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Governors

18.1. Introduction

The function of a governor is to regulate the mean
speed of an engine, when there are variationsin theload e.g.
when the load on an engine increases, its speed decreases,
thereforeit becomes necessary to increase the supply of work-
ing fluid. On the other hand, when the load on the engine
decreases, its speed increases and thus less working fluid is
required. The governor automatically controls the supply of
working fluid to the engine with the varying load conditions
and keeps the mean speed within certain limits.

A little consideration will show, that when the load

increases, the configuration of the governor changes and a
valve is moved to increase the supply of the working fluid ;
conversely, when the load decreases, the engine speed in-
creases and the governor decreases the supply of working
fluid.
Note : We have discussed in Chapter 16 (Art. 16.8) that the func-
tion of aflywheel in an engine is entirely different from that of a
governor. It controls the speed variation caused by the fluctuations
of the engine turning moment during each cycle of operation. It
does not control the speed variations caused by avarying load. The
varying demand for power is met by the governor regulating the
supply of working fluid.

18.2. Types of Governors

The governors may, broadly, be classified as
1. Centrifugal governors, and 2. Inertiagovernors.
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654 e Theory of Machines

The centrifugal governors, may further be classified asfollows:

Centrifugal governors
|

Pendulum type Loaded type

Watt governor |

Dead weight governors
|

I
Spring controlled governors

l

Porter governor Proell governor

Hartnell governor Hartung governor Wilson-Hartnell governor Pickering governor

18.3. Centrifugal Governors

The centrifugal governors are based on the balancing of centrifugal force ontherotating balls
by an equal and opposite radial force, known as the controlling force*.It consists of two balls of
equal mass, which are attached to the arms as shown in Fig. 18.1. These balls are known as governor

ballsor fly balls. The ballsrevolvewith aspindle, which
isdriven by the engine through bevel gears. The upper
ends of the arms are pivoted to the spindle, so that the
ballsmay rise up or fall down asthey revolve about the
vertical axis. The arms are connected by the linksto a
sleeve, which is keyed to the spindle. This sleeve re-
volves with the spindle ; but can slide up and down.
The balls and the sleeve rises when the spindle speed
increases, and falls when the speed decreases. In order
to limit the travel of the dleeve in upward and down-
ward directions, two stops S, S are provided on the
spindle. The sleeve is connected by a bell crank lever
to athrottle valve. The supply of the working fluid de-
creaseswhen the sleeverisesand increaseswhenit falls.

When theload on the engine increases, the en-
gine and the governor speed decreases. Thisresultsin
the decrease of centrifugal force on the balls. Hence
the balls move inwards and the sleeve moves down-
wards. The downward movement of the sleeve oper-
ates a throttle valve at the other end of the bell crank
lever to increase the supply of working fluid and thus
the engine speed is increased. In this case, the extra
power output isprovided to balance theincreased load.
When the load on the engine decreases, the engine and
the governor speed increases, which resultsin the in-
crease of centrifugal force on the balls. Thusthe balls
move outwards and the sleeve rises upwards. This up-
ward movement of the sleeve reducesthe supply of the
working fluid and hence the speed is decreased. In this
case, the power output is reduced.

Spring steel
strip

Spindle
controls fuel
supply

Rotating
weight

A governor controls engine speed. As it
rotates, the weights swing outwards, pulling
down a spindle that reduces the fuel supply
at high speed.

*  Thecontrolling forceisprovided either by the action of gravity asin Watt governor or by aspring asin case

of Hartnell governor.



Chapter 18 : Governors ® 655

Note : When the balls rotate at uniform speed, controlling force is equal to the centrifugal force and they

balance each other.

Fly-balls
Links

Throttle
valve

Supply of
working fluid

Fig. 18.1. Centrifugal governor.

18.4. Terms Used in Governors

Thefollowing termsused in governors are
important from the subject point of view ;

1. Height of a governor. It is the vertica
distance from the centre of the ball to apoint where
the axes of the arms (or arms produced) intersect
onthe spindle axis. It is usually denoted by h.

2. Equilibrium speed. It is the speed at
which thegovernor balls, armsetc., arein complete
equilibrium and the sleeve does not tend to move
upwards or downwards.

3. Mean equilibrium speed. It is the speed
at the mean position of the balls or the sleeve.

4. Maximum and minimum equilibrium
speeds. The speeds at the maximum and minimum
radius of rotation of the balls, without tending to
move either way are known as maximum and mini-
mum equilibrium speeds respectively.

Note : There can be many equilibrium speeds between
the mean and the maximum and the mean and the mini-
mum equilibrium speeds.

5. Seevelift. Itisthevertica distancewhich
the sleeve travels due to change in equilibrium
Speed.

Centrifugal governor
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18.5. Watt Governor

The simplest form of a centrifugal governor is a Watt governor, as shown in Fig. 18.2. It is
basically a conical pendulum with links attached to a sleeve of negligible mass. The arms of the
governor may be connected to the spindlein the following three ways:

1. Thepivot P, may be on the spindle axis as shown in Fig. 18.2 (a).

2. Thepivot P, may be offset from the spindle axis and the armswhen produced intersect at
O, asshownin Fig. 18.2 (b).

3. Thepivot P, may be offset, but the arms crossthe axis at O, as shown in Fig. 18.2 (c).

Fig. 18.2. Watt governor.

Let m = Mass of the ball in kg,
w = Weight of the ball in newtons = m.g,
T = Tensioninthearm in newtons,
w = Angular velocity of the arm and ball about the spindle axisin
rad/s,
r = Radiusof the path of rotation of theball i.e. horizontal distance
from the centre of the ball to the spindle axisin metres,
F. = Centrifugal force acting on the ball in newtons = m. w2r, and
h = Height of the governor in metres.
It is assumed that the weight of the arms, links and the sleeve are negligible as compared to
the weight of the balls. Now, the ball isin equilibrium under the action of
1. thecentrifugal force (F.) actingontheball, 2. thetension (T) inthearm, and 3. the weight
(w) of the ball.
Taking moments about point O, we have
Foxh =wxr = mgr

or m.w?rh =mgr or h=g/w? ()
When gisexpressed inm/s? and winrad/s, then hisin metres. If N isthe speedinr.p.m., then

® =21N/60
O 981 - 8% metres L (rg=981m/) ... (ii)

(2N /60)°> N2
Note : We see from the above expression that the height of a governor h, is inversely proportional to N2,
Therefore at high speeds, the value of hissmall. At such speeds, the change in the value of h corresponding to
asmall change in speed is insufficient to enable a governor of this type to operate the mechanism to give the
necessary change in the fuel supply. This governor may only work satisfactorily at relatively low speedsi.e.

from 60 to 80 r.p.m.
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Example 18.1. Calculate the vertical height of a Watt governor when it rotates at 60 r.p.m.
Also find the change in vertical height when its speed increasesto 61 r.p.m.

Solution. Given: N, =60 r.p.m.; N, =61r.p.m.
Initial height
We know that initial height,

Change in vertical height
We know that final height,
=——=——=024m
" (N2)*  (63)°
O Changein vertical height
= h,—h,=0248-0.24 = 0.008 m = 8 mmAns.

18.6. Porter Governor

The Porter governor isamodification of aWatt’s governor, with central load attached to the
sleeve as shown in Fig. 18.3 (). The load moves up and down the central spindle. This additional
downward force increases the speed of revolution required to enable the balls to rise to any pre-
determined level.

Consider the forces acting on one-half of the governor as shownin Fig. 18.3 (b).

(a) (b)
Fig. 18.3. Porter governor.

Let m = Mass of each ball in kg,
w = Weight of each ball in newtons=m.g,
M = Mass of the centra load in kg,
W = Weight of the central load in newtons=M.g,
r = Radius of rotation in metres,
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h = Height of governor in metres,

N = Speed of theballsinr.p.m .,

w = Angular speed of the ballsin rad/s
=21nN/60 rad/s,

F. = Centrifugal forceacting onthe ball
in newtons=m. w2r,

T, = Forceinthearmin newtons,

T, = Forceinthe link in newtons,

o = Angle of inclination of thearm (or
upper link) to the vertical, and

B = Angleof inclination of thelink

(or lower link) to the vertical.
Though there are several ways of determining the
relation between the height of the governor (h) and the
angular speed of the balls (w), yet the following two
methods are important from the subject point of view :

1. Method of resolution of forces ; and
2. Instantaneous centre method. A big hydel generator. Governors are

1. Method of resolution of forces used to control the supply of working

Considering the equilibrium of the forces acting fluid (water in hydel generators)

at D. we have Note : This picture is given as additional
' information and is not a direct example of
W _M. the current chapter.
T, cosp = =18 : P
2 2
M.g

or T = ()

2cosB

Again, considering the equilibrium of the forces acting on B. The point B isin equilibrium
under the action of the following forces, as shown in Fig. 18.3 (b).
(i) Theweight of ball (w =m.g),
(if) The centrifugal force (F),
(iif) Thetensioninthearm (T,), and
(iv) Thetensioninthelink (T,).
Resolving theforces vertically,

T,cosa=T, cosB+w:M2:g +mg (i)
M.gO
b =2
Resolving the forces horizontally,

T,sina+T,snB=F,

- M.g O M.g O
T, sna+ xsin B =F T, =

! 0S P=Fc % 2 20058%

T, sna+ M2'9><tan[3:FC

. M.

0 T,sna=Fe -t . (i)
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Dividing equation (iii) by equation (ii),

M.g
Tlsina_FC_ 2 x tan 3
T, cosa M.g rm.g
2
M .g 0 M.g
+m.gntana =F- — x tan
or BT mgB a C B
M'g+m.g: Fc _M.gxtanB
2 tan a 2 tan a
t
Substituting tenp _ g,and tan a = L, we have
tan a h
M. h M.
—g+m.g =m.of.r x1_M-9 | ... (0 Fe =m.u?r)
2 r 2
or m.«*.h =m.g +M2.g @A +q)
M
m+ — (1+0q)
O h:%n.g+—'vl'(‘](l+q)D 1. 2 x 9
2 Hm.o? m of
.. (iv)
M
m+ — (1+Q)
0 Mg o1 2 g
or o =mmg +—= 1L+ — =— & x=
g‘ng 2( q)Em.h m h
M
m+— (1+q)
or [QT[NEF: 2 xg
60 1 m h
M M
. 2_m+7(1+q) gDGO[f_m+7(l+q) 895
N =—— <« x=2 = £ @@ xXx—
m hE’QT‘[B m h
(V)

... (Taking g = 9.81 m/s?)

Notes: 1. When thelength of armsare equal to thelength of links and the points P and D lie on the same vertical
line, then

tana =tan 3 oo g=tana/tanf=1
Therefore, the equation (v) becomes

M) _ 895 .
2=(m+—m)xT c (Vi)

2. When the loaded sleeve moves up and down the spindle, the frictional force actson it in adirection
opposite to that of the motion of sleeve.

N

If F = Frictional force acting on the sleeve in newtons, then the equations (v) and (vi) may bewritten as

OM.g*FO
m.g + 92 H(1+ q) 895
N2 = x 222 .. (vid)
m.g h

_mg +(M.giF)x895
- m.g T ...(Wheng=1)...(viii)
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The + sign is used when the sleeve moves upwards or the governor speed increases and negative sign is
used when the sleeve moves downwards or the governor speed decreases.

3. On comparing the equation (vi) with equation (ii) of Watt's governor (Art. 18.5), we find that the
m+ M

mass of the central load (M) increases the height of governor in the ratio

2. Instantaneous centre method

In this method, equilibrium of the forces acting on
thelink BD are considered. The instantaneous centre | lies
at the point of intersection of PB produced and alinethrough
D perpendicular to the spindle axis, as shown in Fig. 18.4.
Taking moments about the point I,

Fc xBM =wx M +VEV x1D

M'g><ID

=m.gxIM +

. E —maxIM ,M.g D
¢ 9% Bm 2 BM

IM , M.g (M +MD[J
BM 2 H BM

= m_gx

M.g OIM , MD[

= mg><— + Fig. 18.4. Instantaneous centre
2 Hom " BmL T ehod
:m.gtanox+'vI g(tanO(+tanB)
g IM 0
— =tana,and — =t
BV an a, an anBH
Dividing throughout by tan a,
F M. tan M. 0 tan B
€ =mg+ Q%H Ph=mg +M:9 1 +q) o= 2BE
tan o tanorD 2 0 tanap
We know that F. = m.w?r,  and taw:%
0 mo’.r N =m.g +%(1+q)
r
M.g M
m.g + 1+ m+—(1+
or h: g 2 ( q) i :$ xg
m o? m of
.. (Same as before)

When tana=tan3 or gq=1,then
m+ M o]

X =
m W

h=
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Example 18.2. A Porter governor has equal arms each 250 mmlong and pivoted on the axis
of rotation. Each ball hasa mass of 5 kg and the mass of the central load on the sleeveis 25 kg. The
radius of rotation of the ball is 150 mm when the governor begins to lift and 200 mm when the
governor is at maximum speed. Find the minimum and maxi mum speeds and range of speed of the
governor.

Solution. Given: BP = BD =250 mm = 0.25m; m=5kg; M = 15Kkg ; r; = 150 mm
=0.15m; r,= 200 mm = 0.2 m

(a) Minimum position. (b) Maximum position.

Fig. 185
The minimum and maximum positions of the governor are shown in Fig. 18.5 (a) and (b)
respectively.
Minimum speed when r, =BG =0.15m
Let N, = Minimum speed.
From Fig. 18.5 (@), we find that height of the governor,

h = PG = /(PB)? — (BG)? =4/(0.25)° — (0.15)> =0.2m

We know that
(Nl) _ m+ M @ _5+15 895 -17 900
m h, 5
O N, =133.8rp.m. Ans.
Maximum speed when r,=BG=02m
Let N, = Maximum speed.

From Fig. 18.5 (b), wefind that height of the governor,
h, = PG = /(PB)? — (BG)? =4/(0.25) — (0.2)> =0.15m

We know that

(Nz) _m+M 895 5+15 895 23867
m h2 5 015

O N, = 154.5rp.m. Ans.
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Range of speed
We know that range of speed
=N,—N,;=154.4-133.8=20.7 r.p.m. Ans.

Example 18.3. The arms of a Porter governor are each 250 mm long and pivoted on the
governor axis. The mass of each ball is 5 kg and the mass of the central sleeveis 30 kg. Theradius
of rotation of the ballsis 150 mm when the sleeve begins to rise and reaches a value of 200 mm for
maxi mum speed. Deter mine the speed range of the governor. If thefriction at the sleeveis equivalent
of 20 N of load at the sleeve, deter mine how the speed range is modified.

Solution. Given: BP =BD =250 mm ; m=5kg; M =30kg; r, = 150 mm ; r, = 200 mm

First of all, let usfind the minimum and maximum speed of the governor. The minimum and
maximum position of the governor is shown in Fig. 18.6 (a) and (b) respectively.

Let N, = Minimum speed whenr, =BG = 150 mm, and
N, =Maximum speed whenr,=BG =200 mm.

(a) Minimum position. (b) Maximum position.
Fig. 18.6
Speed range of the governor

From Fig. 18.6 (@), we find that height of the governor,

h = PG = /(PB)? — (BG)? =/(250)2 — (150)2 =200 mm =0.2 m
We know that
(N1)2 _m+ M xg; :5+30 ><8_95 -31305
h 5 0.2
O N,= 177rp.m.
From Fig. 18.6 (b), wefind that height of the governor,

h, = PG = /(PB)? — (BG)® =4/(250) — (200)° =150 mm =0.15 m

We know that
_m+ M ><895 :5+30 ><895 — 41767

N,)? -
(N) m h, 5 015
O N,=204.4r.p.m.
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We know that speed range of the governor
=N,—N,;=204.4-177=27.4rp.m. Ans.
Speed range when friction at the sleeveis equivalent of 20 &
N of load (i.e. when F =20 N)
We know that when the sleeve moves downwards,
thefriction force (F) acts upwards and the minimum speedis
given by

mg+(M.g-F 895
(N2 = M- (M.g-F) 895
m.g hy
_5x981+(30x981-20) 8% _,o.
5x9.81 0.2
0 N, =172r.p.m.

We al so know that when the sleeve moves upwards,
the frictional force (F) acts downwards and the maximum
speed isgiven by

(N )2 _mg+ (M.g +F) ><8;95 A series of hydel generators.
2 m.g h2 Note : This picture is given as additional
information and is not a direct example of
the current chapter.
_ 5x9.81 + (30 x9.81 + 20) » 895 — 44200
5x9.81 0.15
O N, =210r.p.m.

We know that speed range of the governor

=N,—N,=210-172=38r.p.m. Ans.

Example 18.4. In an engine governor of the Porter type, the upper and lower armsare 200 mm
and 250 mm respectively and pivoted on the axis of rotation. The mass of the central load is 15 kg,
the mass of each ball is 2 kg and friction of the sleeve together with the resistance of the operating
gear is equal to a load of 25 N at the sleeve. If the limiting inclinations of the upper arms to the
vertical are 30° and 40°, find, taking friction into account, range of speed of the governor.

Solution . Given: BP=200mm=0.2m; BD=250mm=025m; M =15kg; m=2kg;
F=25N; a,=30° a,=40°
First of all, let us find the minimum and maximum speed of the governor.
The minimum and maximum position of the governor is shown Fig. 18.7 (a) and (b)
respectively.
Let N, = Minimum speed, and
N, =Maximum speed.
From Fig. 18.7 (a), we find that minimum radius of rotation,
r,=BG=BPsin30°=0.2x05=0.1m
Height of the governor,
h,=PG =BP cos30° = 0.2 x 0.866 = 0.1732 m
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and DG = /(BD)? — (BG)? =4/(0.25)° — (0.1)> =0.23m
0 tan B, = BG/DG = 0.1/0.23 = 0.4348
and tan a, = tan 30° = 0.5774
0 = % = 0— =0.753
tana, 05774

All dimensions in mm.
(a) Minimum position. (b) Maximum position.
Fig. 18.7

We know that when the sleeve moves downwards, the frictional force (F) acts upwards and
the minimum speed is given by
+ M.g-FQO

. 1+
, Mg B( %) gos
(N)* = X—
m.g h
2% 9,81 + Wﬁa L0753
= x = 33596
2x981 0.1732
O N, =183.3r.p.m.

Now from Fig. 18.7 (b),we find that maximum radius of rotation,
r,=BG=BPsin40° = 0.2 x 0.643=0.1268 m
Height of the governor,
h, =PG=BP cos40° = 0.2 x 0.766 = 0.1532 m

and DG = /(BD)? — (BG)? =4/(0.25) — (0.1268)> =0.2154 m
0 tan B, = BG/DG = 01268/ 0.2154 = 0.59

and tan o, = tan 40° = 0.839
. g = B _ 059 o0

Ctana, 0.839
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We know that when the sleeve moves upwards, the frictional force (F) acts downwards and
the maximum speed is given by

Om.g + FQO
m.g + @+q,)
(=2 OT e
m.g h,
2 x 9,81 +§Wﬁ @070y
= x = 49 236
2x981 0.1532

O N,=222 r.p.m.
We know that range of speed

=N,—N,=222-183.3=38.7rp.m. Ans.

Example 18.5. A Porter governor has all four arms 250 mm long. The upper arms are
attached on the axis of rotation and the lower arms are attached to the sleeve at a distance of 30 mm
fromthe axis. The mass of each ball is 5 kg and the sleeve has a mass of 50 kg. The extreme radii of
rotation are 150 mm and 200 mm. Determine the range of speed of the governor.

Solution. Given : BP = BD =250 mm ; DH =30 mm ; m=5kg ; M = 50 kg ;
r,=150 mm;r,=200 mm

First of al, let usfind the minimum and maximum speed of the governor. The minimum and
maximum position of the governor is shown in Fig. 18.8 (a) and (b) respectively.

(@) Minimum position. (b) Maximum position.

Fig. 18.8
Let N, =Minimum speed whenr,=BG =150 mm; and
N,=Maximum speed whenr,=BG =200 mm.
From Fig. 18.8 (@), we find that height of the governor,

h = PG = /(BP)? — (BG)? =/(250)2 — (150)> =200 mm =0.2m
BF =BG —FG = 15030 = 120 mm ... (~ FG=DH)
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and DF = \/(DB)? — (BF)? =4/(250) — (120)? =219 mm
O tan a, =BG/PG = 150/ 200 = 0.75
and tan 3, = BF/DF = 120/219 = 0.548
0 q1=tan[31 :0.548:0.731
tana, 0.75
M 50
m+-— (1+q) 5+—(1+0.73)
We know that (N)2=—2 " x 895 _ 2 85 _ 43206
m h 5 0.2
O N, =208 r.p.m.

From Fig. 18.8(b), we find that height of the governor,

h, = PG =/(BP)? —(BG)? =/(250)® ~(200)? =150mm =0.15m
BF = BG—FG = 20030 = 170 mm

and DF =/(DB)? —(BF)? =/(250)2 ~(170)” =183mm
0 tan a,= BG/PG = 200/150 = 1.333
and tan B,= BF/DF = 170/183 = 0.93
tan 0.93
. o 1B 083
tana, 1.333
We know that

M 50
m+7(1+q2) x8;95 _5 +7(1 +0.7) ) 895

N,)? = =56 683
(o) m h, 5 0.15
O N,=238r.p.m.
We know that range of speed

=N,—N,;=238-208 =30r.p.m. Ans.

Example 18.6. The arms of a Porter governor are 300 mm long. The upper arms are pivoted
on the axis of rotation. The lower arms are attached to a sleeve at a distance of 40 mm fromthe axis
of rotation. The mass of the load on the sleeve is 70 kg and the mass of each ball is 10 kg. Determine
the equilibrium speed when the radius of rotation of the ballsis 200 mm. If the friction is equivalent
to aload of 20 N at the sleeve, what will be the range of speed for this position ?

Solution. Given: BP=BD =300mm; DH=40mm; M =70kg; m=10kg; r=BG=200mm
Equilibrium speed when the radius of rotation r = BG = 200 mm

Let N = Equilibrium speed.

The equilibrium position of the governor isshown in Fig. 18.9. From the figure, wefind that
height of the governor,

h= PG = /(BP)? — (BG)? =+/(300)% — (200)* =224 mm
= 0.224m
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O BF =BG — FG = 200— 40 = 160
... (-+ FG=DH)
and DF =/(DB)? — (BF)? =/(300)? — (160)® =254 mm

O tan a = BG/PG = 200/ 224 = 0.893

and tan 3 = BF/DF = 160/ 254 = 0.63
0 = ﬂ = % =0.705
tana  0.893
We know that
M
B m+7(1+q) 895
N, =—&—— x—
m h
70 All dimensions in mm.
10+ — (1 +0.705) 895 Fig. 18.9
= 2 x = 27 840
10 0.224

O N, =167 r.p.m. Ans.

Range of speed when friction is equivalent to load of 20 N
at the leeve (i.e. when F = 20 N)

Let N,=Minimum equilibrium speed, and
N, =Maximum equilibrium speed.

We know that when the sleeve moves downwards,
thefrictional force (F) acts upwards and the minimum equi-
librium speed is given by

+DM.g—FD

m. 1+
, g H( a) 805
(N)* = X—
m.g h
An 18th century governor.
10x 9.81 + 57870 x 9'21 - 20@ @+o708
= X =27144
10 x 9.81 0.224

0 N, =164.8rp.m.

We also know that when the sleeve moves upwards, the frictional force (F) acts downwards
and the maximum equilibrium speed is given by

m.g + OM.g + FD(1+q)
2 H 2 895
(Np)* = X—
m.g h
10x 9.81 + Wﬁa +0708) o
= x = 28533
10x 9.81 0.224

0 N,=169rp.m.
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We know that range of speed
=N,—N;=169-164.8=4.2rp.m. Ans.
Example 18.7. A loaded Porter governor has four links each 250 mm long, two revolving
masses each of 3 kg and a central dead weight of mass 20 kg. All the links are attached to respective

seeves at radial distances of 40 mm from the axis of rotation. The massesrevolve at a radius of 150
mm at minimum speed and at a radius of 200 mm at maximum speed. Deter mine the range of speed.

Solution. Given:BP =BD =250 mm; m=3kg; M =20kg; PQ=DH=40mm;
r, =150 mm ; r,= 200 mm
First of all, let us find the minimum and maximum speed of the governor.
Theminimum and maximum position of thegovernorisshowninFig. 18.10(&) and (b) respectively.
Let N, = Minimum speed whenr, =BG =150 mm, and
N, =Minimum speed whenr,=BG =200 mm.
From Fig. 18.10 (&), wefind that
BF =BG -FG =150-40= 110 mm
and sna,= BF/BP=110/250=0.44 or a,=26.1°
O Height of the governor,
h,=0G =BG/tana, =150/ tan 26.1° = 306 mm = 0.306 m

All dimensions in mm.

(@) Minimum position. (b) Maximum position.

Fig. 18.10

Since all the links are attached to respective sleeves at equal distances (i.e.40 mm) from the
axis of rotation, therefore
tana, =tan 3, or q=1
_ m+ M x@ :3+20 9 895 — 20494
m hy 3 0.306

N, =150 r.p.m.

We know that (Ny)?



Chapter 18 : Governors ® 669

Now from Fig. 18.10 (b), we find that
BF=BG-FG=200—-40 = 160 mm
and sina, = BF/BP =160/ 250 = 0.64 or B, = 39.8°
O Height of the governor,
h,=0G=BG/tana,=200/tan 39.8° =240 mm=0.24 m
Inthis case dso,
tano,=tanB, or Q=1

m+M 8% 3+20 895
N,)? = x— = x—— =28590
We know that (N2) m h, 3 0.24
O N, =169 r.p.m.
We know that range of speed

=N,—N;=169-150=19rp.m. Ans.

Example 18.8. All the arms of a Porter governor are 178 mm long and are hinged at a
distance of 38 mm from the axis of rotation. The mass of each ball is 1.15 kg and mass of the sleeve
is20 kg. The governor sleeve beginsto rise at 280 r.p.m. when thelinks are at an angle of 30° to the
vertical. Assuming thefriction for ce to be constant, determine the mini-
mum and maxi mum speed of rotation when theinclination of thearms
to the vertical is45°.

Solution. Given: BP=BD =178 mm ; PQ =DH =38 mm;
m=115kg; M =20kg; N=280rp.m.; o =p=30°

First of al, let usfind the friction force (F). The equilibrium
position of the governor when thelinesare at 30° to vertical, isshown
in Fig. 18.11. From the figure, we find that radius of rotation,

r=BG=BF+FG=BP xsina +FG
=178sin30° + 38 =127 mm
and height of the governor,
h=BG/tana
=127/tan 30°=220mm=0.22m

We know that
N2 :m.g+(MgiF) x@
m-g N All dimensions in mm.
...(Otana=tanBorqgq=1) ——
, 115x981+20x98l+F 895 'g- =5
(280)2 = x
1.15x9.81 0.22
2
or s = (B0 X1I5X98LX022 4 45,981 20981

895
=2175-11.3-196.2=10N
We know that radius of rotation when inclination of the armsto the vertical is 45 (i.e. when
o =p =45,
r=BG=BF+FG=BP xsina +FG
=178 sin45° + 38 = 164 mm
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and height of the governor,
h=BG/tana = 164/ tan 45° = 164 mm = 0.164 m
Let N, = Minimum speed of rotation, and
N, = Maximum speed of rotation.

We know that
(N,)? = m.g+(M.g-F) ><8;95
m.g h
_1.15x9.81 + (20 x 9.81 — 10) » 895
1.15x9.81 0.164
O N, =309rp.m. Ans.
:m.g+(M.g+F) ><8;95
m.g h
_115x9.81+ (20 x9.81 +10) » 895

1.15x9.81 0.164
N,=324rp.m. Ans.

=05 382

and (N2)2

=105 040

18.7. Proell Governor
The Proell governor hasthe ballsfixed at B and C to the extension of thelinks DF and EG, as
shown in Fig. 18.12 (a). The arms FP and GQ are pivoted at P and Q respectively.

Consider theequilibrium of the forceson one-half of the governor asshowninFig. 18.12 (b).
The instantaneous centre (1) lies on the intersection of the line PF produced and the line from D
drawn perpendicualr to the spindle axis. The prependicular BM isdrawn on ID.

Z

M

Governor axis

rols ©

(a) (®)
Fig. 18.12. Proell governor.
Taking moments about |, using the same notations as discussed in Art. 18.6 (Porter governor),

M.
Fe x BM = w x IM +V?V><ID =m.g xIM + 29 xID 0

IM +M.g OM + MD[O
BM 2 H BM H SR

- ID=IM+ MD)
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Multiplying and dividing by FM, we have
F mD ><M+M.g gIM MDIIJ
v 9 em T2 Hm TEwH

F

M %"ngXtanow M.g (tana+tanB)§

nN
_mxtmaﬂng+Mg%+%m
BM 0 2 O tanapp

r _ tanP

We know that F.=m.w?r; tana = " and tano

g

FM
O m.o’.r =—— 1+
BM ( q)E

<
"M
M
Hn 2<1+q)Dg

y
and 3—m Dh (i)

E g
Substituting  w=2mN/60, and g=9.81 m/s?, we get

M
2o M e+ a*‘”% 895
—s
BM 0 m 0 h B (”I)
= B
Notes: 1. The equation (i) may be applied to any given configuration of the governor.

2. Comparing equation (iii) with the equation (v) of the Porter governor (Art. 18.6), we see that the
equilibrium speed reduces for the given values of m, M and h. Hence in order to have the same equilibrium
speed for the given values of m, M and h, balls of smaller masses are used in the Proell governor than in the
Porter governor.

3. When a =3, then q = 1. Therefore equation (iii) may be written as
N2 = FM Om+ M [OJ895
BM B H h

Example 18.9. A Proell governor has equal arms of length 300 mm. The upper and lower
ends of the arms are pivoted on the axis of the governor. The extension arms of the lower links are
each 80 mmlong and parallel to the axis when the radii of rotation of the balls are 150 mm and
200 mm. The mass of each ball is 10 kg and the mass of the central load is 100 kg. Determine the
range of speed of the governor.

Solution. Given : PF = DF = 300 mm ; BF = 80 mm ; m = 10 kg ; M = 100 kg ;
r, =150 mm; r,= 200 mm

First of al, let usfind the minimum and maximum speed of the governor. The minimum and
maximum position of the governor isshownin Fig. 18.13.

Let N, =Minimum speed when radius of rotation, r, = FG = 150 mm ; and

N,=Maximum speed when radius of rotation, r,=FG =200 mm.

From Fig. 18.13 (a), we find that height of the governor,

(h being in metres) ...(iv)

h = PG = (PF)? — (FG)? =4/(300)? — (150)° =260 mm =0.26 m



672 e Theory of Machines

and FM=GD =PG =260 mm=0.26 m
O BM=BF+FM=80+260=340mm=0.34m

FM [Om+ M []895
We know that N,)2 = — -
(Ny) BM ]—m B hy
_ 0.26 (10 + 1000 895

“034H 10 Hozs

...(x =Borq=1)

=28956 or N,=170rp.m.

P—— P——
i )
Q
Fe ¥ i hy "DQQ i h,
z | |
80
Y F// 150 | F 200 |
E E
B ! alp !
@
2\ | P |
b 5|
| |D
5 D »
M M
¢m ¢m
2 . . . 2
All dimensions in mm.
(a) Minimum position. (a) Maximum position.

Fig. 18.13
Now from Fig. 18.13 (b), we find that height of the governor,

h, = PG = /(PF)? — (FG)? =4/(300) — (200)* =224 mm =0.224 m

and FM =GD = PG =224 mm =0.224 m
O BM=BF + FM =80+ 224 = 304 mm = 0.304 m
FM OOm+ M 895
We know that (N,)? = — _= (e a= =1
'e know (N,) BN BTth (- a=Borg=1)

_0.224 10 + 1000 895

“0304H 10 Hozza
We know that range of speed

=N,—N;=180-170=10rp.m. Ans.
Note: The example may also be solved as discussed below :
From Fig. 18.13 (8), wefind that

=32385 or N,=180rp.m.

sna = sin3=150/300=0.5 o a=p=30°
and MD = FG=150mm=0.15m
FM = FD cos 3 =300 cos 30° =260 mm = 0.26 m
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IM = FMtana =0.26tan 30° = 0.15m
BM =BF+FM=80+260=340mm=0.34m
ID =IM+MD=0.15+0.15=0.3m

We know that centrifugal force,

Fe =m(w)?r =10 E’%Mﬁz 0.15 =0.0165 (N;)?

Now taking moments about point I,

FoxBM =m.g xIM + Mz'g xID
or 0.0165 (N;)? 0.34 =10 x9.81 x0.15 + %j& x0.3
0.0056 (N,)2 = 14.715 + 147.15 = 161.865
161.865
N.)2 = =2 = 28904 =
O (ND* == 006 o N;=170r.pm.

Similarly N, may be cal culated.

An overview of a combined cycle power plant. Governors are used in power plants to control the
flow of working fluids.

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

Example 18.10. A governor of the Proell type has each arm 250 mm long. The pivots of the
upper and lower arms are 25 mm from the axis. The central load acting on the sleeve has a mass of
25 kg and the each rotating ball has a mass of 3.2 kg. When the governor sleeve isin mid-position,
the extension link of the lower armis vertical and the radius of the path of rotation of the massesis
175 mm. The vertical height of the governor is 200 mm.

If the governor speed is 160 r.p.m. when in mid-position, find : 1. length of the extension
link; and 2. tension in the upper arm.
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Solution. Given : PF=DF =250 mm =0.25m ; PQ =DH =KG =25mm = 0.025 m ;
M=25kg;m=3.2kg;r=FG=175mm=0.175m; h=QG=PK=200mm=0.2m; N =160r.p.m.
1. Length of the extension link
Let BF = Length of the extension link.

The Proell governor in its mid-position is shown
inFig. 18.14.
From the figure, we find that
FM =GH=QG=200mm=0.2m

We know that
N2 = FM Om+ M Dg’
BM O m H h | . 4w
. (a=Borg=1) —»25!4—
(160)2 22 [B.2 + 251895 :@ Mg v '
BM 0 32 Ho02 BM 2
O BM = 7887/(160)2 = 0.308 m

Fig. 18.14. All dimensionsin mm.
From Fig. 18.14,

BF = BM—FM =0.308-0.2=0.108 m = 108 mm Ans.
2. Tension in the upper arm
Let T, = Tension in the upper arm.

PK = (PF)? — (FK)? = |/(PF)? — (FG — KG)?

= J(250)2 — (175 — 25)® = 200 mm
cosa = PK/PF = 200/250 = 0.8
Mg 5% 9.81

and TlcOSG:m+7:3.2X9.81+T =154 N
O T, = L. =1925N Ans
cosa 0.8

Example 18.11. The following particulars refer to a
Proell governor with open arms :

Length of all arms= 200 mm ; distance of pivot of arms
fromthe axis of rotation = 40 mm ; length of extension of lower
armsto which each ball isattached = 100 mm ; mass of each ball
= 6 kg and mass of the central load = 150 kg. If the radius of
rotation of the ballsis 180 mm when the arms areinclined at an
angle of 40° to the axis of rotation, find the equilibrium speed for
the above configuration.

Solution. Given : PF = DF = 200 mm ; PQ = DK =
HG = 40 mm ; BF = 100 mm ; m = 6 kg; M = 150 kg ;
r=Jc=180mm=0.18m;a = =40°

Let N = Equilibrium speed. Fig. 18.15. All dimensionsin mm.
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From the equilibrium position of the governor, as shown in Fig. 18.15, we find that
PH = PF x cos 40°

=200 x 0.766 = 153.2 mm

=0.1532m
and FH = PF x sin40°= 200 x 0.643 = 128.6 mm
0 JF = JG—HG—FH = 180—40—128.6 = 11.4 mm
and BJ = \/(BF)? — (JF)? =/(100) — (11.4)> =99.4 mm
We know that BM = BJ + JM = 99.4 + 153.2 = 252.6 mm ... (-+IM =HD = PH)

IM=IN-NM=FH-JF =128.6-11.4=117.2 mm
..(~» IN=ND =FH)
and ID=IN+ND=2xIN=2xFH=2x128.6=257.2mm
Now taking moments about the instantaneous centre |,
Fe x BM =m.g x M +M2'g x 1D

Fo x 252.6 = 6 x 9.81 x117.2 +%29'81 x257.2 =196 125

. . _196125
€ 2526

We know that centrifugal force (F.),

=776.4 N

[QT[NEF 2
776.4=m.of r =6 0.18 =0.012 N
He0
O N2 = 7764 _ 64700 or N =254rp.m.Ans
0.012

Example 18.12. A Proell governor hasall four arms of length 305 mm. The upper armsare
pivoted on the axis of rotation and the lower arms are attached to a sleeve at a distance of 38 mm
from the axis. The mass of each ball is 4.8 kg and are attached to the extension of the lower arms
which are 102 mm long. The mass on the sleeve is 45 kg. The minimum and maximum radii of
governor are 165 mmand 216 mm. Assuming that the extensions of thelower armsare parallel to the
governor axis at the minimum radius, find the corresponding equilibrium speeds.

Solution. Given : PF =DF =305mm ; DH =38 mm; BF =102 mm; m=4.8kg; M =54 kg
Equilibrium speed at the minimum radius of governor

Theradius of the governor is the distance of the point of intersection of the upper and lower
armsfrom the governor axis. When the extensions of thelower armsare parallel to the governor axis,
then the radius of the governor (FG) is equal to the radius of rotation (r,).
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The governor configuration at the minimum radius

(i.e. when FG = 165 mm) is shown in Fig. 18.16.

and

Also

and

and

Note: The valve of N, may also be obtained by drawing the governor configuration to some sitable scale and
mesasuring the distances BM, IM and I1D. Now taking moments about point I,

where

Let N, = Equilibrium speed at the
minimum radiusi.e. when
FG = r,=165mm.

From Fig. 18.16, we find that

sna:F—G—@:O.Ml
FP 305
a a =32.75°
tan a =tan 32.75° = 0.6432
. FK FG - KG
snB=— =
DF DF
- 165-38 _ (164
305
a B=24.6°
tan 3 = tan 24.6° = 0.4578
We know that
_ tanp _ 0.4578 _0712
tana  0.6432

From Fig. 18.16, we find that height of the governor,

h= PG = (PF)? — (FG)? =,/(305)2 — (165)> =256.5 mm =0.2565 m

MD =FK=FG-KG=165-38=127 mm

O FM = /(DF)? — (MD)? =/(305)% — (127)> =277 mm =0.277 m
BM = BF + FM = 102 + 277 = 379 mm = 0.379 m
We know that
M 0
(N2 = M EF”E (L +a)5 gos
= — B— —_—
Y TBME  m oh
g g
0, . 54 0
_oar %4.8 sy 0.712)S 805
0379 4.8 0 0.2565
g g
0 N; = 165r.p.m. Ans.

Fo x BM =m.g xIM +% xID,

. 2N, [
F~ = Centrifugal force = m(wy)?r; =m 1=y
c g (w)n e 0"

Equilibrium speed at the maximum radius of governor

Let N, = Equilibrium speed at the maximum radius of governor, i.e. when F,G,

=r,= 216 mm.
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First of al, let usfind the values of BD and yin Fig. 18.16. We know that

BD = /(BM)? + (MD)? =/(397)> +(127)> =400 mm
and tany=MD/BM=127/379=0.335 or y=185°

The governor configuration at the maximum ra-
dius of F,G, = 216 mm is shown in Fig. 18.17. From the

geometry of thefigure,
snalzl—q:g—omsz
BRF 305
O a ,=451°
snp F Ky _F1G1_K1G1
F, D, F.D,
- 216-38 _ 536
305
O B ,=357°
Since the extension is rigidly connected to the

lower arm (i.e. DFB or D,F B, is one continuous link)
therefore B,D, and angle B, D, F, do not change. In other
words,

B,D,=BD =400 mm
and y=-B=y,—B,ory,=y-B+B,; Fig. 18.17
=18.5°-24.6° +35.7°=29.6°
O Radius of rotation,
r,= M;D,+D,H, =B,D, xsiny, + 38 mm
=400sin29.6° + 38 = 235.6 mm = 0.2356 m
From Fig. 18.17, we find that
B,M, =B,D, x cosy, =400 x c0s 29.6° = 348 mm = 0.348 m
F,N, = F,D, x cos 3, = 305 x cos 35.7° = 248 mm = 0.248 m
I;N; = F N, xtana, = 0.248 x tan 45.1° = 0.249 m
N,D, = F,D, xsinf3, =305 xsin35.7=178 mm=0.178 m
O [,D, = 1;N; +N,D, =0.249 + 0.178 = 0.427 m
M,D, = B,D, siny, =400sin 29.6° = 198 mm = 0.198 m
O M, =1,D,-M;D, =0.427-0.198=0.229 m
We know that centrifugal force,

DZ“NﬁZ 0.2356 =0.0124 (N.)>?

Fec = m(w,)?r, =4.8 D60

Now taking moments about point |

M
Fo xBM, =m.g x ;M, + 9 x1,p,

0.0124 (N,)? x 0.348 = 4.8 x 9.81 x 0.229 +54me x0.427

0.0043 (N,)2 = 10.873 + 113.1 = 123.883



678 e Theory of Machines

123.883
N,)* =
. (N2) 0.0043

Note: The value of N, may also be obtained by drawing the governor configuration to some sitable scale and
measuring the distancesB;M,, I,M, and |, D,.

=28810 or N,=170rp.m. Ans.

18.8. Hartnell Governor

A Hartnell governor is a spring loaded governor as shown in Fig. 18.18. It consists of two
bell crank levers pivoted at the points O,0 to theframe. Theframeisattached to the governor spindle
and thereforerotateswith it. Each lever carriesaball at the end of the vertical arm OB and aroller at
the end of the horizontal arm OR. A helical spring in compression provides equal downward forces
on thetwo rollersthrough acollar on the sleeve. The spring force may be adjusted by screwing anut
up or down on the sleeve.

Let m = Massof each ball inkg, Nt
M = Massof sleevein kg, Spring i Frame
r, = Minimum radius of rotation in  Bell crank
metres, Lever &Ball
r, =Maximum radius of rotation in 5l E
metres, } BN 0/
w, = Angular speed of the governor at X
minimum radiusin rad’s, v x!: DTN )
w, = Angular speed of the governor at 0 ey RARIN R . ©
maximum radiusin rad/s, | i Collar
S, = Spring force exerted on the sleeve Roller é i §\S|eeve
at w,in newtons, | .
L Spindle

S, = Spring force exerted on the sleeve
at w, in newtons, Fig. 18.18. Hartnell governor.

Fo; = Centrifugal forceat w, in newtons=m (w,)?r,,

Fc, = Centrifugal forceat w,in newtons=m (w,)?r,,
s = Stiffness of the spring or the force required to compress the spring by one mm,
x = Length of the vertical or ball arm of the lever in metres,
y = Length of the horizontal or sleeve arm of the lever in metres, and

r = Distance of fulcrum O from the governor axis or the radius of rotation when the
governor isin mid-position, in metres.

Consider the forces acting at one bell crank lever. The minimum and maximum position is
shownin Fig. 18.19. L et h be the compression of the spring when the radius of rotation changesfrom
r,tor,.

For the minimum position i.e. when the radius of rotation changesfromr tor,, asshownin
Fig. 18.19 (a), the compression of the spring or thelift of sleeve h, is given by

BV co3)
y X X
Similarly, for the maximum position i.e. when the radius of rotation changesfromr tor,, as
shown in Fig. 18.19 (b), the compression of the spring or lift of sleeve h,isgiven by
a I,—r
D 2 -t (i)
y X X
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Adding equations (i) and (ii),

hth _B-n h_h=-n (- h=h +h)
y X y X
0 h=(r2—r1)z ... (iii)
X
o
s
2
]
3
0]
(a) Minimum position. (b) Maximum position.
Fig. 18.19
Now for minimum position, taking moments about point O, we get
M.g+
gZ 2 x Yo = Fer X% —m.g xa
2 :
or M.g+S§ =— (Fep x¥% —m.g Xa) . (iv)
Y1
Again for maximum position, taking moments about point O, we get
.g+
wx Yo =Fcp XX +m.g xa,
2
or M-Q+Sz:y_(|:czxx2 +m.g xa,) oo (V)
2

Subtracting equation (iv) from equation (v),

2 2
S, =S =— (Fey X% +m.g xa) —— (Fg XX —mM.g X&)

Yo Y1
We know that
S,-S,=hs, and  h=(p-n) 2
= -SO
0 S = SZ S = %SZ SDE

h drz—-n oy
Neglecting the obliquity effect of thearms (i.e. x, = x,=x, and y, =y, = y) and the moment
due to weight of the balls (i.e. m.g), we have for minimum position,

M.g+§

5 xy:Fc1xx or M_g+§:2FClx§ ...(Vi)
y
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Similarly for maximum position,

M.g +
gTsszﬂ:chX or M.g+SZ:2Fc2><§ o (vii)
Subtracting equation (vi) from equation (vii),
X
S-S =2(Fey — Fa) ; ..(Viii)
We know that
S,-S,=hs, and h:(r2—r1)¥
- OFc, — Fo, DOXCT
0 S=Sth=ZDC2_C1DD—D .. (i%)
O h—-h pooyo

Notes: 1. Unless otherwise stated, the obliquity effect of the arms and the moment due to the weight of the balls
is neglected, in actual practice.

2. When friction is taken into account, the weight of the sleeve (M.g) may bereplaced by (M.g. = F).

3. The centrifugal force (F.) for any intermediate position (i.e. between the minimum and maximum
position) at aradius of rotation (r) may be obtained as discussed below :

Since the stiffness for agiven spring is constant for all positions, therefore for minimum and interme-
diate position,

OF — Foy OOXCF
G—20

s=2 L (x
Or—-n ooyo 09
and for intermediate and maximum position,
OF, — F OO
=23-2—C05Q 0)

O r-r goyo
g From eguations (ix), (x) and (xi),
Fco —Fa — Fc —Fq - Feo — Fc
rn,—n r-n r,—r

Or —r, O Or, —rd
or Fe =Fo +(Fea — Fe) O—=0= Feo = (Fez2 = FC1)D2—E]
0. —n0 gr —r

Example 18.13. A Hartnell governor having a central sleeve spring and two right-angled
bell crank leversmoves between 290 r.p.m. and 310 r.p.m. for a sleevelift of 15 mm. The sleeve arms
and the ball arms are 80 mm and 120 mm respectively. The levers are pivoted at 120 mm from the
governor axis and mass of each ball is 2.5 kg. The ball arms are parallel to the governor axis at the
lowest equilibrium speed. Determine : 1. loads on the spring at the lowest and the highest equilib-
rium speeds, and 2. stiffness of the spring.

Solution. Given : N, =290 r.p.m. or w, = 2 11 x 290/60 = 30.4 rad/s; N,= 310 r.p.m. or
w,=21mx310/60 = 32.5 rad/s; h=15mm=0.015m; y =80 mm =0.08 m ; x = 120 mm =
0.12m;r=120mm=0.12m; m=25kg

1. Loads on the spring at the lowest and highest equilibrium speeds
Let S = Spring load at lowest equilibrium speed, and
S, = Spring load at highest equilibrium speed.

Since the ball arms are parallel to governor axis at the lowest equilibrium speed (i.e. at
N, =290r.p.m.), asshownin Fig. 18.20 (a), therefore

r:r1:120mm:0.12m
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We know that centrifugal force at the minimum speed,

Fe,=m(w)?r, = 25(30.4)2 0.12=277N
Now let usfind the radius of rotation at the highest equilibrium speed, i.e. at N, = 310r.p.m.
The position of ball arm and deave arm &t the highest equilibrium speedisshownin Fig. 18.20 (b).

Let r,= Radius of rotation at N, = 310 r.p.m.
We know that h=(r, -r) Y
X
UxO [0.12[
r,=r +h =0.12 +0.015 =0.1425m
or 2—h Ei;% b_-OBH

O Centrifugal force at the maximum speed,
Fo, = M (w,)?r,=2.5x% (32.5)?x 0.1425 =376 N

1
B.
i F c2 I:_f:_.: ¥ !
! Iy —>| g
! — f — ! D
x=120mm |«—— r=r, —>|2 X Mg+ S, |g
Mg+S 1% x 2 i g
2 | g a l 10
l 1 B \ &) |
.l 'R |(D Y h=15 mm
1 o |
|« y=80mm —»| | Ole—y—» T !
[— 120mm ——» —— 120mm ——]
(a) Lowest position. (b) Highest position.
Fig. 18.20

Neglecting the obliquity effect of arms and the moment due to the weight of the balls, we
have for lowest position,

0.12

M.g+S =2Fy x§ =2 x277 x0.08 =831 N
0 S, =831NAns (- M=0)
and for highest position,
M.g+S, = 2Fs, x X =2 x376 212 1108 N
y 0.08
0 S, =1128N Ans (- M=0)

2. Stiffness of the spring
We know that stiffness of the spring,

<= S,-S _1128-831
h 15
Example 18.14. In a spring loaded Hartnell type governor, the extreme radii of rotation of
the balls are 80 mm and 120 mm. The ball arm and the sleeve arm of the bell crank lever are equal
in length. The mass of each ball is 2 kg. If the speeds at the two extreme positions are 400 and
420 r.p.m., find : 1. the initial compression of the central spring, and 2. the spring constant.

=19.8 N/mm Ans.
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Solution. Given:r; =80 mm=0.08 m; r,=120mm=0.12m;x=y; m=2kg; N, =400
r.p.m. or w=2T1x 400/60 = 41.9 rad/s ; N, = 420 r.p.m. or w, = 2 11 x 420/60 = 44 rad/s
Initial compression of the central spring
We know that the centrifugal force at the minimum speed,
Fop = m(w)?r,=2(41.9) 0.08=281N
and centrifugal force at the maximum speed,
Fo, = M(w,)?r,=2(44)> 0.12=465N
Let S, = Spring force at the minimum speed, and
S, = Spring force at the maximum speed.
We know that for minimum position,

M-g+31:2|:c1x§
y
0 S, = 2F,=2x281=562N (- M=0andx=y)

Similarly for maximum position,
M.g+S, =2F, x X
y

O S =2F,=2%x465=930N
We know that lift of the sleeve,

h=(p-n)L=r,-1 =120-80 =40mm . (..x =y)
X

O Stiffness of the spring,
<= S, -§ _ 930 -562
h 40
We know that initial compression of the central spring

:i :5—62 =61 mm Ans.

s 92

=9.2 N/mm

2. Spring congtant
We have cal culated above that the spring constant or stiffness of the spring,
s = 9.2 N/mmAns.

Example 18.15. A spring loaded governor of the Hartnell type has arms of equal length. The
massesrotatein a circle of 130 mmdiameter when the sleeveisin the mid position and the ball arms
arevertical. The equilibrium speed for this position is450 r.p.m., neglecting friction. The maximum
sleeve movement isto be 25 mmand the maximumvariation of speed taking in account thefriction to
be 5 per cent of the mid position speed. The mass of the sleeve is 4 kg and the friction may be
considered equivalent to 30 N at the sleeve. The power of the governor must be sufficient to over-
come thefriction by one per cent change of speed either way at mid-position. Determine, neglecting
obliquity effect of arms; 1. The value of each rotating mass : 2. The spring stiffness in N/mm ; and
3. Theinitial compression of spring.

Solution.Given : x =y ; d =130 mm or r = 65 mm = 0.065 m ; N = 450 r.p.m. or
w=2T1x450/60 =47.23rad/s; h=25mm=0.025m; M =4kg; F=30N

1. Value of each rotating mass
Let m = Value of each rotating massin kg, and
S = Spring force on the sleeve at mid position in newtons.
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Since the change of speed at mid position to overcome friction is 1 per cent either way
(i.e. £ 1%), therefore
Minimum speed at mid position,
W= w-0.01lw=0.99w = 0.99 x 47.13 = 46.66 rad/s
and maximum speed at mid-position,
w, = w+0.0lw=1.01w= 101 x 47.13 = 47.6 rad/s
O Centrifugal force at the minimum speed,
Foi= m(w;)?r=m (46.66)> 0.065=141.5m N
and centrifugal force at the maximum speed,
Fc, = M (w,)?r =m (47.6)> 0.0065 = 147.3 m N

We know that for minimum speed at mid- e —

position, e

S+(M.g+F)=2Fg x>
y

or S+(4x9.81-30) =2x1415mx1
(e x=y)
O S+924=283m ...(i)

and for maximum speed at mid-position,
S+(M.g+F)=2Fg x2
y

S+(4x981+30)=2x147.3mx1

L (ex=y)
O S+69.24 =294.6m + i = :
... (i) A steam turbine used in thermal power
From equations (i) and (ii), stations.
Note : This picture is given as additional
m = 5.2 kg Ans. information and is not a direct example of the

2. Spring stiffnessin N/mm current chapter.

Let s = Spring stiffnessin N/mm.

Since the maximum variation of speed, considering friction is + 5% of the mid-position
speed, therefore,

Minimum speed considering friction,
W, = w—0.05w = 0.95w = 0.95 x 47.13 = 44.8 rad/s
and maximum speed considering friction,
W, = w+0.05w=1.05w=1.05x 47.13 = 49.5 rad/s
We know that minimum radius of rotation considering friction,

R=r—h x> :0.065—&225 =0.0525 m
y

Q.. _ _ho
H x—y,andhl—za
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and maximum radius of rotation considering friction,

0.025 =0.0775m

r,=r+h x X =0.065 +
y

ﬁ x=y,and h, zgﬁ

O Centrifugal force at the minimum speed considering friction,

Fo,' = m(w')?r,=5.2(44.8)? 0.0525 =548 N

and centrifugal force at the maximum speed considering friction,

Fo,' = m(w,)?r,=52(49.5?% 0.0775=987 N

Let S, = Spring force at minimum speed considering friction, and
S, = Spring force at maximum speed considering friction.

We know that for minimum speed considering friction,

S +(M.g—F)=2F x X
y

S +(4%x9.81-30) =2x548x 1 (e x=y)
O S, +9.24 = 1096 or S, =1096 -9.24 = 1086.76 N
and for maximum speed considering friction,
S, +(M.g +F) =2F, x X
y
S,+(4x9.81+30) =2x987x1 (o x=Y)

O S,+69.24 = 1974 or S,=1974-69.24=1904.76 N
We know that stiffness of the spring,
<= S, -§ _1904.76 —1086.76
h 25

=32.72 N/mm Ans.

3. Initial compression of the spring
We know that initial compression of the spring

=S 108676 _ o im Ans.

Example 18.16. In a spring loaded governor of the Hartnell type, the mass of each ball is
1kg, length of vertical armof the bell crank lever is 100 mm and that of the horizontal armis50 mm.
The distance of fulcrum of each bell crank lever is 80 mm from the axis of rotation of the governor.
Theextremeradii of rotation of the ballsare 75 mmand 112.5 mm. The maximum equilibrium speed
is5 per cent greater than the minimum equilibrium speed which is 360 r.p.m. Find, neglecting oblig-
uity of arms, initial compression of the spring and equilibrium speed corresponding to the radius of
rotation of 100 mm.

Solution. Given: m=1kg; x=100mm=0.1m;y =50 mm=0.05m;r =80 mm
=008 m;r,=75mm=0.075m;r,=1125 mm = 0.1125 m ; N, = 360 r.p.m. or
w, = 2mx360/60 = 37.7 rad/s

Since the maximum equilibrium speed is 5% greater than the minimum equilibrium speed
(w,), therefore maximum equilibrium speed,

w, = 1.05x 37.7=39.6 rad/s
We know that centrifugal force at the minimum equilibrium speed,
Fop = m(w)?r,=1(37.7)20.075=106.6 N
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and centrifugal force at the maximum equilibrium speed,
Fo, =M (w,)%r,=1(39.6)20.1125=176.4 N
Initial compression of the spring
Let S, = Spring force corresponding to w,, and
S, = Spring force corresponding to w,.
Since the obliquity of armsis neglected, therefore for minimum equilibrium position,

M.g+S = 2Fy x5 =2 x106.6 x-2% =426.4 N
y 0.05
O S, =4264N (oM =0)
and for maximum equilibrium position,
M.g+S, =2F, x§ =2 x176.4 xoobls =705.6 N
0 S, =7056N (oM =0)
We know that lift of the sleeve,
0.05

h=(r, —rl)— =(01125-0.075) -~ =0018 75 m

S, —S _ 705.6—4264
and stiffness of the spring S = o

=14 890 N/m =14.89 N/mm

0.018 75
O Initial compression of the spring
= i :—4264 =28.6 mm Ans.
s 14.89
Equilibrium speed corresponding to radius of rotation r =100 mm = 0.1 m
Let N = Equilibrium speed inr.p.m.
Since the obliquity of the armsis neglected, therefore the centrifugal force at any instant,
rnO
Fc = Fao + (Fez — Fey) ]—D
02 —h0o

0 0
- 106.6 + (176.4 — 106.6) A2 =90 _— 153

[0.1125 - 0. 0755
We know that centrifugal force (F;),

2nNC? )
153=m.of.r =1 Moo 0.1 =0.0011 N
m r 60 B

0 N2 =153/0.0011=139090 or N=373rp.m. Ans.

Example 18.17. In a spring loaded governor of the Hartnell type, the mass of each ball is
5 kg and thelift of the sleeve is 50 mm. The speed at which the gover nor beginsto float is240r.p.m.,
and at this speed theradius of the ball path is 110 mm. The mean wor king speed of the governor is20
times the range of speed when friction is neglected. If the lengths of ball and roller arm of the bell
crank lever are 120 mm and 100 mm respectively and if the distance between the centre of pivot of
bell crank lever and axis of governor spindle is 140 mm, determine the initial compression of the
spring taking into account the obliquity of arms.

If friction is equivalent to a force of 30 N at the sleeve, find the total alteration in speed before
the sleeve beginsto move from mid-position.
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Solution. Given: m=5kg; h=50mm=0.05m; N, =240r.p.m. or w, = 2 1t x 240/60 =
2514 rad/s ; r; = 110 mm = 0.11 m ; x = 120 mm = 0.12 m ; y = 100 mm = 0.1 m ;
r=140mm=0.14m;F=30N
Initial compression of the spring taking into account the obliquity of arms

First of al, let usfind out the maximum speed of rotation (w,) in rad/s.

We know that mean working speed,

= ; w
and range of speed, neglecting friction
=W,— W,
Since the mean working speed is 20 times the range of speed, therefore
w =20 (w,—w,)

w tw

or 5 20 (0, — W)
25.14 + W, = 40 (oo2 —25.14) =40 W, — 1005.6
O 40 W, —w, = 25.14 + 1005.6 = 1030.74 or W, = 26.43 rad/s

The minimum and maximum position of the governor ballsisshownin Fig. 18.21 (a) and (b)
respectively.

Let r, = Maximum radius of rotation.
We know that lift of the Sleeve,
y
h=(, -r) =
(r, — 1) «
or r,=r +hx2 =011 +0.05 ><0‘112 =017 m

y
We know that centrifugal force at the minimum speed,
Fop = m(w)?r, =5(25.14)20.11 = 347.6 N
and centrifugal force at the maximum speed,
Fe, = M(w,)?r, =5(26.43)20.17 = 593.8 N

v

Governor axis

- ¥ _

G ——
|[¢——— 140 mm ——»!

Y
Governor axis

le——y—>» R

|<—14o mm 44

(b) Minimum position (b) Maximum position
Fig. 18.21

Since the obliquity of armsisto betaken into account, therefore from the minimum position
asshown in Fig. 18.21 (a),

a, =r—r,=0.14-011=003m
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% =X — (&)’ =4(0.12)? - (0.03)? =0.1162 m

and ¥ =¥ — ()2 = (0.7 — (0.025)? =0.0986 m
...(~> h;=h/2=0.025m)
Similarly, for the maximum position, as shownin Fig. 18.21 (b),
a, =r,-r=017-0.14=0.03m

0 X, =X, =0.1162m (e a=a)
and Y, =y, =0.0986 m ...( hy=h)
Now taking moments about point O for the minimum position as shown in Fig. 18.21 (a),
M.g +
gTslx)ﬁ =Fg x¥ —m.g xg
% x 0.0968 = 347.6 x0.1162 — 5 x9.81 x0.03 =38.9 N ...(- M=0)
O S, =2x38.9/0.0968 = 804 N
Similarly, taking moments about point O for the maximum position asshownin Fig. 18.21 (b),
w XY, =Fgp XX +M.g Xa,

% % 0.0968 = 593.8 x0.1162 +5 x9.81 x0.03 =70.47 N .. . (--M=0)

O S, =2x70.47/0.0968 = 1456 N
We know that stiffness of the spring

S_SZ—S _ 1456 - 804

=13.04 N/mm
h 50
O Initial compression of the spring
= i = 804 =61.66 mm Ans.
s 13.04

Total alternation in speed when friction is taken into account
We know that spring force for the mid-position,
S=S5 +h;5=84+25x13.04=1130 N ...(-- h;=h/2=25mm)

and mean angular speed, 0= ; w _2514 2+26.43

or N = wx60/2rm=25.785x 60/ 21t = 246.2 r.p.m.
0 Speed when the sleeve begins to move downwards from the mid-position,

=25.785 rad/s

N =N |2=F a0 [H30=30 _ o5 r.p.m.
S 1130

and speed when the sleeve begins to move upwards from the mid-position,

&

N" = N /S tF o ap2 130130 _ougrpm.
s 1130

O Alteration in speed =N'"-N'=249-243=6r.p.m. Ans.
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Example 18.18. Fig. 18.22 shows diagram-
matically a centrifugal governor. The masses‘'m’ are
directly connected to one another by two parallel and
identical close coiled springs, one on either side. In
the position shown, with the mass arms parallel to
the axis of rotation, the equilibrium speed is 900
r.p.m. Given ball circle radius = 70 mm ; length of
ball arm = 85 mm and length of sleeve arm = 50

mm. -
=
1. When the speed isincreased by 1% without 1 S0mm L;J 50mm
any change of radius for the given position, an axial v Ty
force of 30 N is required at the sleeve to maintain w2 W2

equilibrium. Determine the mass of each ball. Fig. 18.22.

2. Find thestiffnessand initial extension of each
spring, if the rate of deeve movement, when in mid position is 20 mmfor 480 r.p.m. change of speed.

Solution. Given : N = 900 r.p.m. or w = 2 1t x 900/60 = 94.26 rad/s; r = 70 mm
=0.07m;x=85mm=0.085m;y=50mm=0.05m; W=30N
1. Mass of each ball
Let m = Mass of each ball in kg.
We know that centrifugal force at the equilibrium speed,
Fo = mw?.r =m (94.26)? 0.07 = 622 mN
Since the speed isincreased by 1% without any change of radius, therefore increased speed,
W, =w+0.01w=101w=101x94.26 =952 rad/s
and centrifugal force at the increased speed,
Fey = m (w)?r=m(95.2)20.07 = 634.4 mN
Now taking moments about point O as shown in Fig. 18.23, we get

(Fe, — Fo) 0.085 = va x 0.05

Fer=Fe 20 i
mm
+—>
(634.4 m — 622 m) 0.085 = 30, 0.05=0.75 T mg |
2 85 mm |
1.054m = 0.75 s0mm| |
or m = 0.75/1.054 = 0.7 kg Ans. o W i
2. Stiffness and initial extension of each spring 2V
Let s = Stiffness of each spring. Fig. 18.23

We know that centrifugal force at the equilibrium speed, i.e. at 900 r.p.m.
Fo =622m=622x0.7=4354N

Since the change of speed is 480 r.p.m., therefore increased speed,
N, = 900 + 480 = 1380 r.p.m.

O Angular increased speed,
w, = 2711x 1380/60 = 144.5 rad/s
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Also, it isgiven that for 480 r.p.m. change of speed, therate of Sleeve movementis20 mm, i.e.
h=20mm=0.02m

Let r = Radius of rotation at 900 r.p.m. = 0.07 m ... (Given)
r,= Radius of rotation at 1380 r.p.m.

We know that for the radius of rotation to changefromr tor,, theincreasein length of radius of
rotationis

f—r=hx2=002x2% _003am
y 0.05
0 r,=r+0.034 =007 +0.034 = 0104 m

and centrifugal force at the increased speed (w,),
Feo= m (w,)?r, = 0.7 (144.5)? 0.104 = 1520 N
O Stiffness of each spring,
o= Increasein forcefor oneball _ Fe, —Fc _ 1520 — 4354
Incressein length for each spring 2 (r, —r) 2(0.104 — 0.07)
=15 950 N/m = 15.95 N/mm Ans.
and initial extension of each spring

—i :@ =27.3 mm Ans.
s 1595
Example 18.19. In a spring controlled governor Cap
of the type, asshownin Fig. 18.24, themass of each ball is O A/ A O _ Bellcrank
1.5 kg and the mass of the sleeveis 8 kg. The two arms of ¥ lever

thebell crank lever areat right angles and their lengths !
are OB = 100 mm and OA = 40 mm. The distance of |
the fulcrum O of each bell crank lever fromthe axis of !
rotation is 50 mm and minimum radius of rotation of the !
governor balls is also 50 mm. The corresponding |
|
|
|

Sleeve

equilibrium speed is 240 r.p.m. and the sleeve isrequired ~ SPring
to lift 20 mm for an increase in speed of 5 per cent. Find
the stiffness and initial compression of the spring.

Solution.Given: m=15kg; M =8kg; OB=x  Governor
=100mm=0.1m; OA=y=40mm=0.04 m;r =50 mm shaft
= 0.05m; r; =50 mm = 0.05 m; N, = 240 r.p.m. or
W, =2T1x 240/60 = 25.14 rad/s; h=10 mm = 0.01 m;

Increase in speed = 5%
Stiffness of the spring

The spring controlled governor of the type, as shown in Fig. 18.24, has the pivots for the bell
crank lever on the moving sleeve. The spring is compressed between the sleeve and the cap which is

fixed to theend of the governor shaft. The simplest way of analysing thistype of governor isby taking
moments about the instantaneous centre of all the forces which act on one of the bell crank levers.

/- Governor
axis

Fig. 18.24

The minimum position of the governor isshown in Fig. 18.25 (a).
We know that the centrifugal force acting on the ball at the minimum equilibrium speed,
Fep = m(w)?r, = 1.5(25.14)2 0.05 = 47.4 N
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Let S, = Spring force at the minimum equilibrium speed.

Theinstantaneous centre | for the bell crank lever coincideswith theroller centre A. Taking
moments about A,

0 M.g+ §0O
F.. X x= .g+———=r0A
cl H’n g 5 B
8x9.81+
474%01= %.5 x9.81 +%ﬁ 004 =06 +1.57 +0.02 §
474=217+002S, or S = 474-217 _ 1585 N
0.02 .
o |
|¢— 50 mm — D I i !jh_
1 1
o A ! | Y A ¥
A | | : 1
| . =
R | I
y =40 mm | ! v Mg+S, |
|2 ! 2 1.9
100 ! s i ) | ¢
x=100 mm = s
e T :
> | >
|3 ' |3
. | |
| | |
| i |
48 |
FCZ : Iy »!
Mg + S, mg
2
(b) Minimum position. (b) Maximum position.
Fig. 18.25

The maximum position of the governor is shown in Fig. 18.25 (b). From the geometry of the
figure,
=n_h or rp,=r+h x X =005 +0.01 x 01
X y 0.04
Sincetheincrease in speed is 5%, therefore the maximum equilibrium speed of rotation,
N,=N,;+0.05N, =1.05N, =1.05x 240 = 252 r.p.m.
or M2 1% 252/60 = 26.4 rad/s
0 Centrifuga force acting on the ball at the maximum equilibrium speed,
Fe,=m (w,)?r, = 1.5(26.4)%0.075 = 78.4 N
Let S, = Spring force at the maximum equilibrium speed.
The instantaneous centrein thiscaseliesat | as shown in Fig. 18.25 (b). From the geometry
of thefigure,

=0.075m

Ol = J(OA)? — (1A% =Jy? —h? =(0.04)7 — (0012 =0.0387 m
BD = /(0B)? — (OD)? =/x? = (1, —1,)?

= J(0.2)? - (0.075 - 0.057 =0.097 m
ID = Ol + 0D = 0.0387 + (0.075 — 0.05) = 0.0637 m
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Now taking moments about I,

Fe, x BD =m.g x 1D +% xOl
78.4 x 0.097 =1.5 x9.81 x0.0637 + B 9'821 *S Ho.0387
7.6 =0.937+152+0.02S,=2457+0.019S,
0 s, = 7.6 — 2457 _ 2707 N
0.019

We know that stiffness of the spring,

S-S _2707-1285

=14.22 N/mm
h 10 Ans.

Initial compression of the spring

We know that initial compression of the spring

-~ - R .
- - : | P :
=-_ - — iw [
- § & — e
. bR TR =
An overview of a thermal power station.
Note : This picture is given as additional information and is not a direct example of the current chapter.

18.9. Hartung Governor

A spring controlled governor of the Hartung type is shown in Fig. 18.26 (a). In this type of
governor, the vertical armsof the bell crank leversarefitted with spring ballswhich compress against
the frame of the governor when the rollers at the horizontal arm press against the sleeve.
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Let S = Spring force,
Fc = Centrifuga force,
M = Masson the sleeve, and

xandy = Lengths of the vertical and horizontal arm of the bell crank
lever respectively.
Spring balls

r—p a4 Governor
axis
[
y—>
v

I
Mg

2

(@) _ (b)
Fig. 18.26. Hartung governor.

Fig. 18.26 (a) and (b) show the governor in mid-position. Neglecting the effect of obliquity
of the arms, taking moments about the fulcrum O,

M.g
2

Fc xXx=8Sxx+ Xy

Example 18.20. In a spring-controlled governor of the Hartung type, the length of the ball
and sleeve arms are 80 mm and 120 mm respectively. The total travel of the sleeveis 25 mm. Inthe
mid position, each spring is compressed by 50 mm and the radius of rotation of the mass centresis
140 mm. Each ball hasa mass of 4 kg and the spring has a stiffness of 10 kN/m of compression. The
equivalent mass of the governor gear at the sleeveis 16 kg. Neglecting the moment dueto therevolving
masses when the arms areinclined, determinetheratio of the range of speed to the mean speed of the
governor. Find, also, the speed in the mid-position.

Solution.Given: x =80 mMm =0.08 mm ; y =120mm=0.12m; h=25mm=0.025m;
r=140mm=0.14m; m=4Kkg; s=10kN/m =10 x 108N/m; M = 16 kg ; Initial compression
=50mm=0.05m

Mean speed of the governor

First of all, let us find the mean speed of the governor i.e. the speed when the governor isin
mid-position as shown in Fig. 18.27 (a).

Fc

S
R S

Governor axis
Governor axis

Governor axis

x
N

o
<
Y]

(a) Mean position (b) Minimum position (¢) Maximum position

Fig. 18.27
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Let w = Mean angular speed in rad/s, and
N = Mean speed inr.p.m.
We know that the centrifugal force acting on the ball spring,
Fe = mwr=4xw x0.14=056wN
and Spring force, S = Stiffness x Initial compression = 10 x 10° x 0.05 =500 N

Now taking moments about point O, neglecting the moment due to the revolving masses, we
have

chx:S><X+M2'g Xy

0.56 w? x 0.08 =500 x0.08 +16x—29'81 x0.12 =40 +9.42 =49.42
0 =942 1103 o w=332radis
0.56 x 0.08
and N = 3323%60 _ 317 r.p.m. Ans.
Ratio of range of speed to mean speed
Let w, = Minimum angular speed in rad/s, at the minimum radius of
rotationr,
w, = Maximum angular speed in rad/s, at the maximum radius of
rotation r,,

N, and N., = Corresponding minimum and maximum speedsin r.p.m.
1 2

The minimum and maximum positionisshown in Fig. 18.27 (b) and (c) respectively. First of
all, let usfind the minimum speed N, .

From the geometry of the Fig. 18.27 (b),

r_rl or rlzr_nx§:0_14—&25xo.—08 =0.132 m

X
y y 2 012
& Y . (o h =h2)

We know that centrifugal force at the minimum position,
Fop = m(w)?r, =4 (w;)?0.132=0.528 (w,)*N
and spring force at the minimum position,
S, = [Initial compression —(r —r,)] x Stiffness
=[0.05—-(0.14-0.132)] 10 x 103=420 N

Now taking moments about the fulcrum O, neglecting the obliquity of arms(i.e. taking x, = x
andy, =y),

F01XXZ31xX+M.g

xy

0.528 (w;)? 0.08 =420 x0.08 +16"Tg-81 x0.12 =33.6 +9.42 =43.02
43.02
0 2% =1019 or w, =32radls
() 0.528 x 0.08 .
and N, = 32x60 _ 305.5r.p.m.
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Now let us find the maximum speed N,. From the geometry of the Fig. 18.27 (c),

X or IL=r+h x % =0.14 +0'025 x0'08 =0.148 m
h, y y 2 0.12
(e hy=h2)

We know that centrifugal force at the maximum position,
Fo, = M(wy)?r, =4 (w,)?0.148 = 0.592 (w,)* N
and spring force at the maximum position,
S, = [Initial compression + (r, —r) x Stiffness
= [0.05 + (0.148 — 0.14)] x 10 x 10° =580 N
Now taking moments about the fulcrum O, neglecting obliquity of arms (i.e. taking x, = xand

Yo=Y,
Feo XX =S, ><X+M2'g Xy
0.592 (w,)? 0.08 =580 x0.08 +16"729'81 x0.12 =46.4 +9.42 =55.82
55.82
0 2= %% -1178 or  w,=34.32radls
(@) 0.592 x 0.08 2
and N, = 343260 _ 327.7 r.p.m.
21T
We know that range of speed

=N,—N, =327.7-3055=222rp.m.
0 Ratio of range of speed to mean speed

N2 =Ny 222 500 o 79 Ans
N 317

18.10. Wilson-Hartnell Governor

A Wilson-Hartnell governor is a governor in which the balls are connected by a spring in
tension as shown in Fig. 18.28. An auxiliary spring is attached to the sleeve mechanism through a
lever by means of which the equilibrium speed for a given radius may be adjusted. The main spring
may be considered of two equal parts each belonging to both the balls. Theline diagram of aWilson-
Hartnell governor isshownin Fig. 18.29.

< ple—r
Main spring I __:lp _’I
rs Balls
Auxiliary
spring
T3] 1
A
Lever

Wilson-Hartnell governor. Line diagram of Wilson-Hartnell governor.

Fig. 18.28 Fig. 18.29
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Let P = Tension in the main spring or ball spring A,
S = Tensionin the auxiliary spring B,
m = Mass of each ball,
M = Massof deeve,
s, = Stiffness of each ball spring,
s, = Stiffnessof auxiliary spring,
F. = Centrifugal force of each ball, and
r = Radius of rotation of bals,
Now total downward force on the sleeve
=M.g+SxDbla
Taking moments about O and neglecting the effect of the pull of gravity on the ball,
_ M.g+S><b/a><y
2
Let suffixes 1 and 2 be used to denote the values at minimum and maximum equilibrium
speeds respectively.
O At minimum equilibrium speed,
M.g+ ? xb/a Xy

(Fc —P) x

(Fop —PR) x=

and at maximum equilibrium speed,

M.g+S, xb/a Xy
2

Subtracting equation (i) from equation (ii), we have

(Fep —P) x = ()

[(Fcz_F01)—(P2_P1)]XZ(52—51)SX% ... (i)

When the radius increases fromr, tor,, the ball springs extend by the amount 2 (r, —r,) and

b
the auxiliary spring extend by the amount (f2 — 1) % X 3

a P,—P =2 x2(r,—r)=4s,(r,-r,)

_s = _Yxb
and S-S =8 (-0 x
Substituting the values of (P,—P,) and (S,—S,) in equation (iii),
b b,y

_ _ _ - Y
[(Fep —=Fcp) =45, (rp =)l x=s, (1, rl)an i

(FC2_FC1)_4So(r2_rl):%(b_rl)%%xgEf

0 4So+§DyxEEF:Fcz_F01
2 H; aB rh—n
Note: When the auxiliary spring is not used, then s, = 0.

Feo — F _Feo—Fa
D 4 :M Or %_—
% r,—r 4(rp—n)
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Example 18.21. The following particulars refer to a Wilson-Hartnell governor :

Massof each ball = 2 kg ; minimumradius= 125 mm ; maximumradius= 175 mm ; minimum
speed = 240 r.p.m. ; maximum speed = 250 r.p.m. ; length of the ball arm of each bell crank lever = 150
mm; length of the sleeve arm of each bell crank lever = 100 mm ; combined stiffness of the two ball
springs = 0.2 KN/m. Find the equivalent stiffness of the auxiliary spring referred to the sleeve.

Solution. Given : m=2Kkg ; r;= 125 mm = 0.125 m ; r,= 175 mm = 0.175 m ;
N, =240 rp.m. or w, = 2 1t x 240/60 = 25.14 rad/s ; N, = 250 r.p.m. or w, = 2 1 = 250/60
=26.2rad/s; x=150mm=0.15m;y =100 mm = 0.1 m; s = 0.2 kN/m =200 N/m

Let s = Equivaent tiffness of theauxiliary spring referred tothe deeve

. brf
b
We know that centrifugal force at the minimum speed,
Fop = m(w)?r, =2(25.14)20.125= 158N
and centrifugal force at the maximum speed,
Fo, = M(w,)?r,=2(26.2)20.175= 240 N

We know that
4So+5aDy bEF _Feo —Fa
20x a rh—n
4><200+_501 bif _ 240-158 _
.15 aB 0.175 - 0.125
800 + 0.22 [bDZ =1640 or 0.22 [bDZ =1640 — 800 = 840
> >
O DJDZ / / kN/
S gB =800/0.22 = 3818 N/m = 3.818 kKN/m Ans.

Example18.22. A spring loaded governor isshown
inFig. 18.30. Thetwo balls, each of mass6 kg, are connected
across by two springs . An auxiliary spring B provides an
additional force at the sleeve through the medium of a lever
which pivots about a fixed centre at itsleft hand end. In the
mean position, the radius of the governor ballsis 120 mm
and the spegd is 600 r.p.m. The tengion in each spri'n_g is l— 160 mm 80 mm |
then 1 kN. Find thetension in the spring B for this position.

G

When the sleeve moves up 15 mm, the speedisto be Bé

630 r.p.m. Find the necessary stiffness of the spring B, if the

stiffness of each spring A is 10 kN/m. Neglect the moment

produced by the mass of the balls. Fig. 18.30
Solution.Given : m=6 kg ; r=r; =120 mm = 0.12m ; N = N, = 600 r.p.m. or

w, = 21 x 600/60 = 62.84 rad/s

Tension in spring B

Let S;; = Spring force or tension in spring B, and
M.g = Total load at the Sleeve.
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We know that centrifugal force at the minimum speed,

Fop = m(w)?r, = 6(62.84)20.12= 2843 N
Sincethetension in each spring A is 1 kN and there are two springs, therefore
Total spring forcein spring A,

Sy =2x1=2kN=2000N

Taking moments about the pivot P (neglecting the moment produced by the mass of balls) in
order to find the force Mg on the sleeve, in the mean position as shown in Fig. 18.31 (a),

M.g M.g

Fop x90 =S4, x90 + x90 or Foi =Sa +

2

O Mg =2F,—-2S,,=2x2843—-2x 2000 = 1686 N
Now taking moments about point Q,

Sy, X 160 = M.g. (80 + 160) = 1686 x 240 = 404 640
O S;; =404 640/160 = 2529 N Ans.

Q Q ~R T
[c] & ¢ =ON|
<+— 160 mm —» 480 mm 4—160mm—><—80mm->!
B i B |
S, 1
B Go&ernor Spo
axis
(a) Mean position. (a) Maximum position.
Fig. 18.31

Stiffness of the spring B

Given:h=15mm=0.015m;N,=630rp.m. or w, = 2 1 x 630/60 = 66 rad/s;
S, = 10 kN/m =10 x 103 N/m

Let s, = Stiffnessof spring B.
The maximum position is shown in Fig. 18.31 (b).
First of all, let us find the maximum radius of rotation (r,) when the sleeve moves up by
0.015 m. We know that
h=(r, - 1) % or r,=r +h x§ =0.12 +0.015 =0.135 m
.. (o x=y=90mm=0.09 m)
O Centrifugal force at the maximum speed,
Fe, =M (w,)?r,=6(66)?0.135=3528 N
We know that extension of the spring A,
=2(r,—ry) x No. of springs=2(0.135-0.12) 2= 0.06 m
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O Total spring forcein spring A,
S\, = S, + Extension of springs x Stiffness of springs (s, )
=2000 + 0.06 x 10 x 10° = 2600 N
Now taking moments about P, neglecting the obliquity of arms,
M.g
2

Fep x90 =S, x90+M2.g x90  or Fco = Sap +
O Mg =2F,,-2S,,=2x3528-2x2600=1856 N
Again taking moments about point Q (neglecting the moment produced by the mass of balls)
in order to find the spring force (S;,) when sleeve rises as shown in Fig. 18.31 (b),
Sy, X 160 = M.g (80 + 160) = 1856 x 240 = 445 440
O Ss, = 445440/160 = 2784 N

When the dleeve rises 0.015 m, the extension in spring B

0 160 O
=0.015 =0.01m
B0 + 1601
0 Stiffnessof spring B,

_ S50 — St _ 2784 — 2529
Extension of spring B 0.01
=255 N/mm Ans.

S5 = 25500 N/m

18.11. Pickering Governor

A Pickering governor is mostly used for driving gramophone. It consists of *three straight
leaf springs arranged at equal angular intervals round the spindle. Each spring carries aweight at the
centre. The weights move outwards and the springs bend as they rotate about the spindle axis with
increasing speed.

/Spindle
1 1
[T] Spindle nut [1]
: i : : | '
Leaf
i r’d spring i
1 1
|:K ! [?Mass l !
o] o
Stop% i Stop i
I
L }_%%#
[ : ] A .
L|_| tSleeve T

—
)

) (b)
Fig. 18.32. Pickering governor.

InFig. 18.32 (), the governor isat rest. When the governor rotates, the springs together with
the weights are deflected as shown in Fig. 18.32 (b). The upper end of the spring is attached by a

*  Only two leaf springs are shown in Fig. 18.32.
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screw to hexagonal nut fixed to the governor spindle. The lower end of the spring is attached to a
sleeve which is free to slide on the spindle. The spindle runs in a bearing at each end and is driven
through gearing by the motor. The sleeve canriseuntil it reachesastop, whose position is adjustable.

Let m = Mass attached at the centre of the leaf spring,
a = Distance from the spindle axis to the centre of gravity of the mass,
when the governor is at rest,
@ Angular speed of the governor spindle,
& Deflection of the centre of the leaf spring at angular speed w,
a+0® = Distance from the spindle axis to the centre of gravity of the mass,
when the governor isrotating, and
A Lift of the sleeve corresponding to the deflection d.
We know that the maximum deflection of aleaf spring with both ends fixed and carrying a
load (W) at the centreiis,

w.I3

192 El - (1)
where | = Distance between the fixed ends of the spring,

E = Young's modulus of the material of the spring, and

3

| = Moment of inertiaof its cross-section about the neutral axis = ?

(where b and t are width and thickness of spring).
In case of a Pickering governor, the central load is the centrifugal force.
0 W =F.=m.uw?’ (a+9d) (i)
Substituting the value of W in equation (i), we have
_mu (@a+9l’

192 E.|
2

Note: The empirical relation between the lift of the Sleeve and the deflection dis, A = approximately.

Example 18.23. A gramophone is driven by a Pickering governor. The mass of each disc
attached to the centre of aleaf springis 20 g. The each spring is5 mmwide and 0.125 mm thick. The
effective length of each spring is40 mm. The distance fromthe spindle axisto the centre of gravity of
the mass when the governor isat rest, is 10 mm. Find the speed of the turntable when the sleeve has
risen 0.8 mmand the ratio of the governor speed to the turntable speed is 10.5. Take E = 210 KN/mn?.

Solution.Given: m=20g= 0.02kg; b=5mm;t=0.125mm;a=10mm=0.01m;
E = 210 kN/mm? = 210 x 103 N/mm?

We know that moment of inertia of the spring about its neutral axis,
_b.t? _5(0.125)°
12 12
Since the effective length of each spring is40 mm and lift of sleeve (A\) = 0.8 mm, therefore

Length of spring between fixed ends,
| =40-0.8=39.2mm
We know that the central deflection (A),

2.4 8° _24 &
| 39.2

I =0.8 x10~° mm*

08= =0.06 &
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0 5?2 =08006=133 or &=365mm
Let N = Speed of the governor, and
N, = Speed of the turntable.
a N/N, =105 ...(Given)

2 3
m.w” (a +9 |
= — —~— 7

We know that 192 E |

_ 002w (10 +3.65) (39.2)° _ 16 445 of

3.65 = =051 of
192 x 210 x10° x 0.8 x107° 32256
0 P =0 _7156 o w=2675rads
0.51
and N = wx 60/21=2.675 x 60/211=25.5r.p.m. Ans.
0 N, = N/10.5=255/10.5=2.43r.p.m. Ans.

18.12. Sensitiveness of Governors

Consider two governors A and B running at the same speed. When this speed increases or
decreases by acertain amount, thelift of the sleeve of governor A isgreater than thelift of the sleeve
of governor B. It isthen said that the governor A is more sensitive than the governor B.

In general, the greater the lift of the sleeve corresponding to a given fractional change in
speed, the greater isthe sensitiveness of the governor. It may also be stated in another way that for a
givenlift of the sleeve, the sensitiveness of the governor increases as the speed range decreases. This
definition of sensitiveness may be quite satisfactory when the governor is considered as an independent
mechanism. But when the governor isfitted to an engine, the practical requirement issimply that the
change of equilibrium speed from the full load to the no load position of the sleeve should be assmall
afraction aspossible of themean equilibrium speed. Theactua displacement of the deeveisimmaterial,
provided that it is sufficient to change the energy supplied to the engine by the required amount. For
this reason, the sensitiveness is defined as the ratio of the difference between the maximum and
minimum equilibrium speeds to the mean equilibrium speed.

Let N, = Minimum equilibrium speed,
N, = Maximum equilibrium speed, and
I N + N,
N = Mean equilibrium speed = ——=.

2
0 Sensitiveness of the governor

- I\|2 B Nl _2(N2 _Nl)

N N, + N,
_2(w, — @)
= W+ ... (Interms of angular speeds)

18.13. Stability of Governors

A governor is said to be stable when for every speed within the working range there is a
definite configuration i.e. there is only one radius of rotation of the governor balls at which the
governor is in equilibrium. For a stable governor, if the equilibrium speed increases, the radius of
governor balls must also increase.

Note: A governor is said to be unstable, if the radius of rotation decreases as the speed increases.
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18.14. Isochronous Governors

A governor is said to be isochronous when the equilibrium speed is constant (i.e. range of
speed is zero) for al radii of rotation of the balls within the working range, neglecting friction. The
isochronism isthe stage of infinite sensitivity.

Let us consider the case of a Porter governor running at speeds N, and N, r.p.m. We have
discussed in Art. 18.6 that

M
m+ — (1+Q)
(N)2=— 2 78 ()
m hy
M
m+ — (1+q)
and (N2 =— 2 = 8% . (i)
m h,

For isochronism, range of speed should be zeroi.e. N,— N, =0or N, = N,. Therefore from
equations (i) and (ii), h, = h,, which is impossible in case of a Porter governor. Hence a Porter
governor cannot be isochronous.

Now consider the case of a Hartnell governor running at speeds N, and N, r.p.m. We have
discussed in Art. 18.8 that

X [QT[N X
M . + = 2 F X — : 1 . x_
g+ Xy WB 1 ... (iii)
X 2nN, f
and M.g+Ss, = 2Fczx——2xmB_ZB (V)
For isochronism, N, = N,. Therefore from equations (iii) and (|v)
M.g+S§ _ n 5
M.g+S, —

Note : The isochronous governor is not of practical
use becausethe sleevewill moveto one of itsextreme
positions immediately the speed deviates from the
isochronous speed.

18.15. Hunting

A governor issaid to be hunt if the speed
of the engine fluctuates continuously above and
below the mean speed. This is caused by atoo
sensitive governor which changesthefuel supply
by a large amount when a small change in the
speed of rotation takes place. For example, when
theload on the engineincreases, the engine speed
decreases and, if the governor is very sensitive, A forklift is used to carry small loads from one
thegovernor seeveimmediately fallstoitslowest place to the other inside a factory.
position. This will result in the opening of the
control valve wide which will supply the fuel to the engine in excess of its requirement so that the
engine speed rapidly increases again and the governor sleeverisesto its highest position. Dueto this
movement of the sleeve, the control valvewill cut off thefuel supply to the engine and thusthe engine
speed beginsto fall once again. Thiscycleisrepeated indefinitely.

Such agovernor may admit either the maximum or the minimum amount of fuel. The effect
of thiswill be to cause wide fluctuations in the engine speed or in other words, the engine will hunt.
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18.16. Effort and Power of a Governor

The effort of a governor is the mean force exerted at the sleeve for a given percentage
change of speed* (or lift of the sleeve). It may be noted that when the governor is running steadily,
thereisno force at the sleeve. But, when the speed changes, there is aresistance at the sleeve which
opposes its motion. It is assumed that this resistance which is equal to the effort, varies uniformly
from amaximum value to zero while the governor movesinto its new position of equilibrium.

The power of a governor isthe work done at the sleeve for a given percentage change of
speed. It is the product of the mean value of the effort and the distance through which the sleeve
moves. Mathematically,

Power = Mean effort x lift of Sleeve

18.17. Effort and Power of a Porter Governor
The effort and power of a Porter governor may be determined as discussed bel ow.

Let N = Equilibrium speed corresponding to the configuration as shownin
Fig. 18.33 (a), and

¢ = Percentage increase in speed.
O Increaseinspeed = cN
and increased speed = N+c.N=N(1+c)
The equilibrium position of the governor at the increased speed is shown in Fig. 18.33 (b).

(a) Position at equilibrium speed. (a) Position at increased speed.
Fig. 18.33
We have discussed in Art. 18.6 that when the speed is N r.p.m., the sleeve load is M.g.
Assuming that the angles a and 3 are equal, so that q = 1, then the height of the governor,
h:m+Mx8if(inmetr$) .. ()
m N
When the increase of speed takes place, a downward force P will have to be exerted on the
sleeve in order to prevent the sleeve from rising. If the speed increasesto (1 + ¢) N r.p.m. and the
height of the governor remains the same, the load on the sleeve increasesto M, .g. Therefore
h=Mm + M, 9 895

m s PN (in metres) .. (i)
Equating equations (i) and (ii), we have
_m+M,
m+M—(1+C)2 or M,=(m+M)(1+c)-m
and M;—M = (Mm+M) (1+c)’-m-M=(m+M)[(1+c)?>-1] ... (i)

*  In comparing different types of governors, it is convenient to take the change of speed as one per cent.
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A little consideration will show that (M, —M)g isthe downward force which must be applied
inorder to prevent the sleeve from rising asthe speed increases. It isthe sameforce which actson the
governor sleeveimmediately after the increase of speed hastaken place and before the sleeve begins
to move. When the sleeve takes the new position as shown in Fig. 18.33 (b), this force gradually
diminishesto zero.

Let P = Mean force exerted on the sleeve during the increase in speed or
the effort of the governor.
My -M)g _(m+M)[A+0)° -1 g
2 2
_(M+M)[1+c®*+2c-1 g
2

0 P=

=c(m+M)g ()]

... (Neglecting ¢?, being very small)
If Fisthefrictional force (in newtons) at the sleeve, then
P=c(mg+M.gtF
We have already discussed that the power of agovernor isthe product of the governor effort
and the lift of the deeve.

Let x = Lift of the sleeve.
O  Governor power = P x x (V)
If the height of the governor at speed N ish and at an increased speed (1 + ¢) N ish,, then
x=2(h-h)
Asthereisno resultant force at the sleeve in the two equilibrium positions, therefore
hom+M 895 m:m‘*Mx 895
- m Wl and m (1 + C)2 N2 !
1
O h_ 5 or h = _h 5
h (1+c¢) (L+c¢)
2(h-h) 2%1 h o 2hD1 1
We know that X= —h)= - 0=<nil-=
5 a+o’n B a+on

2 —10
:2h[1+c +2c 1D:2hD 2c % o)
Ol+c®+2c g + 2c[
... (Neglecting ¢?, being very small)
Substituting the values of P and x in equation (v), we have

=c(m+M) x2hD 2c D_ 4 (m+M) g.h i
Governor power g m% 1+2 g.n o (vii)

Notes: 1. If a isnot equal to 3, i.e tan B/ tan a = q, then the equations (i) and (ii) may be written as

M
m+7(1+Q) x895

= == (i)
m N?2
When speed increasesto (1 + ¢) N and height of the governor remains the same, then
Ml
m+—=(1+0q)
h=__ 2 x 895 ... (ix)

m (1+c) N2
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From equations (viii) and (ix), we have

+ i)
M - 2
m+_(1+q)_ 2
2 @+c)
M, 0
—@Q+q)= +—1+ 1+c)*—m
or 2( a) an ( Q)H( )?
M, _m@+ c)? m
L= 1+¢)% - ——
O > 174 ( )? - 1+q
2
or %_ME:T+(:)+M(1+0)2_£_M
q 2 1+q 2
m 2 M 2
=—[(@+c)?-1]+—[ (@ +c)? -1
1+q[( ) ]2[( )" —1]
Um MO 2
= +—[@+0)?% -1
% 2%[( ) ]
O  Governor effort, P_B _Mﬁ %Tq +—D[1+c +2c-1g¢
Um 2m U
= +—n(2c —— +Mg c. i
Y ZE( )gqa“q % g ... (Neglecting ¢?)
The equation (vi) for the lift of the sleeve becomes,
02 O
x=1+qg)h
@+a) +20%

02m 0 0 2c U
O Governor power = P x X = +MpOc.g@+q)h
P Qg TMEeo GO g

2

4c M O
= 2m+M (1 + h= +— 1+ .h
=113 [ @+9)]g. 1+2C§n > @+ago

2. The above method of determining the effort and power of a Porter governor may befollowed for any
other type of the governor.

Example 18.24. A Porter governor has equal arms each 250 mm long and pivoted on the
axis of rotation. Each ball hasa mass of 5 kg and the mass of the central load on the sleeveis 25 kg.
Theradius of rotation of the ball is 150 mm when the governor beginsto lift and 200 mm when the
governor isat maximum speed. Find the range of speed, sleeve lift, governor effort and power of the
governor in the following cases:

1. When thefriction at the sleeve is neglected, and

2. When thefriction at the sleeve is equivalent to 10 N.

Solution. Given: BP=BD =250 mm; m=5kg; M =25kg ; r, =150 mm; r,= 200 mm ;
F=10N
1. When thefriction at the deeve is neglected

First of al, let us find the minimum and maximum speed of rotation. The minimum and
maximum position of the governor is shown in Fig. 18.34 (a) and (b) respectively.

Let N, = Minimum speed, and

N, = Maximum speed.

From Fig. 18.34 (a),

h = PG = /(BP)? — (BG)® =./(250)> — (150)> =200 mm =02 m
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From Fig. 18.34 (b),

h, = PG = /(BP)? — (BG)® =4/(250) — (200)° =150 mm =0.15 m
m+ M ><895 _5+25 ><895

N)? = ——— x—— = == =26850
Weknow that ~ (N1) - h c 02
O N, = 164r.p.m.
and (N2 =M 8% 525, 59 35800
h, 5 015
N, =189 r.p.m.

(a) Minimum position. (b) Maximum position.
Fig. 18.34
Range of speed
We know that range of speed
=N,—N,=189-164=25rp.m. Ans.
Sleevelift

We know that sleeve lift,

X =2(h, —h))=2(200-150) =100 mm=0.1m Ans.

Governor effort
Let ¢ = Percentage increasein speed.
We know that increase in speed or range of speed,
cN; =N,—N,=25rp.m.

O c = 25/N, = 25/164 = 0.152
We know that governor effort

P=c(m+M)g=0.152(5+25) 9.81=44.7 N Ans.
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Power of the governor
We know that power of the governor
=Px=447x0.1=4.47 N-mAns.
2. When the friction at the sleeve is taken into account

.g+(M.g-F) 895
Weknow that  (Ny)2 = -9 M.g-F), 895

m.g hy
5x9.81+(25x9.81-10) _ 895
) 5(>< 9.81 ) x 02 2%
O N, = 161r.p.m.
and (Nz)zzm.g+(M.g+F)x@
5x9 81m4.-%25 x9.81 +hi0) 895
) 5x 9,81 015 o010
O N,=192.4rp.m.
Range of speed
We know that range of speed
=N,—N,=1924-161=314rpm. Ans.
Sleevelift
The sleeve lift (x) will be same as calculated above.
0 Seevelift, X =100 mm=0.1mAns.
Governor effort
Let ¢ = Percentage increase in speed.

We know that increase in speed or range of speed,
cN; =N,—N,=31L4rpm.
O c = 314/N, =31.4/161=0.195
We know that governor effort,
P=c(mg+M.g+F)=0.195(5x9.81 +25x 9.81 + 10) N
=574 N Ans.
Power of the governor
We know that power of the governor
=Px=574x%x0.1=5.74 N-mAns.

Example 18.25. The upper arms of a Porter governor has lengths 350 mm and are pivoted
on the axis of rotation. The lower arms has lengths 300 mm and are attached to the sleeve at a
distance of 40 mm from the axis. Each ball has a mass of 4 kg and mass on the sleeve is 45 kg.
Determine the equilibrium speed for a radius of rotation of 200 mm and find also the effort and
power of the governor for 1 per cent speed change.

Solution. Given: PB=350mm=0.35m; BD=300mm=0.3m; DE=40mm=0.04 m;
m=4kg;M=45kg;r=BG=200mm=0.2m;c=1%=0.01
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Equilibrium speed
Let N = Equilibrium speed.

The equilibrium position of the governor is shown in Fig.
18.35. From the geometry of thefigure,

h = PG =./(PB)? — (BG)?

= /(0.35)% = (0.2)> =0.287 m

tana=20= 92 _ggg
PG _ 0287
0 BH=BG-HG=02-004=016m

...(-+ HG=DF)

and DH = 4/(BD)? - (BH)?
=(0.3? - (0.16)> = 0.254 m

0 tan 3 = BH/DH =0.16/ 0.254 = 0.63 Fig. 18.35
_tanp _ 0.63 0904
and tno 0697
We know that
M 45
m+— @ +0q) 4 +— (1+0.904)
N2 = 2 8B _ 2 « 85 _35517
m h 4 0.287
O N=191r.p.m. Ans.
Effort of the governor
We know that effort of the governor,
P=cE2™ s MBg=000—2%% 145 081-48N Ans
% +q 0 01+ 0.904 O
Power of the governor
We know that power of the governor
4 g M O
= +— @A+ .h
Trac g drage
2
- 400" E@ +25 4 +090429.81 x0.287 =0.052 N-m
1+2x00LH 2 H
=52N-mm Ans.

Example 18.26. The radius of rotation of the balls of a Hartnell governor is 80 mm at the
minimum speed of 300 r.p.m. Neglecting gravity effect, determine the speed after the sleeve has
lifted by 60 mm. Also determine the initial compression of the spring, the governor effort and the
power.

The particulars of the governor are given below:

Length of ball arm =150 mm ; length of sleeve arm= 100 mm ; massof each ball =4 kg ; and
stiffness of the spring = 25 N/mm.
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Solution. Given:r, =80 mm=0.08 m; N, =300 r.p.m. or w, = 21t x 300/60 = 31.42 rad/s;
h=60mm=0.06m;x=150mm=0.15m;y=100mm=0.1m; m=4Kkg; s=25N/mm
«——P
Mg+ S, !

2

(a) Minimum position. (b) Maximum position.
Fig. 18.36
The minimum and maximum position of the governor is shown in Fig. 18.36 (a) and (b)

respectively. First of al, let us find the maximum radius of rotation (r,). We know that lift of the
Sleeve,

_ y
h=(r, —-n) =
( 2 1) X
X 0.15
or rh,=n +h><§—0.08 +0.06><01 =0.17m ...(+h=h, +h)
Maximum speed of rotation
Let N, = Maximum speed of rotation, and
S,andS, = Spring force at the minimum and maximum speed respectively, in

newtons.
We know centrifugal force at the minimum speed,
Fop = m(w)?r, =4(31.42)%0.08=316 N
Now taking moments about the fulcrum O of the bell crank lever when in minimum position
asshownin Fig 18.36 (a). The gravity effect is neglected, i.e. the moment due to the weight of balls,
sleeve and the bell crank lever armsis neglected.

0'115 =948 N

X
. Fc1xx:M'92+Sl><y or SA:ZFClx§:2x3]_6x

("M =0)

Weknowthat S,—S =h.ss or S,=S +hs=948+60x25=2448N
We know that centrifugal force at the maximum speed,

2N, [ 02 Ng?
For =m(wy)?r, :BWZE L =MI=e 0.17 =0.00746 (N,)?

Now taking moments about the fulcrum O when in maximum position, as shownin Fig. 18.36 (b),

Feo XX:—M'QZ-'-Sz xy
2448
0.00746 (N,)* 0.15 = x01 or 0.00112 (N,)2=122.4 .. (.-M=0)
122.4

(N2)2 =

"~ 0.00112 =109286  or N, =331rp.m.Ans
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Initial compression of the spring
We know that initial compression of the spring

Governor effort
We know that the governor effort,
b= S, —§ _ 2448 —948
2 2

=750 N Ans.

Governor power
We know that the governor power
=Pxh=750x 0.06 =45N-m Ans.

Example 18.27. In a Hartnell governor, the lengths of ball and sleeve arms of a bell crank
lever are 120 mm and 100 mm respectively. The distance of the fulcrum of the bell crank lever from
the governor axisis 140 mm. Each governor ball has a mass of 4 kg. The governor runs at a mean
speed of 300 r.p.m. with the ball arms vertical and sleeve arms horizontal. For an increase of speed
of 4 per cent, the sleeve moves 10 mm upwards. Neglecting friction, find :

1. the minimum equilibrium speed if the total sleeve movement is limited to 20 mm, 2. the
spring stiffness, 3. the sensitiveness of the governor, and 4. the spring stiffnessif the governor isto be
isochronous at 300 r.p.m.

Solution. Given: x =120mm=0.12m;y=100mm=0.1m; r=140mm=0.14 m;
m=4kg;N=300rp.m.or w=2rx 300/60=3L42rad/s; h;=10mm=0.01m; h=20mm=0.02m
1. Minimum equilibrium speed

Let N, = Minimum equilibrium speed,

r, = Radiusof rotation in the minimum position, i.e. when the sleeve
moves downward, and
Radius of rotation in the maximum position, i.e. when the Sleeve
moves upward.

Sincetheincrease in speed is 4%, therefore maximum speed,

N, = N+0.04N=104N=1.04x300=2312r.p.m.
or w, = 2mx 312/ 60 =327 rad/s

We know that lift of the sleeve for the maximum position,

h, =h-h =0.02-0.01=0.01m
Now for the minimum position,

P

hor=n o poronxX=014-00x22 -0128m
y X y 0.1
Similarly for the maximum position,
o=t —reh xX =014 +001 x22 —0152m
y X y 0.1
We know that centrifugal force in the mean position,
Feo = mu?r=4(3142)20.14=553N
Centrifugal force in the minimum position,
Fo = m(w)?r, =4 20 N 128 =0.0056 (N,)? 0
Heo [
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and centrifugal force in the maximum position,

Fo, = m(w,)?r,=4(32.7)20.152=650 N
We know that centrifugal force at any instant,

Or—r O
Fe = Fo +(Fe, = Fo)) —0
02 — 10
0J0.14 - 0. 0
553 = Foy + (650 — Foy) ot — 9128 065k +325
50.152 — 0.1281
553 — 325
Foy = 0 22 — 456 N i
0 c1 05 (1)
From equations (i) and (ii),
456
N,)? = =81428 =
(Ny) 0.0056 or N, = 285.4r.p.m. Ans.

2. Spring stiffness
Let S,andS, = Spring force at the minimum and maximum position.
Neglecting the effect of obliquity of arms, we have for the minimum position,

M.g +
MOTS oy =k xx o S = 2Fy x % =2 456 x 212 10044 N
2 y 0.1
(e M=0)
and for the maximum position,
—M-92+Szxy:|:C2 XX or 82:2F02x§:2x650><0'112 =1560 N

We know that spring stiffness,

<= S, - S _ 1560 —1064.4
h 20
3. Sensitiveness of the governor

=23.28 N/mm Ans.

We know that sensitiveness of the governor

_2(N, = N;) _2(312-285.4)
N, + N, 285.4 + 312
4. Spring gtiffness for the governor to be isochronous at 300 r.p.m.

The governor isisochronous, when N =N, =N, =300 r.p.m. or w = w, = w, = 31.42rad/s

=0.089 or 89% Ans.

0 F.,= Mw2r,= 4 (31.42)2 0128 = 5055 N
and F.,= mAr,= 4 (31.42)2 0.152 = 600 N
Weknowthat S =2 Fe X2 =2 x5055 x06112 =1213 N
y
and szzchzxfzszOOxodllz =1440 N
y

0 Spring tiffness s = 2 - 3 14402‘01213 =11.35 N/mm Ans
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18.18. Controlling Force

We have seen earlier that when abody rotatesin acircular I
path, thereisan inward radial force or centripetal forceactingonit. £
In case of a governor running at a steady speed, the inward force 3 A
acting on therotating ballsisknown ascontrolling force. Itisequa »z—’» """"""" !
and opposite to the centrifugal reaction. £ !
O Controlling force, F. = m.wr % i
Thecontrolling forceisprovided by theweight of the sleeve 3 |
and balls as in Porter governor and by the spring and weight asin (l) ¢ : : .
Hartnell governor (or spring controlled governor). —Radius of rotation (r) —»
When the graph between the controlling force (F.) as Fig. 18.37. Controlling
ordinate and radius of rotation of the balls (r) as abscissais drawn, force diargram.

then the graph obtained is known as controlling force diagram. This diagram enables the stability
and sensitiveness of the governor to be examined and also shows clearly the effect of friction.

18.19. Controlling Force Diagram for Porter Governor

The controlling force diagram for a Porter governor is a curve as shown in Fig. 18.37. We
know that controlling force,

@ nNCf

Fo = m.a.r gLl L

1 0eOf OF.0_ 106077

2 — - 0. F _ g
or N _E%B BF_B_EHZ_)E (tan@ ...BT—taan

N _ 60 Otan <pDU2

. - ZHWB

- (i)
where @isthe angle between the axis of radius of rotation and aline joining agiven point (say A) on
the curveto the origin O.

Notes : 1. In case the governor satisfies the condition for stability, the angle ¢ must increase with radius of
rotation of the governor balls. In other words, the equilibrium speed must increase with the increase of radius of
rotation of the governor balls.

2. For the governor to be more sensitive, the change in the value of ¢ over the change of radius of
rotation should be as small as possible.

3. For the isochronous governor, the controlling force curve is a straight line passing through the
origin. The angle @ will be constant for all values of the radius of rotation of the governor. From equation (i)

F. mao’.r RnNCf
tanp =—C = =m. 5 =m =C.N?
@ r r { 6OH
rentf
C=m = constant
where oo

Using the above relation, the angle @ may be determined for different values of N and the lines are drawn from
theorigin®. Theselines enable the equilibrium speed corresponding to agiven radius of rotation to be determined.
Alternatively, the same results may be obtained more simply by setting-off a speed scale along any arbitrarily
chosen ordinate. The controlling forceis cal culated for one constant radius of rotation and for different arbitrarily
chosen values of speed. The values thus obtained are set-off along the ordinate that corresponds to the chosen
radius and marked with the appropriate speeds.

*  See Example 18.28, Fig. 18.39.
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Example 18.28. In a Porter governor, the length of each armis 300 mmand all thearmsare
pivoted on the axis of rotation. The mass of each ball is 7.5 kg and the mass of the sleeve is 45 kg.
The extremeradii of rotation are 150 mmand 225 mm. Draw the controlling for ce curve and set-off
a speed scale along the ordinate corresponding to a radius of 250 mm.

Solution. Given: 1 =300 mm=03m;m=75kg; r, =150 mm=0.15m;r,= 225 mm
=0.225m

Let Fc = Controlling force.
We have discussed in Art 18.6 that

DM'g+m.thana:Fc—M'gxth
H 2 H
M .g O M.g
Fe = +m.ghtan a + xtan
O C BT QB B
:DD—M'g+m.g +—M'gx—tanﬁgtan0(
0 2 2 tan ag
Substitutingﬂ:q, and tana:L,weget
tan a h
M.g Or Fig. 18.38
Fec = 1+q) +m.gq—
c ET( a) 9h
Sincea = 3 asshownin Fig. 18.38, therefore g = 1.
r r
O Fc:(m-g"'M-g)E:g(m"'M)xw ...5':h: I2—r25

The following table shows the values of F for different values of r.

r (in metres) 0.025 | 0.05 | 0.075 01 | 0125| 015 | 0.175 02 | 0225 | 0.25

h=12 —r? |0.2894|0.2958 | 0.2905| 0.2828| 0.2727 | 0.2598 | 0.2437 | 0.2236| 0.1985| 0.1658

Fc (innewtons) | 44.5 87 133 182 236 297 370 461 584 776

These values are plotted to draw the controlling force curve as shown in Fig. 18.39. In order
to set-off the speed scale along the ordinate through r = 250 mm = 0.25 m, we have

[lZT[N[F 2
F.=m.of. :7'58_ 0.25 =0.02 N
C m r 60 B

Thevaues of Ffor different values of N are given in the following table.

N 100 125 150 160 170 180 190 200
(inrp.m.)

Fe 200 3125 450 512 578 648 722 800
(in newtons)

The speed scaleis now marked on the graph as shown in Fig. 18.39.
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T 800 200

700 190
E B/ --1180
£ 600 / 170 E
£ 7 ! o
= 500 — L1160 =
8 P //,,1’ 150 =
S 400 . e <
(o)) -7 -
c 7T A~ I o}
S 300 o : 125 o
.,‘é. e = > : : o
S 200 / /i/ r 100

47 = 1
100 Lotz . [
0 0.05 0.1 0.15 0.2 0.25
Radius of rotation (r)inm ——»
Fig. 18.39

Therange of equilibrium speedsfor the governor isobtained by drawing linesfromtheorigin
(shown dotted in Fig. 18.39) through the two points A (whenr=0.15m) and B ( whenr = 0.225 m)
on the controlling force curve.

From the graph, we see that these lines intersect the speed scale at approximately 160 r.p.m.
and 180 r.p.m. Ans.

18.20. Controlling Force Diagram for Spring-controlled Governors

The controlling force diagram for the spring controlled governorsisastraight line, as shown
in Fig. 18.40. We know that controlling force,

Fo=mwir  or Fo/r=m.o?
The following points, for the stability of spring-controlled governors, may be noted :

1. For thegovernor to bestable, the controlling force (F.) must increase asthe radius of rotation
(r) increases, i.e. F./r must increase as r increases. Hence the
controlling force line AB when produced must intersect the
controlling force axis below the origin, as shown in Fig. 18.40.

Therelation between the controlling force (F.) and the
radius of rotation (r) for the stability of spring controlled
governorsisgiven by the following equation

Fc=ar-b (@)
where aand b are constants.

2. The value of b in equation (i) may be made either
zero or positive by increasing theinitial tension of the spring. If ,
biszero, the controlling forceline CD passesthrough the origin  —Radius of rotation (r) —»
and the governor becomes isochronous because F /r will
remain constant for all radii of rotation.

The relation between the controlling force and the radius of rotation, for an isochronous
governor is, therefore,

— Controlling force (F. ) —»

Fig. 18.40

F.=ar ()
C
3. If bisgreater than zero or positive, then F./r decreasesasr increases, so that the equilibrium
speed of the governor decreaseswith an increase of theradius of rotation of balls, whichisimpracticable.
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Such agovernor issaid to be unstable and the rel ation between the controlling force and the radius of
rotation is, therefore

Fo=ar+b (1)}
Example 18.29. The particulars of a governor of Cap
the type as shown in Fig. 18.41, are as follows: o A /A 0 Bell crank

lever

The mass of each ball is 1.5 kg and the mass of the ¢
deeveis 7.5 kg. Thelengths of the ball armand sleeve arm
of thebell crank lever are 112.5 mmand 50 mmrespectively

I

|
and are at right angles to each other. The extreme radii of B(:#:) i (#) B
rotationare62.5 mmand 112.5 mm. At the minimumradius, [ Sleeve
the ball arm s vertical and the spring load is 160 N. The  gping !
spring stiffness is 10.5 N/mm. Draw the controlling force |
curve and mark the speed scale along the ordinate through |
125 mum. _ . Governor /— Gove.rnor

Solution. Given : m = 1.5 kg ; M = 7.5 kg ; shaft : axis

x=112.5mm=0.1125m; y=50mm=0.05m;r,=62.5mm _
=00625m;r,=1125mm =0.1125m; S = 160 N ; Fig. 18.41
s=10.5 N/mm = 10500 N/m

Let S, and S, be the spring loads at the minimum and maximum radius of rotation.

The minimum and maximum position of the balls is shown in Fig. 18.42 (a) and (b)
respectively. Taking moments about the instantaneous centre |, for the maximum position as shown
in Fig. 18.42 (b),

g B
g |5
E
ﬁ ° |E
FC1 © FCZ _>I%
|G
Mg+ S, !
2 |
(a) Minimum position. (b) Maximum position.
Fig. 18.42
Fe, X BD =m.g x ID +% x10
or Fe, x xcos© =m.g (xsin 6 +y cos 6 +w xy cos @
yd,M.g+S, |y :
Feo, =m. an @ +-—+——= x=
O c2 9 % XB 2 < e ()
We know that
S,-S, =hs=ysinfxs
0 S, =S,+ysinBxs=160+0.05x sin8 x 10 500

1
160 +525sin 0 . (i)
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Now the equation (i) may be written as

005 (], 75x981+160 +525sn 8 005
0.11251] 2 0.1125

=14.7tan 6 + 116.5sin 6 + 58.5 ..(iii)
From the geometry of Fig. 18.42 (b), wefind that
r,=r,+0OD=r +xsn8=0.0625+0.1125sin6 ..(iV)

In order to determine the controlling force and the radius of rotation of the ball for different
values of B, the angle 0 istreated as variable. From equations (iii) and (iv), the values of controlling
force (F) and radius of rotation (r) for different values of 6 are tabulated below :

Fe, =15 x 981 %m 0+

0° 0 5 10 15 20 25 30
sin @ 0 0.0871 0.1736 0.2588 0.342 0.4226 0.5
tan 6 0 0.0875 0.1763 0.2679 0.364 0.4663 0.5773

Fc (N) 58.5 70 813 92.6 103.7 114.6 125.2
r (m) 0.0625 0.0723 0.082 0.092 0.101 0.11 0.1187

The graph between F.and r is plotted as shown in Fig. 18.43. It may be seen that the
controlling force curveis nearly astraight line.

140 260
/—252
130 / 250
120 “1 240
?‘.’/ 4238
110 // 7 230
pa /I/
T 100 / o 220
7’ ’ 1
Z 90 L4 : 210
_g // /’ 1
— , \ 200 !
':LS 80 // 7 /:/ E
Y S g
o 70 7 7 * =
-:é // ’/ : ;
o ’ !
£ % A | =
S gl ' o
€ 50 , // : i o
8 //// 1 : (7))
40 // 7 1 I
and 1 E :
7,7 1
30 : &
7,7 I : I
20— : s
///’ | L)
10 7 T ;
i x~r=00625m !
0 002 004 006 008 0.1 o.12(’)§12
125

—— Radius of rotation (n inm ——»
Fig. 18.43
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In order to set off the speed scale along the ordinate through r = 125 mm = 0.125 m,

DZTENEf 2
Fe =m.of. :1.5B— 0.125 =0.00206 N
C m r GOH

The corresponding values of F.and N are given in the following table :

N (r.p.m.) 200 210 220 230 240 250 260

Fc (N) 82.4 90.8 99.7 109 118.6 128.7 139.2

The speed scale is now marked on the graph as shown in Fig. 18.43. The range of equilibrium
speeds for the governor is obtained by drawing lines from the origin (shown dotted in Fig. 18.43)
through thetwo points A (whenr = 0.0625 m) and B (whenr = 0.1125 m) on the controlling force curve.

From the graph we see that these lines intersect the speed scale at approximately 238 r.p.m.
and 252rp.m.  Ans.

18.21. Coefficient of Insensitiveness

In the previous articles, we have assumed the governor to befrictionless. In actual practice,
there is always friction in the joints and operating mechanism of the governor. Since the frictional
force always acts in the opposite direction to that of motion, therefore, when the speed of rotation
decreases, thefriction preventsthe downward movement of the sleeve and theradial inward movement
of the balls. On the other hand, when the speed of rotation increases, the friction preventsthe upward
movement of the sleeve and radial outward movement of the balls.

(a) Porter governor. (b) Spring loaded governor.
Fig. 18.44
Let F¢ = Forcerequired at the sleeve to overcome friction,

Fg = Corresponding radial force required at each ball,
F. = Controlling force on each ball, and
W = Total load on the leeve = M.g.

O For decrease in speed, sleeve load (taking friction into account),
W, =W-Fg or M,.g=M.g-Fg
and for increase in speed, sleeve load (taking friction into account),
W, =W+Fg or M,.g=M.g+Fg
Similarly, for decrease in speed, controlling force,
Fep =Fc—Fg

and for increase in speed, controlling force,
Feo =Fc*Fg
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Thus for a Porter governor, as shown Fig. 18.44 (a), the relation between Fgand Fy may be
obtained by taking moments about the instantaneous centre |.

F
0 Fg x BM :—S(||v| + MD)
_FsOM +MDO_ F, F an pU
F S S;tanor+tan —S + tan o
o *T2H e 2! D=3 B vl
FS S
==(Q+qgtana=—=(1+q) — i
2( a) 2( q)h ()
E.-q tnp andtana——%
0O tan a hg

Similarly, for spring loaded governors as shown in Fig. 18.44 (b), taking moments about the
fulcrum O of the bell crank lever,

F, y
Fo X X = _S x Fo = Fo x ..
B 5 y or B s X o ... (i)
Fig. 18.45 shows the effect of friction on the Speed increasing .
controlling force diagram. We see that for one value of the T ,7 L N
radiusof rotation (i.e. OA), therearethree valuesof controlling =
force as discussed below: T o
(0] ,/ P ol
1. For speed decreasing, the controlling forcereduces ~ § 2 L7 N:}g;
to F, (or AD) and the corresponding speed on the speed scale “éaFcz————————/C /. 3
isN'. i — Bl - AnE
2. For speed increasing, the controlling force g Eol__. ,_/_’{ -
. . O ci ey \_Speed
increasesto F, (or AC) and the corresponding speed onthe ] Pettae decreasing ‘
speed scaleisN'. o == A
3. For friction neglected, the controlling force is — Radius of rotation (r) —»
F. (‘or AB) and the corresponding speed on the speed scale Fig. 18.45. Effect of friction
isN. on controlling force.

From above, it is concluded that when the radius of rotation is OA, the speed of rotation may
vary within the limits N' and N" without causing any displacement (up or down) of the governor
sleeve. The governor is said to be insensitive if the speed fluctuates over thisrange.

" i

Theratio N is called the coefficient of insensitiveness of the governor.
Sincethe controlling forceis proportional to the square of the speed at agiven radius, therefore
for agovernor speed N,
Fo ON?2 or Fc. = CN? ..(iii)
Similarly, for speed N',
Fe, = C(N)? (V)
and for speed N, Fe, = C(N")? (V)
Subtracting equation (iv) from equation (v), we have
Feo = Fer = CIINY)?=(N)?]
or (Fc+ Fg) = (Fc = Fg) = CI(N")*=(N)7]
2F; = C[(N")?2=(N)7 (Vi)
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Dividing equation (vi) by equation (iii)
2Fs (N2 =(N)2 (N +N)(N —=N) N +N NN
Fe N? N? N N
! N" + N . .
Since — isapproximately equal to N, therefore
ZFB NH _ NI
—_— = X—
Fe N
0 Coefficient of insensitiveness
NH _ NI _ FB -
N F_c (i)
Notes: 1 In case of a Porter governor, asshownin Fig. 18.44 (a), (i.e. when the lower arm is not attached on the
governor axis),

F r
F =_S 1+ —
B 2( q)h

0 Coefficient of insensitiveness

N"—N _Fg Fs r
= = ==—_(1+4+0q)—
N Fe 2Fc( Q)h <o (Vi)

2. When all the arms of a Porter governor are attached to the governor axis, then q = 1. In that case,

O Coefficient of insensitiveness

N"—-N _F F _r
== =2 X L. (%)

N F. F. h
3. In case of a Porter governor when all the arms are attached to the governor axis, the coefficient of

insensitiveness may also be determined as discussed below :
Let h = Height of the governor at the mean speed N, when friction isneglected,
F = Frictional force on the sleeve,

N'and N" = Minimum and maximum speed when friction is taken into account.

We have discussed above that the governor is insensitive when the sleeve does not move downwards
when the speed fallsto N' or upwards when the speed risesto N . In other words, the height of the governor (h)
remains the same for minimum and maximum speeds N' and N" respectively. We know that

N2 MM 8%
m h
' . M.g—-F) 895
e N 2:mg+( « 92
Similarly, (N) —m.g h
" m.g+(M.g +F) _ 895
N 29 AP -9 7 g2
and (N m.g h
Now N")Z = (N)2= (N" + N) (N —=N') =2 N (N" = N) LHen=NAND
H 2 f

nm2 7y 2
vy = (N2 =(N)
2N
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and coefficient of insensitiveness

mg+M.g+F) mg+(M.g-F)

NN (NP —(N)? m.g m.g
N 2N? SO+ MO
m
_10 2F O_ F
2Hm+ Mg (m+M)g -+

4. In case of a Porter governor, when the upper arms are pivoted to the governor axis and the lower

armsare at acertain distance from the governor axisi.e. when a isnot equal to 3 (Refer Art. 18.6), then it may
be proved that

Coefficient of insensitiveness
N" =N _ F@Q+q)
N _2m.g+M.g(1+q)
5. In case of aHartnell governor,

y
Fy=Fox2
B S 2X

O Coefficient of insensitiveness =~ —N =Fs - Fs , ¥

(i
N Fe Fo 2x 6d)

Example 18.30. A Porter governor has equal arms 200 mm long pivoted on the axis of
rotation. The mass of each ball is 3 kg and the mass on the sleeve is 15 kg. The ball path is 120 mm
when the governor beginsto lift and 160 mm at the maximum speed. Determine the range of speed.

If thefriction at the d eeveisequivalent to aforce of 10 N, find the coefficient of insensitiveness.

Solution.Given: BP=BD =200mm=02m;m=3kg; M =15kg; r,=120mm=0.12m;
r,=160mm=0.16m; F=10N

Range of speed

First of all, let us find the minimum and maximum speed of rotation.

(a) Minimum position. (b) Maximum position.
Fig. 18.46
The minimum and maximum position of the ballsisshownin Fig 18.46 (a) and (b) respectively.
Let N, = Minimum speed, and

N, = Maximum speed.
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From Fig. 18.46 (a), h = \/(BP)Z - (BG)? = \/(0.2)2 - (0.12)> =0.16 m
and from Fig. 18.46 (b), h, = /(BP)2 - (BG)? =4/(0.22 — (0.16)> =0.12m
m+M 895 3+15 895
N,)? = x— = x — =33563
We know that (Ny) h 3 0.16
O N, =183.2r.p.m.
m+M 895 3+15 895
i N, )2 = x 222 = X —— =44750
Similarly (N2) h 3 0.12
O N, =2115r.p.m.
We know that range of speed

=N,—N,; =211.5-1832=283rp.m. Ans.
Coefficient of insensitiveness
We know that coefficient of insensitiveness,
N" =N _ F _ 10
N  (m+M)g (3+15981
Example 18.31. The following particulars refer to a Proell governor with open arms:

=0.0566 =5.66% Ans.

Length of all arms =200 mm, distance of pivot of arms from the axis of rotation = 40 mm,
length of extension of lower arms to which the ball is attached = 100 mm, mass of each ball = 6 kg
and mass of the central load = 150 kg. If the radius of rotation of the ballsis 180 mm when the arms
areinclined at 40° to the axis of rotation, find :

1. the equilibrium speed for the above configuration, 2. the coefficient of insensitiveness if
the friction of the governor mechanismis equivalent to a force of 20 N at the sleeve, and 3. therange
of speed between which the governor is inoperative.

Solution.Given : PF = FD =200 mm = 0.2 m ; DK =40 mm = 0.04 m ; BF = 100 mm
=01m;m=6kg;M=150kg; r=JG=180mm=0.18m; F=20N
1. Equilibrium speed
Let N = Equilibrium speed.
From the equilibrium position, asshownin Fig 18.47, wefind that the height of the governor,
h = PH = PF cos 40°
0.2 x 0.766 = 0.1532 m
PF sin 40°
0.2 x 0.643=0.1286 m
O JF = JG-HG-FH
= 0.18-0.04-0.1286
=0.0114 m

and FH

and BJ = /(BF)? — (JF)?

= (0.1 - (0.0114)2
0.0993 m All dimensionsin mm.
BJ+ JM Fig. 18.47

0.0993 + 0.1532 = 0.2525 m ...(~+IM=MD=PH)

BM
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IM=IN-MN=FH-JF =0.1286 - 0.0114 = 0.1172 m
ID=2xIN=2xFH =2x0.1286 = 0.2572m
We know that centrifugal force,

2nNf 2
F. =m.of. :GB— 0.18 =0.012 N
C m r 60 H

Now taking moments about I,

Fe x BM =m.g x M +M2'g x 1D

0.012 N2 x 0.2525 = 6 x 9.81 x 0.1172 +%29-81 x0.2572

or 0.00303N2=6.9+189.2=196.1
0 N?2=196.1/0.00303=64720 or N =254.4r.p.m. Ans.
Coefficient of insensitiveness

Let N and N = Minimum and maximum speed considering friction.
We know that centrifugal force at the minimum speed,

Fo =m(w)*r =6 522[—2'@2 0.18 =0.012 (N')?

and centrifugal force at the maximum speed,

f = m (W) r =6 52%@2 0.18 =0012 (N')?

Taking moments about |, when sleeve moves downwards,

M.g-F

Fo xBM =m.g xIM + xID

0.012(N")20.2525= 6x9.81x0,1172 +w x0.2572

0.00303 (N')? = 6.9 + 186.7 = 193.6
0 (N')? = 193.6/0.00303=63894  or N' =252.8r.p.m.
Again taking moments about |, when the sleeve moves upwards,
FS' xBM =m.g xIM +M-9*F 1

. +
0.012 (N")? 0.2525 = 6 x 9.81 x 0.1172 + w x0.2572

0.00303 (N")? = 6.9+ 191.8=198.7
O (N")? = 198.7/0.003 03 = 65 578 or N" =256 r.p.m.
We know that coefficient of insensitiveness,
N" — N _ 256 — 252.8
N 254.4

=0.0126 or 1.26% Ans.

3. Range of speed
We know that range of speed
=N"—N'=256-252.8=3.2r.p.m. Ans.
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Example 18.32. A spring controlled governor is shown in Fig. 18.48. The central spindle
does not move axially. The mass of the sleeve is 20 kg and thefrictional resistanceto its movement is
equivalent to 20 N. The balls attached to the right angled bell crank levers have mass 4 kg each. The
stiffness of the spring is40 N/mm compr ession. Theradius of rotation of the ballsis 125 mm when the

deeveisin its lowest position, and the ball arms are vertical and the spring exerts a force of 600 N.
Determine:

1. the speed at which the sleeve will begin to rise fromits lowest position,
2. the range of speed when the sleeveis 12.5 mm above its lowest position, and
3. the coefficient of insensitiveness at higher speed.

Solution.Given: M =20kg; F=20N;m=4kg; s=40N/mm;r,=125mm=0.125m;
S,=600N

1. Speed at which sleeve will begin to rise from its lowest position
Let N, = Required speed.
The lowest position is shown in Fig. 18.49 (a).
We know that the centrifugal force at the lowest position,

Foo=m(w)’n = E!ﬂa 0.125 =0.0055 (N, )?

—»125 l— 47 125 mm«'r—
mm
85 mm «+—Pp! | Cap Bell crank —>Ci)35 mmAk,—
o A lever (
T |

190 mm <_rz_,l
1

o

190 mm

m\v‘

mg+ Mg+S £F
2

N

Governor

shaft Go;/zirsnor (a) Lowest position. (b) Highest position.

Fig. 18.48 Fig. 18.49
Since the sleeve is about to rise, therefore frictional resistance is taken positive. Also the
central spindleisstationary, therefore all theforces aretransferred to both the pivots of the bell crank
M.g+S§ +F
2

Since the pivot O moves vertically and the roller A moves horizontally, therefore A is the
instantaneous centre of the bell crank lever.

Now taking moments about A,

leveri.e. at each pivot, as shown in Fig. 18.49 ().

+S +F
. x OB = Hﬂ g+—— M.g % ﬁOA
0.0055 (N,)? 0.19 = Efl x 981 + 207981 JZ’ 600 + 20@ 0.085

0.00105(N,)? = 33+34.7=38 or (N,)?=38/0.001 05 = 36 190
O N, = 190 rp.m. Ans.
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2. Range of speed

and

and

The highest position is shown in Fig. 18.49 (b).
Let N, =Maximum speed,
h = Lift of the deeve =125 mm=0.0125m ... (Given)
r, = Maximum radius of rotation of the balls, and
S, = Maximum spring force.
We know that lift of the Sleeve

y _ OA
h=(r, —-r)x==(r, — 1) x— = =
(r; = 1) ” (r; — 1) oB (Herex = 0B, andy = OA)

O r,=r,+hxOB/OA=0.125+0.0125 x 0.19/0.085=0.153 m
We know that centrifugal force at the highest position,

Fop =M ()21, =4 5’%@0.153 =0.0067 (N,,)?

S-S, =hs or S,=S5 +hs=600+125x40=1100N
From Fig 18.49 (b), we find that

Ol =/(0A)? — (AI)? =/(85)” — (12.5)> =84 mm =0.084 m
(s Al=h)

BC = /(0B)? — (OC)® =/(190)* — (153 — 125)> =188 mm =0.188 m
o (eOC=r1,-1)
IC=0l+0C=84+(153-125)=112mm=0.112m
Now taking moments about the instantaneous centre |,

M.g+S, = F
2

Fep X BC =m.g xIC + xOl

The + sign denotes that at the highest position, the sleeve may either rise or fall. Therefore

0.0067 (N,)? 0.188 = 4 x 9.81 x 0,112 + 5'20 x9.81 ;1100 iZOEO.OM

0.001 26 (N,)> = 4.4 +54.4+ 0.84 =588+ 0.84
Taking —ve sign, when the sleeve is about to fall,
0.001 26 (N,)?=58.8 —0.84 = 57.96
(N,)? = 57.96/0.001 26 = 46 000 or N,=2145rp.m.
Taking + ve sign, when the sleeve is about to lift,
0.001 26 (N,')*> = 58.8 + 0.84 = 59.64
(N,)? = 59.64/0.001 26 = 47 333 or N, =2175rpm.
[0 Range of speed at the maximum radius
=N, —N,=217.5-214.5=3rp.m. Ans.
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3. Coefficient of insensitiveness at higher speed
We know that coefficient of insensitiveness

_2(N, —N,) _2(217.5 - 214.5)
N, + N, 2175 + 2145

Example 18.33. In a spring controlled governor, the curve of controlling forceis a straight
line. When balls are 400 mm apart, the controlling force is 1200 N and when 200 mm apart, the
controlling force is 450 N. At what speed will the governor run when the balls are 250 mm apart?
What initial tension on the spring would be required for isochronism and what would then be the
speed ? The mass of each ball is 9 kg.

Solution. Given : When balls are 400 mm apart, i.e. when the radius of rotation (r,) is 200
mm, the controlling force,
Fe, =1200N

When balls are 200 mm apart i.e. when the radius of rotation (r,) is 100 mm, the controlling
force,

=0.014 =1.4% Ans.

Fe, = 450N
Mass of each ball, m = 9kg
Speed of the governor when the balls are 250 mm apart, i.e. when radius of rotation (r) is 125 mm
Let N = Required speed.
We know that for the stability of the spring controlled governors, the controlling force (F.) is
expressed in the form

*Fo=ar—b (@)

When r=r, =100 mm=0.1m, then
450 = ax0l1-b=01la-b ()]

and when r =r,=200mm=0.2m, then
1200 = ax02—-b=02a-b ... (i)

From equations (ii) and (iii), we find that
a = 7500, and b =300
Now the equation (i) may be written as

Fc = 7500 r — 300 ... (iv)
Substituting r = 125 mm=0.125 m, in equation (iv), we get
F. = 7500 x 0.125—-300=637.5N

C

m.of.r :mDZB—T[NDZr
LY. GOB

PrNf )
637.5=9 0125 = 0.012 34 N
Heo H

We know that Fc

O N2 =6375/0.01234 =51661 or N =227.3rp.m. Ans.
* - Fa 450 Fe, (1200 _
We find that o1 4500 and "0z 6000.

Since F./ r increases asr increases, therefore for stability
Fc=ar—b  (SeeArt. 18.20)
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Initial tension on the spring for isochronism

We have discussed in Art. 18.20 that for an isochronous governor, the controlling force line
passed through the origin (i.e. b = 0). The value of b is made zero by increasing the initial tension of
the spring to 300 N.

O Initial tension on the spring for isochronism = 300 N Ans.

I sochronous speed

Let N' = Isochronous speed, and
= Controlling force at the isochronous speed.
We know that for isochronism,
F'=ar o m(w)’r=ar o m(w)’=a

enN'f
0 m =a or  9x0.011 (N')?=7500
H 60 )
(N)? = 7500/ 0.099 = 75 758 or N'=275r.p.m. Ans,

Example 18.34. The controlling force (F.) in newtons and the radius of rotation (r) in

metres for a spring controlled governor is given by the expression
F. =2800r-76

The mass of the ball is 5 kg and the extreme radii of rotation of the balls are 100 mm and
175 mm. Find the maximum and minimum speeds of equilibrium. If the friction of the governor
mechanismis equivalent to a force of 5 N at each ball, find the coefficient of insensitiveness of the
governor at the extreme radii.

Solution. Given: m=5kg; r,=100mm=0.1m;r,=175mm=0.175m
Maximum and minimum speeds of equilibrium

Let N, and N, = Maximum and minimum speeds of equilibrium respectively.
The controlling force is given by the expression,
F. =2800r-76

O Controlling force at the minimum radius of rotation (i.e. atr, = 0.1 m),
Fc, =2800x0.1-76=204N
and controlling force at the maximum radius of rotation (i.e. at r,= 0.175 m),
Fe, =2800x0.175-76=414N

(21N
We know that Fo =m(w)?r, =m 1=
c1 () n WH 1

or 204=5 E!ﬂﬁ 0.1=0.0055 (N,)?
0 (N,)? = 204/ 0.0055 = 37 091 or N, =192.6 r.p.m. Ans.
. RN,
Similarl Fe, =m(w,)% 1, =m 29 r
y c2 ()" 1, Heo F
or 414=5 E!ﬂﬁ 0.175 = 0.0096 (N, )?

O (N,)? = 414/0.0096 = 43 125 or N, =207.6r.p.m. Ans.
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Coefficient of insensitiveness

Let N,"and N, = Minimum and maximum speeds of the governor considering
friction.
We know that frictional force at each ball
=5N ... (Given)
'of
O F01—F:m((*l')2 i =m TtNlD ]
H & H

Dorny O
204-5=5 D%D 0.1= 0.0055 (N )2

% g

25 _ 5180 or N, =190.2 r.p.m.
0.0055

O (N1')2

' i\ o
Smilaly  Feo +F =m(w)* 1, :mg%ﬁ 2

'f

s14+5=5F2™N2F 0175 = 0.0006 (N, )?
H 60 H

414 + 5

0.0096

We know that coefficient of insensitiveness

0 (N, )? = =43 646 or N, =209 r.p.m.

_2 (N, —N;) _ 2(209 -190.2)

=0.094 or 9.4% Ans.

N2' + Nl' 209 +190.2
EXERCISES
1. The length of the upper arm of a Watt governor is 400 mm and its inclination to the vertical is 30°.
Find the percentage increase in speed, if the balls rise by 20 mm. [Ans. 3%]

2. A Porter governor has two balls each of mass 3 kg and a central load of mass 15 kg. Thearms are al
200 mm long, pivoted on the axis. If the maximum and minimum radii of rotation of the balls are 160
mm and 120 mm respectively, find the range of speed. [Ans. 283 r.p.m]

3. In a Porter governor, the mass of the central load is 18 kg and the mass of each ball is 2 kg. The top
arms are 250 mm while the bottom arms are each 300 mm long. The friction of the sleeveis 14 N. If
the top arms make 45° with the axis of rotation in the equilibrium position, find the range of speed of
the governor in that position. [Ans. 15 r.p.m.]

4. A loaded governor of the Porter type has equal arms and links each 250 mm long. The mass of each
ball is2 kg and the central massis 12 kg. When the ball radiusis 150 mm, the valveisfully open and
when theradiusis 185 mm, the valveis closed. Find the maximum speed and the range of speed. If the
maximum speed isto beincreased 20% by an addition of massto the central load, find what additional
mass is required. [Ans. 193 r.p.m.; 16 r.p.m.; 6.14 kq]

5. The arms of a Porter governor are 300 mm long. The upper arms are pivoted on the axis of rotation
and thelower arms are attached to the sleeve at adistance of 35 mm from the axis of rotation. Theload
on the sleeve is 54 kg and the mass of each ball is 7 kg. Determine the equilibrium speed when the
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radius of the balls is 225 mm. What will be the range of speed for this position, if the frictional
resistances to the motion of the sleeve are equivalent to aforce of 30 N?

[Ans. 174.3 r.p.m. ; 85r.p.m]

In a Porter governor, the upper and lower arms are each 250 mm long and are pivoted on the axis of
rotation. The mass of each rotating ball is 3 kg and the mass of the sleeveis 20 kg. Thedleeveisinits
lowest position when the arms areinclined at 30° to the governor axis. Thelift of the sleeveis 36 mm.
Find the force of friction at the sleeve, if the speed at the moment it rises from the lowest position is
equal to the speed at the moment it falls from the highest position. Also, find the range of speed of the
governor. [Ans. 9.8 N ; 16 r.p.m.]

A Porter governor haslinks 150 mm long and are attached to pivotsat aradial distance of 30 mm from
the vertical axis of the governor. The mass of each ball is 1.75 kg and the mass of the sleeveis 25 kg.
The governor sleeve beginsto rise at 300 r.p.m. when thelinks are at 30° to the vertical. Assuming the
friction force to be constant, find the minimum and maximum speed of rotation when the inclination
of thelinks is 45° to the vertical. [Ans. 284 r.p.m. ; 347 r.p.m.]

A Proell governor has all the four arms of length 250 mm. The upper and lower ends of the arms are
pivoted on the axis of rotation of the governor. The extension arms of thelower links are each 100 mm
long and parallel to the axis when the radius of the ball path is 150 mm. The mass of each ball is4.5
kg and the mass of the central load is 36 kg. Determine the equilibrium speed of the governor.

[Ans. 164 r.p.m.]

A Proell governor has arms of 300 mm length. The upper arms are hinged on the axis of rotation,
whereasthe lower arms are pivoted at a distance of 35 mm from the axis of rotation. The extension of
lower armsto which the balls are attached are 100 mm long. The mass of each ball is8 kg and the mass
onthesleeveis60 kg. At the minimum radius of rotation of 200 mm, the extensions are parall€l to the
governor axis. Determine the equilibrium speed of the governor for the given configuration. What
will be the equilibrium speed for the maximum radius of 250 mm?

[Ans. 1445 r.p.m. ; 1582 r.p.m]

A spring controlled governor of the Hartnell type with a central spring under compression has balls
each of mass 2 kg. The ball and sleeve arms of the bell crank levers are respectively 100 mm and 60
mm long and are at right angles. In thelowest position of the governor sleeve, the radius of rotation of
theballsis80 mm and the ball arms are parallel to the governor axis. Find theinitial load on the spring
in order that the sleeve may begin to lift at 300 r.p.m. If the stiffness of the spring is 30 kN/m, what is
the equilibrium speed corresponding to a sleeve lift of 20 mm? [Ans. 527 N ; 342r.p.m]

In agovernor of the Hartnell type, the mass of each ball is 1.5 kg and the lengths of the vertical and
horizontal arms of the bell crank lever are 100 mm and 50 mm respectively. The fulcrum of the bell
crank lever is at adistance of 90 mm from the axis of rotation. The maximum and minimum radii of
rotation of balls are 120 mm and 80 mm and the corresponding equilibrium speeds are 325 and 300
r.p.m. Find the stiffness of the spring and the equilibrium speed when the radius of rotation is 100 mm.

[Ans. 18 KN/m, 315 r.p.m.]

A governor of the Hartnell type has equal balls of mass 3 kg, set initially at aradius of 200 mm. The
arms of the bell crank lever are 110 mm vertically and 150 mm horizontally. Find : 1. the initial
compressive force on the spring, if the speed for aninitial ball radius of 200 mmis240r.p.m.; and 2.
the stiffness of the spring required to permit a sleeve movement of 4 mm on a fluctuation of 7.5 per
cent in the engine speed. [Ans. 556 N ; 23.75 N/mm]
A spring controlled governor of the Hartnell type has the following data :

Massof theball = 1.8 kg ; Massof thesleeve=6 kg ; Ball and sleeve armsof thebell crank lever = 150
mm and 120 mm respectively. The equilibrium speed and radius of rotation for the lowest position of
the sleeve are 400 r.p.m. and 150 mm respectively. The sleeve lift is 10 mm and the change in speed
for full sleevelift is 5%. During an overhaul, the spring was compressed 2 mm more than the correct
compression for the initial setting. Determine the stiffness of the spring and the new equilibrium
speed for the lowest position of the sleeve. [Ans. 28.96 N/mm ; 472 r.p.m.]
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A spring controlled governor of the Hartnell type has two rotating balls of mass 1.35 kg each. The ball
arm is 75 mm and the sleeve arm is 62.5 mm. In the mid position of the sleeve, the sleeve arm is
horizontal and the balls rotate in a circle of 100 mm radius. The total sleeve movement is 30 mm.

Due to maladjustment of the spring, it isfound that the equilibrium speed at the topmost position
of the sleeve is 420 r.p.m. and that corresponding to the lowest position is 435 r.p.m.
Determine: 1. stiffness and initial compression of the spring, and 2. the required initial compression
of the spring to give an equilibrium speed at the topmost position whichis12 r.p.m. morethan at the
lowest position. Neglect the moment due to mass of the balls.

[Ans. 6.3 N/mm, 87.54 mm ; 53.5 mm]

A Hartnell governor hastwo rotating balls, of mass 2.7 kg each. Theball radiusis 125 mminthe mean
position when the ball arms are vertical and the speed is 150 r.p.m. with the sleeve rising. The length
of the ball arms is 140 mm and the length of the sleeve arms 90 mm. The stiffness of the spring is
7 kN/m and the total sleeve movement is 12 mm from the mean position. Allowing for a constant
friction force of 14 N acting at the sleeve, determine the speed range of the governor in the lowest and
highest sleeve positions. Neglect the obliquity of the ball arms. [Ans. 10.7 r.pm., 6.6 r.pm.]
The spring controlled governor of the Hartung type has two rotating masses each of 2.5 kg and the
limits of their radius of rotation are 100 mm and 125 mm. The each massis directly controlled by a
spring attached to it and to the inner casing of the governor as shown in Fig 18.26 (a). The stiffness of
the spring is8 kN/m and the force on each spring, when the masses arein their mid-position, is320 N.
In addition, thereisan equivalent constant inward radial force of 80 N acting on each revolving mass
in order to alow for the dead weight of the mechanism. Neglecting friction, find the range of speed of
the governor. [Ans. 51 r.p.m.]
In aspring controlled governor of the Hartung type, the lengths of the horizontal and vertical arms of
the bell crank levers are 100 mm and 80 mm respectively. The fulcrum of the bell crank lever isat a
distance of 120 mm from the axis of the governor. The each revolving massis 9 kg. The stiffness of the
spring is25 kN/m. If thelength of each spring is 120 mm when the radius of rotation is 70 mm and the
equilibrium speed is 360 r.p.m., find the free length of the spring. If the radius of rotation increasesto
120 mm, what will be the corresponding percentage increase in speed ?

[Ans 145.75 mm ; 10.83%]
[Hint. Free length of the spring = Length of the spring + compression of the spring]
The following particulars refer to a Wilson-Hartnell governor :
Mass of each ball =4 kg ; minimum radius = 80 mm ; maximum radius = 90 mm ; minimum speed =
240 r.p.m.; maximum speed = 252 r.p.m.; length of the ball arm of each bell crank lever =80 mm;
length of sleeve arm of each bell crank lever = 60 mm ; combined stiffness of the two ball springs =
750 N/m.

Find the required stiffness of the auxiliary spring, if the lever is pivoted at the mid-point.
[Ans. 6.786 kKN/m]

A spring loaded governor of the Wilson-Hartnell type
isshownin Fig 18.50. Two ballseach of mass4 kg are
connected across by two springs A. The stiffness of
each spring is 750 N/m and a free length of 100 mm. T
The length of ball arm of each bell crank lever is80  go'ym
mm and that of sleeve arm is 60 mm. The lever is l
pivoted at its mid-point. The speed of the governor is
240r.p.m. initsmean position and the radius of rotation
of the ball is80 mm. If thelift of the sleeveis 7.5 mm []
for an increase of speed of 5%, find the required :<—a—>|<—b—>
stiffness of the auxiliary spring B. )

[Ans. 6.756 kN/m] Fig. 18.50
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A Porter governor has all four arms 200 mm long. The upper arms are pivoted on the axis of rotation
and the lower arms are attached to a sleeve at adistance of 25 mm from the axis. Each ball hasamass
of 2 kg and the mass of the load on the sleeve is 20 kg. If the radius of rotation of the balls at a speed
of 250 r.p.m. is 100 mm, find the speed of the governor after the sleeve has lifted 50 mm. Also
determine the effort and power of the governor. [Ans. 275.6 r.p.m.; 224 N ; 1.12 N-m]

A Porter governor has arms 250 mm each and four rotating flyballs of mass 0.8 kg each. The sleeve
movement is restricted to + 20 mm from the height when the mean speed is 100 r.p.m. Calculate the
central dead load and sensitivity of the governor neglecting friction when theflyball exertsacentrifugal
force of 9.81 N. Determine also the effort and power of the governor for 1 percent speed change.
[Ans. 11.76 N; 11.12; 0.196 N; 7.7 N-mm]

The upper arms of aPorter governor are pivoted on the axis of rotation and the lower arms are pivoted
to the sleeve at a distance of 30 mm from the axis of rotation. The length of each arm is 300 mm and
the mass of each ball is 6 kg. If the equilibrium speed is 200 r.p.m. when the radius of rotation is 200
mm, find the required mass on the sleeve. If thefriction is equivalent to aforce of 40 N at the sleeve,
find the coefficient of insensitiveness at 200 mm radius. [Ans. 61.1 kg. ; 6%]

In a spring controlled governor, the radial force acting on the balls was 4500 N when the centre of
ballswas 200 mm from the axis and 7500 N when at 300 mm. Assuming that the force varies directly
as the radius, find the radius of the ball path when the governor runs at 270 r.p.m. Also find what
ateration in spring load isrequired in order to make the governor isochronous and the speed at which
it would then run. The mass of each ball is 30 kg. [Ans. 250 mm ; 1500 N ; 3015 r.p.m.]

DO YOU KNOW ?

What is the function of agovernor ? How does it differ from that of aflywheel ?

State the different types of governors. What is the difference between centrifugal and inertia type
governors ? Why isthe former preferred to the latter ?

Explain the term height of the governor. Derive an expression for the height in the case of a Watt
governor. What are the limitations of a Watt governor ?

What are the effects of friction and of adding a central weight to the sleeve of a Watt governor ?

Discuss the controlling force and stability of a governor and show that the stability of a governor
depends on the slope of the curve connecting the controlling force (F.) and radius of rotation (r) and
the value (F. /r).

What is stability of a governor ? Sketch the controlling force versus radius diagrams for a stable,
unstable and isochronous governor. Derive the conditions for stability.

Explain clearly how would you determine from the controlling force curve whether a governor is
stable, unstable or isochronous. Show also how the effect of friction may be indicated on the curve.

Define and explain the following terms relating to governors::

1. Stability, 2. Sensitiveness, 3. Isochronism, and 4. Hunting.
Explain the terms and derive expressions for ‘effort” and ‘ power’ of a Porter governor.
Prove that the sensitiveness of a Proell governor is greater than that of a Porter governor.
Write short note on ‘ coefficient of insensitiveness' of governors.

OBJECTIVE TYPE QUESTIONS
The height of a Watt's governor (in metres) in equal to
(a) 8.95/N2 (b) 89.5/N? () 895/N? (d) 8950/N2
where N = Speed of the arm and ball about the spindle axis.
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Theratio of the height of aPorter governor (when the length of armsand links are equal) to the height
of aWatt’s governor is

m M m+ M m+ M
@ e ® mrm © 0 @ —y
where m = Mass of the ball, and

M = Mass of the load on the sleeve.
When the sleeve of a Porter governor moves upwards, the governor speed

(a) increases (b) decreases (c) remainsunaffected

A Hartnell governor isa

(@) pendulum type governor (b) spring loaded governor

(c) dead weight governor (d) inertiagovernor

Which of the following governor is used to drive a gramophone ?

(a) Watt governor (b) Porter governor

(c) Pickering governor (d) Hartnell governor

Which of the following is a spring controlled governor?

(@) Hartnell (b) Hartung (c) Pickering (d) all of these

For two governors A and B, thelift of sleeve of governor A ismorethan that of governor B, for agiven
fractional change in speed. It indicates that

(a) governor A ismore sensitive than governor B
(b) governor B is more sensitive than governor A
(c) both governors A and B are equally sensitive
(d) none of the above

The sensitiveness of agovernor is given by

Whnean W —Q W -0
@ — - by —— (© (d) noneof these
W 4« Wimean 2Wrmean
where w, and w, = Minimum and maximum angular speed, and

Wean = Mean angular speed.
In aHartnell governor, if aspring of greater stiffnessis used, then the governor will be
(a) more sensitive (b) lesssensitive (c) isochronous
A governor is said to be hunting, if the speed of the engine
(a) remains constant at the mean speed
(b) isabove the mean speed
(c) isbelow the mean speed
(d) fluctuates continuously above and below the mean speed.
A hunting governor is
(@) morestable (b) lesssensitive (c) moresensitive (d) none of these
Isochronism in a governor is desirable when
(a) theengine operates at |low speeds
(b) the engine operates at high speeds
(c) theengine operates at variable speeds
(d) one speed isdesired under one load
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The power of agovernor isequal to

c? 2¢?

(a) 1+2€(m+ M) h (b) e (m+M)h
2 2

(©) 1+2€(m+M)h (d) 1+2€(m+M)h

where ¢ = Percentage increase in speed.

When the relation between the controlling force (F) and radius of rotation (r) for aspring controlled
governor is F. = ar + b, then the governor will be

(a) stable (b) unstable (©

For agovernor, if F. isthe controlling force, r is the radius of rotation of the balls, the stability of the
governor will be ensured when

isochronous

%>% (b) dd%<% (© %=0 (d) none of these
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