UNIT-1

Friction in Machine Elements

Screw Friction

The screws, bolts, studs, nuts etc. are widely used in various machines and structures for temporary
fastenings. These fastenings have screw threads, which are made by cutting a continuous helical groove
on a cylindrical surface. If the threads are cut on the outer surface of a solid rod, these are known as
external threads. But if the threads are cut on the internal surface of a hollow rod, these are known as
internal threads. The screw threads are mainly of two types i.e. V-threads and square threads. The V-
threads are stronger and offer more frictional resistance to motion than square threads. Moreover, the
V-threads have an advantage of preventing the nut from slackening. In general, the V threads are used
for the purpose of tightening pieces together e.g. bolts and nuts etc. But the square threads are used in
screw jacks, vice screws etc. The following terms are important for the study of screw

Helix. It is the curve traced by a particle, while describing a circular path at a uniform speed and
advancing in the axial direction at a uniform rate. In other words, it is the curve traced by a particle while
moving along a screw thread.

Pitch. It is the distance from a point of a screw to a corresponding point on the next thread, measured

parallel to the axis of the screw

s DEPARTMENT OF MECHANICAL ENGINEERING



Lead. It is the distance; a screw thread advances axially in one turn.
Depth of thread. It is the distance between the top and bottom surfaces of a thread (also known as crest

and root of a thread).

Single-threaded screw. If the lead of a screw is equal to its pitch. It is known as single threaded screw.
Lead = Pitch x Number of threads

Helix angle. It is the slope or inclination of the thread with the horizontal.

The screw jack is a device, for lifting heavy loads, by applying a comparatively smaller effort at its handle.

The principle, on which a screw jack works, is similar to that of an inclined plane.

Y
= Ay r\%\ Collar
L.

«— Nut

+— Screw rod

(a) Screw jack. (b) Thrust collar.
Fig (a) shows a common form of a screw jack, which consists of a square threaded rod (also called screw
rod or simply screw) which fits into the inner threads of the nut. The load, to be raised or lowered, is
placed on the head of the square threaded rod which is rotated by the application of an effort at the end
of the lever for lifting or lowering the load.

Torque Required to Lifting the Load by a Screw Jack :

If one complete turn of a screw thread by imagined to be unwound, from the body of the screw and
developed, it will form an inclined plane as shown in Fig (a).

Let p = Pitch of the screw,

d = Mean diameter of the screw, a= Helix angle,

P = Effort applied at the circumference of the screw to lift the load,

W = Load to be lifted, and

U = Coefficient of friction, between the screw and nut = tan ¢, Where ¢ is the friction angle.
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(a) Development of a screw. (b) Forces acting on the screw.
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From the geometry of the Fig(a), we find that

tano = p/ntd
Since the principle on which a screw jack works is similar to that of an inclined plane, therefore the force
applied on the lever of a screw jack may be considered to be horizontal as shown in Fig(b).
Since the load is being lifted, therefore the force of friction (F = u.RN) will act downwards. All the forces
acting on the screw are shown in Fig(b). Resolving the forces along the plane,
P cos a = W sin a+ F = W sino+u.RN (i)
and resolving the forces perpendicular to the plane,
RN =Psin a+ W cosa (ii) Substituting this value of RN in equation(i),
Pcosa=Wsinoa+p(Psino+ Wcos a)
=Wsina+uPsina+uWcosa
Pcosa—puPsina=Wsina+uWcosa

P (cosa—psina)=W (sina+ pcos a)

P_WxsintIJrumsu

COS O — LL sin O

Substituting the value of p = tan ¢ in the above equation, we get

sin a+tan ¢ cos o

P=W X -
cos oL — tan ¢ s o

Multiplying the numerator and denominator by coso,

sin €L cos ¢ + sin ¢ cos o W x sin (o + @)

P=W x . . =
COS OL cOS ¢ — sin o sin ¢ cos(o + ¢)

= Wtan (a+ ¢)

d d
T] :PX::W'[d[]{[I-I—lb]:

o s

Torque required to overcoming friction between the screw and nut,
When the axial load is taken up by a thrust collar or a flat surface, as shown in Fig (b),so that the load

does not rotate with the screw, then the torque required to overcome friction at the collar,
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R, + R,

T, =pnw|- =u, W.R

R1and Rz = Outside and inside radii of the collar,
R = Mean radius of the collar, and

u1 = Coefficient of friction for the collar.

1
T =T, +T, =Px=+ 1, WR

Total torque required to overcomhe friction (i.e. to rotate the screw),

If an effort P1is applied at the end of a lever of arm length /, then the total torque required to overcome
friction must be equal to the torque applied at the end of the lever, i.e.

T =P < % = P
Friction of a V-thread

The normal reaction in case of a square threaded screw is

Rn= W cosa, where a= Helix angle.

But in case of V-thread (or acme or trapezoidal threads), the normal reaction between the screw and nut

is increased because the axial component of this normal reaction must be equal to the axial load.

w
RN

o] g

W, as shown in Fig.

Let 2= Angle of the V-thread, and

%4
Ry = ——
cos B
rd
frictional force, f = MRy = pn X< =n,.w

cos B
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= Semi-angle of the V-thread.
Friction in Journal Bearing-Friction Circle

A journal bearing forms a turning pair as shown in Fig (a). The fixed outer element of a turning pair is

LL
cos 3
called a bearing and that portion of the inner element (i.e. shaft) which fits in the bearing is called a

= My - known as virtual coefficient of friction.

journal. The journal is slightly less in diameter than the bearing, in order to permit the free movement of

the journal in a bearing.
w w

Lubricant Fription
Journal i
i ]
/O I ml //rfi\\ \;

A Bearing

(a) (b)

When the bearing is not lubricated (or the journal is stationary), then there is a line contact between the
two elements as shown in Fig (a). The load W on the journal and normal reaction Ry (equal to W) of the
bearing acts through the centre. The reaction RN acts vertically upwards at point A. This point A is known

as seat or point of pressure.

Now consider a shaft rotating inside a bearing in clockwise direction as shown in Fig(b). The lubricant
between the journal and bearing forms a thin layer which gives rise to a greasy friction. Therefore, the
reaction R does not act vertically upward, but acts at another point of pressure B. This is due to the fact

that when shaft rotates, a frictional force F = p Ry acts at the circumference of the shaft which has a

tendency to rotate the shaft in opposite direction of motion and this shifts the point A to point B. In order

that the rotation may be maintained, there must be a couple rotating the shaft.

Let = Angle between R (resultant of F and RN) and Ry,

K = Coefficient of friction between the journal and bearing,
T = Frictional torque in N-m, and

r = Radius of the shaft in meters.

For uniform motion, the resultant force acting on the shaft must be zero and the resultant turning

moment on the shaft must be zero. In other words,
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R=W,and T=W x OC=W x OB sinp= W.rsind

Since @ is very small, therefore substituting sing=tand

T=W.rtang=p.W.r (1 =tang)

If the shaft rotates with angular velocity w rad/s, then power wasted in friction,

P = Tw=T x 2ntN/60 watts Where N = Speed of the shaft in r.p.m.

Friction of Pivot and Collar Bearing

The rotating shafts are frequently subjected to axial thrust. The bearing surfaces such as pivot and collar
bearings are used to take this axial thrust of the rotating shaft. The propeller shafts of ships, the shafts of
steam turbines, and vertical machine shafts are examples of shafts which carry an axial thrust. The
bearing surfaces placed at the end of a shaft to take the axial thrust are known as pivots. The pivot may
have a flat surface or conical surface as shown in Fig. 10.16 (a) and (b) respectively. When the cone is
truncated, it is then known as truncated or trapezoidal pivot as shown in Fig (c).

The collar may have flat bearing surface or conical bearing surface, but the flat surface is most commonly
used. There may be a single collar, as shown in Fig (d) or several collars along the length of a shaft, as

shown in Fig(e) in order to reduce the intensity of pressure.

l b Y pom
’\ ZDK Shatft | W ‘+lj 'L%_(_ ollar %
/ / //%% S LA\ \/
(a) Flat pivot. (b) Conical pivot. (c¢) Truncated pivot. (d) Single flat (e) Multiple flat
collar. collar.

In modern practice, ball and roller thrust bearings are used when power is being transmitted and when

thrusts are large as in case of propeller shafts of ships.

A little consideration will show that in a new bearing, the contact between the shaft and bearing may be
good over the whole surface. In other words, we can say that the pressure over the rubbing surfaces is
uniformly distributed. But when the bearing becomes old, all parts of the rubbing surface will not move
with the same velocity, because the velocity of rubbing surface increases with the distance from the axis
of the bearing. This means that wear may be different at different radii and this causes to alter the
distribution of pressure. Hence, in the study of friction of bearings, it is assumed hat

The pressure is uniformly distributed throughout the bearing surface, and

The wear is uniform throughout the bearing surface.
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Flat Pivot Bearing:

When a vertical shaft rotates in a flat pivot bearing (known as foot step bearing), as shown in Fig., the
sliding friction will be along the surface of contact between the shaft and the bearing.

Let W =Load transmitted over the bearing surface,

Shaft

Flat pivot
bearing

R =Radius of bearing surface,
p =Intensity of pressure per unit area of bearing Surface between rubbing surfaces, and

u =Coefficient of friction.

We will consider the following two cases:
1. When there is a uniform pressure
2. When there is a uniform wear

Considering uniform pressure

When the pressure is uniformly distributed over the bearing area, then

Consider a ring of radius r and thickness drof the bearing area. Area of bearing surface, A = 2nr.dr

Load transmitted to the ring,

SW=pxA=px2nr.dr (i)

Frictional resistance to sliding on the ring acting tangentially at radius r, Fr= W.OW= p p x 2n
r.dr=2npy.p.r.dr

Frictional torque on the ring,

Tr=Fr xr=21 W p r.drx r = 2 7 W pridr (ii)
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Integrating this equation within the limits from 0 to R for the total frictional torque on the pivot bearing.

R R
- Total frictional torque, T = f 2w pr2 dr=2mpu pJ r? dr
0

= R 2
:anp{’_} :2KLleT:§XKLl.p.R3

3 do
2 4 2
=—XTUX — X R =Zx wW.R o p= W,
3 TR~ 3 TR
When the shaft rotates at @ rad/s, then power lost in friction,
P =T.0=Tx2nN/60 (0 0=21N/60)

N = Speed of shaft in r.p.m.
Considering uniform wear

We have already discussed that the rate of wear depends upon the intensity of pressure and the
velocity of rubbing surfaces (v). It is assumed that the rate of wear is proportional to the product
of intensity of pressure and the velocity of rubbing surfaces (i.e. p.v.). Since the velocity of
rubbing surfaces increases with the distance (i.e. radius r) from the axis of the bearing, therefore

for uniform Wear
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p.r = C(aconstant) or p=C/r

nd the load transmitted to the ring,

W = p x 2nr.dr ..[From equation (i)]

C
=—X2nrdr =2nC.dr
¥
. Total load transmitted to the bearing
W

R
W=|2rCdr=2rnC[,]¥ =2rC.R or C=—
i ‘ Lrlo 21R

We know that frictional torque acting on the ring,

% (&)

T =2mp prldr= 2T X — X r* dr ( p=_)
r r

=2n W.Cr dr ..(in)

-, Total frictional torque on the bearing,

R 9 R
Ts [ 2 p.Cr.dr=2np.C [r_}
0

PROBLEMS

Example 1.A vertical shaft 150 mm in diameter rotating at 100 r.p.m. rests on a flat end foot step
bearing. The shaft carries a vertical load of 20 kN. Assuming uniform pressure distribution and coefficient

of friction equal to 0.05, estimate power lost in friction.

Solution.Given :D = 150 mm or R =75 mm =0.075m ; N =100 r.p.m or w=2 & x 100/60= 10.47 rad/s ; W
=20kN=20x103N; u=0.05
We know that for uniform pressure distribution, the total frictional torque,
T = % X LW.R = %x 0.05% 20 x 10° X 0.075 = 50 N-m

. Power lost in friction,
P=T.w=50x1047 =523.5W Ans.
Conical Pivot Bearing

a— Shaft

Conical
bearing
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«— Shatt

Conical
bearing

The conical pivot bearing supporting a shaft carrying a load W is shown in Fig. Let
Pn = Intensity of pressure normal to the cone,

o = Semi angle of the cone,

U = Coefficient of friction between the shaft and the bearing,

R = Radius of the shaft.

Consider a small ring of radius r and thickness dr.

Let d/ is the length of ring along the cone, such that

dl= drcosec a

Area of the ring, A =2nr.dl=2nr.drcosec a ( dl= drcoseca)
Considering uniform pressure

We know that normal load acting on the ring, 5Wn= Normal pressure xArea
= pn % 21r.drcosec a vertical load acting on the ring,

SW= Vertical component of 6Wn= 6Whn.sina Total vertical load transmitted to the bearing,
W:jp x2mrdr=2np || =2np x——=nR%p
n n “ R ) R
0 = o -

p, =W/ nR*

_ D AR (Y v T e — D . 2 g5
T =F Xr=2mlp cosec QrdrXr = ZRNWU.p COSECOLr .d

We know that frictional force on the ring acting tangentially at radius r,

The vertical load acting on the ring is also given by W= Vertical component of p,x Area of the ring
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=p_sin oL X 27r.dr.cosec o= p X 27r.dr

Integrating the expression within the limits from 0 to R for the total frictional torque on the conical pivot

bearing.

R 318
_ oy 22 g — , r
T = [2 T [L.p, cOsec o.r™ dr =2 TP.p, cosec o —
0 3 o
> 2n R’
= 2m.p, .COSEC OL X 3 = X lL.p, .cosec O ..(1)
Total frictional torque:
R ;1R
_ ey w2 e — , r
T = [2 T lL.p, cosec oL.r™ dr =2 T.p, cosec of —
0 3 o
S R’
= 2m.p, .COSEC O X EY = ; X [L.p .cosec o ..(1)

Substituting the value of pnin equation (i),

X TO X
3 R

Considering uniform wear

21R

T = x WW.R. cosec o

W | 12

3 X cosec o =

In Fig. let pr be the normal intensity of pressure at a distance r from the central axis. We know that, in
case of uniform wear, the intensity of pressure varies inversely with the distance.

pr.r = C (a constant) or p,= C/r

C
oW = p, X 2mrdr = — X 2nr.dr = 2nC.dr
.
The load transmitted to the ring,

Total load transmitted to the bearing,
K W
W = j 21C.dr = 2nC [;]f = 2nC.R or C=——
0 2nR

We know that frictional torque acting on the ring,

2 : € >
= 2mp.p, cosec o.r-.dr = 2w X — X cosec o.r.dr
7

= 2run.C.cosec o.r.dr



Total frictional torque acting on the bearing,

W 1 I
T =t x —— x cosec oL.R? = — x)LW.R cosec o0 = — x LW [
2R 2 2
Substituting the value of C, we have
Trapezoidal or Truncated Conical Pivot Bearing
L—
|
|
i
o Ir-‘|
—
|
Area of the bearing surface,
A=x[(r)? — (r,)°]
Intensity of uniform pressure,
W W
p, =—= : ;
n A TCI(I'1)2 _('2)2] ...(7)

If the pivot bearing is not conical, but a frustum of a cone with r1 and r2, the external and internal radius
respectively as shown in Fig, then
Considering uniform pressure

The total torque acting on the bearing is obtained by integrating the value of T;, within the limits r; and

r.
n 310

o ~ st o2 . D S Tox

T =| 2rp.p. cosec o.r-dr = 2R p .cosec o] —

n n »%
rl ) T.
3 3 )

r,) —(r
= 2{. p, .cOseC o (1) ()
3

Total torque acting on the bearing,

n
W = J- 29 C.dr — ZTIZCII']:" =2C(n— %)

w

27t(r' =150
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W A | e
T = 2y < > —— X cosec a[('l) () }
®i(n) —(%)]

W N

3 3

() —Gn)

x u.W.cosec a| —1— 2
() —(5)

Substituting the value of p, from equation (i),
Considering uniform wear the load transmitted to the ring, 6W= 2nC.dr

Total load transmitted to the ring,

We know that the torque acting on the ring, considering uniform wear, is Total torque acting on the
bearing,

- '

n e 1

T = I 27t w. C cosec o.r.dr = 21 p.C.cosec 0{’_]
>

i

¥
p r

= 1 pn.C.cosec u[[rl ) — (r, ]2]

Substituting the value of C from equation (ii), we get

W 2 2
T = T X ——— X cosec o [(r] ¥ =%F"]
2(r, — 1) -
1
=5 XUW(n +ny) cosec oo = nW.R cosec o
) . ] i
R = Mean radius of the bearing = ———

PROBLEMS

Example 1.A conical pivot supports a load of 20 kN, the cone angle is 1202 and the intensity of normal
pressure is not to exceed 0.3 N/mm2. The external diameter is twice the internal diameter. Find the outer
and inner radii of the bearing surface. If the shaft rotates at 200 r.p.m. and the coefficient of friction is
0.1, find the power absorbed in friction. Assume uniform pressure.

Solution: Given: W =20 kN =20 x 103 N ; 2 a= 1202 or a= 602 ; p,= 0.3 N/mm?;N =200 r.p.m. or w= 27mx
200/60 = 20.95 rad/s ; n =0.1

Outer and inner radii of the bearing surface.
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Let r1 and r2 = Outer and inner radii of the bearing surface, in mm. Since the external diameter is twice
the internal diameter, therefore
rn=2n

_ W 20 % 103 2.12 % 10°
03 = = =

nl(r)? — ()] - nl(2r,)% — (1)1 - (r,)*

(r,)? =2.12x10°/03=7.07x 10° or r, =84 mm Ans.

2
r= 2 ry= 2x 84 =168 mm Ans.

We know that intensity of normal pressure (pn),
Power absorbed in friction

2 (n Y — (1)
T =—xuW.osec 0| ———
3 ()" = (ry)"

o) < o 3
=Zx0.1x 20 x10* x cosec 60° = M N-mm
3 (168)7 — (84)”

= 301760 N-mm = 301.76 N-m
We know that total frictional torque (assuming uniform pressure),

Power absorbed in friction
P=T.w=301.76 x 20.95=6322 W =6.322 kW
Flat Collar Bearing

We have already discussed that collar bearings are used to take the axial thrust of the rotating hafts.
There may be a single collar or multiple collar bearings as shown in Fig.(a) and (b)respectively. The collar
bearings are also known as thrust bearings. The friction in the collar bearings may be found as discussed

below:

" - Collar

Ty
+,H+, -
e
(a) Single collar bearing (5H) Wiultiple collar bearing.

Consider a single flat collar bearing supporting a shaft as shown in Fig(a).
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Let r1 = External radius of the collar,
r2 = Internal radius of the collar.

Area of the bearing surface,
9 2
A=7[(r) = ()]
Considering uniform pressure

When the pressure is uniformly distributed over the bearing surface, then the intensity of pressure,

%% %%
p=—=
A n[rl )2 —(1 )2]

(1)

The frictional torque on the ring of radius r and thickness dr,

T =2nwpridr

=
Integrating this equation within the limits from (2 to r1 for the total frictional torque on the collar.

Total frictional torque,

- " P i 33 . a3
T = _[ ‘2. prT.dr = 2. p |: ] = Eﬂ:u.p[“l) L }
r i 3

H.-i"

nl[(r)* — (,)7]

2 (r ) — (r, ) J

T =2mu <

= —xuW
3 (r;)? — (ry)?
Substituting the value of p from equation (i),

Considering uniform wear

The load transmitted on the ring, considering uniform wear is,

C
SW = p 2mr.dr = —x 2mr.dr = 2nC.dr
L :Jr’l 2nCdr= 27[C|l'|;" =nC(r - 1)

W

_Zn(rl—rz)

i)
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Total load transmitted to the collar,

We also know that frictional torque on the ring; we also know that frictional torque on the ring,

T =wdW.r =pux2nCdrr =2npC.rdr

Total frictional torque on the bearing,

%
¢!

. g5 R
= | Z‘nu(“.r.dr:lnu.(“[%} :27rp.({“1) "z’}
2

) = r
= 2

= Jtu.(“l(rl )2 - (r2 )2|

Substituting the value of C from equation (ii),

w p . 1
T=nuX —— ()" —{rzj*]:Exp.W{r] +1)

Qn(rl ey

PROBLEMS

Example 1.A thrust shaft of a ship has 6collars of 600 mm external diameter and 300 mm internal
diameter. The total thrust from the propeller is 100 kN. If the coefficient of friction is 0.12 and speed of
the engine90 r.p.m., find the power absorbed in friction at the thrust block, assuming.

1. Uniform pressure

2. Uniform wear.

Solution. Given: n=6; d1=600 mm or r1=300mm ;d> =300 mm or r, =150 mm ;

W =100 kN= 100 x 103N ;

n=0.12; N=90r.p.m. or w=2nx 90/60 = 9.426 rad/s

Power absorbed in friction, assuming uniform pressure

We know that total frictional torque transmitted,

Power absorbed in friction,

P = Tw= 2800 x 9.426 = 26 400 W = 26.4 kW

Power absorbed in friction assuming uniform wear

We know that total frictional torque transmitted,

1 1
T == xuW @ +ry)==x0.12x100x10% (300 + 150) N-mm

.

= 2700 % 10° N-mm = 2700 N-m

Power absorbed in friction,

P=T.w=2700x9.426 = 25 450 W = 25.45 kW
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Example 2.A shaft has a number of a collars integral with it. The external diameter of the collars is 400
mm and the shaft diameter is 250 mm. If the intensity of pressure is 0.35 N/mm?(uniform) and the
coefficient of friction is 0.05, estimate power absorbed when the shaft runs at 105 r.p.m. carrying a
load of 150 kN. Number of collars required.

Solution. Given: d1 =400 mm or r1=200 mm ; d2=250 mm or r2= 125 mm ; p = 0.35N/mm?; u =
0.05; N=105r.p.mor

w= 2 mx 105/60 = 11 rad/s ; W = 150 kN = 150 x 10> N

Power absorbed

We know that for uniform pressure, total frictional torque transmitted

Y

3 3 3 3

2 (r;) =(r5) 2 B 200)" — (125)
T=>-xpW|—1—2-|==x0.05x150x 10° ( )7 G N-mm
3 3 (200)° — (125)°

= 5000 x 248 = 1240 x 10° N-mm = 1240 N-m
Power absorbed,

P=Tw=1240x11=13640 W = 13.64 kW
Number of collarsrequired
Let n = Number of collarsrequired.

We know that the intensity of uniform pressure (p),
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INDUSTRIAL APPLICATIONS

1. Human body modeled as a system of rigid bodies of geometrical solids. Representative bones were added for

better visualization of the walking person.

2. Screw jack

In a bottle jack the piston is vertical and directly supports a bearing pad that
contacts the object being lifted. With a single action piston the lift is somewhat
less than twice the collapsed height of the jack, making it suitable only for vehicles
with a relatively high clearance. For lifting structures such as houses the hydraulic
interconnection of multiple vertical jacks through valves enables the even
distribution of forces while enabling close control of the lift.

In a floor jack a horizontal piston pushes on the short end of a bellcrank , with the
long arm providing the vertical motion to a lifting pad, kept horizontal with a
horizontal linkage. Floor jacks usually include castors and wheels, allowing
compensation for the arc taken by the lifting pad. This mechanism provide a low
profile when collapsed, for easy maneuvering underneath the vehicle, while
allowing considerable extension
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FRICTION CLUTCHES

A clutch is a device used to transmit the rotary motion of one shaft to another when desired. The axes of
the two shafts are coincident. In friction clutches, the connection of the engine shaft to the gear box shaft
is affected by friction between two or more rotating concentric surfaces. The surfaces can be pressed
firmly against one another when engaged and the clutch tends to rotate as a single unit.

SINGLE PLATE CLUTCH (DISC CLUTCH)

A disc clutch consists of a clutch plate attached to a splined hub which is free to slide axially on splines cut
on the driven shaft. The clutch plate is made of steel and has a ring of friction lining on each side. The
engine shaft supports a rigidly fixed flywheel. A spring-loaded pressure plate presses the clutch plate
firmly against the flywheel when the clutch is engaged. When disengaged, the springs press against a
cover attached to the flywheel. Thus, both the flywheel and the pressure plate rotate with the input
shaft. The movement of the clutch pedal is transferred to the pressure plate through a thrust bearing.
Figure 8.13 shows the pressure plate pulled back by the release levers and the friction linings on the
clutch plate are no longer in contact with the pressure plate or the flywheel. The flywheel rotates without

driving the clutch plate and thus, the driven shaft.

Ny < oA
Inpat y 2 Output
shatt it
- -
Clutch plate H Cover
/W Sphned hub
Fiywheel

A Fricton Ining

When the foot is taken off the clutch pedal, the pressure on the thrust bearing is released. As a result, the
springs become free to move the pressure plate to bring it in contact with the clutch plate. The clutch
plate slides on the splined hub and is tightly gripped between the pressure plate and the fly wheel. The
friction between the linings on the clutch plate, and the flywheel on one side and the pressure plate on
the other, cause the clutch plate and hence, the driven shaft to rotate. In case the resisting torque on the

drive shaft exceeds the torque at the clutch, clutch slip will occur.
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Torque transmitted by plate or disc clutch

Single disc

WL

L

b 1 X~ D
-\/chtion

surface

The following notations are used in the derivation T= Torque transmitted by the clutch

P= intensity of axial pressure

rl&r2=external and internal radii of friction faces

p= co-efficient of friction

Consider an elemental ring of radius r and thickness dr Friction surface = 2rntrdr

Axial force on the dw= pressure *area

= P*2nurdr

Frictional force acting on the ring tangentially at radius r Fr= udw=p*p*2nrdr

Frictional torque acting on the ring Tr=Fc*r=pp*2nr*dr*r=2nupridr

Considering uniform pressure

When the pressure is uniformly distributed over the entire area of the friction face, then the intensity o
pressure,

P=W/n{(-(r)?] ()

Where W = Axial thrust with which the contact or friction surfaces are held together.

We have discussed above that the frictional torque on the elementary ring of radius r and thickness dr is
Tr=2 mu.p.rdr

Integrating this equation within the limits from r 2 to r1 for the total frictional torque.

Therefore total frictional torque acting on the friction surface or on the clutch,

o

r‘:l
T — J- 2nwpridr =2 mu p[%}

0

_ EW[M}
3

r,
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Substituting the value of p from equation (i),

/ () =)
T =2mux "}H X ’ S
T[(17)7 = (15)7] 3
2 (1) — (1)’
= —xXuWw % = uwW.R
3 ()" —(ry)

R = Mean radius of friction surface

1) —(r,)’
31y —(r)?

2. Considering uniform wear

|t

Let p be the normal intensity of pressure at a distance r from the axis of the Clutch. Since the intensity of
pressure varies inversely with the distance, therefore
p.r.= C (a constant) or p = C/r

and the normal force on the ring,

—

C
OW = p2nrdr=—x2nCdr =2rCdr
-
Total force acting on the friction surface,

h

W = J- 2nCdr = QTEC[;'] = QTTC'{J'I — 1)

T
J-'.‘

2 _
in(n — 1)
We know that the frictional torque acting on the ring,

C
T =2mu.p rldr = 2T X — X rldr = 2nU.Ca.dr

Total frictional torque on the friction surface,

R = Mean radius of the friction surface = (r1+ r2)2

Multiple plate clutches

In a multi-plate clutch, the number of frictional linings and the metal plates is Increased which increases

the capacity of the clutch to transmit torque. Figure8.14 shows a simplified diagram of a multi-plate
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clutch. The friction rings are splined on their outer circumference and engage with corresponding splines

on the flywheel. They are free to slide axially.

The Friction material thus, rotates with the flywheel and the engine shaft. The Number of friction rings

depends

Friction rings (splined)
Friction lining

Spring
ii%/ Driven shaft
“\—%/

N
Engine b \_l_‘ g A ’
shaft \ L ) £
Disc _— N
(plate) — * ! \ E
Flywheel — Rt <1

Fig. 8.14

The driven shaft also supports discs on the splines which rotate with the driven shaft and can slide axially.
If the actuating force on the pedal is removed, a spring presses the discs into contact with the friction
rings and the torque is transmitted between the engine shaft and the driven shaft. If n is the total
number of plates both on the driving and the driven members, the number of active surfaces will be n —
1.

Let n1= Number of discs on the driving shaft, and

nz = Number of discs on the driven shaft.

Number of pairs of contact surfaces, n=n1+n2 -1
And total frictional torque acting on the friction surfaces or on the clutch,
T=nuW.R

Where R = Mean radius of the friction surfaces

. 21 (ny }3 (r,)
3 ()" = (ry)”
h+n

PROBLEMS
Examplel. Determine the maximum, minimum and average pressure in plate clutch when the axial force

is 4 kN. The inside radius of the contact surface is 50 mm and the outside radius is 100 mm. Assume

uniform wear.
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Solution.

Given: W=4kN=4x103 N, r =50 mm ;r1=100mm

Maximum pressure

Let p max= Maximum pressure.

Since the intensity of pressure is maximum at the inner radius (r2), therefore

Pmax X r2 = Cor C =50 pmax

We know that the total force on the contact surface (W),
4x103=2mnC(r1—rz) =2 1x 50 pmax (100 — 50) = 15 710 p max
Pmax=4 % 103/15 710 = 0.2546 N/mm?

Minimum pressure

Let p min= Minimum pressure.

Since the intensity of pressure is minimum at the outer radius (r1), Therefore P min x r1 = C or C = 100
Pmin

We know that the total force on the contact surface (W),

4 x103=2m C(r1—r2)=2mnx 100 pmin (100 — 50) = 31 420 p min

P min=4%103/31 420 =0.1273 N/mm?

Average pressure

We know that average pressure,

Total normal force on contact surface

Pav = Cross-sectional area of contact surfaces
. 43
- LA 22X — 017 N/mm?
wl(r)? — ()% w00 — (50)7]

Example2. A single plate clutch, with both sides effective, has outer and inner diameters 300 mm and 200
mm respectively. The maximum intensity of pressure at any point in the contact surfaceis not to exceed
0.1 N/mma?2.Ifthe coefficient of friction is 0.3, determine the power transmitted by a clutch at a
speed 2500r.p.m.

Solution.Given: d1 =300 mm or r1 =150 mm ;d2 =200 mm or r =100 mm ;

p =0.1 N/mm?; p=0.3;N=2500 r.p.m. or w= 2mx 2500/60 = 261.8 rad/s

Since the intensity of pressure ( p) is maximum at the inner radius (r2), therefore for uniform
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p.rz=CorC=0.1x100=10 N/mm
We know that the axial thrust,
W=2nC(ri—r2)=2mnx10(150-100)=3142 N

r +r 150 100
R =" 2 _ f: — 125 mm = 0.125m
Mean radius of the friction surfac-es for uniform wear,

We know that torque transmitted,
T=npuW.R=2x0.3x3142 x0.125 = 235.65 N-m
Power transmitted by a clutch,

P =T*w=235.65x261.8=61693 W =61.693 kW
CONE CLUTCH

A cone clutch, as shown in Fig. 10.24, was extensively used in automobiles but now-a-days it has been
replaced completely by the disc clutch

\ \ <G
___)Ll_l_ﬁ__/_/_}‘ \. ‘ <
Driving shaft / vZZ 74 KXNSN \\\ : W

\
I
I
1
I
k Driven
I
I
I

Driver

‘V\x\\\\\\\\

Conical friction —~"—a\. b “-‘
surface .

Fig. 10.24. Cone clutch.

It consists of one pair of friction surface only. In a cone clutch, the driver is keyed to the driving shaft by a
sunk key and has an inside conical surface or face which exactly fits into the outside conical surface of the
driven.

The driven member resting on the feather key in the driven shaft, maybe shifted along the shaft by a
forked lever provided at B, in order to engage the clutch by bringing the two conical surfaces in contact.
Due to the frictional resistance set up at this contact surface, the torque is transmitted from one shaft to
another. In some cases, a spring is placed around the driven shaft in contact with the hub of the driven.
This spring holds the clutch faces in contact and maintains the pressure between them, and the forked
lever is used only for disengagement of the clutch. The contact surfaces of the clutch may be metal to
metal contact, but more often the driven member is lined with some material like wood, leather, cork or
asbestos etc. The material of the clutch faces (i.e. contact surfaces) depends upon the allowable normal

pressure and the coefficient of friction.
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Consider a pair of friction surface as shown in Fig. Since the area of contact of a pair of friction surface is
a frustum of a cone, therefore the torque transmitted by the cone clutch maybe determined in the
similar manner as discussed.

Let p n = Intensity of pressure with which the conical friction surfaces are held together (i.e. normal
pressure between contact surfaces),

ri1and rz = Outer and inner radius of friction surfaces respectively

R = Mean radius of the friction surface=(r1+r2)2

o= Semi angle of the cone (also called face angle of the cone) or the angle of the friction surface with the
axis of the clutch,

W = Coefficient of friction between contact surfaces, and

b = Width of the contact surfaces (also known as face width or clutch face).

XN\ _dl
A’v <{/// dr I
W# 4 /\j \x X
Vi P S . ¢
il \\\ P e ‘ \"\t-
- B y 7 S I g
ey ¥ H <._L w dl N2 7
= g /}( | \\\ /
Y 1o \ )
i p {y  /
N : ‘m‘m/’
(a) (b)

Consider a small ring of radius r and thickness dr, as shown in Fig. 10.25 (b).
Let dlis length of ring of the friction surface, such that
dl= dr.cose a Area of the ring= A = 2nu r.dl= 2nr.drcosec a

We shall consider the following two cases :

When there is a uniform pressure and when there is a uniform wear.
Considering uniform pressure

We know that normal load acting on the ring,
6Whn = Normal pressure x Area of ring = p nx 2 rtr.dr.cosec a The axial load acting on the ring,
8 W= Horizontal component of W, (i.e. in the direction of W)

=O6Whpxsina=p px 21 r.dr. cosec oax sina=2nxp p.r.dr
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Total axial load transmitted to the clutch or the axial spring force required,

W= [ 2r F”_;'_ﬂr]" =2n Ifjln |:L:| = :_}_IP" |:|:il"|_}‘ - []"2 }L:|
2 2

Fo

z

np, [{rl ) - {rEJEJ
3 W

wl(r)* = ()]

n

We know that frictional force on the ring acting tangentially at radius r, Fr= W.6Whn = p.pn x 2 1t r.dr.cosec
a Frictional torque acting on the ring,

Integrating this expression within the limits from r2to r1 for the total frictional torque on the clutch

-. Total frictional torque.
L
3"
= :
e— 27 p, .cosec OLr ~.dr = 2Tl p cosec a|:r_:|
S 3

=

n

r

3 3
n) —(n) :|

=2 9
=2mp p cosec a|: 3

Substituting the value of p, from equation (1), we get
W

()% — ()71

3 3

2 (B) =)
= —x uW.cosec & S
3 ()" — ()"

T=

&)

- (rlf—(rz)‘}

X cosec (l|: 3

Considering uniform wear

In Fig., let prbe the normal intensity of pressure at a distance r from the axis of the clutch. We know that,
in case of uniform wear, the intensity of pressure varies inversely with thedistance.
P..r=C(aconstant)orp,=C/r

We know that the normal load acting on the ring,

dWhp = Normal pressure x Area of ring = prx 2nr.drcoseca The axial load acting on the ring,

OW=8Wp x sin a = pr.2 Tt r.dr.cosec a.sin a= p,x 2 r.dr
C
=—x1nrdr =2nCdr

r
Total axial load transmitted to the clutch,

W=

i
—_—u

2nCdr =2nC[r]! =2nC(r, — 1y)

1
Y
2

=

(=]

ﬁ_.l

C=—
2, — n)

We know that frictional force acting on the ring,
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Fr=w.6Wn=p.prx 2mr x drcoseca Frictional torque acting on the ring,

[ 7
= —x2nr .dreoosec o = 2xN.C cosec o X rdr
r

. Total frictional torque acting on the clutch,

T = [ 27U C.cosec O.rdr = 2RL.C cosec 11[%

(o]
| S|

{’.lmj _ ':"3*}:_

¥
“

= 2wp.C.cosec c{

Substituting the value of C from equation (i), we have

W [ 22 o 32
T=2mux—— xcosec ao| 1)~ ()"
Zmrl — ) i 2
. F ol Y .
= uW cosec {I[" "2 ]: UWW.R cosec o
ntr . . .
R = 5 = = Mean radius of friction surface

PROBLEMS

Example 1.An engine developing 45 kW at 1000 r.p.m. is fitted with a cone clutch built inside the flywheel.
The cone has a face angle of 12.52 and a maximum mean diameter of 500 mm. The coefficient of friction
is 0.2. The normal pressure on the clutch face is not to exceed 0.1 N/mm 2. Determine: 1. the axial spring
force necessary to engage to clutch, and 2. the face widthrequired.

Solution.Given :P =45 kW =45 x 103 W ; N = 1000 r.p.m. or w= 2rx 1000/60 = 104.7rad/s ; a=12.52; D =
500mmorR=250mm=0.25m; u=0.2;

pn=0.1N/mm?

Axial spring force necessary to engage theclutch

First of all, let us find the torque (T ) developed by the clutch and the normal load (W ) acting on the
friction surface.

We know that power developed by the clutch (P),

45x 103 = Tw= T x 104.7 or T = 45 x 103/104.7 = 430 N-m

We also know that the torque developed by the clutch (T), 430 = u.W, .R=0.2 x W px 0.25 =0.05 W p

W »=430/0.05 =8600 N

Axial spring force necessary to engage the clutch,

We = Wh, (sin o+ W cosa)

= 8600 (sin 12.52 + 0.2 cos 12.52) = 3540 N

Face widthrequired
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Let b = Face widthrequired

We know that normal load acting on the friction surface (W ), 8600 = p » x 2ntR.b= 0.1 x 2rix 250 x b =
157 b

b =8600/157 = 54.7 mm

Example 2. A conical friction clutch is used to transmit 90 kW at 1500 r.p.m. The semi cone angle is 202
and the coefficient of friction is 0.2. If the mean diameter of the bearing surface is375 mm and the
intensity of normal pressure is not to exceed 0.25 N/mm2, find the dimensions of the conical bearing
surface and the axial load required.

Solution.Given: P = 90 kW = 90 x 10> W ;N = 1500 r.p.m. or w = 2 7ix 1500/60 = 156rad/s ; a =202 ; p=0.2
;D=375mmor R=187.5mm; pn=0.25 N/mm?

Dimensions of the conical bearing surface

Let r1and ry = External and internal radii of the bearing surface respectively,

b = Width of the bearing surface in mm, and

T = Torque transmitted.

We know that power transmitted (P), 90 x 103 = Tw = T x 156

T=90 x 103/156 = 577 N-m = 577 x 10* N-mm

The torque transmitted (7),

577 x 103 =2 u pn.R2.b =21 x 0.2 x 0.25 (187.5)*b =11 046 b

b =577 x 10°/11 046 = 52.2 mm

We know that ri+ ro=2R =2 x 187.5 =375 mm.............. i

r1—r2=hbsina=52.2sin 202 =18 MM....ccccecererrurunene. ii

From equations (i) and (ii),
r1=196.5mm, and r=178.5 mm
Axial load required

Since in case of friction clutch, uniform wear is considered and the intensity of pressure is maximum at
the minimum contact surface radius (r2), therefore

pn.r2=C (a constant) or C=0.25x 178.5 = 44.6 N/mm

We know that the axial load required,

W =2nC (r1—r2) =2n x44.6 (196.5-178.5) =5045 N
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Centrifugal Clutch

The centrifugal clutches are usually incorporated into the motor pulleys. It consists of a number of shoes

on the inside of a rim of the pulley, as shown in Fig. 10.28. The outer surface of the shoes is covered with

Ferrodo
%(I):tir ceaciasiln  lning /~ Shoes

ey N Spider N\

Spider § \ A\
| N \ |
FITTITTZ /l\\\\\

a A | AA

- — .~ - B Vi v \ Hl + S\ l‘v n‘l ﬂ . |

- XJ/L/////7K§>;\\ X —>
Bxiviag | A Driven A\ :

shaft \ zzzzzt N shaft

e2L8” Spring

a friction material. These shoes, which can move radially in guides, are held

Against the boss (or spider) on the driving shaft by means of springs. The springs exert a radially inward
force which is assumed constant. The mass of the shoe, when revolving, causes it to exert a radially
outward force (i.e. centrifugal force). The magnitude of this centrifugal force depends upon the speed at
which the shoe is revolving. A little consideration will show that when the centrifugal force is less than the
spring force, the shoe remains in the same position as when the driving shaft was stationary, but when
the centrifugal force is equal to the spring force, the shoe is just floating. When the centrifugal force
exceeds the spring force, the shoe moves outward and comes into contact with the driven member and
presses against it. The force with which the shoe presses against the driven member is the difference of
the centrifugal force and the spring force. The increase of speed causes the shoe to press harder and
enables more torque to be transmitted. In order to determine the mass and size of the shoes, the
following procedure is adopted:

Mass of the shoes

Consider one shoe of a centrifugal clutch as shown in Fig Let m = Mass of eachshoe,

T_\ 17
A

I
Fig. 10.29. Forces on a shoe of
centrifugal clutch.
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n = Number of shoes,

r = Distance of centre of gravity of the shoe from the centre of the spider,

R = Inside radius of the pulley rim,

N = Running speed of the pulley in r.p.m.,

w = Angular running speed of the pulley in rad/s

= 2ntN/60 rad/s,

w1 = Angular speed at which the engagement begins to take place, and

o = Coefficient of friction between the shoe and rim.

We know that the centrifugal force acting on each shoe at the running speed,
*Pe=m .wir

and the inward force on each shoe exerted by the spring at the speed at which engagement begins to

take place,

Ps=m (w1)’r
.. The net outward radial force (i.e. centrifugal force) with which
The shoe presses against the rim at the running speed = Pc— Ps

The frictional force acting tangentially on each shoe, F = & (Pc— Ps)

.". Frictional torque acting on each shoe, = F x R = o (Pc— Ps) R

Total frictional torque transmitted,

T=o (Pc—Ps)Rxn=n.F.R

From this expression, the mass of the shoes (m) may be evaluated. Size of the shoes

Let / = Contact length of theshoes, b = Width of theshoes,

R = Contact radius of the shoes. It is same as the inside radius of the rim of the pulley.

0 = Angle subtended by the shoes at the centre of the spider in radians.

p = Intensity of pressure exerted on the shoe. In order to ensure reason-able life, the intensity of

pressure may be taken as 0.1 N/mm?.

We know that 0 =//Rrador I=06.R
". Area of contact of the shoe, A= I.b
The force with which the shoe presses against the rim
Axp=Ib.p
Since the force with which the shoe presses against the rim at the running speed is (Pc— Ps), therefore

/.b.p:P(; - P5
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PROBLEMS
Example 1.

A centrifugal clutch is to transmit 15 kW at 900 r.p.m. The shoes are four in number. The speed at which
the engagement begins is 3/4th of the running speed. The inside radius of the pulley rim is 150 mm and
the centre of gravity of the shoe lies at 120 mm from the centre of the spider. The shoes are lined with
Ferrodo for which the coefficient of friction may be taken as 0.25. Determine: 1. Mass of the shoes, and 2.
Size of the shoes, if angle subtended by the shoes at the centre of the spider is 602 and the pressure
exerted on the shoes is 0.1N/mm?.

Solution.:

Given: P = 15 kW = 15 x 103 W; N = 900 r.p.m. or w = 25 x 900/60 = 94.26 rad/s ; n =4 ; R = 150 mm = 0.15
m;r=120mm=0.12m; «< =0.25

Since the speed at which the engagement begins (i.e. w1) is 3/4th of the running speed (i.e. w), therefore

x 04,26 =70.7 rad/s

= |

w

/A

e |

Let T =Torque transmitted at the running speed.

We know that power transmitted (P),

=T.w=Tx94.260r T=15x 103/94.26 =

15 x 10 =159 N-m
Mass of the shoes
Let m = Mass of the shoes in kg.

We know that the centrifugal force acting on each shoe,
Pc=m.w?.r=m(94.26)> x 0.12 = 1066 m N

the inward force on each shoe exerted by the spring i.e. the centrifugal force at the engagement speed

w1,

Ps=m (w1)’r =m (70.7)2x 0.12 =600 m N
.". Frictional force acting tangentially on each shoe,

F= o (Pc— Ps) = 0.25 (1066 m — 600 m ) 116.5 m N

We know that the torque transmitted (T ),

159 =n.F.R=4x116.5mx0.15=70morm=2.27 kg
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Size of theshoes

Let / = Contact length of shoes in mm,

b = Width of the shoes in mm,

B Angle subtended by the shoes at the centre of the spider in radians
=602 =1t/3 rad, and

p = Pressure exerted on the shoes in N/mm?= 0.1 N/mm?

T - -
We know that [=6.R= a x 150 =157.1 mm

Lb.p = P_—P_= 1066 m — 600 m = 466 m
157.1 x bx 0.1 =466 x 2.27 = 1058

b =1058/157.1x 0.1 =67.3 mm

BRAKES AND DYNAMOMETERS

A brake is a device by means of which artificial frictional resistance is applied to a moving machine
member, in order to retard or stop the motion of a machine. In the process of performing this function,
the brake absorbs either kinetic energy of the moving member or potential energy given up by objects
being lowered by hoists, elevators etc

Single Block or Shoe Brake

A single block or shoe brake is shown in Fig. It consists of a block or shoe which is pressed against the rim
of a revolving brake wheel drum. The block is made of a softer material than the rim of the wheel. This
type of a brake is commonly used on railway trains and tram cars. The friction between the block and the
wheel causes a tangential braking force to act on the wheel, which retard the rotation of the wheel. The
block is pressed against the wheel by a force applied to one end of a lever to which the block is rigidly
fixed as shown in Fig. 19.1. The other end of the lever is pivoted on a fixed fulcrum O

Let P =Force applied at the end of thelever

/

- X — -+ X ———

/(S e S S | :
O Rigidly 1HN N\ 0 [

mounted ' . ",_ IQU :—

block s

\' ( "'*HWheeI \ T‘V

(a) Clockwise rotation of brake wheel (b) Anticlockwise rotation of brake wheel.

Rn= Normal force pressing the brake block on the wheel,
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r = Radius of the wheel,

20 = Angle of contact surface of the block,

K = Coefficient of friction, and

F: = Tangential braking force or the frictional force acting at the contact surface of the block and the
wheel

If the angle of contact is less than 60°, then it may be assumed that the normal pressure between the
block and the wheel is uniform. In such cases, tangential braking force on the wheel,

Fi= W.RN...(i)

The braking torque, Te =Ft.r= W.Rn.r .. (i)

Let us now consider the following three cases:

Casel. When the line of action of tangential braking force (Ft) passes through the fulcrum O of the lever,
and the brake wheel rotates clockwise as shown in Fig. 19.1(a), then for equilibrium, taking moments

about the fulcrum.

Ryxx=Pxl or Ry =1x!

X
Braking torque,

A Plr
Ty =u.RN.r=p><P—><r= WPl
X

X
O, wehave

It may be noted that when the brake wheel rotates anticlockwise as shown in Fig. 19.1 (b), then the

braking torque is same, i.e.

wPLr

Ty =pRyr=—
Case2. When the line of action of the tangential braking force (Ft ) passes through a distance ‘a’ below
the fulcrum O, and the brake wheel rotates clockwise as shown in Fig.

When the brake wheel rotates anticlockwise, as shown in Fig. 19.2 (b), then for equilibrium,

-q——x—c-tlr
T

557_93/%_, i

\ IR/
Rigidy ~ 4+29-2-
mounted > K
block Wheel

(a) Clockwise rotation of brake wheel.

pg-—444 1

(b) Anticlockwise rotation of brake wheel.
(a), then for equilibrium, taking moments about the fulcrum O,
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Case 3.When the lie of action of the tangential braking force (Ft ) passes through a distance ‘a’ above the
fulcrum O, and the brake wheel rotates clockwise as shown in Fig.

(@), then fore equilibrium, taking moments about the fulcrum O, wehave

Ryx=Pl+F.a=Pl+pnR.a

Pl
R, (x—pa)y=P.l or Rosi ———
& H N x—a
w.P.lr
Ty = LRyr=—"""
xX—L.a
Rn.x=P.+Ft.a=P.l+ u. Rn.a
Rn(x—w.a)=P.l
R Pl
NT x—pa
+——— | ————————> < / »
‘+—X —b‘ — x —'|
[ -
||I L 2 —y A
e, s e
of ¥ 2777\ “b-
X S -. P
Y e
+ \& Y /
(b) Anticlockwise rotation of brake wheel. (a) Clockwise rotation of brake wheel.
wP.Lr
Ty=wRyr="—-——_"""
x—|La

When the brake wheel rotates anticlockwise as shown in Fig. 19.3 (b), then for equilibrium, taking

moments about the fulcrum O, we have

Rnxx+Ftxa=P.JRNxx+ WRyxa=P.l

N x+pa

Pivoted Block or Shoe Brake : We have discussed in the previous article that when the angle of contact
is less than 60°, then it may be assumed that the normal pressure between the block and the wheel is
uniform. But when the angle of contact is greater than 60°, then the unit pressure normal to the surface
of contact is less at the ends than at the centre.

Instead of being rigidly attached to the lever. This gives uniform wear of the brake lining in the direction

of the applied force. The braking torque or a pivoted block
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Ty =FExXr=W.Ry.r -
i N 411sin B

" = Equivalent coefficient of friction= ———————.
Ho=Eq : 20 + sin 20

u = Actual coefticient of friction.
PROBLEMS

Examplel. A single block brake is shown in Fig. 19.5.The diameter of the drum is 250 mm and the angle of

contact is90°. If the operating force of 700 N is applied at the end of alever and the coefficient of friction

P.l
RN = X+ L. -—200—T—250—-|

a

ot T \
_.I_za‘?v Al
\\ \‘

All dimensions in mm.

Fig. 19.5

between the drum and the lining is0.35,Determine the torque that may be transmitted by the

Solution. Given: d =250 mmorr=125mm;20=90°=mn/2rad; P=700N; un=0.35

Since the angle of contact is greater than 60°, therefore equivalent coefficient of friction,

,  4usin®  4x0.35xsin45°
20 +sin 20 1t/ 2+5sin 90°

= 0.385

Rn = Normal force pressing the block to the brake drum, and

F:= Tangential braking force = *f N
Taking moments about the fulcrum O, we have

F, F,
700(250+200) + F, x50 = Ry x200= —£x 200 =—L—-x200="520 F,

*

M 0.385
520 Ft— 50F;= 700 x 450 or Fy= 700 x 450/470 = 670 N

We know that torque transmitted by the blockbrake,

Te=Ft xr=670x 125 =8 3750 N-mm =83.75N-m
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Example 2.A bicycle and rider of mass 100 kg are travelling at the rate of 16 km/h on a level road. A brake
is applied to the rear wheel which is 0.9 m in diameter and this is the only resistance acting. How far will
the bicycle travel and how many turns will it make before it comes to rest? The pressure applied on the
brake is 100 N and p = 0.05.

Solution.Given: m=100kg,v=16km /h=4.44m/s;D=09m;R

N =100 N; p=0.05

Distance travelled by the bicycle before it comes to rest

Let x = Distance travelled (in meters) by the bicycle before it comes to rest.

We know that tangential braking force acting at the point of contact of the brake wheel,
Ft=uw.RN=0.05x100=5N

= Frxx=5xx=5xN-m (i)

We know that kinetic energy of the bicycle

mv®  100(4.44)
2 2
=086 N-m .. . (f0)

In order to bring the bicycle to rest, the work done against friction must be equal to kinetic energy of the
bicycle. Therefore equating equations (i) and (ii),

5x =986 or x =986/5=197.2 m
Number of revolutions made by the bicycle before it comes to rest
Let N = Required number of revolutions.

We know that distance travelled by the bicycle (x), 197.2 = nDN = nx0.9N = 2.83N
N=197.2/2.83=70

Double Block or Shoe Brake

When a single block brake is applied to a rolling wheel, an additional load is thrown on the shaft bearings
due to the normal force (RN). This produces bending of the shaft. In order to overcome this drawback, a
double block or shoe brake, as shown in Fig. 19.9, is used. It consists of two brake blocks applied at the
opposite ends of a diameter of the wheel which eliminate or reduces the unbalanced force on the shaft.
The brake is set by a spring which pulls the upper ends of the brake arms together. When a force P is
applied to the bell crank lever, the spring is compressed and the brake is released. This type of brake is

often used on electric cranes and the force P is produced by an electromagnet or solenoid.
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Block or
shoe

Fig. 19.9. Double block or shoe
brake.

In a double block brake, the braking action is doubled by the use of two blocks and these blocks may be
operated practically by the same force which will operate one. In case of double block or shoe brake, the
braking torque is given by

Te=(Fu+ Fr)r

Where F 11 and Fi are the braking forces on the two blocks.

Internal Expanding Brake

An internal expanding brake consists of two shoes S1 and S2 as shown in Fig.

19.24. The outer surface of the shoes are lined with some friction material (usually with Ferodo) to
increase the coefficient of friction and to prevent wearing away of the metal. Each shoe is pivoted at one
end about a fixed fulcrum 01 and 02 and made to contact a cam at the other end. When the cam rotates,
the shoes are pushed outwards against the rim of the drum. The friction between the shoes and the
drum produces the braking torque and hence reduces the speed of the drum. The shoes are normally
held in off position by a spring as shown in Fig. 19.24. The drum encloses the entire mechanism to keep

out dust and moisture. This type of brake is commonly used in motor cars and light trucks.

/l\ Leading of -
» primary shoe Trailing or

secondary shoe

/ Spring
N/
N
s °O/\ Brake lining
\_/

Fig. 19.24. Internal expanding brake. Fig. 19.25. Forces on an internal expanding brake.

We shall now consider the forces acting on such a brake, when the drum rotates in the anticlockwise
direction as shown in Fig. 19.25. It may be noted that for the anticlockwise direction, the left hand shoe is
known as leading or primary shoe while the right hand shoe is known as trailing or secondaryshoe.

Let r = Internal radius of the wheelrim,

b = Width of the brake lining,

p1=Maximum intensity of normal pressure,

pn= Normal pressure,
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F1= Force exerted by the cam on the leading shoe, and

F> = Force exerted by the cam on the trailing shoe.

Consider a small element of the brake lining

AC subtending an angle &0 at the centre. Let OA makes an angle 8 with 001 as shown in Fig. 19.25. It is
assumed that the pressure distribution on the shoe is nearly uniform, however the friction lining wears
out more at the free end. Since the shoe turns aboutO1, therefore the rate of wear of the shoe lining at A
will be proportional to the radial displacement of that point. The rate of wear of the shoe lining varies
directly as the perpendicular distance from Oito OA, i.e.

O 1B. From the geometry of the figure,

01B=00:5sin 0
Normal pressure at A,
Py sin or Py=P sinB
Normal force acting on the element,
ORy =Normal pressure x Area of the element
= pN(b.r.&)) =p, sinB(b.r.568)
and total braking torque about O for whole of one shoe,

5

i . 2 0,
Ty =ppbr’ jsm 6d6=p pib 1’ [~cose]*
8, :
= plbrz(coseI —C0s6,) D)
Moment of normal force 3Ry of the element about the fulcrum O,,

M = ORy xO,B =38R\ (00, sinB)

= p;sin6(b.r.86) (00, sin6) = p, sin? 8(b.r.86)00,

. Total moment of normal forces about the fulcrum O,,

"

o | G, 1
= p,.br.00, '-;(l—cos 20)d6 ooo| = 5INTO=—=(1—c0526)
7|
_ . o,
_ lpl br.0o, | 6— Sln29]
2 L 2 8,
1 [ sin 20 sin 20
= Ep] br.00) | 82 — > 2 _ 1 +T]}
1 i 1. .,
= 5P br.OO | (B, —0)) +§ (sin 26 —sin 26, )

(= T -
Moy = f P, sin” br 80000, = p, .br.O0, | sin?e de
(=1

Pl
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Now for leading shoe, taking moments about the fulcrum O,.
Fixl=M,—M,
and for trailing shoe, taking moments about the fulcrum O,,

Foxl =M,+M_
2 Un.l};—u-l I\ll.lg_vl \r vV wwovy e \ o llu—l—\)Ol COSO)

=t p, sin8(b.r.06) (r— 00, cos)
=W.p;.b.r(rsin8— 00, sinBcos 6)50

: 00, .
= u.pl.b.r(rsmB—T]sm 20 ]89 .. (+2sinBCos 0 =sin 2¢

e

Total moment of frictional force about the fulcrum O,
% 00
M,=p p,br[ (rsin O—T'sin 20 ]de
8, .
— 92
=upbr —r0059+%cos 26}
el

[ 00 00,
= Wpbr|-rcosH, +T]COS 20, +rcosb, —7100529]}

00
= W pbr| r(cos® —C0562)+Tl(005262—c0529| )J

Braking of a Vehicle

In a four wheeled moving vehicle, the brakes may be applied to the rear wheels only, the front wheels
only, and all the four wheels. In all the above mentioned three types of braking, it is required to
determine the retardation of the vehicle when brakes are applied. Since the vehicle retards, therefore it
is a problem of dynamics. But it may be reduced to an equivalent problem of statics by including the
inertia force in the system of forces actually applied to the vehicle. The inertia force is equal and opposite
to the braking force causing retardation.

Now, consider a vehicle moving up an inclined plane, as shown in Fig.

SIEEs DEPARTMENT OF MECHANICAL ENGINEERING



Let o= Angle of inclination of the plane to the horizontal,

m = Mass of the vehicle in kg (such that its weight is m.gnewtons),

h = Height of the C.G. of the vehicle above the road surface in metres,

x = Perpendicular distance of C.G. from the rear axle in metres,

L =Distance between the centres of the rear and front wheels of the vehicle in metres,

Ra = Total normal reaction between the ground and the front wheels in newtons,

Rs = Total normal reaction between the ground and the rear wheels in newtons,

K = Coefficient of friction between the tyres and road surface, and

a = Retardation of the vehicle in m/s2.

We shall now consider the above mentioned three cases of braking, one by one. In all these cases, the
braking force acts in the opposite direction to the direction of motion of the vehicle.

When the brakes are applied to the rear wheels only

It is a common way of braking the vehicle in which the braking force acts at the rear wheels only.

Let Fg=Total braking force(in newtons) acting at the rear wheels due to the application of the brakes. Its
maximum value isp.Rs.

The various forces acting on the vehicle are shown in Fig. For the equilibrium of the vehicle, the forces
acting on the vehicle must be in equilibrium.

Resolving the forces parallel to the plane,

Fg+ m.g.sina=m.a. .. (i)

Resolving the forces perpendicular to the plane,

Ra+ Re=m g cosa......... (i)

Taking moments about G, the centre of gravity of the vehicle
Fg xh + Rex x = Ra (L—x) (iif)

Substituting the value of Fg = W.Rs, and Ra = m.gcosa— Rg [from equation (ii) ] in the above expression, we
have

M.Rex h + R gxx=(m.gcosa — Re) (L—x) R (L + u.h) = m.gcos a(L — x)

m.g cosou( L —x)

R, =
B L+w.h
& R iy g £os o(L—x)
and = m.g cosoL— =mgcosql—————
A e > L+wh
_ m.g cosou(x+h)
L+w.h
We know from equation (i),
Fg+m.gsino. F . L.R .
a=-B"""6" "~ _ "B, ssing :L—Bﬁgsma
m m m
Hgcosct(L—x) i L .
T e e ... (Substituting the value of Ry)

L+wh
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When the brakes are applied to front wheelsonly

It is a very rare way of braking the vehicle, in which the braking force acts at the front wheels only.

Let Fa = Total braking force (in newtons) acting at the front wheels due to the application of brakes. Its

maximum value is W.Ra.

The various forces acting on the vehicle are shown in Fig. Resolving the forces parallel to theplane,
F a+ m.gsina=m.a. . . (i)

Resolving the forces perpendicular to the plane,

Ra+ Re=m.gcosa . .. (ii)

Taking moments about G, the centre of gravity of the vehicle,

Fax h+ Rexx=Ra(L—x)

Substituting the value of Fa= p.Raand Rg = m.gcos o — Ra [from equation (ii)] in the above expression, we
have

HM.Rax h +(m.gcos a—Ra) x=Ra(L—x) L.Rax h+ m.gcosa x x = Rax L
_ Mg CoSOUXX

R
AT L—ph
M. 2 COS OLX X
and Rg =m.g cos0—Rp =m.g cos o.— s
L—wh
L—Wwh—x
=m.gcoso| 1— =m.gcost| ————
L—Wwh L—.h

We know from equation (i),

_ Fp+mgsina. WRp +m.gsin

a
m m

LLm.g COSOUX X m.g Sin .
- L ... (Substituting the value of R,)

(L—w.h)m m

L. COSOLX X

+ gsina
L—wh
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When the brakes are applied to all the fourwheels

This is the most common way of braking the vehicle, in which the braking force acts on both the rear and
front wheels.

Let Fa = Braking force provided by the front wheels = u.Ra,and
Fg = Braking force provided by the rear wheels = p.Rs.

Little consideration will show that when the brakes are applied to all the four wheels, the braking
distance (i.e. the distance in which the vehicle is brought to rest after applying the brakes) will be the
least. It is due to this reason that the brakes are applied to all the four wheels. The various forces acting

on the vehicle are shown in fig.

Resolving the forces parallel to the plane, Fa+Fs+m.gsina=m.a.......(i)

Resolving forces vertical to the plane

Ra+ Rs= m.gcosa. . .(ii)

Taking moments about G, the centre of gravity of the vehicle, (Fa+ Fs) h + Rg x x = Ra(L = x).......(iii)
Substituting the value of Fa= W.Ra, Fe = W.Rsand Rg = m.gcosa — Ra

[From equation (ii)] in the above expression,
K (Ra+ Rs) h + (m gcosa - Ra) x =R a(L—x)

U ( Ra+mg cosa-Ra)h+(mg cos a-Ra )x = R a(L — x) p.m.gcosax h + m.gcosoax x = Rax L
R _ mgcos o +x)

A L

mg cos oL(l.h+ x)
L
Wi+ x L—wh—x
= m.gcoso 1— =mgeoso| ———
' L L
Now from equation (i), 4.Ra +p Re+m.g sina =m.a

Rg =m.gcostt— Ry =m.g cos 0L —

u(Ra+ Rg) + m.gsina=m.a

p.m.g.cosa + m.g sina=m.a ... [From equation (ii)]
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a = g(p.cosa + sin a)

PROBLEMS

Example 1. A car moving on a level road at a speed 50 km/h has a wheel base 2.8metres, distance of C.G.
from ground level 600 mm, and the distance of C.G. from rear wheels 1.2metres. Find the distance
travelled by the car before coming to rest when brakes are applied,To the rear wheels, To the front
wheels, and To all the four wheels. The coefficient of friction between the tyres and the road may be
taken as0.6.

Solution.

Given :u =50 km/h =13.89m/s; L =28 m; h=600 mm=0.6 m; x=1.2m; p= 0.6 Let s = Distance
travelled by the car before coming to rest.

When brakes are applied to the rearwheels

Since the vehicle moves on a level road, therefore retardation of the car,

we(l—x 0.6x9.81(2.8—1.2 e
a=— A ): > - ,( - ):2.98 m/s?‘
L+h 2.84+0.6x0.6

We know that for uniform retardation.
2 : 2
u-  (13.89)°

2a 2>x<2.98

= = 32.4 m

When brakes are applied to the frontwheels

Since the vehicle moves on a level road, therefore retardation of the car,

mex  0.6x9.18x1.2
=L wh_ 28-06x06
We know that for uniform retardation,
When the brakes are applied to all the fourwheels

=29 m/s2

Since the vehicle moves on a level road, therefore retardation of the car,
a=g.u=9.81x0.6 = 5.886 m/s;

We know that for uniform retardation,

7 ==
u=  (13.89)° 64
Y S S e———————. =T 64 ' M
2a 2x5.886
Example2. A vehicle moving on a rough plane inclined at 10° with the horizontal at a speed of 36 km/h

has a wheel base 1.8 metres. The centre of gravity of the vehicle is 0.8 metre from the rear wheels and
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0.9 metre above the inclined plane. Find the distance travelled by the vehicle before coming to rest and

the time taken to do so when

The vehicle moves up the plane,and

The vehicle moves down theplane.

The brakes are applied to all the four wheels and the coefficient of friction is 0.5.

Solution.

Given:a=10%u=36km/h=10m/s;L=1.8m;x=08m;h=09m; u=0.5Let
travelled by the vehicle before coming to rest,and

t = Time taken by the vehicle in coming to rest.
When the vehicle moves up the plane and brakes are applied to all the four wheel
Since the vehicle moves up the inclined plane, therefore retardation of the vehicle,

a =g (ucosa+sina)
=9.81 (0.5c0s10° + sin10°) = 9.81(0.5x0.9848 + 0.1736) = 6.53 m/s>

We know that for uniform retardation,

2 (l('))2
174

sS=c—=—-—"+- =7.657Tm
2a  2x6.53 e

and final velocity of the vehicle (v),
0=u+a.t=10-6.53t (Minus sign due toretardation)

t=10/6.53=1.53
When the vehicle moves down the plane and brakes are applied to all the four wheels

Since the vehicle moves down the inclined plane, therefore retardation of the vehicle,
a=g (U cosa-sin a)
=9.81(0.5c0s10° -sin10°) = 9.81(0.5x0.9848 - 0.1736) = 3.13 m/s>
We know that for uniform retardation,
u?  (10)?

§=—=—"—=16m
2a  2x3.13

and final velocity of the vehicle (v),
O=u+a.t=10-3.13t ... (Minus sign due toretardation)

t=10/3.13=3.2s
DYNAMOMETER
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A dynamometer is a brake but in addition it has a device to measure the frictional resistance. Knowing
the frictional resistance, we may obtain the torque transmitted and hence the power of the engine.

Types of Dynamometers

Absorptiondynamometers,

Transmissiondynamometers.

In the absorption dynamometers, the entire energy or power produced by the engine is absorbed by the
friction resistances of the brake and is transformed into heat, during the process of measurement. But in
the transmission dynamometers, the energy is not wasted in friction but is used for doing work. The
energy or power produced by the engine is transmitted through the dynamometer to some other
machines where the power developed is suitably measured.

Classification of Absorption Dynamometers

Prony brakedynamometer, 2.Rope brakedynamometer.

rony brakedynamometer

A simplest form of an absorption type dynamometer is a prony brake dynamometer, as shown in Fig. It
consists of two wooden blocks placed around a pulley fixed to the shaft of an engine whose power is

required to be measured. The blocks are clamped by means of two bolts and nuts, as shown in Fig.

A helical spring is provided between the nut and the upper block to adjust the pressure on the pulley to
control its speed. The upper block has a long lever attached to it and carries a weight W at its outer end. A
counter weight is placed at the other end of the lever which balances the brake when unloaded. Two

stops S, S are provided to limit the motion of thelever.

NUT - t-l m
\ *I & 3pring

S | 8
£ B 5§
C | Lever

| ‘

EE
4 N S
Counter T ‘\I '-.l"-l >—BI )
i IENINAEE ocks
weight AN w
I —
Pulley—""| /F
o I}

When the brake is to be put in operation, the long end of the lever is loaded with suitable weights W and

the nuts are tightened until the engine shaft runs at a constant speed and the lever is in horizontal
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position. Under these conditions, the moment due to the weight W must balance the moment of the

frictional resistance between the blocks and the pulley.

Let W = Weight at the outer end of the lever innewtons,

L = Horizontal distance of the weight W from the centre of the pulley inmetres,
F = Frictional resistance between the blocks and the pulley in newtons,

R = Radius of the pulley in metres, and

N = Speed of the shaft in r.p.m.

We know that the moment of the frictional resistance or torque on the shaft,
T=W.L=F.RN-m

Work done in one revolution Work done in one revolution
= Torque x Angle turned in radians

=T x 21t N-m

_ Work done per minute

=T x2ntN N-m
We know that brake power of the engine

_ Workdone per min. T =x2mN W.Lx2x N
a0 a0 60

B.P. watts

Rope Brake Dynamometer

It is another form of absorption type dynamometer which is most commonly used for measuring the
brake power of the engine. It consists of one, two or more ropes wound around the flywheel or rim of a
pulley fixed rigidly to the shaft of an engine. The upper end of the ropes is attached to a spring balance

while the lower end of the ropes is kept in position by applying a dead weight as shown in Fig.19.32. In

ESNSSSSS
S
\ / ) Spring balance

SIS A Rope
== S S F-ROop fWooden block

Section of wheel rim

Cooling 3
water _ Z7 L -
T e I . Dead weight
=

order to prevent the slipping of the rope over the flywheel, wooden blocks are placed at intervals around

the circumference of the flywheel.
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In the operation of the brake, the engine is made to run at a constant speed. The frictional torque, due to
the rope, must be equal to the torque being transmitted by the engine.

Let W = Dead load innewtons,

S = Spring balance reading in newtons, D = Diameter of the wheel in metres, d = diameter of rope in
metres, and

N = Speed of the engine shaft in r.p.m.

Net load on the brake= (W -S) N

We know that distance moved in one revolution= 1t (D+ d) m Work done per revolution= (W -S) _ (D +
d)N-m
Work done per minute= (W - S) 1t (D + d) NN-m
Brake power of the engine,
Work done permin _ (W -S§) n(D+d)N .
60 60

BP= ‘atts

’

If the diameter of the rope (d) is neglected, then brake power of the engine

HRZ(W-SHH)A“MB
60

Example 1.In a laboratory experiment, the following data were recorded with rope brake: Diameter of

the flywheel 1.2 m; diameter of the ropel2.5 mm; speed of the engine 200 r.p.m.; dead load on the

brake 600 N; spring balance reading 150 N. Calculate the brake power of the engine.

Solution.Given: D=1.2m;d=12.5mm
=0.0125m;N=200r.p.m; W=600N;S=150N
We know that brake power of the engine,

(W-S)m(D+d)N _ (600—150) 7 (1.2+0.0125)200
60 a 60

BP.= =57T15W

Classification of Transmission Dynamometers
Epicyclic-traindynamometer,

Belt transmission dynamometer,and
Torsiondynamometer

Epicyclic-train Dynamometer

An epicyclic-train dynamometer, as shown in Fig. 19.33, consists of a simple epicyclic train of gears, i.e. a
spur gear, an annular gear (a gear having internal teeth) and a pinion. The spur gear is keyed to the

engine shaft (i.e. driving shaft) and rotates in anticlockwise direction. The annular gear is also keyed to the
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driving shaft and rotates in clockwise direction. The pinion or the intermediate gear meshes with both the
spur and annular gears. The pinion revolves freely on a lever which is pivoted to the common axis of the
driving and driven shafts. A weight w is placed at the smaller end of the lever in order to keep it in
position. A little consideration will show that if the

friction of the pinon which the pinion rotates is neglected, then the tangential effort P exerted by the

spur gear on the pinion and the tangential reaction of the annular gear on the pinion areequal.

Annular gear

{ |F Lever
'. :[ [ == 1)

Spur gear |"_ a—»
| L .

Since these efforts act in the upward direction as shown, therefore total upward force on the lever acting

=
e

through the axis of the pinion is 2P. This force tends to rotate the lever about its fulcrum and it is
balanced by a dead weight W at the end of the lever. The stops S, S are provided to control the

movement of the lever.

2Pxa=W.LorP=W.L/2a
R = Pitch circle radius of the spur gear in metres, and
N = Speed of the engine shaft in r.p.m. Torque transmitted, T= P.R

Belt Transmission Dynamometer-Froude or Throneycroft Transmission Dynamometer

14 Tx2xN =, P.Rx2nN

60
When the belt is transmitting power from one pulley to another, the tangential effort on the driven pulley

power transmitted watts

is equal to the difference between the tensions in the tight and slack sides of the belt. A belt
dynamometer is introduced to measure directly the difference between the tensions of the belt, while it

isrunning.

A ’/Drwmg Pulley /AL

/ | | [ Frame
y I m( P
1 i Niivg
A~ N R HES =2
\._]_ . N -— | ! S-
’_.' T l..; -, ._. a
g i / Driven Pulley e ..-'—{
— ‘ e - I ‘
Ta - —
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A belt transmission dynamometer, as shown in Fig, is called a Froude or Throneycroft transmission
dynamometer. It consists of a pulley A(called driving pulley) which is rigidly fixed to the shaft of an engine
whose power is required to be measured. There is another pulley B (called driven pulley) mounted on
another shaft to which the power from pulley A is transmitted. The pulleys A and B are connected by
means of a continuous belt passing round the two loose pulleys C and D which are mounted on a T-
shaped frame. The frame is pivoted at £ and its movement is controlled by two stops S,S. Since the
tension in the tight side of the belt (T1) is greater than the tension in the slack side of the belt (72),
therefore the total force acting on the pulley C (i.e. 2T1) is greater than the total force acting on the
pulley D (i.e. 2T2). It is thus obvious that the frame causes movement about E in the anticlockwise

direction. In order to balance it, a weight W is applied at a distance L from E on the frame as shown inFig.

Now taking moments about the pivot E, neglecting friction, 2 Tixa=2T2xa+W L

W.L
Let D = diameter of the pulley A inmétres /2 = 24

N = Speed of the engine shaft in r.p.m.

Work done in one revolution = (T1— T2)ntD N-m work done per minute = (T7— T2 )t DN N-m

(1, —T,)7 DN
60

Brake power of the engine, B p. = watts

Torsion Dynamometer

A torsion dynamometer is used for measuring large powers particularly the power transmitted along the
propeller shaft of a turbine or motor vessel. A little consideration will show that when the power is being
transmitted, then the driving end of the shaft twists through a small angle relative to the driven end of
the shaft. The amount of twist depends upon many factors such as torque acting on the shaft (7), length
of the shaft (/), diameter of the shaft (D) and modulus of rigidity (C) of the material of the shaft. We know

that the torsion equationis

where 8 = Angle of twist in radians, and
J = Polar moment of inertia of the shaft.
For a solid shaft of diameter D, the polar moment of inertia
T
J=—xD*
32
and for a hollow shaft of external diameter D and internal diameter d, the polar moment of inertia,
T
J=—(D*-d"
32
From the above torsion equation,

T=Clixe=k.9
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Where k = C.J/| is a constant for a particular shaft. Thus, the torque acting on the shaft is proportional to
the angle of twist. This means that if the angle of twist is measured by some means, then the torque and
hence the power transmitted may be determined. We know that the power transmitted P=
2niNT/60watts,

Where N is the speed in r.p.m.

PROBLEMS

Example 1. A torsion dynamometer is fitted to a propeller shaft of a marine engine. It is found that the
shaft twists 2° in a length of 20 metres at 120 r.p.m. If the shaft is hollow with 400 mm external diameter
and 300 mm internal diameter, find the power of the engine. Take modulus of rigidity for the shaft
material as 80 GPa.

Solution.

Given: =2°=2x_/180=0.035rad;/=20m; N=120r.p.m.; D=400 mm=0.4m;

d =300 mm =0.3m ;C=80GPa =80 x 109 N/m?

We know that polar moment of inertia of the shaft

J=Z (Dt -ah= %[{{].414 4{].3}4] ~0.0017m*
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and torque applied to the shaft,

J 80x107x0.00 R
T= %xe = WXO.O}J =238x10°N-m

We know that power of the engine,

Tx2N - 238x10°x2nx120 .
P= = =090 x 10° W = 2990 kw
60 60
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