 or N=2359 rpm
Range of speed =235.9 - 191.3 = 44.6 pm

NE=

Example 16.3  In a Porter governor, each of
the four arms is 400 mm long.
The upper arms are pivoted
i’ on- the axis of the sleeve
. whereas the lower arms are attached to the sleeve
at a distance of 45 mm from the axis of rotation.
Each ball has a mass of 8 kg and the load on
the sleeve is 60 kg. What will be the equilibrium
speeds for the two extreme radii of 250 mm and
300 mm of rotation of the gavernor balls?

Solution Refer Fig, 16.6,

m=8kg BG =45mm
M=60kg 04 = 400 mm
We have,
mre* -tan&[mg+ f(l+k)] =0

(1) When r =250 mm

i 250 =08

J(400)? ~ (250)2
tan ﬁ bla
tan@ tan@
As b=250-45=205 mm,

a = (4BY - (8Y
= J(400)> — (205) = 343.4 mm

_ 20573434 _ 246
0.8

8x025x @ =
60x9.81
2

k=

0‘8[8x9.81+ (l+0.?46)]

207 = 0.8 (78.48 + 513.85)
af =237

w=2N_ 1539
60

N =147 rpm

(i) When » = 300 mm,
300

tanf = ———eon—o_——1.134
V(400)* - (300)

b=300-45=255mm

= J(400)* - (255)* = 3082 mm

_tanf _b/a _255/308.2 073
" tan® tand 1134
L8x03xw? =
1‘134[8x9.81+w(l+0.?3)]
2.4¢7 = 1.134 (78.48 + 509.14)
eF=2776

2N _ 1666

=159.1 rpm

Also, range of speed = 159.1 - 147 =12.1 pm



Example 164 Eackarmofa Porter governor

; . is 250 mm long. The upper
-and lower arms are pivoted
tolmkeofwmmandmmm
respecﬂve[y Jrom the axis of rotation. Each
ball has a 'mass of 5 kg and the sleeve mass
is 50 kg. The force of friction on the sleeve of
the mechanism is 40- N, Deterntine the range
of speed of the governor. for extreme radii of

rotation of 125 mm and 156 wm. - ..
Solution Refer Fig.16.7.
m=5kg AB = AE =250 mm
M=50kg BG =50 mm
J=40N ' EH =40 mm
(i) When »= 125 mm,
sing =240 _ 34 6 =19.88°

tan #= tan 19.88° = 0.362
. 125~ 50

sinf§ = 550

tan §~=tan 17.46° = 0.315

tan f

k= =0.87

As the radii decrease, the sleeve moves down and

the force of friction facts upwards.

Mg-f
2

mrey’ = tan9|:mg +

(1+k):l

E 40 )

=03 B=17.46

. sleeve begins to rise at 2

Governors g

5% 0.125@° = 0.362

50%9.81-40

[5 x9.81+ ( +0.8?)]

o =272.4
= % =16.5
Nopig = 1376 1pm
(i)} When r= 150 mm
150—40
250
tan 8= 0.49
. 150 -50
sin B = 750
tan = 0436

= w =0(.891
0.49

sinf = =044 6=261°

=04 B=2358

mre?® = tan6|:mg+MgT”(l+k)i|

{sleeve moves up)
5%0.150° = 0.49

50x9.81+40

[5 x9.81+ (l+0.891)]

«f =359.8
_2aN _eo7
60
N = 1811 rpm
Range of speed = 157.6 rpm to 181.1 rpm

=23.5 1pm

Example 16.5 Eacharmof aPortergovemor

; is 200 mmdong ond iy hinged
“at g distancé of 40 wm-from
she axis of rotation. The piass
ofmchbaﬂwlSkgmdfkesfmwzﬁlg -
W?wnthefuﬁmar.i&’tathemﬁm‘l the -
meﬁcmﬂwvewwmmﬁadmm.'
and the minimum speeds of rotation when the
inclination of the arms to the vertical is 45°
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Solution Refer Fig. 16.8. At 30° angle, the sleeve begins to rise; therefore,
r= 200 sin 30° + 40 = 140 mm the friction force is to act downwards.
0 s m St = 895 me (Mg + 1)
tan 300 tan 303 | Thus, 60- = h mg
i 895 (1.5x9.81+(25x9.81+f))
: 0.243 1.5x9.81
| h 14.7+2453 + =270
I! or f=10N
; l When the angle is 45°,
) r=200sin45°+ 40 = |81.4 mm
r 181.4

= =181.4 mm
tan45°  tan 45°

N 2a 395 (1.5x9.81+(25x9.81+10)

"7 0.1814 1.5x9.81
N, =300.9 rpm

)=90519

,_ 895 (1‘5x9.81+(25><9.81—10)J_
M= 01si [5x9.81 ~83812
-N, = 289.5 rpm

A Porter governor is known as a Proell
governor if the two balls (masses) are fixed
on the upward extensions of the lower
links which are in the form of bent links
BAE and CDF [Fig. 16.9(a)].

Considering the equilibrium of the link
BAE which is under the action of [Fig.
16.9(b)]

s the weight of the ball, mg
the centrifugal force, i’ a?
the tension in the link 40
the horizontal reaction of the sleeve. (Mg + f)i2
the weight of sleeve and friction, {a} {b}

1
E(Mgif)

As before, f is the instantaneous centre of the link BAE.
Taking moments about J,
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Mg}‘

mrar e=mgic+r—r) +——(c+h)

where b, ¢, d and r are the dimensions as indicated in the dlagram

g f

1
mr'e’ = —{mg(c +r—r)+—=
e

(c+ b)] (16.4)
In the position when 4E is vertical, i.e., neglecting its obilqu:ty

g Mgt /[

oo |
mr'e” =—| mge+ —=——
e

(c +b}]

r
=£[,,,g£+_f‘4g_—i[£+£ﬂ
e a 2 a a

Mgty
2

€

=ﬂ{mg tan & + (tan8+tanﬁ):l

&

=Etan9{mg+£gﬂ(]+k)}
2 (16.5)

=51[ g+Mg f(l+k)]
eh

(mNT a g(ng+(Mgi f}(l+k)]
60 2mg

N2 895 a( 2mg+(Mg+ N+ k))
(Taking g = 9.81 m/s?)
805 +(Mg &
R a(mg (Mg + f)]
h e
. 1t/=0, A2 895a[2m+M(l+k)]
o [Fk=1,/=0 A =§3§3(”’+M]
h ¢ m
Example 16.6  Each arm of a Proel] governor links of the lower arms are verticel-and the
is 240 mm long and each governor speed is 180 rpmt when the sleeve is
rotating ball has a mass of 3 in the mid-position. Determine the lengths of
' kg. The central load acting on the extens:on links and the tension n the upper
the S!eeve is 30 kg. The pivots of all the arms arms,

are 30 mm from the axis of rotation. The vertical

height of the governor is 190 mm. The extension Solution  Refer Fig. 16.10.
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m=3kg M=30kg
h =190 mm
895 a[m+M)
N2=_._.._
h e m
_ 895 0.19[3+30]
019 e 3
e=0304m

Therefore, length of the extension links
=¢—a=304-190= 104 mm
Let T be the tension in the upper arms.

Considering the vertical components of the forces
on the lower link.
Mg

Tcos@=mg+——
cos 6=mg+=

.19
cos 9—6§~0 792

30x9.81

Tx0.792 =3x9.81+
T=223N

The mass of each ball of a
“Proell governor is 7.5 kg
and the load on the sleeve
is 80 kg. Each of the arms
w300mmioug The upper arms are pivoted on
the axis of rotation whereas the lower arms are
Mtohtﬁsd{ﬂmmﬁomtkeaxmdmtaﬂon
The extensions of the lower arms towhich the balls
- are ariached are 100 mm long and are paraliel
" fo the goverior axis at the minimum radius.
Determine the equilibrium speeds corresponding
to extreme rodii of 180 mm and 240 mm.

I

Solution When AE is wvertical, ¥ = r =
180 mm[Fig. 16.11(a)].

Exampie 16.7

mre* :ftane[mg+—(1+k)]
e

(friction neglected)

we have, @ = yJ(300) — (180 — 40)* = 265.3 mm
e=2653+100=3653mm

sinf = EE =0.6, 8 =36.87°
300
tan 8= 0.75
180 — 40
= =0.467; B=2782°
in = g
tan §=0.528
_anf_0528 .
tan@ 0.75
75%0.18x@? = 22833 0.75
0.3653
[7.5 <981+ 2 X29‘81 1+ 0.704}}
o =2995
_2%N 17305
60

N=165.3 pm



BE =e® +b = \J(365.3) +(140)
=39]1.2 mm

Governors q

e 3653

=—— =——=0934 =2097°
Y = BE T 3912 Y
b 140
sin fl = — = —— = (0.467 =27.82°
p AR 300 A
a=27.82°-2097°=6.85°
_ b 240-
sinfi’  =——= 240-40 _ 0.667 f'=4181°

oy =B - a=41.81° - 6.85° = 34.96°
[Refer Fig.16.11(b)}
€' = B\E, cos y' = BE cos y = 391.2 cos 34.96°
=320.6 mm
¥ =B,E, sin ¥’ + 40 =391.2 sin 34.96° + 40
=264.2 mm :

b =200 mm
a =48 cos =300 cos 41.81° = 223.6 mm
sin9’=@=0.8 @’ =53.13°

300
¢ =o' tan & =223.6 tan 53.13° =298.1 mm
Taking moments about [,

mr'w’e’ = mg(c’+r—r)+ %g— (c'+h)

7.5 x 0.2642 x o x 0.3206
=7.6x9.81 (0.2081 +0.24 + 0.2642)

80 % 9.81
L 30x981 9981402

ar = 3394

w=2"Y_134
60

N=1759 rpm

In this type of govermor, the balls are controlled by a spring as shown in Fig. 16.12(a). Initially, the spring is
fitted in compression so that a force is applied to the steeve. Two bell-crank levers, each carrying a mass at
one end and a roller at the other, are pivoted to a pair of arms which rotate with the spindle. The rollers fit

into a groove in the sleeve.
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"N
].BY
4E7
¥ ek
a 1 i;”“
i &
. NS
Areb+ NN
3 i
§ Cz .
NiNgi-Sleeve ol —>
Spindle Fo= Mgty +— a——ry ~— _T
) 1
(@ M | a
=
A |
"wg + F32+ f i
2
. _ by
E*ig, I&Iﬁ A Harinell governor

As the speed increases and the balls move away from the spindle axis, the bell-crank levers move on the
pivot and lift the sleeve against the spring force. If the speed decreases, the sleeve moves downwards. The
movement of the sleeve is communicated to the throtile of the engine. The spring force can be adjusted with
the help of a screw cap.

Figure 16.12(b) shows the forces acting on the bell-crank lever in two positions (assuming that the slecve
moves up so that £is taken positive).

Let # = centrifugal force = mra?

F, = spring force
Taking moments about the fulcrum 4,

1
Fla = 5 (Mg + Eq+ )b + mgoy (16.6)

{ .
Fray = 3 (Mg + F; + )by +mge, (16.6a)

In the working range of the governor, 8is usually small and so the obliquity effects of the arms of the bell-
crank levers may be neglected. In that case,
a|=ﬂ'2=a,b1=b2=b,(.'1=c2=0

1
ﬁa=5(Mg+F\-| +1b (1)

i ,
and Fray = E{Mg +Fa+ b (i)

Subtracting (i) from (ii)



. 1
(‘Lz'ﬁ)ﬂzi

or

Let s = stiffness of the spring
#, = movement of the sleeve

But h] =06=

2 (aY aV{F -F
5= |5/ -Fy=2{= | —
T hh [b] F2=5) {b} [-"3*"1]

Example 168 In a Hartnell governor, the
extreme radii of rotation of
the balls are 40 mm and 60
mm, and the corresponding
speeds are 210 rpm and 230 rpm, The mass of
each ball is 3 kg. The lengths of the ball and
the sleeve arms are equal. Determine the initial
compression and the constant of the central

spring.

Solution
W, = 2xx210 _ 22 rad’/s;
60
w, = m = 23.04 rad/s
60

F = mnwm? =3x0.04x22% =58.1N
and  F, =mno," =3x0.06x23.04* =956 N

Spring constant,
5= 2(2]‘- iz_jﬁ
b f2—h
»{95.6-58.1
=2() (—~——) =3.75 N/mm

60 — 40

F,
We have, ﬁa=-;—(Mg+Fsl+f}b or :?‘

M=0,/=0,a=10)
or F,=2x581=1162N

=31 mm

Initial compressi 116.2
al co on =
P 375

2 2
sz_ﬂ|=h1~‘:_a{F2‘ﬁ) or S=o°
b Ay

Bhof

Covernors 57§
k>

F,=Fb

- 2a
P.v2 -_Fﬂ :?(F2 _Fi)

Ly~ F)

=l

b

4]

(16.7)

Example 16.9  In a spring-loaded governor
of the Harmell type, the
lengths of the horizontal and
the vertical arms of the bell-
crank lever are 40 mm and 80 mm respectively.
The mass of each ball is 1.2 kg. The extreme
radii of rotation of the balls are 70 mm and 105
mm. The distance of the fulcrum of each bell-
crank lever is 75 mm from the axis of rotation of
the governor. The minimum equilibrium speed is
420 rom and the maximum equilibrium speed is
4% higher than this. Neglecting the obliguity of
the arms, determine the :
{i) spring stiffness,
(i} initial compression, and
(iii) equilibrium speed corresponding to radius

of rotation of 95 mm.
Solution
420
W = 2> 420 44 rad/s;
60

@, = 44x1.04 = 45.76 rad/s

£ =mro® =1.2x0.07x 44" =162.6 N
and Fy = mro,” =1.2x0.105% 45.76° = 263.8 N
(i) Spring constant,
o5 (52t
b) | n-n 40 105 - 70

=23.14 N/mm
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(iiy We have, Fla = %(Mg+ F,+ b

F
or FI:T” (M=0,f=0a=2b)
or F,=4x1626=6504N
50.4
Init ton = =28.1
nitial compression 2314 mm

(iti) Let F; be the centrifugal force at #;= 95 mm,

Then s = Z(E) (M]
b B—h
-162. 6]

95— 70
or F;=162.6+723=2349N

or 23.14 = 2(2)* [

or mryw,’ =234.90r1.2%0,095 x @?=234.9

=45393

or @=45.393 rad/s or 2:;\[

or N=4335rpm

* The distance of the fulcrum of each bell-
crank lever from the axis of rotation of the
governor (=75 mm) is superfluous data.

Example 16.10 The arms of a Hartnell

governor are of equal length,
When the sleeve is in the mid-
position, the masses rotate in
a circle with a diameter of 150 mm (the arms
are vertical in the mid-position). Neglecting
friction, the equilibrium speed for this position
is 360 rpm. Meximum variation of speed, taking
Jriction into account, is to be 6% of the mid-
position speed for a maximm sleeve movement
of 30 mm. The sleeve mass is 5 kg and the friction
at the sleeve is 35 N.

Assuming that the power of the governor is
sufficient to overcome the friction by 1% change
of speed on each side of the mid-position, find
(neglecting obliquity effect of arms), the

{i) mass of each rotating ball

(i} spring stiffness
(ifi) initial compression of the spring

Solution

(1)

and

or m=

(i)

Erz

(iif)

_ 2 X360

60
Considening the friction at the mid-position,

mrota = %(ﬂ.{g +F + )

0.150
mx
2

= %(5x9‘81+f§_ +35)

=377 rad/s

)x(3?.?xl.01)2
(a=b) (1)
mrw§a=%(Mg+Fs - f¥b

( 0.150
»
2

=-;-[5><9.8}+Fj -35] (i)

) X (37.7 x 0.99)*

Subtracting (ii) from (i)
m x 0075 x (37.77 [(1.01¢ — (0.99]

= —;— x(35+35)

8.21kg

In the extreme positions,
(Mg + Fy+ /)b

8.21x (0.075 + 9%) x(37.7x1.06)°

2
mry0,a =

:%(5x9.81+f§2 +35) (a=b5)
=227T58N
mnala = (Mg + £y~ )b

SZIX(O(}?S-—O—;}}-)X(B??XO%)

=-(5><9 81+ F, —35)

Fu=12232N
s =Fo-F,
0.03x5=22758—
§=35088N/m or

1223.2
35.088 N/mm

il _Fy 12232
nitia COITlpI‘ESSlOH s 35088

=34.86 mm



Example 16.11 In a spring-loaded Hartnell

type af governor, the mass of

each ball is 4 kg and the lift

of the sleeve is 40 mm. The
governor begins to float at 200 rpm when the
radius of the ball path is 90 mm. The mean
working speed of the governor is 16 times the
range of speed when friction is neglected. The
lengths of the ball and roller arms of the bell-
crank lever ave 100 mm and 80 mm respectively.
The pivot centre and the axis of governor are 115
mm apart. Determine the initial compression of
the spring, taking into account the obliquity of
arms.
Assuming the friction at the sleeve to be
equivalent ta a force of 13 N, determine the total
alteration in speed before the sleeve begins to
- move from the mid-position.

Solution Refer Fig. 16.13.

ch— r=115 —]

|

a=100 |
B |

A  b=80 |
Mg/2 i

Governors

a = 100 mm # =115 mm

b =80 mm

Mean speed, N = N—I;&

As N=16(N,—-N)
-A#%:IG(NQ—NI}

or 2—0(%216(1\’2—200)

N,=2129mpm

Angle turmed by bell-crank lever between two

extreme positions

_Lift(h) _aqto
b a

or ¢ +6 =h1%=40><%9= 50 mm

But ¢;=r— =115-90=25mm
C2=50_25=25rnm
ry=r+c, =115+ 25 = 140 mm

b =by = b - (812
(80)% - (20)* =77.46 mm
a = a, = J(100)* —(25)" =96.82 mm

o = Z2X 20 _ 20,94 rads
600
w, = X229 _ 95 29 radss
60

In the extreme positions,

1
mroia, = EECIbl +mgao (M=0,f=0)

4%0.09%(20.94) x0.09682 = %

F, % 0.077 46 + 4x9.81x0.025
F =3925N

|
mrzfﬂ%‘*‘z = 5 by +mg o,

4x0.14 % (22.29) X 0.09682 = %

F., x0.07746 + 4x9.81x0.025

2 =098 N
hs=F,-F,
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40 x5 = 698 -- 392.5
5=7.64 N/'mm
q
Initial compression = P 3925 51.37 mm
5 7.64

£, at mid-position = F | + 20 5

=3925+7.64x20=5433N

Ny + N,
Mean speed = —
N 212.92—- 200 = 206.45 rpm

At the mid-position, taking friction into account,

mrawr’a = %(ﬁ + [

|
4x0.115x w* x0.1 =5(545‘3+15)x0.08

7 166 HARTUNG GOVERNOR

A Hartung type of governor is shown in Fig. 16.14. It

s & spring-controlled governor in which the vertical
arms of the bell-crank lever are fitted with spring
balls. The springs compress against the frame of the
governor while the rollers at the horizontal arm press
against the sleeve,

Let F = centrifugal force

m = mass of each ball
S = spring force
s = stiffness of the spring

M = mass of sleeve

r = radial distance of the masses

® = angular velocity of the balls at radius »
r, = radius at which the spring force is zero
a = length of vertical arm of bell-crank lever

h = length of horizontal arm of bell-crank lever

o? = 487.2
2nN,
= =22.07
=50
N; =210.8 pm

Also mraja =-;~(FS -1

4x0.115x @3 x0.l=%(545.3—15)x0.08 '

©3F = 461.13

wy =N 5147
60

N, =205.1 rpm
Alteration at speed = 210.8 — 205.1 = 5.7 rpm

Spring balls Spring
/N
RN
I i
- {4 —
- - ! e -
—H- 1 o —
i i
ajl i I
' i i Frame
A i b . I o
Sleave Bell-crank iever

Neglecting the obliquity of the arms and taking moments about the fulcrum A,

Fa =S.a+ﬂg‘b

or

mrat.a = s(r--r,).

2

Mg
—h
o+ 5



Example 16.12 Inaspring-controlled Hortung
tvpe af governor, the length
of the ball arm is 84 mm and
the sleeve arm is 126 mm.
When in the mid-position, each spring is
compressed by 60 mm and the radius of rotation
of the mass centres is 160 mm. The mass of the
sleeve is 18 kg and each ball is 4 kg. The spring
stiffness is 12 kN/m of compression and total lift
of the sleeve is 24 mm. Determine the ratio of the
range of speed to the meaw speed of the governor.
Also find the speed in the mid-position. Neglect
the moment due to the revolving masses when
the arms are inclined.

Solution
m=4Kkg r= 160 mm
M=18kg 5= 12 kN/m
a =384 mm r=160-60 = 100 mm
b=126 mm =24 mm

In the mid-position [Fig. 16.15(a)],

mror.a = s(r—r,).a+ —Aggb

4% 0.16 of x 0.084 = 12 000 x 0.06. X 0.084 +

18%9.81 0126
=60.48 + 11.125
@t = 1332
@ =36.5rad/s

ELL GOVERNOR (RADIAL-SPRING GOVERNOR)

Governers 5787

36.5x60
=0 or348.5 pm

Thus, mean speed = 348.5 rpm
For the minimum speed, from the Fig. 16.15.(b),
(neglecting obliquity of arms)

!""-."'l
d b
24
or K =r ~r2=0.16 —0—.0084 0.152 mm
h 2 0.126
4 x 0.152ar x 0.084 = 12 000 x (0.152-0.1) x
0.084 + 5X28L 6126
=52.416+ 11.125
= 1244
@= 3527 rad/s
B 3527 x 60 3136.8
s o .8 1pm

Thus, minimum speed = 336.8 rpm
For the maximum speed, from the Fig. 16.15 (¢),
(neglecting obliguity of arms)

rz-r_fi
p?) _'h
24
or rzwr+h——0I6 9——.0084_0168
b 2 70126
4% 0.168 ¢ x 0.084 = 12 000 x (0.168 — 0.1) x
0.084 + 32981 0,126
= 68.544 + 11.125
o = 14114
@ = 37.57 rad/s
_ 375760

or 35875 rpm

Thus, mean speed = 358.75 rpm
Range of speed = 358.75 — 336.8 = 21.95 rpm
Ratio of range of speed to mean speed

= 2195 = 0.063
3485

A Wilson—Harmell governor is a spring-loaded type of governor. In this, two bell-crank levers are pivoted
at the ends of two arms which rotate with the spindle [Fig. 16.16{a)]. The vertical arms of the bell-crank
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levers support the two r—-
balls at their ends while E Sl oy
the horizontal arms LPY ! T
carry two rollers at their mg ) &
ends. The two balls A !
are connected by two 1 Main springs (two) |+,}1 :
main springs arranged Ball 172(Mg + Fy L+ 1)
symmetrically on either F ry —1 o
side of the sleeve. Cofe—t —i
While rotating, when | F2 Fe 1'%
the ball radius increases i s < 1 Auxiliary P
. . \ : spring [
with the increase in Bell crank Tl B Fr mg ii
speed, the springs exert lever (7] X Ar yf ¢ A ' y
an inward pull F, on ! B Lever 12(Mg + Fig & + 1}

the balls and the rollers i
press against the sleeve
which is raised, closing
the throttle valoe.
Usually, the main springs are not adjustable and, for this reason, an adjustable auxiliary spring is provided.
It is attached to one end of a lever, the other end of which fits into a groove in the sleeve. The lever is pivoted
at a fulcrum B. The auxiliary spring tends to keep the sleeve down so that it assists each main spring, i.e.,
main and the auxiliary springs are in tension simultaneously.
Let s = stiffness of each of the main springs
S, = stiffness of the auxiliary spring
F = force applied by the auxiliary spring
Assuming that the sleeve moves up, take moments about the fulcrum A in two positions [Fig. 16.16(b}],

(a) (b)

Fia - F,a =%{Mg+ﬂ’,§+f}b,+mgcl (16.8)

I . ¥
fya, ~ Fa =5[M8+F92{‘+f)bz tmgcy {16.8a)

If obliquity effects are neglected,

a4 =da=d, b|=b2=b and (;l=|:'2=0

s v
(ﬂ_ﬂl)a:E[JMg+F\-ii+f]b (i)
(Fz—qu)a=%[Mg+F_\-'zf+f]b (ii)
Subtracting (i) form (ii),
b
a(Fy=Fy)-a (Fy=F) = (Fa-Fy) 3 (i)

The main spring consists of two springs. Therefore, the force exerted is given by,
F,—F, =2 xForce exerted by each spring
= 2 x Stiffhess of each spring x Elongation of each spring



=2XsX2Xx{ry-1)
=4s5(r,~r)
Let 4, = movement of the sleeve
and A, = deftection of the auxiliary spring
Then

F'ﬂ - F’.\'

L
Governors ﬂ

1=h g,

v

b
=(n-n)-~s,
ax

Then (iii) becomes,
alF, - R)-4das(r, —n) = (ra—r)byS 26
2x
o by
or (K -F)- 45‘("2—r)+(f2—"|)—5
ax
o F-F :4”5_::(21} (16.9)
B~ 2lax

To find the stiffness of the main springs while using this equation, the stiffness of the auxiliary spring may

be fixed first.

Example 16.13 In a Wilson-Hartnell type of
governor, the mass of. each
bail is 5 kg. The lengths of the
ball arm and the sleeve arm of
each beII-crank lever are 100 mm and 80 mm
respectively. The stiffuess of each of the two
springs attached directly to the balls is 0.4 N/
mm. The lever for the auxiliary spring is pivoted
at its -midpeint. When the radius of rotation is
100 mm, the equilibrium speed is 200 rpm. If the
sleeve is lifted by 8 mm for an increase of speed

of 6%, find the required. saﬁkess of the auxdimy '

spring.
Solution
m=35kg s =0.4 N/mm = 400 N/m
ri =100 mm a =100 mm
N, =200 rpm b=80mm
yx=1
We have,

2
F,—-F S
_2,._]—43-‘-?“[2)(1)

r2 -r] a X
When r) = 100 mm, N, = 200 rpm.
2
0, = 220%2% _ 20 94 radss

60
R =mnof =5x0.1 x (20942 =2192 N
For 6% rise of speed,
@ = 20.94 x 1.06 = 22.2 rad/s

For sleeve rise of 8 mm,
. ) 100
Increase in ball radius = 8 ‘fﬁ =10mm

r2—100+10*110mm
Fo=mryw3=5x0.11x (222 =27L.IN

2
271.1-2192 _ 1004 Sa [oosxl
0.11-0.1 0.1

(Refer Eq. (16.9)]
S, =11 219 N/m or 11.219 N/mm
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168 PICKERING GOVERNOR

A Pickering govemor consists of

. . Horizontal | .
three leaf springs which are arranged nut m . Spindle j : |
§

at equal angular intervals around the
governor spindle (Fig. 16.17), onty one i
leaf spring is shown in the figure. The |
_upper end of each spring is fixed by a ! Fiymass
screw 1o a hexagonal nut attached to :,.._.4
|
f

Leaf
spring

the spindle. The lower end is fastened
io the sleeve which can move up and
down the governor spindle. Eachspring
has a fly mass m attached at i1s centre.
As the spindle rotates, a centrifugal
force is exerted on the leaf spring at the
centre which causes it to deflect. This
deflection makes the sleeve move up.
A stop is also provided te limit the mevement of the sleeve.
l.et s = mass fixed 1o each spring
e = distance between spindle axis and centre of mass when the governor is at rest
= Angular speed of the sleeve
& = deflection of the centre of the leaf spring for spindle speed w
Centrifugal force, F =m (e + §) oF
To find &, the leaf spring is treated as a beam of uniform cross section fixed at both ends and carrying a
load at the centre.

FP' m(e+ 8’
T192E! 192E]

3

where

E = modulus of elasticity of the spring material
3

t
/ = moment of inertia of the cross-section of the spring about neutral axis = ——, & and f being the width
. ) 12
and the thickness of the leaf spring.
An empirical relation to between the deflection § and the lift 4 of the sleeve may also be used as follows:

2
p=242

A Pickering governor is used in gramophones to adjust the speed of the turn table.

Example 16.14 Each spring of a Pickering rest is 8 mm. The ratio of the governor speed to
governor of a gramophone the turn table speed is 10. Determine the speed
is 6 mm wide and 0.12 mm of the turn table for a sleeve lift of 0.6 mm. Take
thick with a length of 48 mm. E = 200 GN/n?.

A mass of 25 g is attached to each leaf spring at Solution

the centre. The distance between the spindle axis m=0.025 k b=0.006m

and the centrs of mass when the governor is at T XE '




e=0.008m

h =06 mm

E =200 x 10° N/m?

;o br _ 0006x0.000 12’
12 12

¢=0.000 12 mm
/=48 mm

=0.864 %107 m*

\ &’
Lift of the sleeve, h = 2.47

2
or 06= 2-4§—
48
or  8=3.464 mm=0.003 464 m
Now,

In a spring-controlled gravity
governor, two  bell-crank
levers are pivoted on the

65 ' SBRING-CONTROLLED GRAVITY GOVERNOR

Rollers

Bell-crank
lever

moving sleeve [Fig.16.18(a)).
The rollers at the ends of the
horizontal arms of the levers
press against a cap fixed to
the govemnor shaft. Thus, the
motion of the pivots wiil be
vertically upwards whereas
the rollers will be able to
move horizontally over the
cap. As the speed increases,
the balls move away, the
pivots are raised and the

spring is compressed between the sleeve and the cap.

Example 16.15 In a spring-controlied gravity
governor, the mass of each
ball is 1.6 kg The distance
of fulcrum from the axis of
rotation is 60 mm. The bell-crank lever has a
120 mm long vertical arm and a 50-mm long
horizontal arm. The mass of the sleeve is 6.5 kg.
The sleeve begins to rise at 200 rpm and the rise
of sleeve for 5% increase is 9 mm, Determine the
initial thrust in the spring and its stiffness.

Selution
m=1.6kg
M=65kg

N, =200 ppm
a=a, =200 mm

L

Gooernors ﬁ

5= Fr _m(e-i—b‘)&)zfs-
19287 192E]

0.025(0.008 + 0.003 464)w? x 0.048°
192 %200 x 10° x 0.864 x 10°"°
& = 3626
= 6022 rad’s
60.22 x 60
N 2r

0.003464 =

or
=575 rpm .

575
Therefore, speed of the tum table 1o 57.5rpm

4 1<t Cofebax |
Bi
- ;
)] 2 Mg+F |
oo ‘o
Spring i |
mr,w?_"_ [ —f'mrzmg —
| mg !
me Axis Axis
(b} (©)
Wig. 1618
Fr=60mm b=h =50mm
o= 2ZX 20 _ 2694 radss
60 _

(1) Forinitial (neutral) position, taking moments
about B, the I-centre [Fig.16.18(b}],

Mg + Fv]

mrwia, = mg b+ 5

b

where F) is the spring load on the sleeve,
The total sleeve load (Mg + F;} acts on the
levers through the fulcrums 4 - 4.

Thus,
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[1 .60 x 0.06 x (20.94)2] x0.12 h = (5(;1)_2 - (9)2 =492 mm
B 6.5x9.81+ Fg, . Since the point 4 can move vertically and the
B l:] 69891+ }X 0.05 point B horizontally, the /centre of the lever B4C
. initial thrust, ., = 107 N will be at /. Taking moments abi,l;t ti'll; point,
{ii) When the sleeve rises through 9 mm, the (m?‘zm§ Yay = mg (by +cz)+gb2
radius is increased by ¢, [Fig.16.18(c¢}], 2.
120 1.6 x 0.0816 % (21997 x 0.118 = 1.6 x 9.81
¢y =X —=21.6 mm
: 50 0.0492 + 0.0216) + 22228318 P 6,049
or r,=60+21.6=81.6 mm F,=1938N 2
= 20.94 X ] 05 =21.99 rad/s Stiffness ofspﬁng
a, =Ja* =} = (1201 - (2167 _Fp-Fy _1938-107 o
=118 mm by -9 —
INERTIA GOVERNOR

As described earlier, an
mertia governor is based on
the principle of inertia of
matter and is operated by the
acceleration or deceleration of
the rotating masses in addition
to centrifugal forces.

in this type of govemnor, a
mass m, having its centre at G,
is fixed o an arm QG which is
pivoted to a rotating disc on the
engine shaft at . The points O,
G and the centre of rotation O k4
are not to be collinear (Fig.16.19). The arm QG is connected to an eccentric that operates the fuel supply
valve. Whenever the arm moves relatively to the disc, it shifts the position of the eccentric which changes
the fuel supply.

Let r = radial distance OG

@ = angular velocity of the disc
v = tangential velocity of G (= @)

Centrifugal force of the rotating mass, F = mra, (radially outwards)

If the engine shaft is accelerated due to increase in speed, the ball mass does not get accelerated at the
same amournt on account of its inertia, the inertia force being equal to

(c)

:mf:m'aTt

Moment of F about 0 = mrer x (counter-clockwise}

dv
Moment of F; about 0 = m a7 ¥ (counter-clockwise)



Governors

Thus, it is seen that the moments due to the two forces add together to make the governor action rapid.
Note that, as the mass moves outwards, the arm rotates in a direction opposite to that of the rotation of the
shafl. In case- the arm is arranged on the disc in a manner shown in Fig.16.19(b), the two moments due of
£ and F; act in the opposite directions to make the governor action sluggish. This arrangement is, therefore,
avoided.

It is also possible to use ball masses fixed to the arm as shown in Fig.16.19(c). The arm is pivoted at its
midpoint C. A change in the angular speed of the disc makes the ball masses to have an angular movement
about C. If 7_ is the moment of inertia of the arm and the masses about an axis through C, then

torque on the arm =/, davdt

Note that in an inertia governor, when the acceleration (or deceleration) is very small or the change in
velocity is very slow, the additional inertia force is practically zero and an inertia governor in effect, becomes
a centrifugal governor.

Example 16.16 Figure 1620 . shows the Solution As the arangement is symmetrical,

arrengemend. of - an  inertia forces on only one half may be considered for the
governor, The. disc rotates equilibrium purposes.
about - the centre 0. Two (1) Draw the configuration to scale as shown in
arms of negligible niasses mpivbt_edard andB Fig. 16.21(a) for each angle of 30°.
which are 80 mm apart. Each arm has a mass of 2 % 210
300 g attached at the other endas shown in the - =0 - 22 rad/s

Jigure. The distance of the centre of each mass
from_the respective pivot is 80 mm. Points C
antd D on the arms at 25 mm from the pivots are
connected by a spring. It is énsured by a linkage
that the angles 8, and 6, remain equal. The
“spring stiffness is 4 N/mm. Determine the
(1) tension in the spring wheneach angle, i.e.,
8, and 8 is 30° and the speed is 210 pm
(i) speed of rotation when rotating in the .
counter-clockwise direction the governar
accelerates at a rate of 40 rad/s®, each
angle becomes 45° :
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Omn measurement, the pependicular distance of
the centrifugal force, x = 37 mm

And the perpendicular distance of the spring
force, v=22.6 mm

OG, =323 mm

Centrifugal force F = mro?

0G| =39 mm
Elongation of spring = 53.05 - 45.15 = 7.9 mm
Centrifugal force F = mra? = 0.3 x 0,039 x
=0.0117 ¥ N
Inertia {orce, F, = mass X tangential acceleration
=10.3 x (40 x 0.39)

=0.3x0.0323x22°= 469N =468 N
Taking moments about the pivot 4. Spring force=Initial force + Stiffness x Elongation
Fxxy=F xy =768+ 4%x79
or 469x37T=F x226 =39.28N

Taking moments about the pivot A4,
Frx+ Fxs=F xuv

or F.=T768N
(ii) Draw the configuration to scale as shown in

Fig. 16.21b for each angle of 40°. or 00117 w,x393+468%x45=30.28x24.2
On measurement, the perpendiculsr distance or @ =16093 :
of the centrifugal force, x = 39.3 mm and the =401 rad/s
perpendicular distance of the spring force, v = 24.2 TN 0.1
mm 60 ’
4 distance of F. s =45 mm N =383 rpm

6.31 SENSITIVENESS OF A GOVERNOR

A governor is said to be sensitive when it readily responds to a smali change of speed. The movement of the
sleeve for a fractional change of speed 1s the measure of sensitivity.

As a governor is used to limit the change of speed of the engine between minimum to full-load conditions,
the sensitiveness of a governor is also defined as the ratio of the difference between the maximum and the
minimum speeds (range of speed) to the mean cquilibrium speed. Thus,

» range of speed
Sensitiveness = range o1 speed
mean speed
N =N
N
A."] + ,N"z

(16.10)

When N =mean speed
N, = minimum speed corresponding to full load conditions
N, = maximum speed corresponding te no-load conditions

1612 HUNTING

Sensitiveness of a governor is a desirable quality. However, if a governor is too sensitive, it may fluctuate
continuously, because when the load on the cngine falls. the sleeve rises rapidly to a maximum position. This
shuts off the fuel supply to the extent to affeet a sudden fail in the speed. As the speed falls to below the mean
value, the sieeve again moves rapidly and [alls to a minimum position to increase the fuel supply. The speed



Governors w

subscquently rises and becomes morc than the average with the result that the sleeve again rises to reduce the
fuel supply. This process continues and is known as hunting.

Lo

16.13.. ISOCHRONISM

A governor with a range of speed zero is known as an isochionous governor, This means that for all positions
of the sleeve or the balls, the governor has the same equilibrium speed. Any change of speed results in
moving the balls and the skeeve to their extreme positions. However, an isochronous govemaor is not practical
duc to friction at the sleeve.

For a Portcr governor, with all arms equal in iength and intersecting on the axis {neglecting friction),

) .
h =2 L1+£] and hzz—‘g-:-[uﬂ}

3
a)l_ L ﬁ]i i

For isochronism, @, = @, and thus & = /1,. However, from the configuration of a Porter governor, 1t can
be judged that it is impessible to have two positions of the balis at the same speed, Thus, a pendulum type of
governor cannot possibly be isochronous.

In the case of a Hartnell govemor (neglecting friction),

At @,

5 |
e = (Mg + Fy)b

At 10,
hl ]
MM = 3 (Mg + F, )

For isochronism, @, = @,.
Me+ £y _n (16.11)
Mg+F, n

which is the required condition of iscohronism.

1614 STABILITY

A governor 1s said to be stable if it brings the speed of the engine to the required value and there is not much
hunting. The ball masses occupy a definite position for each speed of the engine within the working range.
Obviously, the stability and the sensitivity arc two opposite characteristics.

16.15 EFFORT OF A GOVERNOR

The effort of the governor is the mean force acting on the sleeve to raise or lower it for a given change of
speed. At constant speed, the governor is in equilibrium and the resultant force acting on the sleeve is zero.
However, when the speed of the governor increases or decreases, a force is exerted on the sleeve which tends
to move it. When the sleeve occupies a new steady position, the resultant force acting on it again becomes zero.

If the force acting at the sleeve changes gradually from zero (when the governor is in the equilibrium
position) to a value £ for an increased speed of the governor, the mean force or the effort is E/2.
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For a Porter governor, the height is given by
Mg(l+k)y 2mg+ Mg(l+k
h=2 4 g(z): 2 gi ) 0
W 2mw 2mw
Let @ be increased by ¢ times @ where ¢ is a factor and £ be the force applied on the sleeve to prevent it
from moving. Thus, the force on the sleeve 1s increased to (Mg + £). Then

h= 2mg +{Mg + EY(1+Kk)

2m(l+cy @ @)
Dividing (ii) by (i),
2mg+ (Mg +E)(+k)  (l+c)
2mg+ Mg (1+k) 1
or
[2mg +(Mg+E)(1+k)]—[2mg + Mg+ k)] 1+c¢* +2c—1
Img + Mg (14 k) N 1
¢? being a small quantity is usually neglected.
EQ+k)
2mg + Me(1+ k)
or
E=—25 [2me + Mg(1+E)]
{1+ £)
E ¢z
Effort 5=m[2m+M(l+k)J (16.12)
o Ifk=1,
Effort, g;: ={m+ Mg (16.13)
» If friction of the sleeve is considered,
Effort, §=(mg+Mg+f)c
s For a Watt governor, M=0,
Effort, :E— = cmg {16.14)
Thus, the effort of a Watt governor is less than that of a Porter governor.
» Sometimes effort is defined as the force required to be applied for 1% change in speed, i.e.,
Effort =(m+Mcg=00l(m+Mzg
In a Hartmell governor, '
mre’a = %(Mg +F)b (iii}

Let £ be the force applied on the sleeve to prevent its movement when the speed changes from o to co.

mr(l+cf wha = %(Mg +E+F)b (iv)
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Dividing (iii) by (iv),

I Mg+F
(t+c Mg+E+F,
Mg+ E+F
or P o)
Mg+ F,
or £ =142 +2¢—1=2¢ (neglecting )
Mg + F,
E
or Effort, 3" c(Mg+ F,) (16.15)

OF A GOVERNOR

The power of a governor is the work done at the sleeve for a given percentage change of speed, i.e., it is the
product of the effort and the displacement of the sleeve.

For a Porter governor, having all equal arms which intersect on the axis or pivoted at points equidistant
from the spindle axis,

power = —g— x (2 x height of governor)

If the height of the governor changes from 4 to i1, when the speed changes from @to (1 + ¢)w,

2o+ Mg(l+ k) 2m+ Mg(1+k)
h= T and = - 2 2
2mm” 2m{l +c)
A1
or h (l+e)

-~ displacement of sleeve =2 (h— k)

(-

=2h|1- L
(1+¢)

=2k(l— l } (neglecting c*)
1+ 2¢
:Zh[ 2c )
14+2¢
Power=(m+ M)c ><2h[ 2 ]
E M e
4c?
={m+ M)k
(m )g [_l+2c] (16.16)

Incase k# 1,
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2,
displacement of sleeve = (L + kY (h ~ b)) = (1 + k) h[]—r"]

+2¢
and thus power=i[2m+M(l+k}]x(l+k)h < J
1+ 4 2c

M 40t
= — {1+ k) |gh
["H 0 ’}g [l+2€]

Example 16.17 Each ball of a Porter governor
has a mass of 3 kg and the
mass of the sleeve is 15 kg.
The governor has equal arms,
each of 200-mm length and pivoted on the axis
of rotation. When the radius of rotation of the
balls is 120 mm, the sleeve begins to rise up
160 mm at the maximan speed. Deterntine the
(i) range of speed

(i) Iift of the sleeve

{ili} effort of the governor

(iv} power of the governor

What will be the effect of friction at the sleeve if

it is equivalent to 8 N?

Solution
Refer Fig. 16.22.

B =+02°-0.122 =0.16 m

b =027 -016° =0.12m

200

120 l

/

895 (m+MY 895 (3+15
Nf:i(’" ]: [ ):33563
B\ m 016\ 3
N, = 1832 rpm
And
_ +
N;:ﬁp 15}:447500rN2:212.5 rpm
"ozl 3

or No=2125tpm
(i} Range of speed =212.5—-183.2 =29.3 rpm
(ii) Lift of sleeve =2 (#, — k) = 2(0.16 - 0.12)
=0.08m
(iii) Effort=(m+ Mcg
where ¢ N=(212.5-183.2)=29.2
or ¢ =29.2/183.2 =0.16
or Effort=(3+15)x0.16 x9.81 =283 N

4¢c*
(iv) Power=(m+ M)gh(]+ 28]

2
— (3+15)x9.81x 0.16[4—XO'L]
1+2x0.16
=226 N.m
or Power = Effort x Displacement
=28.3x0.08=2.19N.m
{The difference in the two values is due to
the approximations taken in the derivation of
relations.)

When friction is considered

, 895[mg+(Mg—f)J
N =——|

hy mg

_ §_9_5_[3><9.81+{15><9.8]—8})
T o6 3% 9.81

=132042
N, =179 mpm



2 = @[Mﬂl) |

Nz hy mg
_ 895 [3x9.81+(15x9.81+8))
0.12 3x9.81
=46 777
N, =216.3 pm
(iv) Range of speed =216.3 - 179 =37.3 rpm

Lift of sleeve = Same as before = (.08 m

Effort = (mg + Mg + f)c

where ¢ = 37.3/179 = 0.208

Effort = (3 x 9.81 + 15 x 9.81 + 8) x 0.208
=384N

Power = Effort x Displacement

=38.4 x0.08 =3.07 N.m

™)

ar

(v1)

Example 16.18

mﬂibrﬁmxpeaiqftbegawﬁamdw;
* of rotation 6f 450 mm for 1% change in speed. .
A&fo,ﬁvdtbqubﬂmdthepmrfortkeme_
speed change. - :

Solution Refer Fig. 16.23

L

11

I

Governors .

h=+032-0.15"=026m

150-40
250

sin = =0.44 or @=26.1°

G‘LO*OS 30°
. sin 300~ 03 o B=

tan 26.1°
tan 30°
h=03cos30°=026m
@(2m+M(1+k)]
h 2m
_ 895 [2 x 6+ 40(1+ 0.849))
0.26 2x6

=24 658
N=157 ipm

cg
Effort H-k[ m (1+4)]

_M_
tan G

=10.849

N’ =

_ 0.01x9.81
T 1+40.849
=456 N

M 4c?
er=|m+—(1+k)|gh
Power [m 3 ( )}g [1+2c]

4x0.01
1+2x0.01

12 % 6+ 40(1+ 0.849)]

[6 + flzg 1+ 0.849)} x9.81x 0.26{

42,98 x 2,55 x 0.000 392
0.043 N.m or 43 N.mm

Example 14.19 In a Harinell gover
is 60 mm ot
speed Qfﬂg g
ofthe ball arm is 130 mm ar
is 80 mm. ?Twmsofeachbaﬂﬁ”
sleeve is 4 kg. The stifwese: of 1k
Nimm. Determinethe: -
(i) speed when the sleeve &W@j
() initial compression of fke spring

- (iif} governor eﬁort :
(tv) power
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Solution Refer Fig. 16.24. (iii} Governor effort is also the average force
applied on the spring,
20000 x 0.
Effort = —93%9—5 = 500N

(iv) Power = effort X displacement = 500 x 0,05
=25 N.m -

+  Example 16.20 The lengths of the ball
and sleeve arms of the bell
crank. lever of a Harinell .
) gvvemoramﬁﬂandnﬁm
respectwebz The mass of each governor ball is
5 kg. The fulcrum of the bell-crank lever is at a
distance of 160 mm. Artkemnspwdqfﬂre
governor which is 270 rpm, the ball arms are

a=130 mm b= 80 mm verfical and the sleeve drats qre horizontal, The
h=50mm r, = 60 mm 'sleawmomtgabyﬂfnmﬁranmme@f;
N, =240 rpm 5 =20 000 N/m speed.of 4%. Ne Iwﬁngﬁ’icﬂau, deremine!ke
m=3kg M=4kg -0 spﬂmﬂém
27 x 240 f’i) %W egwikémm speed w?mt ‘the
=—'—'—=8?I , B
o h a
_20__l.=9:—50rr2= f‘i'l"};-
130 % 50
=60+ =141 mm

F.
. _2 oo 2
® xbz[z‘?‘]]

Now, £, =mrm,2=3x0.06 X (8m)°=113.7N
0.132[ F,-113.7 J
0.08% 4 0.141-0.06
F,=113.7+306,7=4204 N

2
3x0.141 x [24’6)‘0_%) = 4204

Nf =00 638
=301 rpm

or 20000=2x

(ii) mr.aaa——(Mg+F.)b
3%0.06 % (87)” x0.13 =

l(-:1><9.81+F;.,)><0.08
2
F,=3303N

3
=00165m=16.5m

. . 3
Initial compression 70 000



Governors ﬂ

a = 140 mm b= 120 mm =21914 N/m or 21.914 N/mm
h=24 mm r=160 mm i @ (F-F
N =270 rpm m=5kg (ii) S=2Xb—2 ﬁ—
2% 270 =
w=" = 97t rad/s 21 9]_4:2x0.14~[ 7523 - F ]
2 -
N, = 1.04 x 270 = 280.8 pm 0.12°10.174 - 0.146
&JZ: l.04x9:c=9.361rradfs F1 =752.3—225.4=526.9 N
2
_ 2% N
rohglt e 5x0.146x[ ks ‘] = 526.9
a b b
140 %12 N2=65818
=160 - = L .
{20 |46 mm N, = 256.6 pm
r-r h ah (iii} Sensitiveness
=@8=—= or H=H+——
146 0% 24 o) am N, 4N, T 2808+256 o7
{iv) For isochronous governor at 270 rpm,
= = 2
F = mr(uz = §x0.16x (9#) = 8396 N F] =mr|m2= 5X0146X(93225836N

F, = mry@2= Sx0.174%(9.36m=T523N
2= (0.367) Fy=mrf = 5x 0174 % (97 = 695.5 N

() 5=2% 7| T S=2x0.142[695‘5—583‘6
0.122 4 0.174-0.146
or 10.88 N/mm

]=10880N;’m

0.14% (m.s - 639.6)
or §=12

0.174-0.16

x
0.12*

When the balls of a governor retate in their circular path, the centrifugal force on each ball tends to move
it outwards. This is resisted by an equal and opposite force acting radiatly inwards and is known as the
conirolling force.

The controlling force is supplied by the weight of the rotating mass in a Watt governor, the weight of
the mass and that of the sleeve in a Porter governor and by the compressed spring in the case of a Hartnell
governor.

A graph showing the variation of the controlling force with the radius of rotation is called the controlling
curve or diagram. This curve is useful in finding out the stability of a governor discussed below.

Mg +
Controlling force = tan é [mg + —gzi {1+ k}} for a Porter governor

1 b
= 3 (Mg+F. =+ f); for a Hartnell govemor

From the above relations, the values of the controlling force may be calculated for different radii of the
ball. Figure 16.26(a) shows 4B a3 the controlling force curve (neglecting friction) plotted against the ball
radius. Alternatively, as the controlling force is equal and opposite to the centrifugal force, it may be computed
from the relation F = mre? for different radii and the corresponding speeds. This relation also indicates that
for a particular speed, the controlling force is preportionai to the radius. Thus a number of lines, such as OC,
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OC,, OCy, etc.. may be drawn on the diagram providing the values of controlling does for different radii at
particular speeds. The intersection of the speed curves with the controlling force curve provides the speeds of
the governor corresponding to the radii.

B
8 e % 8 8 c
g 1 8 8 g
> © @ o
g F-Ce 3 B A
A
0 Radius o Radius 0 Radius
(a) (b) (c)
Fig. 46,28}

Suppose that the point P represents the mean speed of the governor. r is the corresponding radius of the
balls. Now, if the speed increases to P the radius of the balls increases to 1), thus moving the sleeve up and
closing the throttle valve to the require extent. Similarly, if the speed decreases to the point P,, the radius of
the balls decreases to r,, resulting in the lowering of the sleeve and opening the throttle valve further. This
would increase the speed. This type of governor is said to be stable.

Now consider a controlling force curve of the type shown in Fig. 16.26(b). In this case, the point P again
represents the mean speed of the governor. If the speed increascs to Py, the radius of the balls decreases to .
This means that the sleeve is lowered and the throttle valve is further opened to increase the fuel supply and
consequently increasing the speed. Similarly, on decreasing the speed, the sleeve is moved up, closing the
valve and thus further reducing the speed. Such a governor is therefore unstable.

Thus, for a governor 1o be stable the slepe of the controiling force curve must be greater than that of the
speed curve.

Figure 16.26(c) shows a controlling force curve AB which sometimes may be obtained in some spring-
loaded governor by suitable adjustments. It can be N
observed that, at the speed represented by the line OC,
the balls can take up any radius. Under such conditions,
the governor is said to be isochronous.

If friction is taken into account, two more curves of
the controlling force are obtained as shown in Fig.16.27.
Thus, in all, three- curves of the conirolling force are
obtained as follows:

(i) For steady run (neglecting friction) e

(i1} While the sleeve moves up (f positive) F r —*

(i) While the sleeve moves down (fnegative) B o

The vertical intercept gh signifies that between the 2% 16'@
speeds corresponding to gh, the radius of the balls does not change while the direction of movement of the
sleeve does. In other words, between speeds N and N,, the governor is insensitive. At all radij of the balls
within the range, there are two speeds for no change of the radius.

Controlling force

I Radius

. .y N~ N, . o . - .
Coefficient of Insensitiveness —];\-;—2 is known as the coefficient of insensitiveness where & is the

corresponding speed neglecting friction,



Example 16.21 Each arm of a Porter governor
is 180 mm long and is pivoted
on the axis of rotation. The

‘mass of each ball is 4 kg and

the sleeve is 18 kg. The radius of rotation of

- the balls is 100 mm when the sleeve begins to

“rise and m mm when at the top. Determine

the range of speed. Aiso, find the coefficient of

 insensitiveness if the friction at the sleeve is 15 N.

Sotution Refer Fig, 16,28
r; =100 mm

By =+0.182-0.1 = 0.1497 m

18 kg

(a) (b)

Nz—%[m*'M)— 895 (4+18]

"Tn U om 0.1497\ 4
=32 882

N,=181.3 rpm

ry = 140 mm
0.182 - 0.14°=0.1131 m

895 f4+18
d Ni=_""_ =4352
and M2 0‘1131( 4] 523
or  N,=2084rpm

Range of speed = 208.6 — 181.3 = 27.3 ipm
Coefficient of insensitiveness

0vernors

_NM-M
Y
_IM =NV HN)) (M- ND)
N (N +Ny)) 2N[(N, +N,)/2)
_ NV - A
C oAt
895( mg+(Mg+ /)] 895{ mg+ Mg~ f)
_h-{ mg J__h_[ mg J
895 ( m+ M
ney
o 15
(m+M)g (4+18)x9.81
= .695 or 6.95%

Example 1622 In a Proell governor the mass
of each ball is 8 kg and the
mass of the sleeve is 120 kg,
' Each arm is 180 mm long.
The Iengrh of extension of lower arms to which
the balls are attached is 80 mm. The distance
of pivots of arms from axis of rotation is 30 mm
and the radius of rotation of the balls is 160 mm
when the arms are inclined at 40° to the axis of
rotation. Deterntine the
() equilibrium speed
(i) coefficient of insensitiveness if the friction
of the mechanism is equivalent to 30 N
(iii} range of speed when the governor is
iroperative

Solution Refer Fig, 16.29.
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m=28kg ¥ =160 mm
b=c¢=180sin40°= 1157 mm
r=b+30=1157+30= 1457 mm
a=180cos 40°= 137.9 mm

AD=¢F —r=160-145.7= 143 mm
DE = /80> ~14,3 = 787 mm
e=qg+ED=1379+787=216.6 mm
(i} Taking moments about [,

M;
mr anXe=mgX(c+r—r’]+*"2£X(b+c)

8 x 0.16 x ¥ x 0.2166 = 8 x 9.81 x (0.1157
+0.1457 - 0.16)

+ @E_wx (©.1157 + 0.1157)

02773 «f = 7.958 + 136.2

o =519.9

22.8x30

w=2280t N= = 217.7 rpin

(ii) Considering the friction, let w, and ®,
be the maximum and minimum speeds
respectively.

8% 0,16 X @,* x 0.2166 = 8 x 9.81 x (0.1157
+0.1457 - 0.16)
120x9.81-30
" x
2
0.2773 w,> = 7.958 + 132.7
wy? = 507.4

@, =22520r N, =

(0.1157 + 0.1157)

22.52%30
——=215.1 rpm
120 x9.81+30

2
x (0.1157 + 0.1157)

02773 @2=7.958 +

w?=5324

23.07 %30
w2 =23.07 or Ny=————

=220.3 rpm

Coefficient of insensitiveness
N, -N, 2203-215.1

N 2177
=0.023% or 2.39%

Example 16.23

Solution (i) The controliing force curve of a
spring-controlling governor is a straight line and
thus can be expressed as

F=ar+b
where r=200mm and F=1500N
1500=02a+b

When 7= 120 mm, F=800N 3]
200=0.124+b (i)
From (i) and (ii),

0.08g = 700
or @=8750 and bH=-250

F=mraf=ar+b

Whenr=—i—=150mrn,

10 x 0.15 x @ = 8750 x 0.15 + (-250)
n @ =T7083

0= _26
60
N =254.2 rpm

(1) To make the governor isochronous, the
controlling force line must pass through the
origin, i.e., b is to be zero. This is possible
only if the initial tension is increased by 230
N (Refer to Fig.16.30).

Gil) F=mra&*=ar+b
10 xr xaf =8750r+0
oo =875
W= %ﬂ =29.58
60

N=282.5 rpm



I-(—c:-—>-| Controling force —

/ Radius —
s 15

Exampfe 1624 In aPoﬂa-gowmm eacharm

: is 200.mm long and is pivoted.
at the axis. of rotation. The
mass of each ball is 5 kg and

Solution Controlling force of a Porter governor,

Mgif

1+ k)}

In this case, k=1 and /=0
(m+ Mg
12t '

We have m = 5 kg, M =30 kg, /= G4 = 200 mm

F=%(m+M)g=

Governtors ﬂ
{(5+30)x9.81 ¥

J(200)? - 2 J(200y2 =2

Prepare Table 16.1 for different values of r and
the corresponding force.

The plot has been shown in Fig, 16.31,

To set off the speed scale,

F=mra?

Wehavem=5kg and r=160mm

L F = F=243.35%

2
F= 5x0.160x(3’6”0—NJ =0.008 77 N

Now Table 16.2 can be prepared:
The speed scale can now be marked on the graph
as shown in Fig.16.31.

500

P
i
Ez
&

I
I
I
l
140 160

1 1 L L 1
0 20 40 B0 80 100 120
Radius —--»
{mm}

s 1

To obtain the range of equilibrium speeds,
draw vertical lines through r 80 mm and
140 mm meeting the controlting force curve at 4 and
B respectively. Draw straight lines from the origin
and through points 4 and B correspond to speeds
150 and 190 rpm respectively.

The range of speed is from 180 to 206 rpm.

20 40 " 60 80 100 120 | 140 | 160

F(N) 345 70 108 150 198 258 336 458
150 160 170 180 190 200 200 | 220 230

FN) | 8717 197.3 | 2241 253 | 284 317 151 187 425 464
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. The function of a governor is to maintain the speed
of an engine within specified limits whenever there
is variation of load.

. The variation in the output terque of the engine
during a cycle can be regulated by mounting a
suitable flywheel on the shaft whereas the speed
variation over a number of cycles due to load
variation is regulated by governors which regulate
the fue! supply according to the load.

. The action of centrifugal governors depends upon
the change in the centrifugal force of balls due to
change in speed, and that of inertia governors on
the acceleration or deceleration of spindle apart
from change of centrifugal force.

. The height of a Watt governor is inversely
proportional to the square of the speed. At high
speeds, the movernent of the sleeve becomes very
small and thus this type of governor is unsuitable
for high speeds.

. In a Porter governor, the sleeve is loaded with a
heavy mass which improves the action of the
governor.

. Friction makes the governor inactive for a small
range of speed on changing the direction of the
sleeve movement.

. In a Proell governor, the two balis are fixed on the
upward extensions of the laower links which are in
the form of bent links,

- Further improvement in the action of governors is
brought about by using springs. Spring controlled
governors are Hartnell, Hartung, Wilsor Hartnell,
gravity and Pickering.

. What is the function of a governor? How does it
differ from that of a fiywheel?

. What are centrifugal governors? How do they differ
from inertia governors?

. Describe the function of a simple Watt governor,
What are its limitations?

. How does a Porter governor differ from that of a
Watt governor? -

. Discuss the effect of friction on the functioning of
a Porter governor? Deduce its governing equation
taking into account the friction at the sleeve,

Summary

g.

19.

11,

1z.

13.

14,

15,

16.

17.

Exercises

h

o

10.

A Wilson-Hartmell governor uses two parallel
springs alongwith an auxiliary spring.

A Pickering governor consists of three leaf springs
which are arranged at equal anguiar intervals
around the governor spindle.

A governor is said to be sensitive when it readily
responds to a small change of speed. The
mavement of the sleeve for a fractional change of
speed is the measure of sensitivity.

Hunting is the process of continuous fluctuating
of sleeve for longer periods whenever there is
change in speed. This happens if the governor is
too sensitive,

A governor with a zero speed range is knawn as
an isochroenous governor. This means that for all
positions of the sleeve or the balls, the governor
has the same equilibriurn speed.

A governor is said to be stable if it brings the speed
of the engine to the required value without much
hunting and for each speed there is only one radius
of rotation of the balls.

The effort of the governor is the mean force acting
on the sleeve to raise or lower it for a given change
of speed.

The power of a governor is the work done at the
sleeve for a given percentage change of speed, i.e.,
it is the praduct of the effort and the displacement
of the sleeve.

The centrifugal force on each ball of a governor
is balanced by an equal and opposite force acting
radially inwards known as controlling force.

. Describe the function of a Proell governor with the

help of a neat sketch. Establish a relation among
various forces acting on the bent link.

What are spring-controlled governors? Describe
the function of any one of them.

Sketch a Hartnel! governor. Describe its function
and deduce a relation to find the stiffness of the
spring.

Explain the working of a Hartung governar with a
neat sketch,

Why is an auxiliary spring used along with main



11.

12.

13.

14

15,

16.

17.

18.

19.

20.

21.

springs in a Wilson—Hartnell governor? Deduce
a relationship involving the stiffnesses of these
springs and other parameters.

Describe the function of a Pickering governor or a
spring-controlled gravity governcr.

Why are the inertia govarnors quicker in action as
compared to centrifugat governars? Explain.
Explain the principle of working of an inertia
governor with the help of neat sketches.

Explain the terms sensitiveness, hunting and
stabifity relating to governors.

What is the condition of isochronism in governors?
In what type of governors can it be achieved? Find
the required condition of isochronism in case of a
Hartnell governar.

What is meant by effort and power of a governor?
Find the expressions for the same in a Porter
governor,

What is the controlling force of a governar? How
are the controlling force curves drawn? How
do they indicate the stability or instability of a
governor? Indicate the shape of such a curve foran
isochronous governor.

Figure 16.2 shows three forrns of a Watt governor
In Fig. 16.2(a), length OA = 640 mm; in Fig. 16.2(b},
EA = 480 mm, EF = 160 mm and in Fig.16.2{c), EA
= Boo mm, EF = 160 mm. The angle 8= 30" in each
case. Show that for the given configurations, the
speed of rotation is the same. What will be the
percentage change in speed for a 5o mmrise in the
level of the balls? (4,.8%; 9.8%; 1.B%)
Each arm of a Perter governor is 300 mm long
and is pivoted on the axis of rotation. Each bali
has a mass of 6 kg and the sleeve weighs 18 kg.
The radius of rotation of the bal! is zoo mm when
the gavernor begins to lift and 250 mm when the
speed is maximum. Determine the maximum and
the minimum speeds and the range of speed of the
governor. (146.8 rpm; 126.4 Tpmy; 20,4 rpm)
A Porter governor has each of its arms of 175-mm
length pivoted on the axis of the governor. The
radii of rotation of the balls at the minimum and
the maximum speeds are 105 mm and 140 mm
respectively. The mass of the sleeve is 20 kg and
of each ball is 5 kg. Determine the range of speed
when the friction at the sleeve is a5 N, (39.5pmy)
Each arm of a Porter governor is 400 mm long. The
upper arms are pivoted on the axis of the sleeve
and the lower arms are attached to the sleeve at
a distance of 4o mm from the axis. Each ball has
a mass of 6 kg and the weight on the sleeve is 5o

22.

23.

24.

25.

26.

sof}

R

Governors

kg. Find the range of speed of the governor if the
extreme radii of rotation of the balls are 260 mm
and 300 mm. {10.6 rpm}
The mass of each ball of a Proell governoris 3kgand
the weight on the sleeve is 20 kg. Each arm is 220
mm lang and the pivots of the upper and the lower
arms are 20 mm form the axis. For the midposition
of the sleeve, the extension links of the lower arms
are vertical, the height of the governor is 180 mm
and the speed is 15¢ rpm. Determine the lengths
of the extension links and the tension in the upper
arms. {125 mr; 155.9 N)
In a Hartnell governor, the lengths of the ball and
the sleeve arms are equal. The extreme radii of
rotation of the bails are 66 mm and Bo mm and
the corresponding speeds are 16¢ rpm and 175
rpm. Each ball has a mass of 2 kg. Find the spring
stiffness and the initial compression of the central
spring. {2.01 Nfmm, 33.5 mm,}
The following data relate to a Hartneil governor
[Fig.16.12(a):
m =1.5kg; @ = 100 mm; b = 40 mm; r, =70 mm;
r, =110 mm; N, = 260 rpm; and N, = 275 rpm.
The axis of rotation is 8o mm from the fulerum.
Calculate the rate of the spring and the equilibrium
speed when the radius of the balls is 8o mm.
(18.44 N/mm; 265.3 rpm)
The following data refer to a Wilson-Hartnell
governar:
Mass of each ball = 2.5 kg
Minimum speed = 210 rpm
Maximum speed = 220 rpm
Minimum radius = 120 mm
Maximurn radius = 160 mm
Length of ball arm of each bell-crank lever

=180 mm

Length of sleeve arm of each bell-crank lever
=120Mmm

Combined stiffness of the two ball-springs
=300 Nfm

Determine the equivalent stiffness of the auxiliary
spring referred to the sleeve.

[Equivalent stiffness of the auxiliary spring referred
to the sleeve = 5, {y/x)*] {21.22 kN/m)
A gramaphone is driven by a Pickering governcr,
each spring of which is 4 mm wide and 0.2 mm
thick with a fength of 40 mm. The distance -
between the spindle axis and the centre of mass
when the governor is at rest is 6 mm. A mass of
20 g is attached to each leaf spring at the centre.
Determine the speed of the turn table for a sieeve
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lift of 0.5 mm if the ratio of the governor speed to
the turn table speed is 8. £ = 205 GNfm2,
(68.9 rpm;
. The mass of each bali of 3 spring-controfled gravity
governor is 1.4 kg. The bell-crank lever has a go-
mm iong vertical arm and 2 40-mm long horizontal
arm. The distance of the fuicrum from the axis of
rotation is 45 mm. The sleeve has a mass of 7.5 kg.
The sleeve begins to rise at 220 rpm and the rise of
sleeve for 6% rise is 8 mm. Find the initial thrust in
the spring ard its stiffness.
(4945 N; 9.29 Nfmm)
- APorter governor has equal arms. Each arm is 240
mm long and is pivoted on the axis of rotation.
Each ball has a mass of 5 kg and the load on the
sleeve is 18 kg. The ball radius is 150 mm when the
sleeve begins to rise and 200 mm at the maximum
speed. Find the range of speed. Also, determine
the coefficient of insensitiveness if the friction at
the sieeve is equivalent to a force of 10 N,
(27.9 rpm; 0.044)

29. Each arm of a Porter governor is 250 mm long

and is pivoted on the axis of rotation. The mass
of each ball is 5 kg and the sleeve is 25 kq. The
steeve begins to rise when the radius of rotation
of the balls is 150 mm and reaches the top when
it is 200 mm. Determine the range of speed, lift of
the sleeve, governor effort and power. In what way
are these values changed if friction at the sleeve is
equivalent to 10 N?

(25rpm, 0.1m, 44.8 N, 4.48 N.m;

31.3rpm,0.1m, 57.3 N, 5.73 N.m)

- Thecontrollingforce inaspringcontrolled governor

is 1500 N when the radius of rotation of the balls is
200 mm and 887 5 N when it is 130 mm. The mass
of each ball is 8 kg. if the controlling force curve is
a straight line, determine the controtling force and
the speed of rotation when the radius of rotation is
150 mm. Also find the increase in the initial tension
so that the governor is isochronous. What will be
the isochronous speed?

(1063 N, 284 rpm, 250 N, 316 rpm)
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If the axis of a spinning or rotating body is given an angular motion about an axis perpendicular to the axis of spin,
an angular acceleration acts on the body about the third perpendicular axis. The torque required to produce this
acceleration is known as the active gyroscopic torque. A reactive gyroscopic torque or couple also acts similar to the
concept of centripetal and centrifugal forces on a rotating body. The effect produced by the reactive gyroscopic couple
is known as the gyroscopic effect. Thus aeroplanes, ships, automobiles, etc, that have rotating parts in the form of
wheels or rotors of engines experience this effect while taking a turn, i.e., when the axes of spin is subjected to some
angular motion.

*ANGULAR VELOCITY

The angular velocity of a rotating body is specified by

» the magnitude of velocity B b . b

s the direction of the axis of rotor \& TRe

s the sense of rotation of the rotor, t.e., clockwise or - @ ~a

. A
counter-clockwise

Angular velocity is represented by a vector in the
following manner: (@ {b) {c)

(i) Magnitude of the velocity is represented by the g 5

length of the vector. sFig. 17‘%
(i1} Direction of axis of the rotor is represented by
drawing the vector parallel to the axis of the rotor or normal to the plane of the angular velocity.

(iii) Sense of rotation of the rotor is denoted by taking the direction of the vector in a set rule. The general
rule is that of a right-handed screw, i.e., if a screw is rotated in the clockwise direction, it goes away
from the viewer and vice-versa.

For example, Fig.17.1(a) shows a rotor which rotates in the clockwise direction when viewed from the
end A. Its angular motion has been shown vectorially in Fig.17.1(b). The vector has been iaken to a scale
parallel to the axis of the rotor. The sense of direction of the vector is from a to b according to the screw rule.
However, if the direction of rotation of the rotor is reversed, it would be from b to a [Fig.17.1(c)].

mz +*ANGULAR ACCELERATION

Let a rotor spin (rotate) about the horizontal axis Ox at a speed of w rad/s in the direction as shown in
Fig.17.2(a). Let oa represent its angular velocity [Fig.17.2(b)].




-

Now, if the magnitude of the
angular velocity changes to (@ + 4
6w) and the direction of the axis of
spin to Ox’ (in time &), the vector ob
would represent its angular velocity
in the new position. Join ab which
represents the change in the angular
velocity of the rotor. The vector ab can
be resolved into two components:

(1)

(ii)

. angular acceleration =

", angular acceleration = Lt

Theory of Machines

ac  representing  angular
velocity change in a plane
normal to a¢ or x-axis, and
cb representing angular
velocity change in a pilane
normal to eb or y-axis.
Change of angular velocity,
ac = (@ + dw) cos 00— @

(a) (b)

(w+ éw)cos 8 - w
8t

Lt (w+ Sw)cos b —w
Sr— ot
As & — 0,88 = 0and cos 86 > 1
w+dw-o do
8130 dt dt

Rate of change of angular velocity =

Change of angular velocity, ¢b = (@ + dw) sin 60

Rate of change of angular velocity = {ﬂ"”‘f;?_w
-, angular acceleration = Lt MM
Jr—0 5:

*. angular acceleration = Lt

As &—0, 80 -0 and sin 5850

(@ + 550 de
—_——— w r—
810 ot dat

. d de
Total angular acceleration, & = — + @ —

Z p (17.1)

This shows that the total angular acceleration of the rotor is the sum of

(1)
(i)

daydr, representing change in the magnitude of the angular velocity of the rotor

@.d6/dt, representing change in the direction of the axis of spin, the direction of eb is from ¢ to b in
the vector diagram (being a component of ab), the acceleration acts ctockwise in the vertical plane xz
(when viewed from front along the y-axis)



IC TORQUE (COUPLE)

Let I'be the moment of inertia of a rotor and :

@ its angular velocity about a horizontal

axis of spin Ox in the direction as shown

in Fig.17.3(a). Let this axis of spin turn .

through a small angle &6 in the horizontal a p B

plane (xy) to the position Ox’ in time &. o @ o \2
Figure 17.3(b) shows the vector diagram. — @ x 0<% 98 Y 8

o0& represents the angular velocity vector ab— Applied couple

when the axis is Ox and ob when the axis P

is changed to Ox”. Then ab represents

the change in the angular velocity due

to change in direction of the axis of spin ¥

of the rotor. This change in the angular (a) (b)

velocity is clockwise when viewed from o o

a towards b and is in the vertical plane ~Fig. 17.3%

xz. This change results in an angular

acceleration, the sense and direction of which are the same as that of the change in the angular velocity.
Change in angular velocity, ab = @ x 60

06

Angular acceleration, & = @ —

5t

b‘a’—~ Reaction couple

In the limit, when & — 0, & = wg

Usually, d8/dl, the angular velocity of the axis of spin is called the angular velocity of precession and is
denoted by @,

~. Angular acceleration, & = . @,

The torque required to produce this acceleration is known as the gyroscopic torque and is a couple which
must be applied to the axis of spin to cause it to rotate with angular velocity @), about the axis of precession Oz.

Acceleration torque, 7=/
a=10o, (17.2)

For the configuration of Fig.17.3(a),

Ox 18 known as the axis of spin

Ok is known as the axis of precession

O is known as the axis of gyroscopic couple

yz is the plane of spin (parallel to plane of rotor)

xy is the plane of precession

yz is the plane of gyroscopic couple00

The torque obtained above is that which is required to
cause the axis of spin to precess in the horizontal plane and is
known as the active gyroscopic torgue or the applied torque. A
reactive gyroscopic torgue of reaction torque is also applied to
the axis which tends to rotate the axis of spin in the opposite
direction, i.e., in the counter-clockwise direction in the above
case. Just as the centrifugal force on a rotating body tends
to move the body outwards, while a centripetal acceleration
{and thus centripetal force) acts on it inwards, in the same way, A gyroscope
the effects of active and reactive gyroscopic torques can be
understood.
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The effect of the gyroscopic couple on a rotating
body is known as the gyroscope effect on the body. A
gyroscope is & spinning body which is free to move in
other directions under the action of extemal forces.

Example 17.1 A uniform disc having a mass
of 8 kg and a radius of gyration
of 150 mm is mounted on one
end of a horizomtal arm of
200-num length. The other end of the arm can
rotate freely in a universal bearing. The disc is
given a clockwise spin of 250 rpm as seen from
the disc end of the arm. Determine the motion of

the disc if the arm remains horizontal,

Solution
m=8kg {=02m
k=015m N =240 ipm
I=mi?=8x(0.15)* = 0.18 kg.m?
_2EX20 o513 radss
60
C=Imwp
Mgi=1oww,
8x 981 x0.2=018x2513 x @,
o, = 3.47 rad/s

As the disc rotates, the weight of the disc acts
downwards and thus a couple about the y-axis, in the
clockwise direction is applied on the disc (Fig.17.4).
The reaction couple is thus counter-clockwise which
tends to keep the arm horizontal.

Assuming that the axis of spin Ox precesses
about the z-axis in the counter-clockwise direction,
the vector oa would rotate to the position ob in a
short period. Then ab is the applied couple and b'a’
is the reaction coupie which is clockwise and tends
to give the arm a clockwise rotation about the y-axis
which is not true. Thus, the axis of spin Ox must
precess about the z-axis in the clockwise direction
with an angutar velocity of 3.47 rad/s.

-
-
z .

i @ Bl
N
j

I

/
/

y
Fig. 174 °

Example 17.2 A disc with radius of gyration
af 60 mm and a mass of 4
kg is mounted centrally on
a horizontal axle of 80 mm
length between the bearings. It spins about
the axle at 800 rpm coumter-clockwise when
viewed from the right-hand side bearing. The
axle precesses about a ver axis at 50 ipm in the
clockwise direction when viewed from above.
Determine the resultant reaction at each bearing
due to the mass and the gyroscopic effect.

Solution
m=4kg N— 800 rpm
k=006m =50 rpm
I =mi2=4x(0. 06)2
= (.0144 kg.m?
{ =80 mm=0.08m
= 2 X800 _ o3 78 radss
w, = 27 x50 = 5.24 rad/s
C=1o0o,

= 0.0144 x 83.78 X 5.24 =632 N.m

The applied (active) and reaction couples are
shown in Fig. 17.5. The reaction couple is clockwise
when viewed from front and tends to raise the
bearing 4 and lower the bearing B. Thus, reaction of
each bearing in turn is downwards at 4 and upwards
atB.

Reaction at bearing 4 due to gyro. couple

6.32
f 0.08 =79 N (downwards)

Reaction at bearing B due to gyro. couple = 79 N
(upwards)
Force at each bearing due to weight of the disc

- 4x9.81 ~19.6 N

Lr R
_ A4
Aﬂ“ @ _,1;8 bb'ﬁ‘

lmy

[ Fig. 178
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or Reaction at each bearing due to weight = 19.6 N Reaction at bearing B = 79 + 19.6 = 98.6 N
(upwards) {downwards)
. Reaction at bearing 4 = 79 — 19.6 = 59.4 N

(upwards)

 GYROSCOPIC EFFECT ON AEROPLANES

Figure 17.6(a) shows an aeroplane in space. Let the propeiler be rotating in the clockwise direction when
viewed from the rear end. The angular momentum vector oa due to the angular velocity is shown in
Fig. 17.6(b).

e If the plane takes a left turn, the angular momentum vector is shifted and may be represented by the
vector ob. The change is shown by the vector ab and is the active gyroscopic couple. This vector is in
the horizontal plane and is perpendicuiar to the vector oa in the limit. The reactive vector is given by
b'a’ which is equal and opposite to the vector ab. The interpretation of this vector shows that the couple
acts in the vertical plane and is counter-clockwise when viewed from the right-hand side of the plane.
This indicates that it tends to raise the nose and depress the tail of the aeroplane,

» Figure 17.6(c) shows the gyroscopic effect, when the aeroplane takes the right turn. The change is shown
by the vector ed and is the active gyroscopic couple. It is perpendicular 1o the vector oc¢ in the limit
in the horizontal plane. The reactive coupie is given by d'c’. The couple acts in the vertical plane and
ts clockwise when viewed
from the right-hand side of
the plane. Thus, it tends to N ‘

b b’
dip the nose and raise the tail  \iop }m °Aa'
07 o °

of the aeroplane. Rear 1
» If the rotation of the engine {tail) ‘ Nose Plane of

is reversed, i.e., it rotates (a) precession Plane
counter-clockwise ~ when Plane of of spin
L. coupie
viewing from the rear end, C
the angular momentum "Wc
vector is oe as shown in Fig, d g
17.6(d). On taking a left turm,
it changes to of. The active

gyroscopic vector is ef and TN 2/
the reactive fe'. Viewing e €l o &o
from the right-hand side of F\V '
the plane, it indicates that i
the nose is dipped and the {d) (e
tail is raised. Similarly, when ; .
the plane takes a right turn, fgl"l& 17.6:
the effect is indicated in Fig.
15.6(e). The nose is raised and the tail is depressed.
}t can be concluded from the above cases that if the direction of either the spin of the rotor or of the
precession is changed, the gyroscopic effect is reversed, but if both are changed, the effect remains the
same.




% Theory of Machines

Exampie 17.3  Anaeroplaneflyingat 240km/h
3 turns towards the left and com-
pletes a quarter circle of 60m
7 radius. The mass of the rotary
engme and the propeller of the plane is 450 kg
with a radius of gyration of 320 mm. The engine
speed is 2000 rpm clockwise when viewed from
the rear. Determine the gyroscopic couple on the
aircraft and state its effect.
In what way is the effect changed when the
(i} aeroplane nrns towards right
(ii) engine rotates clockwise when viewed from

the front (rose end) and the aemplane

turns {(a) left (b) right?
Solution
m =450 kg, £=0.32m,
.
= M = 209.4 rad/s,
60
3
y= 280007 _ e 67 s
3600
[=mk? = 450% (0.32)? = 46,08 kg.m?
o =K:%§l=i,llrad«’$
£y 60

C =1 wm,=46.08 x 209.4 x 1.1
=10713N.m=10.713kN.m

Some of the terms used in connection with the
motion of naval ships or sea vessels are given
below [Fig.17.7(a)]: -
(a) Bow is the fore or the front end.
(b} Srern or aft is the rear end.
(c) Starboard is the right-hand side when
tooking from the stern.
(d} Porr is the left-hand side when looking
from the stern.
{e) Steering is turning on the side when
viewing from the top.
() Pitching is limited angular motion of the
ship about the transverse axis.
(g) Rolling is limited angular motion of the
ship about the longitudinal axis.

The cffects of gyroscopic couples on the acroplane
when it takes a left or right turn are discussed in the
previous section. In brief it is summarized below:

Figure 17.6(a) shows the aeroplane in space.
When it turns left,

oa is the angular momentum vector before
turning [Fig.17.6(b));

ob is the angular momentum vector after
turning;

ab is the applied or active gyroscopic couple;

b’a’ is the reaction couple and is perpendicular to
oa in the {imit. This couple acts in the vertical plane
and tends to raise the nose and depress the tail of the
aeroplane,

(i} If the aeroplane takes a right tum, the
reaction couple is d'¢’ {Fig. 17.6(c)}, which
shows that the nose is depressed and the tail
is raised.

(i1} {a) When the engine rotates or spins
clockwise on viewing from the nose end, ef
is the applied couple as the aeroplane tumns
left [Fig.17.6(d)]. e’ is the reaction couple
indicating that the nose is depressed and the
tail is raised.

(b} When the aeroplane takes a right turm,
the tail is depressed and the nose is raised
[Fig.17.6(e}].

Bow {fore)

5 % ﬂ %, Rising bb
tern or Pitching i :\.
(aft) y J/lowering © \&;

———————— left aa
Port
. *, Left ¢
HOIIIHQD[C B> /Fiight W
Starboard (Steering) Riop 90
g
(@ i (Stearing)
View (b}
[+
Bow-rising a
{Pitching) X

Bow-lowering

{c}
Fig. 17.77
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Let the plane of spin of the rotor and other rotating masses be horizontal and across the breadth of the ship.
Assume @ to be the angular velocity of the rotor in the clockwise direction when viewed from stemn (rear end).

Gyroscopic Effect during Pitching
When the ship tums left, the angular momentum vector changes from oa to ob (Fig.17.7 (b)]. The reaction

couple is found to be b8’ which tends to raise the bow and lower the stern. On tuming right, the reaction
couple is reversed so that bow is lowered and the stern is raised.

Gyroscopic Effect on Pitching

Pitching of the ship is usually considered to take place with simpie harmonic motion. A simple harmonic
motion is represented by, x = X sin ayt.

Such a motion is obtained by the projection of a rotating vector .X on a diameter while rotating around a
circle with a constant angular velocity @), and where x is the displacement from the mean position in time 2.
In the same way, angular displacernent 8 of the axis of spin from its mean position is given by

_ 8= psinayt
where qo'= amplitude (angular) of swing or the maximum angle turned from the mean position in radius
2r
ay, = angular velocity of SHM m

. . db
Angular velocity of precession, 7 = Uy €08 Wyf

This is maximum when cos @yt = 1.
Therefore, maximum angular velocity of precession @, = @ &

Gyroscopic couple Iaxw, = T (,p x _T___zLa} (17.4)
ime perio

When the bow is rising, the reaction couple is clockwise on viewing from top and thus the ship would
move towards right or starboard side. Similarly, when the bow is lowered, the ship turns towards left or port
side [Fig. 17.7(c)].

Angular acceleration = Qw; sin @yt (17.5)

Maximum angular acceleration = (aa)g (17.6)

Gyroscopic Effect on Rolling

As the axes of the rolling of the ship and of the rotor are parallel, there is no precession of the axis of spin
and thus there is no gyroscopic effect.

In the same way, the effects on steering, pitching or rotling can be observed when the plane of the spin of
the rotating masses is horizontal but along the longitudinal axis of the vessel or when the axis is vertical.

Example 174  The turbine rotor of a ship when the .
Sy has a mass of 2.2 tonnes and (8 ship turns right at a vadius of 250 m with
rotates at 1800 rpm clockwise a speed of 25 km/h
X when viewed from the aft. (i) ship pitches with the bow rising at an
The radius of gyration of the rotor is 320 mm. angular velocity of 0.8 rad/s

Determine the gyroscopic couple and its effect (iif) shipmlfsatanangularvelocityofo.} rad’s
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Solution
m= 2200 kg N = 1800 rpm
R=250m =25 km/'h
23 x 1000
k=0.32 = —_—
" 3600
=6.94 n/s

1= mk? = 2200 x (0.32)
=2253 kg.m?

27 X 1800

= —

= 188.5 rad/s
60
W = i = -—9—41. =0.0278 rad/s
R 250
(1) C= [wcq,,
= 2253 x 188.5 x 0.0278
= 1180 N.m

The effect is to lower the bow (fore) and
raise the stern {aft) when the ship tumns right
[Fig. [7.7(b}).

(1) @, = 0.8 rad/s
C =lww,=2253x188.5x0.8

=33972N.m

The effect of the reaction couple when the
bow is rising, is to turn the ship towards
right or towards starboard.

(iit) o, = 0.1 rad/s
C=2253%188.5x 0.1 =4246.5 N.m
As the axis of spin is always parallel to the
axis of precession for all positions, there is
no gyroscopic effect on the ship.

Exdmple 17.5  The rotor of the turbine of a

ship has a mass of 2500 kg

and rotates at a speed of 3200

rpm counter-clockwise when

viewed from stern. The rotor hus radius of

Lyration of 0.4 m. Determine the gyroscopic

couple and its effect when

(i} the ship sieers to the left in a curve of
80-m radius at a speed of 15 knots (1 knot
= 1860 m/h)

(ii) the ship pitches 5 degrees above and 5
degrees below the normal position and
the bow is descending with its maximum
velocity—the pitching motion is simple
harmonic with a periodic time of 40 seconds

(if)) the ship rolls and at the instant, its angular
velocity is 0.4 rad/s clockwise when viewed
Jrom stern
Also find the maximum angular acceleration
during pitching.

Solution
m = 2500 kg N = 1800 rpm
k=04m v:Lsx—lziqg:?.TSm.?’s
3600
I=mk?=2500x ( 0.4)2= 400 kg.m?
0= 2EX3200 _sas s
60
(i) R=80m
r 7
w, = A ——7—5 = 0.097 rad/s
R 80
C' =400 x 335 x 0.097
= 12981 N.m

The effect is to lower the bow and raise the stern
[Figs 17.8 (a) and (b)].

(i) @ =5°=5x——=0.0873 rad

180
T—=40s
" &)ﬂ —_-2_;?‘ :0.15? l'ade
40

@, = @ ay = 0,0873 x 0.157 = 0.0137 rad/s
C=/ww,=400x335%0.0137=1837.5N.m
As the bow descends during pitching, the ship
would turn towards right or starboard [Figs 17.8(a)
and (¢)].
(1) @,=0.04 rad/s
C'=400 x 335 x 0.04 = 5360 N.m
No gyroscopic cffect is there as discussed
earlier,
Maximum angular acceleration during pitching
O = PO; = 0.0873 % (0.157)=0.002 1 5rad/s?

-

? a'\&V" o




7.6  STABILITY OF AN AUTOMOBILE

In case of a four-wheeled vehicle, it is essential that no whee! is lifted off the ground while the vehicle takes
a turn. The condition is fulfilled as long as the vertica) reaction of the ground on any of the wheels is positive

{or upwards).
Figure 17.9 shows a four-wheeled vehicle having a mass »1. Assuming that the weight is equally divided

among the four wheels,

W
weight on each wheel = " = if— (downwards)

. W 7
Reaction of ground on each wheel, R, = il f—% (upwards)

\Leﬂ turn)
a 370 1m Front mz_
SQ Left turn U Engine U

b b Ao ¥ R
Rt "JI}'_ 4 Ac
Hw + G 4‘ HW
Inner Quter
side m ﬁ side
| |

3 U Rear (back) U 4

Az v 4+ Ag
Rc + + Ae
HW+ ‘f Rw
G F.
Y P L 1
TRy 0
T :
+ W
RC HC

Effect of Gyroscopic Couple
: 2
Gyroscopic couple due to four wheels, €. = 4/ ®, @, = 4f, pr
’
where /, = mass moment of inertia of each wheel
o, = angular velocity of wheels = ‘

g

S

e, = angular velocity of precessio
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v = linear velocity of the vehicle
R = radius of curvature
Gyroscopic coupte due to engine rotating parts,
C=l00=1Co,w,
,

where ¢ is the gear ratio = —%
_ w,,
Total gyroscopic couple, C; = C, + C,
Positive sign is used when the engine parts rotate in the same direction as the wheels and the negative sign

when they rotate in the opposite.

Assuming that Cj; is positive and the vehicle takes a left tum, the reaction gyrescopic couple on it is
clockwise when viewed from the rear of the vehicle. The reaction couple is provided by equal and opposite
forces on the outer and the inner wheels of the vehicle.

Forces on the two outer wheels = gﬁ {downwards)
W

Forces on the two inner wheels = — (upwards)
W

C
Forces on each of the outer wheels = i {downwards)

Co
2w

Thus the force on each of the outer wheels is similar to the weight. On the inner wheels it s in the opposite
direction. Thus,

Forces on each of the inner wheels = (upwards)

C
Reaction of ground on each outer wheel, R, = 2—G (upwards)
“}

. . C,
Reaction of ground on gach inner wheet, R, = EQ (downwards)
W

Effect of Centrifugal Couple

As the vehicle moves on a curved path, a centrifugal force alse acts on the vehicle in the outward direction

at the centre of mass of the vehicle,
. b

2
Centrifugal force, mef, = mR [%) = m%

This force would tend to overturn the vehicle outwards and the overtumning couple will be
2

= v
Co=mRa, xh=m—h
. = R
This is equivalent to a couple due to equal and opposite forces on outer angl inner wheels.

Force on each outer wheel = ;:—‘ {downwards)
w

Force on each inner wheel = EC-‘— (upwards)
W

Again, the force on each of the outer wheels is similar to ¢he weight and on each of the inner wheels, it is
opposite.
. C
Reaction of ground on cach outer wheel, R, = 2—f (upwards)
W
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, . C
Reaction of ground on each inner wheel, R, = Z—C {downwards)
W

] i W O
Vertical reaction on each outer wheel = — + —= + —*2‘ (upwards)
! W

4 2w
. . \ 4 CG I3
Vertical reaction on each inner wheel = ~— + — + —
4 2w 2w

It can be observed that there are chances that the reaction of the ground on the inner wheels may not be
upwards and thus the wheels are lifted from the ground. For posifive reaction, the conditions will be

———2—-—L>0
4 2w 2w
W C,+C,
or 4" 2w
or R,2R,+R, (7.7
Example 176  Each wheel of a four-wheeled v .
Sy rear engine automobile has a € =1LGow, =1.2x3x 033x80 0.136v°
moment of inertia of 2.4 kg.m’ '
and an effective diameter of o Ce=C,+C,=0364 V2 +0.136 2 =05+
660 mms. m rotating parts of the enging have Reaction on each outer wheel,
a moment of inertia of 1.2 kg.m”. The gear ratio C. 0507
- af engine io the back wheel is 3 to 1. The engine Rg, = “2*9* = oxls 0.167v* (upwards)
axis wparal[dwtkemaraxk‘w:hecmkthﬂ " '
rotates in the same sense as the road wheels. The Reaction on each inner wheel,
mass of the vehicle is 2200 kg and the centre of R = 0.167 v (downwards)
the mass is 550 mm above the road level. The (iii) Reaction due to centrifugal couple
track width of the vehicle is 1.5 m. Determine the . 2200 x v
limiting speed of the vehicle around a curve with C. = ry h="2" % 0.55 =15.125+°
80 m radius so that all the four wheels maintain ) 80
contact with the road surface. Reaction on each outer wheel,
2
Solution R, = <o = 132V 504207 (upwards)
I,=24kgm? m=2200 kg 2w 2x1.5
r=033m h=055m Reaction on each inner wheel,
I,=12kgm? w=15m R,;=5.042 % (downwards)
G = @ _ 3 R=80m For maximum safe speed, the condition is
. Du o d . R,=R;* R
W Reac"‘);zo'“{‘f:; ‘gle‘ght 5395.5 = (0.167 + 5.042) 12
R, = ? = —4__'_ = 5395.5 N (upwards) V2= 1035.8
(ii) Reaction due to gyroscopic couple v=3218 ms

2 2 3218 x 3600
v V
C,=4l,— =4x24x —— = 0364 or y=-——rs ——=115.9 kvh
v R 0.33 x 80 Y 1000
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Example 17.7 A four-wheeled trolley car has
a total mass of 3000 kg. Each
axle with its two wheels and
gears has a total moment
of inertia of 32 kg.m’. Each wheel is of 450-
mm radius. The centre distance between two
wheels on an axle is 1.4 m. Each axle is driven
by a motor with a speed ratio of 1:3. Each motor
along with its gear has a moment of inertia of
16 kg.m and rotates in the opposite direction to
that of the axle, The centre of mass of the car is
1 m above the rails. Calculate the limiting speed
of the car when it has to travel around a curve
of 250-m radius without the wheels leaving the
rails,

Solution
32
o= 5= 16 kgm? m=3000kg
r=045m h=1m
I,=16kg.m’ w=14m
R=250m

(i) Reaction due to weight

3000 % 9.81
R, =8 20X 70 73575 N (upwards)

"4
(i1} Reaction due to gyroscopic couple
2 2
C, =4, ~— = 4X16X ———— = 0.569
r.R 0.45x 250

C, =2i,60,0, (asthere are two motors)
2
=2x16Xx3Ix—
0.45 x 250
=0.853 17
Co=C,.—C,
{motors rotate in opposite direction)
=0.569 v/ — 0.853 2 =- 0.284"
Reaction on each outer wheel,
r. < Co _ 0284V
%7 aw 2x1.4
Reaction on each inner wheel, R
{upwards)
(iii) Reaction due to centrifugal couple
2 1

C =2 =3000% 2 x1=12°
R 250

(8

= 0.1014v* (downwards)

= 0.1014 y*

(iu

Re, e L 12 40860 {upwards)
2w 2x1.4

Re; = Co _ 4.286 v (downwards)
W

Total reaction on outer wheel

=7357.5--0.1014 v* + 4.286y°

=7357.5 + 4.1846+°

Total rcaction on inner wheel

=7357.5-0.1014 v’ — 4.28612

= 7357.5 -- 4.184617

Thus, the reaction on the outer wheel is always
positive {upwards). There are chances that the inner
wheels lcave the rails,

For maximum speed, 7357.5 —4,1846v> = 0

or v =17582

v =41.93 m/s
A9
o 1000 42X

Example 17.8 A 2.2-tonme racing car has a
wheel base of 2.4 mand a track
of 1.4 m. The centre of mass
of the car lies at 0.6 m above
the ground and 1.4 m from the rear axle, The
equivalent mass of engine parts is 140 kg with
a radius of gyration of 150 mm. The back axle
ratio is 5. The ~ngine shaft and flywheel rotate
clockwise when .»'\’J’:‘e\qed Jrom the front. Each
wheel has ¢ diancter of 0.8 m and a moment of
inertia of 0.7 kg.m’. -

Determine the load distribution on the wheels
when the car is rounding a curve of 100 m
radius at a speed of 72 km/h to the (i) left, and
(i} right.

Solution:
M= 2200 kg m= 140 kg
w=14m k=0.15m
h=24m £.=0.7 kg.m?
r=082=04m
R = 100 m yo 12x1000
3600

(i Car murning lefi (Refer Fig. 17.10)
(a) Reaction due 1o weight
Total weight = 2200 x 9.81 =21582 N



Ry = [21 582x %) X % = 6295 N (upwards)

i 1
R4 =121 582 x~— |x— = 4496 N {(upwards
w4 [ 2.4))(2 {(up )

\ s Left turn Right turn
= \ f
[
© AT é?Ac
¢I o " et
. c"a‘yd d o
SD 04 ¢" d”— Reaction of ground

Fig. 17.1
(b) Reaction due 1o gyroscopic couples
2 2
C,=41, Y —4x07x—20"_ _seNm
rR 0.4 x100
For outer wheels,
, _C,_ 28
924 7 2w 2x1.4

For inner wheels, R, y = 10 N (downwards)
I, = mk? = 140 x (0.15)* = 3.15 kg, m?

Qo
0.4x100

=10 N {upwards)

C, =1.Gw,m,=3.15x5x% =1575N

For front wheels,
» _ G, 1575
R =5 =924
For rear wheels, B¢y 4 =32.8 N (downwards)
() Reaction due 1o centrifugal couple:

2 2
¢ =M n=2200x 2D 506 = 5280 Nm
R 100

=328 N (upwards)

For outer wheels,

C, 5280
Roa= =
T 2w 2x14
For rear wheels, R, ; = 1886 N (downwards)
Therefore, reaction on wheels:
R=R,+R;+R";+R,
R =6295-10+32.8-1886=4431.8 N
R,=6295+ 10+ 328 +1886 = 8223 8 N

= 1886 N (upwards)

Cyroscope 6%

Ry=4496 - 10-32.8 1886 = 2567.2 N
Ry=4496 + 10— 32.8 +1886 = 63562 N
(if) Car nerming right:
All the reactions due to gyroscopic couples and
centrifugal couple change signs. Therefore,
R =6295+10- 328 +1886 = 81582 N
Ry;=06295-10--32.8- 1886 =4366.2 N
Ry=4496+ 10+ 328+ 1886 = 6424 8 N
R,=4496 — 10+ 32.8 - 1886 = 2632.8 N

Example 17.9  The total mass of a four-
wheeled trollev car is 1800
kg. The car runs on raily of
1.6 - m gauge and rounds a
curve of 24-m radius at 36 km/h. The track is
banked at 10°. The external diameter of the
wheels is 600 mm and each pair with axle has a
mass af 180 kg with a radius of gyration of 240
mm. The height of the centre of mass of the car
above the wheel base is 950 mm. Determine the
pressure on cach rail allowing for centrifugal
Jorce and gvroscopic couple actions.

Solution
M=1800 kg g =10°
w=16m A=095
R=24m r=03m
m=180m £=024m
y =36 kowh = 2020000 16 s

3600

Fig, 17.1%

First, considering the effect of dead weight (W = Mg) of
the car and that of the centrifugal force on it, determine
the reactions R ; and R atthe wheels 4 and B (Fig. [7.11).
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Resolving the forces perpendicular to the track,

4

R,+Rp =Mgc058+%~sin9

in10°

\2
=1800><9.81xc0510°+@0;ﬂ5-

= 18692N o
Taking moments about B, ~

Ry xw= Mgcosﬁ%+ﬁ, sinf=

+Mg_siﬁ9xh~ﬁ. cos @ x h

Vg2
R, = Mgcos&+1fv——sin9 ><l
R 2

2
’ h
+[Mgsin9-M—‘(CDSBJ><—
R w

1800 x9.81 xcos 1 (®

1
Ry=| 1800x(10Y X
! +—4-(-1—)><sin10° 2

1800 % 9.81x5in10°

+ _m@xc()sloc XE—
24

The case of a two-wheel vehicle can be taken in
the same way as that of an automobile. However, it
is casier to tilt such a vehicle inwards to neutralise
the overturning effect and the vehicle can stay in
equilibrium while taking a turn.

Let a vehicle take a left turn as shown in Fig.
17.12(a). The vehicle is inclined to the vertical
(inwards) for equilibrium. The angle of inclination
of the vehicle to the vertical is known as the angle

7', STABILITY OF A TWO-WHEEL VEHICLE

= 0346 --2565 = 6781 N
Rg=18692 -6781=11911N

Reaction due to cyroscopic couple
.
C,.=2 o, cos0xw, = 2mk? —— x cos @

rR
= 2 X 180 X (0.24)" x-—(m—)z x cos 10°
e 03x24
=283.6 Nm
Reaction on each outer wheel,
C 2831.6

W

G 2w 2x1.6
Reaction on each inner wheels,
R;; = 88.6 N (downwards)
Therefore,

= 88.6 N {(upwards)

Pressure on outer rails = Rg + R,
=11911+88.6

=11999.6 N (downwards)

Pressure on inner rails = R, — R

=6781 —88.6

= 6692.4 N (upwards)
(pressure is opposite to the reactions)

of heel. Let
v = linear velocity of vehicle on the track
r = radius of the wheel
R = radius of the track
1= moment of inertia of each wheel
1,= moment of inertia of rotating parts of the engine
m = total mass of the vehicle and the rider

a a :
’Xﬁ\ ] v
v
//
: p b -
i i
| //
|
/,-w
a4




Gyroscope a

o,,= angular velocity of the wheels

@,= angular velocity of rotating parts of the engine

G = gear ratio

h = height of centre of mass of the vehicle and the rider

6 = inclination of vehicle to the vertical (angle of heel)

As the axis of spin is not horizontal but inclined to the vertical at an angle @ and the axis of precession is

vertital, it is necessary to take the horizontal component of the spin vector.
Spin vector (horizontal) = I, cos 6 [See Fig. 17.12(b)]
=l w, +10)cos 0
and gyroscopic couple = (21 @, + [,Ge,) cosB @,
~ (21, +Gl,)=ZcosB
r R

=(2{,+GI,) Y cosd
rR

The reaction couple b'a’ is clockwise when viewed for the rear (back) of the vehicle and tends to overiurn
it in the outward direction.

2
Overturning couple due to centrifugal force = [m %] hcos @

2 2
total overtumning couple = (21, + G1,) v_R cos@+m % hoosB
-

ﬁ[21w+GIe
R ¥

+ mh]cosﬂ

Rightening (balancing) couple due to the weight of the vehicle = mg b sin 8

2 .
For equilibrium, — R [L;G— + mh} cos@ = mg hsin@ (17.8)
¥
From this relation, the angle of heel @ can be determined to avoid skidding of the vehicle.
Examp!e 17.10 ' Each wheel g}‘;g_ngam@cle: r=03m I,=0.2kgm?
5. of 60Gmm dicmeie 54 x 1000
ma\mmquaqﬂz - R=¥m v=— e sismh
dgm? “The total shass of the o,
and the ridér s 180°kg and the G=25=5 h=038m
M&d’ mass is 580 movt abuive the. iy !

Gyroscopic couple, Cg =2/, + Gle)%cos g
¥

2
=(2x1.2+ 5x0.2)x—-—(15)
0.3x35

X cos

=72.86cos @
2

Centrifugal couple, C. = m VE hcos 8

_ieay 05
Solution =80 X — 35 X 0.58x¢cos8

m=180kg I,=12kgm? =671.14 cos 8



‘ Theory of Machiines
Total overturning couple = (72.86 + 671.14) cos o =10258in @ =744 cos 8
8="744 cos & 744
Rightening couple =mghsing@ . or tanf= 1024 0.727
=]80x9.81 x0.585in & 9= 36°
= 1024 sin 8 or  6=38
AT AN ANGLE FIXED TO A RQ

Consider a circular disc fixed rigidly to a rotating shaft
in such a way that the polar axis of the shaft makes angle
8 with the axis of the shaft (Fig, 17.13). Assume that
the shaft rotates clockwise with angular velocity @when
viewed along the left end of the shaft, X—-—-

Let

¢ (X be the axis of the shaft

® OP be the polar axis of the disc and

¢ OD the horizontal diametral axis of the disc

Also, let m, r and ¢t be the mass, radius and the
thickness of the disc.

Then |,

M

" gyroscopic couple =1, X @cos & x wsin &

(i)

, Diametral axis

mr
= moment of inertia of disc about polar axis OP s~
moment of inertia of disc about diametral axis

‘2 ?'2
m| ==+
&)

m.rz

= (if the disc is thin and ¢ is neglected)

First consider the spinning about the polar axis {Fig, 17.14(a)].

Angular velocity of spin = Angular velocity of ad

disc about the polar axis OF = wcos @ LR {?

Angular velocity of precession o . g L ¢
o

= Angular velocity of disc about the diametric
axis OD = @sin 8 \;”
[
b b N
i . i
- lp mz sin 28 Precassion Pracession

’ . . . a b
Its effect is to rotate the disc counter-clockwise @ ®)

when viewing from the top. m. lxﬂ

Now consider the spinning about the diametral

axis [Fig. 17.14(b)}.

Angular velocity of spin = Angular velocity of disc about the diametral axis OD = @ sin 8
Angular velocity of precession = Angular velocity of disc about the polar axis OP =@ cos 8

I
i

) . |
", gyroscopic couple =/, X @sin X weos @= '2'140’ sin 26

Its effect is to rotate the disc clockwise when viewing from the top.



Gyroscope !

(Angular velocity of precession is counter-clockwise when viewing from the right end along OF)

Resultant gyroscopic couple on the dise, C = %(fp = Yo© sin 268

2 2
JLme mr w? sin 26
2l 2 4

=" 92 sin 20
8

Exampfe 17.11 A wiiform dise dfﬁﬁm Solution

; and 860 - mm Ma%r is 27 x 840
gmomredéaashqﬁ. The plane @="c0
af the disc is.npt perfectly

= 88 rad/s

50 x 0.4°

mnwmlatathaaxisofmexhqﬁbmhmm
ervor of 1.5 degree. Desermiting the gyrossopic .
couple acting on the bearmg if the sheﬁ nates
at 840 rpm.

% 88% sin 3°

C = EESL @ sin 26 =
=405.3 N.m

Summary

. The angular velocity is represented by a vector by
drawing the vector parallel to the axis of the rotor
and representing the magnitude by the length of
the vector ta some scale. Sense of rotation of the
rotoris denoted by therule of aright-handed screw,
i.e., If a screw is rotated in the clockwise direction,
it goes away from the viewer and vice-versa.
. The axis of spin, the axis of precession and the axis
of gyroscopic couple are in three perpendicular
ptanes.

. The torque required to cause the axis of spin to
precess in a plane is known as the active gyroscopic
torque or the applied torque.

. Inwhatway canthe angularvelocity be represented
by a vector?

. What do you mean by gyroscopic couple? Derive a
relation for its magnitude.

. What do you mean by spin, precession and
gyroscopic planes?

. Explain what is meant by applied torque and
reaction torque.

. Explain in what way the gyroscopic couple affects

Exercises

. Areactive gyroscopic tergue or reaction torgue tends

to rotate the axis of spin in the apposite ditection.

. The effect of the gyroscopic couple on a rotating

body is known as the gyroscope effect on the bady.

. A gyroscope is a spinning body which is free to

move in other directions under the action of
external forces,

. A four-wheel vehicle tends to turn outwards when

taking a turn due to the effects of gyroscopic
couple and the centrifugal force.

. A two-wheel vehicle stabilises itself by tilting

towards inside while taking a turn to nullify the
effects of gyroscopic couple and the centrifugal
force.

the motion of an aircraft while taking a turn.

6. Discuss the gyroscopic effect on sea vessels.
. Explain the gyroscopic effect on four-wheeled

vehicles.

. What is the effect of the gyroscopic couple on the

stability of afourwheeterwhile negotiating a curve?
In what way does this effect along with that of the
centrifugal force limit the speed of the vehicle?

. How do the effects of gyroscopic cbuple and of
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10.

il.

1z,

13,

14.

15.

centrifugal force make the rider of a two-wheeler
tilt on one side? Derive a relation for the limiting
speed of the vehicle,
A flywheel having a mass of 20 kg and a radius
of gyration of 300 mm is given a spin of 500 rpm
about its axis which is horizontal. The flywheel
is suspended at a point that is 250 mm from the
plane of rotatien of the flywheel. Find the rate of
precession of the wheel. (0.52 radfs)
A disc supported between two bearings on a shaft
of negligible weight has a mass of 8o kg and a radius
of gyration of 300 mm. The distances of the disc
from the bearings are 300 mm to the right from the
left-hand bearing and 450 mm to the left from the
right-hand bearing. The bearings are supported by
thin verticat cords, When the disc rotates at 100
rad/s in the clockwise direction tooking frem the
left-hand bearing, the cord supporting the left-
hand side bearing breaks. Find the angular velocity
of precession at the instant the cord is cut and
discuss the motion of the disc. (0.327 rad/s)
The moment of inertia of an aeroplane air screw
is 20 kg.m? and the speed of rotation is 1006 rpm
clockwise when viewed from the front. The speed
of the flight is 200 kmn per hour. Find the gyroscopic
reaction of the air screw on the aeroplane when
it makes a left-handed turn on a path of 150-m
radius. {(775.5 N.m)
The rotor of a marine turbine has a moment
of inertia of 750 kg.m? and rotates ar 3000 rpm
clockwise when viewed from aft. If the ship pitches
with angular simple harmonic motion having a
periodic time of 16 seconds and an amplitude of
o.aradian, find the
{i) maximum angular velocity of the rotor axis
(i) maximum value of the gyroscopic couple
(iii) gyroscopic effect as the bow dips
(0.0393 rad/s; g261 N.m; bow
swings to port {left) as it dips)
The turbine rotor of a sea vessel having a mass of
950 kg rotates at 1200 rpm clockwise while looking
from the stern. The vessel pitches with an angular
velocity of 1.2 radjs. What will be the gyroscopic
couple transmitted to the hull when the bow rises?
The radius of gyration of the rotor is 300 mm.
{12.8g kiN.m}
A ship is propelled by a turbine rotor having a mass
of & tonnes and a speed of 2400 rpm. The direction
of rotation of the rotor is clackwise when viewed
from the stern. The radius of gyration of the rotor is
450 mm. Determine the gyroscopic effect when the

16,

7.

18.

() ship steers to the left in a curve of 60 m radius
at a speed of 18 knots {1 knots = 1860 mfh)

{it ship pitches 7.5 degrees above and 7.5 degrees
below the normal position and the bow is
descending with its maximum velocity; the
pitching mation is simple harmonic with a
periodic time of 18 seconds

(iii} shiprolls and at the instant, its angular velocity
is 0.035 radfs counter-clockwise when viewed
from the stern

Also, find the maximum angular acceleration

during pitching.

{47.33 kN.m, bow is raised;
13.96 kN.m, ship turns towards port <ide;
10. 69 kN.m, no gyroscopic effect; 0.016 rad/s?)

A rear engine automcbile is travelling along a

curved track of 120 m radius. Each of the four

wheels has a moment of inertia of 2.2 kg/m? and
an effective diameter of 600 mm. The rotating
parts of the engine have a moment of inertia of

1.25 kg.m*. The gear ratio of the engine to the back

wheel is 3.2. The engine axis is paraliel to the rear

axle and the crankshaft rotates in the same sense

as the road wheels. The mass of the vehicle is 2050

kg and the centre of mass is 520 mm above the

road level. The width of the track is 1.6 m. What will

be the limiting speed of the vehicle if all the four

wheels rmaintain contact with the road surface?
(150.2 kmth)

The moment of inertia of a pair of locomative

driving wheels with the axle is 200 kg.m?. The

distance between the wheel centres is 1.6 m and
the diameter of the wheel treads is 2.8 m, Due to
defective ballasting, ore wheel falls by 5 mm and
rises again in a total time of 0.12 seconds while the
locomative travels on a leve! track at 100 kmyjh.

Assurting that the displacement of the wheel takes

place with simple harmonic motion, determine

the gyroscepic couple produced and the reaction
between the wheel and rail due to this couplée.
(505 N.m; 3125.6 N)

Each road wheel of a motor cycle is of 6oo mm

diameter and has a moment of inertia of 1.1 kg.m=.

The motorcycle andthe rider together weigh 220 kg

and the combined centre of mass is 620 mm above

the ground level when the motor cycle is upright.

The moment of inertia of the rotating parts of the

engine is 0.18 kgfm?. The engine rotates at 4.5

times the speed of road wheels in the same sense.

Find the angle of heel necessary when the motor

cycle is taking a turn of 35 m radius at a speed of 72

kg/h. (38.6%)



