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Friction

10.1. Introduction

It has been established since long, that the surfaces
of the bodies are never perfectly smooth. When, even avery
smooth surface is viewed under amicroscope, it isfound to
have roughnessand irregularities, which may not be detected
by an ordinary touch. If ablock of one substance is placed
over the level surface of the same or of different material, a
certain degree of interlocking of the minutely projecting par-
ticles takes place. This does not involve any force, so long
asthe block does not move or tends to move. But whenever
one block moves or tends to move tangentially with respect
to the surface, on whichit rests, theinterlocking property of
the projecting particles opposes the motion. This opposing
force, which actsin the opposite direction of the movement
of the upper block, is called the force of friction or simply
friction. It thusfollows, that at every joint inamachine, force
of friction arises dueto the rel ative motion between two parts
and hence some energy iswasted in overcoming thefriction.
Though thefrictionisconsidered undesirable, yet it playsan
important role both in nature and in engineering e.g. walk-
ing on aroad, motion of locomotive onrails, transmission of
power by belts, gears etc. The friction between the wheels
and the road is essentia for the car to move forward.

10.2. Types of Friction
In genera, thefriction is of thefollowing two types:
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1. Staticfriction. It isthe friction, experienced by a body, when at rest.

2. Dynamic friction. It isthefriction, experienced by abody, when in motion. The dynamic
frictionisalso called kinetic friction and is less than the static friction. It is of the following three

types:
(a) Sliding friction. It is the friction, experienced by a body, when it slides over another
body.

(b) Ralling friction. It isthe friction, experienced between the surfaces which has balls or
rollersinterposed between them.

(c) Pivot friction. It isthe friction, experienced by a body, due to the motion of rotation as
in case of foot step bearings.

Thefriction may further be classified as:

1. Friction between unlubricated surfaces, and
2. Friction between lubricated surfaces.
These are discussed in the following articles.

10.3. Friction Between Unlubricated Surfaces

The friction experienced between two dry and unlubricated surfacesin contact is known as
dry or solid friction. It is due to the surface roughness. The dry or solid friction includes the sliding
friction and rolling friction as discussed above.

10.4. Friction Between Lubricated Surfaces

When lubricant (i.e. oil or grease) isapplied between two surfacesin contact, then thefriction
may be classified into the following two types depending upon the thickness of layer of alubricant.

1. Boundary friction (or greasy friction or non-viscous friction). It is the friction,
experienced between the rubbing surfaces, when the surfaces have a very thin layer of lubri-
cant. The thickness of this very thin layer is of the molecular dimension. In this type of friction, a
thin layer of lubricant forms abond between the two rubbing surfaces. Thelubricant is absorbed on
the surfaces and forms a thin film. This thin film of the [ubricant results in less friction between
them. The boundary friction follows the laws of solid friction.

2. Fluidfriction (or film friction or viscousfriction). It isthe friction, experienced between
the rubbing surfaces, when the surfaces have a thick layer of the lubrhicant. In this case, the actual
surfaces do not come in contact and thus do not rub against each other. It is thus obvious that fluid
friction isnot due to the surfacesin contact but it is due to the viscosity and oiliness of the lubricant.

Note : The viscosity is a measure of the resistance offered to the sliding one layer of the lubricant over an
adjacent layer. The absolute viscosity of alubricant may be defined as the force required to cause aplate of unit
area to dlide with unit velocity relative to a parallel plate, when the two plates are separated by a layer of
lubricant of unit thickness.

The oiliness property of alubricant may be clearly understood by considering two lubricants of equal
viscosities and at equal temperatures. When these [ubricants are smeared on two different surfaces, it is found
that the force of friction with one lubricant is different than that of the other. This difference is due to the
property of the lubricant known as oiliness. The lubricant which gives lower force of friction is said to have
greater oiliness.

10.5. Limiting Friction

Consider that abody A of weight W islying on arough horizontal body B as shown in Fig.
10.1 (). In this position, the body A isin equilibrium under the action of its own weight W, and the
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normal reaction R (equal to W) of B on A. Now if asmall horizontal force P, is applied to the body
A acting through its centre of gravity as shown in Fig. 10.1 (b), it does not move because of the
frictional force which prevents the motion. This shows that the applied force P, is exactly balanced
by the force of friction F, acting in the opposite direction.

If we now increase the applied force to P, as shown in Fig. 10.1 (c), it is still found to bein
equilibrium. This means that the force of friction has also increased to avalue F, = P,. Thus every
time the effort is increased the force of friction also increases, so as to become exactly equal to the
applied force. Thereis, however, alimit beyond which the force of friction cannot increase as shown
inFig. 10.1 (d). After this, any increasein the applied effort will not lead to any further increaseinthe
force of friction, as shown in Fig. 10.1 (e), thus the body A begins to move in the direction of the
applied force. This maximum value of frictional force, which comes into play, when a body just
begins to slide over the surface of the other body, is known as limiting force of friction or simply
limiting friction. It may be noted that when the applied forceislessthan thelimiting friction, the body
remains at rest, and the friction into play is called static friction which may have any value between
zero and limiting friction.

RN RN RN RN RN
A A A A A
A A p A p, Ap Apisp
EE F, =P, E; y F=P, E; S, F=P E; s> F=P E; >
v ° v° v ° v ° v °
w w w w
(a) ) (0) (d) (e)

Fig. 10.1. Limiting friction.
10.6. Laws of Static Friction

Following are the laws of static friction :

1. Theforceof friction awaysactsin adirection, opposite to that in which the body tendsto
move.

2. The magnitude of the force of friction is exactly equal to the force, which tends the body
to move.

3. The magnitude of the limiting friction (F ) bears a constant ratio to the normal reaction
(Ry) between the two surfaces. Mathematically

F/R, = constant
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4. Theforce of friction isindependent of the area of contact, between the two surfaces.
5. Theforce of friction depends upon the roughness of the surfaces.

Laws of Kinetic or Dynamic Friction

Following are the laws of kinetic or dynamic friction :

1. The force of friction aways acts in a direction, opposite to that in which the body is
moving.

2. Themagnitude of the kinetic friction bearsaconstant ratio to the normal reaction between
the two surfaces. But thisratio isslightly less than that in case of limiting friction.

3. For moderate speeds, the force of friction remains constant. But it decreases slightly with
theincrease of speed.

Laws of Solid Friction

Following are the laws of solid friction :
1. Theforce of friction isdirectly proportional to the normal load between the surfaces.

2. Theforce of friction isindependent of the area of the contact surface for a given normal
load.

3. Theforce of friction depends upon the material of which the contact surfaces are made.
4. Theforce of friction isindependent of the velocity of dliding of one body relative to the
other body.

Laws of Fluid Friction

Following are the laws of fluid friction :

1. Theforce of friction isamost independent of the load.

2. Theforce of friction reduces with the increase of the temperature of the lubricant.
3. Theforce of friction isindependent of the substances of the bearing surfaces.

4. Theforce of frictionisdifferent for different lubricants.

10.10. Coefficient of Friction

Itis defined asthe ratio of the limiting friction (F) to the normal reaction (R,) between the

two bodies. It is generally denoted by p. Mathematically, coefficient of friction,

H=F/R

10.11. Limiting Angle of Friction

Consider that abody A of weight (W) isresting on ahorizontal plane B, asshowninFig. 10.2.

If ahorizontal force Pisapplied to the body, no relative motion will

take place until the applied force P is equa to the force of friction R £ Ry
F, acting opposite to the direction of motion. The magnitude of this i< 0 A
forceof frictionisF = L.W = LR, where R isthe normal reaction. A
In the limiting case, when the motion just begins, the body will be ~ F=u.Ay |__l > P
in equilibrium under the action of the following three forces: e 5\
B
¢
y

1. Weight of the body (W), \

. . w
2. Applied horizontal force (P), and Fig. 10.2. Limiting angle of
3. Reaction (R) between the body A and the plane B. friction.
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Thereaction R mugt, therefore, be equal and opposite to the resultant of W and P and will be
inclined at an angle @to the normal reaction R. Thisangle gpisknown asthe limiting angle of friction.
It may be defined as the angle which the resultant reaction R makes with the normal reaction Ry

FromFig. 10.2, tan=F/R = u R/ Ry=H
10.12. Angle of Repose

Consider that abody A of weight (W) isresting on
an inclined plane B, as shown in Fig. 10.3. If the angle of
inclination o of the plane to the horizonta is such that the
body begins to move down the plane, then the angle a is
called the angle of repose.

A little consideration will show that the body will
begin to move down the plane when the angle of inclination
of the planeisequal totheangle of friction (i.e. a = ). This
may be proved asfollows:

Theweight of thebody (W) can bere-
solved into the following two components :

1. W sina, paralel to the plane B.
This component tends to slide the body down
the plane.

2. W cosa, perpendicular tothe plane
B. This component is balanced by the normal
reaction (R) of the body A and the plane B.

The body will only begin to move Friction is essential to provide grip between tyres

down the plane, when and road. This is a positive aspect of ‘friction’.
Wsina = F=WR=W.W cosa ..(" Ry =W cosa)

0 tana = p=tan@ or a=@ (o p=tan @)

10.13. Minimum Force Required to Slide a Body on a Rough Horizontal
Plane
. . . . R,

Consider that abody A of weight (W) isresting on a NA p
horizontal plane B as shown in Fig. 10.4. Let an effort P is A /,/’f
applied at an angle 6 to the horizontal such that the body A —T\6 Psind
just moves. The various forces acti ng on the body are shoyvn Fe o
in Fig. 10.4. Resolving the force P into two components, i.e.

P sin 6 acting upwards and P cos 8 acting horizontally. Now B
for the equilibrium of the body A, \J
inQ = w
Ry+Psnd=Ww Fig. 10.4. Minimum forcerequired
or Ry=W-Psin6 (i) to slide a body.
and Pcosb = F= R (i)
(o F=pRY)

Substituting the value of R, from equation (i), we have
PcosB = u(W-PsinB) =tan(W —-Psin0) L p=tang

=3P - psin 6)
cos ¢
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PcosB .cosg = Wsin@—PsinB.sing
Pcosb.cosp+PsinB.sng=Wsngo

Pcos(®—@) = Wsing ..[*. cosB. cos @+ sin B.sin @ = cos (8 — )]
_ Wsno
—cos(e—q)) ()

For P to be minimum, cos (6 — @) should be maximum, i.e.
cos@—@=1 o B-0¢=0° or 0=0

In other words, the effort P will be minimum, if itsinclination with the horizontal isequal to
the angle of friction.

0 Poin = Wsnb ...[From equation (iii)]

Example 10.1. A body, resting on a rough horizontal plane required a pull of 180 N inclined
at 30° to the plane just to move it. It was found that a push of 220 N inclined at 30° to the plane just
moved the body. Determine the weight of the body and the coefficient of friction.

Solution. Given : 68 = 30°
Let W = Weight of the body in newtons,
Ry = Normal reaction,
[ = Coefficient of friction, and
F = Force of friction.

First of all, let us consider apull of 180 N. Theforce of friction (F) actstowards|eft as shown
inFig. 10.5 (a).

Resolving the forces horizontally,
F = 180 cos 30° = 180 x 0.866 = 156 N

Ang 180 N Rn . 220N

] ] F L] ]

v
w w

<
<

(a) (b)

Fig. 105
Now resolving the forces vertically,
Ry = W-180sin30°=W-180x 0.5=(W-90) N
We know that F=unR, or 156=p (W -90) ()

Now let usconsider apush of 220 N. Theforce of friction (F) actstowardsright asshowninFig.
10.5 (b).

Resolving the forces horizontally,
F = 220 cos 30° = 220 x 0.866 = 190.5 N
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Now resolving the forces vertically,

Ry = W+220sin30°=W + 220 x 0.5= (W + 110) N
We know that F=unR, or 190.5=p (W +110) (i)
From equations (i) and (ii),

W=1000N, and p=0.1714 Ans.

10.14. Friction of a Body Lying on a Rough Inclined Plane

Consider that abody of weight (W) islying on aplaneinclined at an anglea with the horizon-
tal, as shown in Fig. 10.6 (a) and (b).

RN
o
Yw
(8 Angle of inclination less than (b) Angle of inclination more than
angle of friction. angle of friction.

Fig. 10.6. Body lying on arough inclined plane.

A little consideration will show that if theinclination of the plane, with the horizontal, isless
than the angle of friction, the body will be in equilibrium as shown in Fig. 10.6 (). If,in this condi-
tion, thebody isrequired to be moved upwards and downwards, acorresponding forceisrequired for
the same. But, if the inclination of the plane is more than the angle of friction, the body will move

down and an upward force (P) will be required to resist the body from moving down the plane as
shown in Fig. 10.6 (b).

L et usnow analysethevariousforceswhich act on abody when it slides either up or down an
inclined plane.

1. Considering the motion of the body up the plane
Let W = Weight of the body,
o = Angle of inclination of the plane to the horizontal,
¢ = Limiting angle of friction for the contact surfaces,

P = Effort applied in a given direction in order to cause the body to slide with
uniform velocity parallel to the plane, considering friction,

P, = Effort required to move the body up the plane neglecting friction,
6 = Anglewhich theline of action of P makeswith the weight of the body W,
p = Coefficient of friction between the surfaces of the plane and the body,

Ry = Normal reaction, and
R = Resultant reaction.
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When thefriction isneglected, the body isin equilibrium under the action of thethreeforces,
i.e. Py, Wand R, asshown in Fig. 10.7 (a). The triangle of forces is shown in Fig. 10.7 (b). Now
applying sinerule for these three concurrent forces,

i W p = W sin a

*

= r =
sna  sin(® - a) ° sin(d - )

(D)

\

T
@) (b) ©
Fig. 10.7. Motion of the body up the plane, neglecting friction.

When friction istaken into account, africtional force F = p.R, actsin the direction opposite
to the motion of the body, as shown in Fig. 10.8 (a). The resultant reaction R between the plane and
the body isinclined at an angle @with the normal reaction R,. Thetriangle of forcesisshownin Fig.
10.8 (b). Now applying sinerule,

P _ w
sn(a+ @ sin[6—-(a+ @]

P
An < (0 — o —90°)
»

(@ (b) (©
Fig. 10.8. Motion of the body up the plane, considering friction.

*

1. Theeffort P, or (or P) may also be obtained by applying Lami’s theorem to the three forces, as
shown in Fig. 10.7 (c) and 10.8 (c). From Fig. 10.7 (c),

P, _ w
sin(180° — a) ~ sin[180° — (6 — )]
R W
or dna _sn@-a) ...[same as before]

2. Theeffort P, (or P) may also be obtained by resolving the forces along the plane and perpendicular to
the plane and then applying XH =0 and 2V =0.
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p= Wsdn(a + @)

O " Sn0-(a+ 9] ..(ii)

Notes: 1. When the effort applied is horizontal, then 6 = 90°. In that case, the equations (i) and (ii) may be
written as
Wsina _Wsina

2 8= = =Wtan a
sin(90° - a)  cosa

_ Wsin(a+g) _Wsn(a+q
and Sin[90° - (a+ @)  cos(a + ¢
2. When the effort applied is parallel to the plane, then 8 = 90° + a. In that case, the equations (i) and
(i) may be written as

=Wtan (a + @

Wsin a

V= =Wsina
sin(90° + a — a)
_ Wsin(a + ¢) _Wsin(a + ¢
and sin[(90° + a) — (o + @)] Cos @

_W(sina cos@ +cos asin ¢
cos @

=W(sin a + cos a.tan )

=W (sina + 1 cosa) ~(rp=tang)
2. Considering the motion of the body down the plane

Neglecting friction, the effort required for the motion down the plane will be same asfor the
motion up the plane, i.e.

_ Wsna
o—m ..(110)
R
Ry X
A U 180°— 0 — (cu— )
0-(a—9)
180° — (. — ¢)
R w
(0—=9) N
|
R
w
(b) (©

Fig. 10.9. Motion of the body down the plane, considering friction.
When thefrictionistaken into account, theforce of friction F= p.R will act up the plane and
the resultant reaction R will make an angle with R towardsitsright asshowninFig. 10.9 (a). The
triangle of forcesis shown in Fig. 10.9 (b). Now from sine rule,

P W
sn(a-@ sn[6—(a- q]
_ Wsn(a-¢

or " Sn[0 - (o -] (V)
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Notes : 1. The value of P may aso be obtained either by applying Lami’s theorem to Fig. 10.9 (c), or by
resolving the forces along the plane and perpendicular to the plane and then using XH = 0 and XV = 0 (See Art.
10.18 and 10.19).
2. When P is applied horizontally, then 8 = 90°. In that case, equation (iv) may be written as
Wsin(a-¢) _Wsin(a—-¢
sin[90° - (a - @] cos(a—¢q
3. When P is applied parallel to the plane, then 8 = 90° + a. In that case, equation (iv) may be
written as

= Wtan (a - )

_ Wsin(a — @) _Wsin(a -9
sin[90° + a) — (a — @)] cos @

=W(sin 0 COS@ —Ccosa sin @)
cos @

=W (sin o - tan @cos d)
=W (sina —p cosa) (- tane=p)
10.15. Efficiency of Inclined Plane

Theratio of the effort required neglecting friction (i.e. Py) to the effort required considering
friction (i.e. P) isknown asefficiency of theinclined plane. Mathematically, efficiency of theinclined
plane,

n=~R/P
Let us consider the following two cases :
1. For the motion of the body up the plane

P Wsin a ><sin[e—(0(+<p)]

Efficiency, =_0_—
Y N e T dne-w  Wsn@+ g
_ sna ><sinecos((>(+(p)—cos fsn(a+ @
snBcosa—-cosOsina sin(a + @)

Multiplying the numerator and denominator by sin (a + ¢) sin 6, we get
_ cot(a + @) —cot 6
~ cota-coth
Notes: 1. When effort is applied horizontally, then 6 = 90°.

tan a

O tan (a+ @
2. When effort is applied parallel to the plane, then 8 = 90° + a.

_ cot (o + @) —cot(90° + a) _ cot(a + @ +tan a_ sin acos @
cot a — cot(90° + o) cota + tana sin(@ + @)

ad

2. For the motion of the body down the plane
Sincethevalue of P will belessthan P, for the motion of the body down the plane, therefore
inthis case,

Wsin(a - @) ” sin(6 - a)
sin[6 - (a - @] Wsin a

n=- =
I:)O

_ sn(a - @) ><sin Bcos a —cos Bsn a
sin B cos(a — @) —cos Bsin(a - @ sn a
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Multiplying the numerator and denominator by sin (o — @) sin 6, we get
_cota-—cotO
- cot(a — @) —cot 6
Notes: 1. When effort is applied horizontally, then 6 = 90°.

_ cota _tan(a- @)

O n_COt((X—(p)_ tan a

2. When effort is applied parallel to the plane, then 8 = 90° + a.

_cota-cot(90°+a) _  cota+tana  _ sin(a - @)

O r]_cot(u—cp)—cot(90°+ox)_cot(o(—q) +tan o sin ocos @

Example 10.2. An effort of 1500 N is required to just move a certain body up an inclined
plane of angle 129, force acting parallel to the plane. If the angle of inclination is increased to 15°,
then the effort required is 1720 N. Find the weight of the body and the coefficient of friction.

Solution. Given: P, =1500N ; o, =12°; a,=15°; P,= 1720 N
Let W = Weight of the body in newtons, and

p= Coefficient of friction.

Ay, Ay
N
4500 N 1129
Fy F2
128 16°
vw Yw

(@ (b)
Fig. 10.10

First of al, let us consider a body lying on a plane inclined at an angle of 12° with the
horizontal and subjected to an effort of 1500 N parallel to the plane as shown in Fig. 10.10 (a).

Let RNl = Norma reaction, and
F, = Force of friction.
We know that for the motion of the body up the inclined plane, the effort applied parallel to
the plane (P,)),
1500 =W (sina, + pcosa,) =W (sin 12° + i cos 12°) ()
Now let us consider the body lying on a planeinclined at an angle of 15° with the horizontal
and subjected to an effort of 1720 N parallel to the plane as shown in Fig. 10.10 (b).
Let Ry, = Norma reaction, and
2
F, = Force of friction.
We know that for the motion of the body up the inclined plane, the effort applied parallel to
the plane (P,),
1720=W (sina, + pcosa,) = W (sin 15° + p cos 15°) (i)
Coefficient of friction
Dividing equation (ii) by equation (i),
1720 _ W(sSin 15° + p cos 15°)
1500 W (sin12° + p cos12°)
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1720 sin 12° + 1720 p cos 12° = 1500 sin 15° + 1500 p cos 15°
M (1720 cos 12° — 1500 cos 15°) = 1500 sin 15°— 1720 sin 12°
_ 1500 sin 15° - 1720 sin 12° _ 1500 x 0.2588 — 1720 x 0.2079

0 = =
H 1720 cos12° - 1500 cos 15° 1720 x 0.9781 —1500 x 0.9659
_ 3882-357.6 _ 30.6 ~0431Ans
1682.3 - 14485 233.8
Weight of the body

Substituting the value of | in equation (i),
1500 =W (sin 12° + 0.131 cos 12°)
=W (0.2079 + 0.131 x 0.9781) = 0.336 W
O W = 1500/0.336 = 4464 N Ans.

Jet engine used in Jet aircraft.
Note : This picture is given as additional information and is not a direct example of the current chapter.

10.16. 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 grooveon acylindrical surface. If the threads are cut on the outer surface of asolid rod, these
areknown as external threads. But if the threads are cut on the internal surface of ahollow rod, these
are known as internal threads. The screw threads are mainly of two typesi.e. V-threads and square
threads. The V-threads are stronger and offer morefrictional resistanceto 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 :

1. Hélix. It isthe curve traced by a particle, while describing a circular path at a uniform
speed and advancing in the axial direction at auniform rate. In other words, it isthe curve traced by
aparticle while moving along a screw thread.
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2. Pitch. Itisthedistancefrom apoint of ascrew to acorresponding point on the next thread,
measured parallel to the axis of the screw.

3. Lead. Itisthe distance, a screw thread advances axially in one turn.

4. Depth of thread. It is the distance between the top and bottom surfaces of a thread (also
known as crest and root of athread).

5. Single-threaded screw. If the lead of a screw is equal to its pitch, it is known as single
threaded screw.

6. Multi-threaded screw. If more than one thread is cut in one lead distance of ascrew, itis
known as multi-threaded screw e.g. in adouble threaded screw, two threadsare cut in onelead length.
In such cases, al the threads run independently along the length of the rod. Mathematically,

Lead = Pitch x Number of threads

7. Helix angle. Itisthe slope or inclination of the thread with
the horizontal. Mathematically,

_ Lead of screw
tan o = —
Circumference of screw
=p/d ...(In single-threaded screw)
=n.p/md ...(In multi-threaded screw)
where o = Helix angle,

p = Pitch of the screw,
d = Mean diameter of the screw, and
n = Number of threadsin one lead.

10.17. Screw Jack

The screw jack isadevice, for lifting heavy loads, by apply-
ing a comparatively smaller effort at its handle. The principle, on Screw Jack.
which a screw jack worksis similar to that of an inclined plane.

w
Head <~/ _>|

A——F— =" w
Lever
Y
—R.
«— Sq. threaded rod _ 117 Collar
I
«— Nut |
R,
Head —? R
/i<:‘_ Screw rod
<>
(a) Screw jack. (b) Thrust collar.

Fig. 10.11
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Fig. 10.11 (a) showsacommon form of ascrew jack, which consists of asquare 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 isrotated by the application
of an effort at the end of the lever for lifting or lowering the load.

10.18. Torque Required to Lift 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. 10.12 (a).

I‘i TCd 4" -
W Ve~
S\
(a) Development of a screw. (b) Forces acting on the screw.
Fig. 10.12
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

W = Coefficient of friction, between the screw and nut = tan ¢,
where @isthefriction angle.

From the geometry of the Fig. 10.12 (&), we find that

tana = p/itd

Since the principle on which ascrew jack worksissimilar to that of aninclined plane, there-
foretheforce applied onthelever of ascrew jack may be considered to be horizontal asshowninFig.

10.12 (b).

Since the load is being lifted, therefore the force of friction (F = p.R) will act downwards.
All the forces acting on the screw are shown in Fig. 10.12 (b).

Resolving the forces a ong the plane,

Pcosa = Wsina + F=Wsina + iR ()

and resolving the forces perpendicular to the plane,

Ry = Psna+W cosa (i)

Substituting this value of R, in equation (i),

or
or

Pcosa =Wsna +p (Psina +W cosa)
=Wsnoa+pPsna+uWcosa

Pcosa—pPsina =Wsina +pW cosa
P(cosa—psina) =W (sina +pcosa)
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sina + [ cosa
cosa - psna
Substituting the value of L = tan @in the above equation, we get

0 P=W x

sin a+tan @ cos a

cosa —tan @sin a

Multiplying the numerator and denominator by cos @,

Sin o cos @ +sin Qcos a —W x sin(a+ @

COoS O COS@ —Sin asin @ cos(a + @
=W tan(a + @)

O Torque required to overcome friction between the screw and nut,

P =W x

P=W x

d d
T =Px—=Wtan(a+ @
1 ) (a+q

Whenthe axial load istaken up by athrust collar or aflat surface, asshownin Fig. 10.11 (b),
so that the load does not rotate with the screw, then the torque required to overcome friction at the
collar,

T, = W %@ﬁ = LWR
where R,andR, = Outside and inside radii of the collar,
R = Mean radius of the collar, and
H, = Coefficient of friction for the collar.
O Total torque required to overcome friction (i.e. to rotate the screw),
T=T +T, =P xg + B W.R
If an effort P, isapplied at the end of alever 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:PX%:Pl.I

Notes: 1. When the *nominal diameter (d,) and the **core diameter (d_) of the screw thread is given, then the
mean diameter of the screw,

:d0+dc =d —E =d +£
2 0 2 ¢ 2
2. Since the mechanical advantageisthe ratio of load lifted (W) to the effort applied (P,) at the end of
the lever, therefore mechanical advantage,

Ma =W _Wx2 H- p=PdH
B pd <5 T
wx2 2

“Wtn(@+gd  dtan(a+q

Example 10.3. An electric motor driven power screw moves a nut in a horizontal plane
against a force of 75 kN at a speed of 300 mm/min. The screw has a single square thread of 6 mm
pitch on a major diameter of 40 mm. The coefficient of friction at the screw threadsis 0.1. Estimate
power of the motor.

*  The nominal diameter of a screw thread is also known as outside diameter or major diameter.
**  The corediameter of ascrew thread is also known as inner diameter or root diameter or minor diameter.
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Solution.Given:Wz?Ssz?Sx103N;v:300mm/min;p:6mm;d0:40mm;
p=tanp=0.1
We know that mean diameter of the screw,
d =d,—p/2=40-6/2=37 mm=0.037m

and ta’lO(:——T[TZO.0516

O Force required at the circumference of the screw,

Otan o + tan @ [

P=Wt + @ =W
an(a+q H - tan o.tan ¢H

= 75x103 5 000 +0L O _ 1) 4a i3 N
H - 0.0516 x 0.1H
and torque required to overcome friction,
T =Pxd/i2=11.43 x 10° x 0.037/2 = 211.45 N-m
We know that speed of the screw,
_ Speed of thenut _ 300 _

=— =—— =50rpm.
Pitch of the screw 6
and angular speed, w=2T1x50/60 =5.24 rad/s
O Power of the motor = T.w=211.45x 524 =1108 W = 1.108 kW Ans.

Example 10.4. A turnbuckle, with right
and left hand single start threads, is used to couple
two wagons. Its thread pitch is 12 mm and mean
diameter 40 mm. The coefficient of friction between
the nut and screw is 0.16.

1. Determinethework donein drawing the
wagons together a distance of 240 mm, against a
steady load of 2500 N.

2. Iftheload increasesfrom 2500 N to 6000
N over the distance of 240 mm, what isthework to
be done?

Solution. Given: p=12mm;d=40 mm; Turnbuckle.
p=tan @=0.16; W = 2500 N

1. Work done in drawing the wagons together against a steady load of 2500 N
We know that tan a = — = ——— =0.0955
O Effort required at the circumference of the screw,

Otana+tano O

P =W tan (o + ¢) =W
an(a+e H - tan a.tan ¢
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0 0.0955 + 0.16 [
H - 0.0955 x 0.16H

and torque required to overcome friction between the screw and nut,
T =Pxd/2=648.7 x40/2 =12 947 N-mm =12.974 N-m
A little consideration will show that for one complete revolution of the screwed rod, the
wagons are drawn together through adistance equal to 2 p, i.e. 2 x 12 =24 mm. Thereforein order to
draw the wagons together through a distance of 240 mm, the number of turns required are given by
N = 240/24 =10
O Work done = Tx 271tN =12.974 x 2 1tx 10 =815.36 N-m Ans.
2. Work done in drawing the wagons together when load increases from 2500 N to 6000 N
For anincrease in load from 2500 N to 6000 N,

815.3(6000 — 2500)
2500
Example 10.5. A 150 mm diameter valve, against which a steam pressure of 2 MN/n¥ is

acting, is closed by means of a square threaded screw 50 mmin external diameter with 6 mm pitch.

If the coefficient of frictionis 0.12 ; find the torque required to turn the handle.

Solution. Given : D =150 mm = 0.15mm =0.15m; Ps=2 MN/m2 =2 x 108 N/m? ;
d,=50mm;p=6mm;u=tan@=0.12
We know that oad on the valve,

= 2500 =648.7 N

Work done = =114.4 N-mAns.

W = Pressure x Area= Pg X ; D? =2 x10° ><Ll:(0.15)2 N
= 35400 N
Mean diameter of the screw,
d =d,—p/2=50-6/2=47mm=0.047m

0 ta’]q:i— 6

nd T x47
We know that force required to turn the handle,

= 0.0406

tan a + tan
P=W tan(a + @ =W 5 °0
H - tan o.tangH]

0 0.0406+12 [
= 35400 =5713 N
H - 0.0406 x 0.12H

O Torque required to turn the handle,
T =Px d/2=5713 x 0.047/2 = 134.2 N-m Ans.

Example 10.6. A square threaded bolt of root diameter 22.5 mmand pitch 5 mmistightened
by screwing a nut whose mean diameter of bearing surfaceis 50 mm. If coefficient of friction for nut
and bolt is 0.1 and for nut and bearing surface 0.16, find the force required at the end of a spanner
500 mm long when the load on the bolt is 10 kN.

Solution. Given:d,=22.5mm;p=5mm; D=50mmor R=25mm; p=tan=0.1;
p1:0.16;l:500mm;W:10kN:10><103N

Let P, =Forcerequired at the end of aspanner in newtons.
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We know that mean diameter of the screw,
d=d, +p/2=225+5/2 =25mm
0 tana = — = —— =0.0636
]

Force requred at the circumference of the screw,

Otan a + tan @ O
P=Wtan(a + @ =W
(@+e H - tan a.tan ¢
O 0.0636 +0.1 O

=10 x 10° =1646 N
H - 0.06363 x 0.1

We know that total torque required,

T=P x% + W W.R =1646 x% +0.16 x10 x10° x25

= 60575 N - mm ()
We also know that torque required at the end of a spanner,
T =P, x1=P; x500=500P, N-mm (i)

Equating equations (i) and (ii),
P, =60575/500 = 121.15N Ans.

Example 10.7. A vertical screw with single start square threads 50 mm mean diameter and
12.5 mm pitch is raised against a load of 10 kN by means of a hand wheel, the boss of which is
threaded to act as a nut. The axial load is taken up by a thrust collar which supports the wheel boss
and has a mean diameter of 60 mm. If the coefficient of friction is 0.15 for the screw and 0.18 for the
collar and the tangential force applied by each hand to the wheel is100 N ; find suitable diameter of
the hand wheel.

Solution. Given: d=50 mm ; p=125mm ; W =10 kN = 10 x 103 N ; D = 60 mm or
R=30mm;pu=tan@=0.15;,=0.18;P, =100N

and the tangential force required at the circumference of the screw,
tana + tan
P=Wtan(a + @ =W °0
H-tano.tangH
0 0.08+0.15 O

=10 x10° =2328 N
** B -0.08x015H

Also we know that the total torque required to turn the hand wheel,
T=P x% + 1 W.R =2328 x‘izo +0.18 x10 x10° x30

=112200 N-mm (1)
Let D, = Diameter of the hand wheel in mm.
We know that the torque applied to the hand wheel,

D, D, y
T =2PF x> =2x100 x— =100 D, N-mm (i)
2 2
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Equating equations (i) and (ii),
D, = 112 200/100 = 1222 mm = 1.222 m Ans.

Example 10.8. The cutter of a broaching machine is pulled by square threaded screw of 55
mm external diameter and 10 mm pitch. The operating nut takes the axial load of 400 N on a flat
surface of 60 mminternal diameter and 90 mm external diameter. If the coefficient of firctionis0.15
for all contact surfaces on the nut, determine the power required to rotate the operating nut, when
the cutting speed is 6 nVmin.

Solution. Given : d, =55 mm ; p=10mm =0.01 m; W =400N ; D, =60 mm or
R,=30mm;D,=90mmor R, =45mm; pu=tan@=p, =0.15
We know that mean diameter of the screw,
d =d,—p/2=55-10/2=50 mm

0 tana = == =00637

and force required at the circumference of the screw,
Otan a + tan @ O
P=Wtan(a + @ =W
(@+9 H - tan a.tan ¢H
_ 0 0.0637 +0.15 O _

= 400 =864 N
H - 0.0637 x 0.15

We know that mean radius of the flat surface,

+
R:R12R2 :45;30:37.5mm

0 Total torque required,
T=P xg + L W.R =864 XS—ZO +0.15 x400 x37.5 N-mm
= 4410 N-mm = 4.41 N-m BN AN TREST))
Since the cutting speed is 6 m/min, therefore speed of the screw,
N = Cuttingspeed _ 6
Pitch 0.01

and angular speed, w =211 600/60 = 62.84 rad/s
We know that power required to operate the nut

=T.w =441 x62.84 =277 W =0.277 kW Ans.

=600 r.p.m.

10.19. Torque Required to Lower the Load by a Screw Jack

We have discussed in Art. 10.18, that the principle on which the screw jack worksis similar
to that of aninclined plane. If one complete turn of a screw thread be imagined to be unwound from
the body of the screw and developed, it will form an inclined plane as shown in Fig. 10.13 (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 lower the
load,
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W = Weight to be lowered, and
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W = Coefficient of friction between the screw and nut = tan @,

where @isthefriction angle.

(@

Fig. 10.13
From the geometry of the figure, wefind that
tana = p/md

Since the load is being lowered, therefore the force of friction (F = p.R,) will act upwards.

All the forces acting on the screw are shown in Fig. 10.13 (b).
Resolving the forces a ong the plane,
Pcosa = F-Wsna =pR-Wsina
and resolving the forces perpendicular to the plane,
Ry =Wcosa—-Psina
Substituting thisvalue of R, in equation (i),
Pcosa = p(Wcosa—-Psina)-Wsina
=Wcosa—-p.Psna-Wshna
or Pcosa + p.Psina = p.Wcosa-W sina
or P(cosa+usina) =W (Lcosa—sina)
W x (Lcosa—sna)

(cosa + psina)
Substituting the value of i = tan ¢ in the above equation, we get
(tan @ cos a —sin a)
(cosa + tan @sin a)
Multiplying the numerator and denominator by cos @,

O Fs

P =W x

P=W

(cosa cos@ +sin @sin 0 cos (@
=W tan (@ - 0)
O Torque required to overcome friction between the screw and nut,

d d
T=Px_ =Wt -9 =
x5 an(¢-9 -

Note : When a > @, then P = tan (0 — ¢).

()
..(ii)

-9

><(sm (pCOS O —sin O cos ¢ “W x sn(@

-9

Example 10.9. The mean diameter of a square threaded screw jack is 50 mm. The pitch of
the thread is 10 mm. The coefficient of friction is 0.15. What force must be applied at the end of a
0.7 mlong lever, which is perpendicular to the longitudinal axis of the screw to raise aload of 20 kN

and to lower it?
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Solution. Given: d=50mm=0.05m;p=10mm; u=tan=0.15;1=0.7m; W =20kN
=20x 103N

1
We know that tana = P _10 =0.0637
md 1t x50
Let P, = Forcerequired at the end of the lever.

Force required to raise the load
We know that force required at the circumference of the screw,
Otan o + tan @ [

P=W + @) =W
ten(a + ¢) H - tan a.tan ¢H

opxq? D 00637 +015 O
H - 0.0637 x 0.15

Now the force required at the end of the lever may be found out by the relation,

P, x1 =Pxd2
Pxd 4314 x0.05
P = = =154 N Ans.
. 17 g 2% 0.7 ns

Force required to lower the load
We know that the force required at the circumference of the screw,
Otan @ —tan o O

P=W -0 =W
ten(e - o) H + tan qtan of

— 20 x 103 0 0.15-0.0637 O
H + 0.15 x 0.0637H
Now the force required at the end of the lever may be found out by the relation,

P1X| :ng or P]_ :de :1710><005
2 2 2x0.7

=1710 N

=61 N Ans.

10.20. Efficiency of a Screw Jack

The efficiency of ascrew jack may be defined as theratio between theideal effort (i.e. the
effort required to move the load, neglecting friction) to the actual effort (i.e. the effort required to
move the load taking friction into account).

We know that the effort required to lift the load (W) when friction is taken into account,

P =Wtan(a+ @) (i)
where o = Helix angle,

@ = Angleof friction, and

p = Coefficient of friction, between the screw and nut = tan @.

If there would have been no friction between the screw and the nut, then @ will be equal to
zero. The value of effort P, necessary to raise the load, will then be given by the equation,

P, = Wtana (i.e. Putting @=0in equation (i)]
Ided effort_ R, Wtana _  tana

Actud effot P Wtan(a+¢@ tan(a+ @

which shows that the efficiency of a screw jack, isindependent of the load raised.

O Efficiencyn =
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In the above expression for efficiency, only the screw friction is considered. However, if the
screw friction and the collar friction is taken into account, then
_ Torque required to move the load, neglecting friction
- Torque required to move the load, including screw and collar friction
_ T Ryxd/2
T Pxd/2+uWR

Note: The efficiency of the screw jack may also be defined as the ratio of mechanical advantage to the
velocity ratio.

O

We know that mechanical advantage,
W _Wx2 _ Wx2| _ 2l

MA=2 = = =
R Pxd Wtn(a+@d tan(a+q@d ~(Refer Art 10.17)

1

_ Distance moved by the effort (), in one revolution

and velocity ratio, "~ Distance moved by the load (W), in one revolution
_2nl _ 2m _ 21
p tanax td  tan axd ..(" tan a = p/md)
M.A _ 21 xtanaXd_ tan x o

0 Efficiency, 1= VR tan (o + ¢)d 2] - tan(a + @

10.21. Maximum Efficiency of a Screw Jack

We have seen in Art. 10.20 that the efficiency of a screw jack,

sina
_ tana _  cosa  _sinax cos(a + @)
r]_tan(or+e)_ sn(a+ @  cosa xsin(a +) ()
cos(a + )

_2snaxcos(a+ @)
2cosa xsin (o + @)

...(Multiplying the numerator and denominator by 2)
_sn(2a+ @ —-sin @ -
~ sn(20 + @) +sin @ (i)
- 2sn AcosB=sn(A+B) +sin(A-B)O
"H 2cosAsnB=sn(A+B)-sn(A-B)f
The efficiency given by equation (ii) is maximum when sin (2a + @) ismaximum, i.e. when
sin(2a+@) = 1 or when2a+@=90°
O 20 = 90°—¢@ or a=45°—@/2
Substituting the value of 2 a in equation (ii), we have maximum efficiency,

_Sn(90°-@+¢@ —sin @_sn9® sSn @ 1 <€sn @
TSNP -@+ ¢ +sn @ sn9° 4§n @ 1 8N @
Example 10.10. The pitch of 50 mm mean diameter threaded screw of a screw jack is 12.5
mm. The coefficient of friction between the screw and the nut is 0.13. Deter minethetorquerequired
onthe screw to raise a load of 25 kN, assuming the load to rotate with the screw. Determine theratio

of thetorquerequired to raise theload to the torque required to lower theload and al so the efficiency
of the machine.

max
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Solution. Given: d=50mm; p=125mm; pu=tan =0.13; W=25kN =25 x 103N

We know that, tana=—=—=0.08

and force required on the screw to raise the load,
tan @ —tan a
P=Wtan(a + ¢ :WD ? g
H + tan qtan of
.08 + 0.
= 25 x10° 3 008+ 013 O_ oy
H - 0.08 x0.13
Torque required on the screw

We know that the torque required on the screw to raise the load,
T, =P xd/2=5305 x 50/2 = 132 625 N-mm Ans.
Ratio of the torques required to raise and lower the load
We know that the force required on the screw to lower the load,

Otan @ —tan a [
P=Wtan(g - 0) =W
an(e - H+ tan @tan o]
0 013+ 0.08 [

=25 x10° =1237 N
** B+ 013x008H

and torque required to lower the load
T,=Pxd/2=1237 x 50/2 = 30 905 N-mm

0 Ratio of the torques required,

=T,/T, =132625/30925 = 4.3 Ans

Efficiency of the machine
We know that the efficiency,

n= tana _ tana (1- tana.tan @) _ 0.08(1- 0.08 x 0.13)
tan(a + @) tan a +tan @ 0.08 +0.13
=0.377=37.7% Ans.

Example 10.11. The mean diameter of the screw jack having pitch of 10 mmis 50 mm. A
load of 20 kN is lifted through a distance of 170 mm. Find the work done in lifting the load and

efficiency of the screw jack when
1. the load rotates with the screw, and
2. theload rests on the loose head which does not rotate with the screw.

The external and internal diameter of the bearing surface of the loose head are 60 mm and
10 mm respectively. The coefficient of friction for the screw as well as the bearing surface may be

taken as 0.08.

Solution. Given:p:10mm;d:50mm;W:20kN:20><103N;D2:60mm0r

R,=30mm;D,;=10mmor R, =5mm; u=tan@=p, =0.08

10
We know that tana = P

= =0.0637
md 1t x50
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O Forcerequired at the circumference of the screw to lift the load,
+

P=W tan(a + @ =W o210 * N QO

H - tana.tan ¢H
50 0.0637 + 0.08 O
H - 0.0637 x 0.08H

and torque required to overcome friction at the screw,

T=Pxd/2=2890 x50/2 =72250 N-mm =72.25 N-m

Sincetheload islifted through avertical distance of 170 mm and the distance moved by the
screw in one rotation is 10 mm (equal to pitch), therefore number of rotations made by the screw,

N =170/10=17
1. When the load rotates with the screw
We know that work done in lifting the load

=20x10 =2890 N

=T x2mN =72.25 x2 A7 =718 N-m Ans.

and efficiency of the screw jack,

_ tana _tana(l- tana.tan @)
tan(a + @) tan a +tan a

_ 0.0637(1 - 0.0637 x 0.08)

0.0637 + 0.08
2. When the load does not rotate with the screw

=0.441 or 44.1% Ans.

We know that mean radius of the bearing surface,

+ +
R= R 2R2 :302 5 =175 mm
and torque required to overcome friction at the screw and the collar,

T=Pxd/2+WR

= 2890 x50/ 2 +0.08 x 20 x10° x17.5 =100 250 N-mm
=100.25 N-m

[0 Work done by the torque in lifting the load

=T x2mN =100.25 x2 X7 =0 710 N-m Ans.

We know that the torque required to lift the load, neglecting friction,
T, =Ry xd/2=Wtan axd/2 (o Py=Wtana)
=20 x 10° x 0.0637 x 50/2 = 31 850 N-mm = 31.85 N-m
O Efficiency of the screw jack,

n=T,/T =3185/100.25=0.318 or 31.8% Ans.

10.22. Over Hauling and Self Locking Screws

We have seenin Art. 10.20 that the effort required at the circumference of the screw to lower
theload is
P=Wtan (p—a)
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and the torque required to lower the load
d d
T=Px—-=Wt -0—=
x2 =W tan (9= 9 -

In the above expression, if @ < a, then torque required to lower the load will be negative. In
other words, the load will start moving downward without the application of any torque. Such a
condition is known as over haulding of screws. If however, @ > a, the torque required to lower the
load will positive, indicating that an effort is applied to lower theload. Such ascrew isknown as self
locking screw. In other words, a screw will be self locking if the friction angle is greater than helix
angle or coefficient of friction is greater than tangent of helix anglei.e. p or tan @ > tan a.

10.23. Efficiency of Self Locking Screws

We know that efficiency of the screw,
_ tana
~tan(a + @)
and for self locking screws, @ 2o or a<q@
O Efficiency of self locking screws,
tng _ tang _tan ¢ ~tan® P

< < <
1 tan(p+¢@ tan2@ 2tan @

1_ta’ g 0. tan2g= 200
SE_T % Q 1—tan2(p|%

1
From this expression we see that efficiency of self locking screwsislessthan 5 or 50%. If

the efficiency is more than 50%, then the screw is said to be overhauling,
Note : It can also be proved as follows :

Let W = Load to belifted, and
h = Distance through which the load is lifted.
ad Output = Wh
g : Output _ W.h
an nput = =
P n o on

0 Work lost in over coming friction.

W.h m 0O
= Input — Output =—— -W.h =W.h -
P " o H
01 .0
For self locking,, W.hBﬁ - 1Hs W.h

0 1—1slor nslor 50%
n 2

Example10.12. Aload of 10 kN israised by means of a screw jack, having a squarethreaded
screw of 12 mm pitch and of mean diameter 50 mm. If aforce of 100 N isapplied at theend of alever
to raise the load, what should be the length of the lever used? Take coefficient of friction = 0.15.
What is the mechanical advantage obtained? State whether the screw is self locking.

Solution. Given: W =10kN =10x 103N ;p=12mm;d=50mm; P, =100 N ;
pn=tan @=0.15
Length of the lever

Let | = Length of thelever.
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We know that tanoa = — = —— =0.0764

O Effort required at the circumference of the screw to raise the load,
+
P=W tan(a + g =W 0@ Qn
H - tan a.tan ¢

501 0.0764 + 0.15 [J

=10x10 =2290N
H - 0.0764 x 0.15
and torque required to overcome friction,
T =P x d/2=2290 x 50/2 = 57 250 N-mm ()
We know that torque applied at the end of the lever,
T=P, x1=100x | N-mm (i)
Equating equations (i) and (ii)
| =57 250/100 = 572.5 mm Ans.
Mechanical advantage
We know that mechanical advantage,
3
M.A :V_V :10x10 =100 Ans.
R 100
Self locking of the screw
We know that efficiency of the screw jack,
n= tana  _ tana (1- tana.tan @)
tan(a + @) tan o +tan @

_ 0.0764(1 - 0.0764 x 0.15) _ 0.0755
0.0764 + 0.15 0.2264

=0.3335 or 33.35%

Since the efficiency of the screw jack is less than 50%, therefore the screw is a self locking
screw.  Ans.

10.24. Friction of a V-thread

We have seen Art. 10.18 that the normal reaction in case of a square threaded screw is
R, =W cosa, where a = Helix angle.

But in case of V-thread (or acme or trapezoidal threads), the normal w
reaction between the screw and nut isincreased because the axial component of Ay
thisnormal reaction must be equal to the axial load W, asshown in Fig. 10.14.

Let 2B = Angle of the V-thread, and p

B Semi-angle of the V-thread. p

W

s - cos f3

W
and frictional force, F = LRy = x cos B =W Fig. 10.14. V-thread.

M
cosf3

where = Hy» known as virtual coefficient of friction.
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Notes : 1. When coefficient of friction, 1, = CL is considered, then the V-thread is equivalent to a square

0sf3
thread.
2. All the equations of square threaded screw also hold good for V-threads. In case of V-threads,
(i.e. tan @,) may be substituted in place of  (i.e. tan @). Thus for V-threads,

P=Wtan(at @)
where @, = Virtual friction angle, such that tan @, = ;.

Example 10.13. Two co-axial rods are connected by a turn buckie which consists of a box
nut, the one screw being right handed and the other left handed on a pitch diameter of 22 mm, the
pitch of thread being 3 mm. The included angle of the thread is 60°. Assuming that the rods do not
turn, calculate the torque required on the nut to produce a pull of 40 kN, given that the coefficient of
frictionis 0.15.

Solution. Given:d=22mm; p=3mm; 2B =60°0r 3=30°, W=40kN =40x 103N ; u=0.15

p 3
We k h tana = — = —— =0.0434
'e know that —-
and virtual coefficient of friction
W =tan@ = ho_ 015 =0.173

cos 3 "~ cos 30°
We know that the force required at the circumference of the screw,
Otana + tang, O

P=Wtan(a + @) :WWE

0 0.0434 + 0173 [
H - 0.0434 x 0.173H

and torque on onerod, T=Pxd/2=8720 x 22/2 =95 920 N-mm = 95.92 N-m

Since the turn buckle has right and left hand threads and the torque on eachrod is T = 95.92
N-m, therefore the torque required on the nut,

T,=2T=2x9592=191.84 N-m Ans.

Example 10.14. The mean diameter of a Whitworth bolt having V-threads is 25 mm. The
pitch of the thread is 5 mm and the angle of V is 55°. The bolt is tightened by screwing a nut whose
mean radius of the bearing surface is 25 mm. If the coefficient of friction for nut and bolt is 0.1 and
for nut and bearing surfaces 0.16 ; find the force required at the end of a spanner 0.5 mlong when
the load on the bolt is 10 kN.

Solution. Given: d=25mm; p=5mm ;23 =55 or =275, R=25mm;pu=tan@
=0.1;4,=0.16;1=05m; W=10kN =10 x 103N

We know that virtual coefficient of friction,

po_ 01 0.1

=40 x10° =8720 N

=tan@ = =0.113
H % = os B cos27.5° 0.887
and tanazﬂ: 5 =0.064
™ Tt x25

O Force on the screw,
Otan o + tan @ O

P=Wtan(a + @) :WWE
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.064 + 0.

_10x 10?0 0064+0.113 O
H - 0.064 x 0.113H

We know that total torque transmitted,

=1783 N

T=P x% + 1L, W.R =1783 x% +0.16 x10 x10° x25 N-mm

= 62 300 N-mm = 62.3 N-m ..(0)
Let P, = Force required at the end of a spanner.
[0 Torque required at the end of a spanner,
T=P, xI=P;x05=05P N-m (i)

Equating equations (i) and (ii),
P, =62.3/05=1246 N Ans

10.25. Friction in Journal Bearing-Friction Circle

A journal bearing formsaturning pair as shown in Fig. 10.15 (8). Thefixed outer element of
aturning pair is called a bearing and that portion of the inner element (i.e. shaft) which fitsin the
bearingiscalled ajournal. Thejournal isslightly lessin diameter than the bearing, in order to permit
the free movement of the journal in a bearing.

w
Friction

Lubricant _
circle

(a (b)
Fig. 10.15. Friction in journal bearing.

When the bearing is not lubricated (or the journal is stationary), then thereis aline contact
between the two elements as shown in Fig. 10.15 (). Theload W on the journal and normal reaction
R, (equa to W) of the bearing acts through the centre. The reaction R acts vertically upwards at
point A. Thispoint A isknown as seat or point of pressure.

Now consider a shaft rotating inside abearing in clockwise direction as shown in Fig. 10.15
(b). The lubricant between the journal and bearing forms a thin layer which gives rise to a greasy
friction.Therefore, thereaction R does not act vertically upward, but acts at another point of pressure
B. Thisisdueto the fact that when shaft rotates, africtional forceF=u R actsat the circumference
of the shaft which has atendency to rotate the shaft in opposite direction of motion and this shiftsthe
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 Fand R)) and R,
W = Coefficient of friction between the journa and bearing,
T = Frictional torquein N-m, and
r = Radius of the shaft in metres.
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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,

R=W,andT=WxOC=W xOBsin@=W.rsing
Since @isvery small, therefore substituting sin ¢ =tan @
O T =W.rtan@=pn.Wr (o p=tang)
If the shaft rotates with angular velocity w rad/s, then power wasted in friction,
P =T.w=T x 2riN/60 watts
where N = Speed of the shaftinr.p.m.

Notes: 1. If acircleisdrawn with centre O and radiusOC =r sin @, then thiscircleiscalled thefriction circle
of abearing.

2. Theforce R exerted by one element of aturning pair on the other element actsalong atangent to the
friction circle.

Example 10.15. A 60 mm diameter shaft running in a bearing carries a load of 2000 N. If
the coefficient of friction between the shaft and bearing is 0.03, find the power transmitted when it
runs at 1440 r.p.m.

Solution. Given:d=60mmorr=30mm=0.03m; W=2000N ; p=0.03; N =1440r.p.m.
or w = 211 % 1440/60 = 150.8 rad/s

We know that torque transmitted,
T = ..W.r =0.03 x 2000 x 0.03 = 1.8 N-m
0 Power transmitted, P =T.w=18x150.8=271.4W Ans.

10.26. Friction of Pivot and Collar Bearing

The rotating shafts are frequently subjected to axia thrust. The bearing surfaces such as pivot
and collar bearings are used to take thisaxial thrust of therotating shaft. The propeller shaftsof ships, the
shafts of steam turbines, and vertical machine shafts are examples of shaftswhich 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 (@) and (b)
respectively. When the cone is truncated, it is then known as truncated or trapezoidal pivot as
shown in Fig. 10.16 (c).

The collar may have flat bearing surface or conical bearing surface, but the flat surface is
most commonly used. Theremay beasinglecollar, asshownin Fig. 10.16 (d) or several collarsalong
the length of a shaft, as shown in Fig. 10.16 (e) in order to reduce the intensity of pressure.

Collar
L& Shaft |
[
X | 7
7 |
% e
(a) Flat pivot. (b) Conical pivot. (c) Truncated pivot. (d) Single flat (e) Multipleflat
collar. collar.

Fig. 10.16. Pivot and collar bearings.

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.
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A little consideration will show that in a new bear-
ing, the contact between the shaft and bearing may be good
over the whole surface. In other words, we can say that the \ m
pressure over the rubbing surfaces is uniformly distributed. by
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. Thismeansthat wear may be different
at different radii and this causes to alter the distribution of
pressure. Hence, in the study of friction of bearings, itisas-
sumed that

1. The pressureisuniformly distributed throughout the bearing surface, and
2. Thewear is uniform throughout the bearing surface.

Collar bearing.

10.27. Flat Pivot Bearing

When avertical shaft rotatesin aflat pivot bearing
(known as foot step bearing), as shown in Fig. 10.17, the
sliding friction will be along the surface of contact between
the shaft and the bearing.

Let W =Load transmitted over the bearing surface,
R =Radius of bearing surface,

p =Intensity of pressure per unit area of bear-
ing surface between rubbing surfaces, and

pn =Coefficient of friction.
We will consider the following two cases:

Flat pivot
bearing

1. When thereisauniform pressure ; and Fig. 10.17. Flat pivot or footstep
2. When thereisa uniform wear. bearing.
1. Considering unifrom pressure
When the pressure is uniformly distributed over the bearing area, then
W
PT R
Consider aring of radius r and thickness dr of the bearing area.
O Areaof bearing surface, A= 2rr.dr
L oad transmitted to the ring,
WopxA=px2T1r.d (D)
Frictional resistance to sliding on the ring acting tangentially at radiusr,
F, = WOW =ppx2mr.dr = 2rrp.p.r.or
O Frictional torque on thering,
T =Fxr=2mpprdrxr=2muprid (i)
Integrating this equation within the limits from 0 to R for the total frictional torque on the
pivot bearing.
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R R
O Total frictional torque, T =I 2mupr? dr =2 T[IJD_[ r? dr
0 0

3R 3 .
= 2TTUp =Z2TPp Xx— =— X TP.R
Hah
2 W 3 _2 0 W
=2 X TIU X xR> = x R =
3 H TR 3 W 5 Pt
When the shaft rotates at w rad/s, then power lost in friction,

P =T.w=T x 21tN/60 (7 w=21N/60)

where N = Speed of shaftinr.p.m.
2. Considering uniform wear

We have already discussed that the rate of wear depends upon the intensity of pressure (p) and
the velocity of rubbing surfaces (v). It isassumed 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
surfacesincreases with the distance (i.e. radius r) from the axis of the bearing, therefore for uniform
wear

p.r =C(aconstant)y or p=C/r
and the load transmitted to thering,
AN =p x 2mr.dr ...[From equation (i)]

=S« 2rr.dr =271Cdr
r

O Total load transmitted to the bearing
R W

W:I 2nC.dr =2mnC[f]§ =2 R or C =

% TR

We know that frictional torque acting on the ring,

T =2mppr? dr =2mp X% xr? dr ﬁ p=%D
=2mp.Cr dr ..(iii)
O Totd frictional torque on the bearing,
R R
+20
T=[(2ntpCr.dr =2mC
! %4,
R? 5
=2mpuC ><7 =mCR
=TU Xx—— XR® == x UW.R WO C=——
W onr 2 ¥ 3 ¢~ 2md

Example 10.16. A vertical shaft 150 mmin diameter rotating at 100 r.p.m. restson a flat end
footstep bearing. The shaft carriesa 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=150mmor R=75mm=0.075m; N = 100 r.p.m or w = 2 1tx 100/60
=10.47rad/s; W =20kN=20x 108N ; p = 0.05
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We know that for uniform pressure distribution, the total frictional torque,
T :g x UW.R :g x0.05 x20 x10° x0.075 =50 N-m

O Power lost in friction,
P =T.w =50 x10.47 =523.5W Ans.

10.28. Conical Pivot Bearing
The conical pivot bearing supporting a shaft carrying aload W is shown in Fig. 10.18.

Let P, = Intensity of pressure normal to
the cone, w
o = Semi angleof the cone, 4 Shaft
p = Coefficient of friction
between the shaft and the Conical
bearing, and { bearing
R = Radiusof the shaft.

Consider asmall ring of radiusr and thicknessdr. Let dl is
the length of ring along the cone, such that

dl = dr cosec a
O Areaof thering,

A= 2rmr.d = 2rr.dr cosec a
..(r dl = dr cosec a)

1. Considering uniform pressure

Fig. 10.18.
We know that normal load acting on the ring, Conical pivot bearing.
dW,, = Normal pressure x Area
=p,, * 2mr.dr cosec a
and vertical load acting on the ring,
*dW = Vertical component of 3W _ =0W, .sina
=p,, x 21r.dr cosec a. sina = p, x 2mr.dr
O Total vertical load transmitted to the bearing, .
2
w :‘([ p, x2m.dr =21p, E;EO =2 1p, xF;— = RZ.pn

or p, =W/ TR
We know that frictional force on the ring acting tangentially at radiusr,
F =WOW, =pup,.21m.dr cosec a =2 Trjp, .cosec ar.dr
and frictional torque acting on thering,

T =F Xr=2mup,cosec ar.dr xr =2Tjp, Cosec or?.dr

*  Thevertical load acting on thering is aso given by

VB = Vertical component of p, x Area of the ring
=p, sina x 2rw.dr.cosec o = p_ x 21wr.dr



290 e Theory of Machines
Integrating the expression within the limitsfrom 0 to R for the total frictional torque on the
conical pivot bearing.
00 Total frictiona torque,
R
T :}2 TU 4P, COSeC ar?dr =2 TP, .COSeC O(EHD
o et

R° _2nR®

= 2T Up,.COSEC O X— 3 X Up,-coseCc o ..(i)

Substituting the value of p, in equation (i),
_ 2R

T X TT X— XCOSeC 0(:g X IW.R cosec o
R 3

Note: If slant length (I ) of the cone is known, then

2
T= 3 X UW | ...( 1 =Rcosec a)
2. Considering uniform wear

InFig. 10.18, let p, 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 variesinversely with the distance.

O p.r =C(aconstant) or p,=CIr
and the load transmitted to thering,
OW = p, x2m.dr =9 x2 mdr =2 @dr
r

[0 Total load transmitted to the bearing,
R W
W = [ 2nCar =21C[f]|§ =2 @R or C =
. 2R

We know that frictional torque acting on the ring,
T =2mup, cosec ar’dr =2mp X% xcosec ar.dr

= 2muC.cosec or.dr
O Total frictional torque acting on the bearing,

- I u B .d —Zl[uc.
0 H)

2
= 211 uC.COSEC O X% = muCcosec aR?

Substituting the value of C, we have
w , 1 1
T =Tu Xx—— xcosec aR® == x| W.Rcosec a == x (W
H 2R 2 2

10.29. Trapezoidal or Truncated Conical Pivot Bearing

If the pivot bearing is not conical, but a frustrum of a cone with r, and r,, the external and
internal radius respectively as shownin Fig. 10.19, then
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Areaof the bearing surface,
A=TH(n)° ~(r,)°] |

O Intensity of uniform pressure, |

oW W | A
n A T[[(rl)z _(r2)2] (|) 2I, Iy
1. Considering uniform pressure Fig.10.19. Trapezoidal

The total torque acting on the bearing is obtained by integrating the pivot bearing.
value of T, (asdiscussed in Art. 10.27) within the limitsr, and r,,.

[0 Tota torque acting on the bearing,

I
6

T :I 2TIp, COSEC ar’.dr =2TTpp,_ .COSeC aqgml
" " Hsﬁr
2

T

3 _ (r )3
= 2T p,,.cosec GME

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

- qQr,)* - (r,)°0
T=2NMUX———————— XCOSEC 1 2
") -7 M Era—
3 _ 3
= 2 x UW.cosec a ME
3 §r1) —(r2) g

2. Considering uniform wear
We have discussed in Art. 10.26 that the load transmitted to thering,
OW =2nC.dr
O Total load transmitted to the ring,

&

W = [ 2nCudr =21C[r]* =2 €, ,)
2
.

2

p— W -
or C = ont, -ry) (i)

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

T, =2mnp.C cosec a.r.dr
0 Total torque acting on the bearing,

r 1
1 H'ZD
T =[ 2 pCcosec ar.dr =271 pC.COSEC d
I b2t
2

T

= 1t uC.cosec afr,)* - (r,)°H
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Substituting the value of C from equation (ii), we get

- % w « 2 _(r )2
T=mp o, 1) cosec a[(r;) (r,)°]

:% X MW (r, +r1,) cosec a = WW.R cosec a

. . I’1 + r2
where R = Mean radius of the bearing = 5

Example 10.17. A conical pivot supports a load of 20 kN, the cone angle is 120° and the
intensity of normal pressure is not to exceed 0.3 N/mn. The external diameter istwice 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 =20kN=20x 103N ;2 a = 120° or a = 60°; p,=03 N/mm? ;
N =200 r.p.m.or w=2T1x 200/60 = 20.95rad/s; p = 0.1

Outer and inner radii of the bearing surface

Let r,andr, = Outer and inner radii of the bearing surface, in mm.
Since the external diameter istwice theinternal diameter, therefore

We know that irr11tens'2t)r/20f normal pressure ( p,),
3= w _ 20x10° _212x10°
m(r)? = (r,)?  T(2r,)? ~(r,)%] (r,)?
O (r,)> =212x10°/0.3=7.07 x10> or r, =84mm Ans,
and r,=2r,=2x84=168 mm Ans.

Power absorbed in friction

We know that total frictional torque (assuming uniform pressure),
E(G r1)3 - (rz)SE
ﬁrl)z - (rz)zﬁ

T :gx HW.cosec o

2401 %20 x10° xcosec 60° = [(57168)3 - (84)3% N-mm
3 [(168)* - (84)°[]
=301760 N-mm = 301.76 N-m
O Power absorbed in friction,
P=T.w=2301.76 x 20.95=6322 W = 6.322 kW Ans.

Example 10.18. A conical pivot bearing supports a vertical shaft of 200 mm diameter. It is
subjected to a load of 30 kN. The angle of the cone is 120° and the coefficient of friction is 0.025.
Find the power lost in friction when the speed is 140 r.p.m., assuming 1. uniform pressure ; and
2. uniformwear.

Solution. Given: D =200mmor R=100mm=0.1m; W=30kN=30x 103N ; 2a = 120°
ora=60°; u=0.025; N =140r.p.m. or w=2 11 % 140/160 = 14.66 rad/s
1. Power lost in friction assuming uniform pressure

We know that total frictional torque,

Tz%xuW.Rcoseca
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x 0.025 x 30 x10° x0.1 xcosec 60° =57.7 N-m

wIinN

O Power lost in friction,
P=T.w=57.7 x 14.66 = 846 W Ans.

2. Power lost in friction assuming uniform wear
We know that total frictional torque,
T :% x UW.R. cosec o

-1y 0.025 x 30 x10° x0.1 xcosec 60° =43.3 N-m

O Power lostinfriction, P=T.w=43.3 x 14.66 = 634.8 W Ans.

10.30. Flat Collar Bearing

We have already discussed that collar bearings are used to take the axial thrust of the rotating
shafts. There may be a single collar or multiple collar bearings as shown in Fig. 10.20 (a) and (b)
respectively. The collar bearings are also known as thrust bearings. The friction in the collar bear-

ings may be found as discussed below :

(a) Single collar bearing (b) Multiple collar bearing.

Fig. 10.20. FHat collar bearings.
Consider asingleflat collar bearing supporting a shaft as shown in Fig. 10.20 (a).
Let r, = External radius of the collar, and
r, = Interna radius of the collar.
0 Areaof the bearing surface,
A=T[(r,)? - (1)



294 e Theory of Machines

1. Consdering uniform pressure

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

p= W W i

A T[[rl)z _(r2)2] (|)

We have seenin Art. 10.25, that the frictional torque on thering of radiusr and thicknessdr,
T =2mppridr

Integrating this equation within the limits fromr,, to r, for the total frictional torque on the
collar.

00 Total frictiona torque,

1 3 _
T :Ir12n|,1p.r2.dr =2 TIup gig =2 mpEME
" 080, 0 3 O

Substituting the value of p from equation (i),

W 3 _ 30
T= ZT[IJ xﬁ MD
T[[(rl) - (rz) ] | 3 U
22, i~ )0
== W 27 |
3 E(fl)z - (rz)zﬁ
Notes: 1. 1norder to increase the amount of rubbing surfaces so asto reduce the intensity of pressure, it is better
to use two or more collars, as shown in Fig. 10.20 (b), rather than one larger collar.
2. In case of amulti-collared bearings with, say n collars, the intensity of the uniform pressure,

p= Load _ w
No. of collars x Bearing areaof onecollar  nmi(r,)? —(r,)?]

3. Thetotal torque transmitted in amulti collared shaft remains constant i.e.

3 _ 30
= 2w 2D
3 Hr)® - ()8
2. Considering unifrom wear

We have seenin Art. 10.25 that the load transmitted on the ring, considering uniform wear is,
C
dW = p,.21r.dr :? x2mdr =2 €.dr
O Total load transmitted to the collar,
rl _ I, _
w :Irz 2nC.dr —2TC[r]r12 =21C(r, +,)

W

or = m (II)



Chapter 10 : Friction ® 295

We also know that frictional torque on thering,
T =WOWr =pux21Cdrr =2 mCr.dr
[0 Tota frictiona torque on the bearing,

0y

1
[}.ZD r )2 _ (r )ZD
T= 2rpCr.dr =2mMC =2 mC 1L 2/ H
'[2 HZEr O 2 O

= pC[(r)* —(r,)’]
Substituting the value of C from equation (ii),

srux— M 1) —(r)?] =2 x
T =g M0 ()] =5 X )
Example 10.19. A thrust shaft of a ship has 6
collarsof 600 mmexternal diameter and 300 mminternal
diameter. The total thrust from the propeller is 100 kN. If
the coefficient of friction is 0.12 and speed of the engine
90r.p.m., find the power absorbed in friction at the thrust
block, assuming |. uniform pressure ; and 2. uniform @
wear.
Solution. Given:n=6;d; =600 mmor r, = 300
mm ; d, = 300 mm or r, = 150 mm ; W = 100 kN
=100 x 10° N ; p = 0.12 ; N = 90 r.p.m. or
w=2T11% 90/60 = 9.426 rad/s
1. Power absorbed in friction, assuming uniform
pressure

We know that total frictional torque transmitted,

2 [( )° = (r,)°0
T= 3 x WD Ship propeller.
_2 (300)° - (150)3D

£ x0.12 x100 x10° O] = 2800 x10° N-mm
[(300)% - (150)%[

00

= 2800 N-m
O Power absorbed in friction,
P =T.0 =2800 x9.426 =26 400 W =26.4 kW Ans.
2. Power absorbed in friction assuming uniform wear
We know that total frictional torque transmitted,
T= % X W (1, +1,) :% x0.12 x100 x10° (300 +150) N-mm

= 2700 x10% N-mm = 2700 N-m
O Power absorbed in friction,
P=T.w= 2700 x 9.426 = 25 450 W = 25.45 kW Ans.
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Example 10.20. A shaft has a number of a collarsintegral with it. The external diameter of
the collars is 400 mm and the shaft diemater is 250 mm. If the intensity of pressure is 0.35 N/mnv
(uniform) and the coefficient of friction is 0.05, estimate : 1. power absorbed when the shaft runs at
105 r.p.m. carrying a load of 150 kN ; and 2. number of collars required.

Solution. Given : d; =400 mm orr, =200 mm; d, =250 mmor r, =125 mm ; p = 0.35
N/mm?; u=0.05; N =105r.p.mor w=21rx 105/60 = 11 rad/s; W = 150 kN = 150 x 10° N
1. Power absorbed

We know that for uniform pressure, total frictional torque transmitted,

_2, Ql)s—(z)sﬂ_gxoo 5 OXQSE(200)3—(125)3D
T =2 xuw E(B—)z-(fz)zm 2 X005 x150 x1 [(5—200) ~ o

= 5000 x 248 =1240 x10° N-mm =1240 N-m
O Power absorbed,
P =T.w =1240 x11 =13640 W =13.64 kW Ans.
2. Number of collars required
Let n = Number of collars required.
We know that the intensity of uniform pressure ( p),
_ W _ 150 x 10° _1.9
ni(r)® -(r,)’] n.1{(200)* —-(125)*] N

O n=1.96/0.35=5.6say 6 Ans.

Example 10.21. The thrust of a propeller shaft in a marine engine is taken up by a number
of collarsintegral with the shaft which is 300 mmin diameter. The thrust on the shaft is 200 kN and
the speed is 75 r.p.m. Taking 1 constant and equal to 0.05 and assuming intensity of pressure as
uniform and equal to 0.3 N/mn?, find the external diameter of the collars and the number of collars
required, if the power lost in friction is not to exceed 16 kKW.

Solution. Given : d, = 300 mm or r, = 150 mm = 0.15 m ; W = 200 kN = 200 x 103N ;
N=75rp.m.orw=2T1x 7560=7.86rad/s; u=0.05;p=03N/mn?; P=16 kW = 16 x 10° W

Let T = Total frictional torque transmitted in N-m.

We know that power lost in friction (P),

16x10°=T.w=Tx7.86 or T =16 x 10%7.86=2036 N-m
External diameter of the collar
Let d, = External diameter of the collar in metres=2r,.
We know that for uniform pressure, total frictional torque transmitted (T ),
3 3 2 2 .
2036 = 2 quail) Tl 522 s w f) ) g
3 gr ) - (r ) 5 3 B L+, 8

+(0.15)? + 1. x0.150
7x005x200x103§1) (015)° +1, x 0
§ r1+0.15 g

I\)

00

2036 x 3(r, + 0.15) =20 x10°[(r,)* +0.15r, +0.0225]

(r1)3 - (I’2)3 - (r]_ - I'2) [(r]_)z +(I’2)2 + r]_-rz] — (r1)2 +(I’2)2 +I'1.I'2
("1)2 - ("2)3 (p+r)( = 1) n+n
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Dividing throughout by 20 x 102,

0.305 (r; +0.15) = (r,)?>+ 0.15r, + 0.0225
(r)?-0.155r, —0.0233 =0
Solving this as a quadratic equation,

0155 J(0.155)? + 4x0.0233 _ 0.155 + 0.342

! 2 2
=0.2485m = 248.5 mm ...(Taking + ve sign)
0 d, =2r; =2x2485=497 mm Ans.
Number of collars
Let n = Number of collars.

We know that intensity of pressure (p),

_ W _ 200 x 10° _1e62
©onmr)? ()% nT{(2485)?° -(150)*] n

O n=162/03=54 or 6 Ans.

10.31. Friction Clutches

A friction clutch has its principal application in the transmission of power of shafts and
machineswhich must be started and stopped frequently. Itsapplicationisalso foundin casesin which
power isto be delivered to machines partially or fully loaded. Theforce of friction isused to start the
driven shaft from rest and gradually bringsit up to the proper speed without excessive slipping of the
friction surfaces. In automobiles, friction clutch is used to connect the engine to the driven shaft. In
operating such aclutch, care should be taken so that the friction surfaces engage easily and gradually
brings the driven shaft up to proper speed. The proper aignment of the bearing must be maintained
and it should be located as close to the clutch as possible. It may be noted that

1. The contact surfaces should develop africtional force that may pick up and hold the load
with reasonably low pressure between the contact surfaces.

2. The heat of friction should be rapidly dissipated and tendency to grab should be at a
minimum.

3. The surfaces should be backed by a material stiff enough to ensure areasonably uniform
distribution of pressure.

Thefriction clutches of the following types are important from the subject point of view :
1. Disc or plate clutches (single disc or multiple disc clutch),

2. Cone clutches, and

3. Centrifugal clutches.

We shall now discuss, these clutches, in detail, in the following pages. It may be noted that
the disc and cone clutches are based on the same theory as the pivot and collar bearings.

10.32. Single Disc or Plate Clutch

A single disc or plate clutch, as shown in Fig. 10.21, consists of a clutch plate whose both
sides are faced with afriction material (usually of Ferrodo). It is mounted on the hub which isfreeto
move axialy along the splines of the driven shaft. The pressure plate is mounted inside the clutch
body which is bolted to the flywheel. Both the pressure plate and the flywheel rotate with the engine
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crankshaft or the driving shaft. The pressure plate
pushesthe clutch plate towardsthe flywheel by aset
of strong springswhich are arranged radialy inside
the body. The three levers (also known as release
levers or fingers) are carried on pivots suspended
fromthe case of the body. These arearranged in such
amanner so that the pressure plate moves away from
the flywheel by the inward movement of a thrust :
bearing. The bearing ismounted upon aforked shaft %
and movesforward when the clutch pedal ispressed.

When the clutch pedal is pressed down, its B
linkage forces the thrust release bearing to movein
towardsthe flywheel and pressing the longer ends of the leversinward. Thelevers are forced to turn
on their suspended pivot and the pressure plate moves away from the flywheel by the knife edges,
thereby compressing the clutch springs. This action removes the pressure from the clutch plate and
thus moves back from the flywheel and the driven shaft becomes stationary. On the other hand, when
thefoot istaken off from the clutch pedal, the thrust bearing moves back by thelevers. Thisallowsthe
springs to extend and thus the pressure plate pushes the clutch plate back towards the flywheel.

Single disc clutch

Clutch plate with
friction lining

Thrust

b
%/ bearing
Z.

A= =W
Driving — T . Driven shaft

)
shaft y

Release lever
(Withdrawl finger)

Fig. 10.21. Single disc or plate clutch.

The axia pressure exerted by the spring provides a frictional force in the circumferential
direction when therel ative motion between the driving and driven memberstendsto take place. If the
torque due to thisfrictional force exceeds the torque to be transmitted, then no slipping takes place
and the power is transmitted from the driving shaft to the driven shaft.

Now consider two friction surfaces, maintained in contact by an axial thrust W, as shownin
Fig. 10.22 (a).
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Let T = Torque transmitted by the clutch,
p = Intensity of axial pressure with which the contact surfaces are held
together,

r, and r, = External and internal radii of friction faces, and

p = Coefficient of friction.
Consider an elementary ring of radiusr and thickness dr as shown in Fig. 10.22 (b).
We know that area of contact surface or friction surface,

=2Tr.dr
0 Normal or axia force on thering,
ON = Pressure x Area=p x 2 tr.dr
and the frictional force on the ring acting tangentially at radiusr,

F, = WOW =ppx2Tr.dr

O Frictional torque acting on thering,
T,=F xr=ppx2mrdrxr=27mxp.pr*dr

Single disc
y or plate

%ﬁon
surface
(a) (b)
Fig. 10.22. Forces on asingle disc or plate clutch.
We shall now consider the following two cases :
1. When thereisauniform pressure, and
2. When thereis auniform wear.
1. Considering uniform pressure

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

N |
T[[(rl)Z _(r2)2] (|)
where W = Axia thrust with which the contact or friction surfacesare held together.

We have discussed above that the frictional torque on the elementary ring of radius r and
thickness dr is

T, = 2mppred
Integrating this equation within the limitsfromr, to r, for the total frictional torque.
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O Total frictiona torque acting on the friction surface or on the clutch,
5 il 3 _ ag
T=] 2mppridr =2 nup[r3D =2 ”FPMD
) HsH 3 3 O
Substituting the value of p from equation (i),
w X(r1)3 - (r2)3
m(r)? —(r)’] 3
3 _(r\3[
2w D
3 Hn)* - ()8
where R = Mean radius of friction surface
3 _ 3N
r
_2Hy )2 (r, )2D
3Hr) - (1)

I

T =21 x

2. Considering uniform wear

In Fig. 10.22, let p be the normal intensity of pressure at a distance r from the axis of the
clutch. Sincetheintensity of pressure variesinversely with the distance, therefore

p.r.=C (aconstant) or p=CiIr (D)
and the normal force on thering,
OW = p.2Tr.dr :9 x2 TCdr =2 .dr
r
[0 Total force acting on the friction surface,
rl
W = [ 2nCdr =21C[r]" =2 1€(r, ,)
rz ?
_ W
or T orir 1)
2m(r, —r,)
We know that the frictional torque acting on thering,

T =2mppridr =21y < x2dr =2 TUC.rdr
r

(- p=CIr)
00 Total frictional torque on the friction surface,
r ZD
e IZnuCrdr —ZHLCH_H =2 T[|.C ) — (1) 0
2 O

W
= T[HC[(fl)z —(r2) | =mp xmgfl) - (rz)ZH

:% XUW(r, +1,) = UW.R

n+r,
2
Notes : 1. In general, tota frictional torque acting on the friction surface (or on the clutch) is given by

T = nuWR

where R = Mean radius of the friction surface =
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where n = Number of pairs of friction or contact surfaces, and

R = Mean radius of friction surface

_200)° - ()’
3HnR)’ - (,)’F
_ntn

2

2. For asingledisc or plate clutch, normally both sides of the disc are effective. Therefore, asingledisc
clutch has two pairs of surfacesin contact, i.e. n= 2.

3. Sincetheintensity of pressureis maximum at the inner radius (r,) of the friction or contact surface,
therefore equation (i) may be written as

xr,=C or

...(For uniform pressure)

...(For uniform wear)

Prrax =CIr,
4. Sincetheintensity of pressureis minimum at the outer radius (r,) of the friction or contact surface,
therefore equation (i) may be written as

pmin x r1 =C or pmin = C/rl
5. The average pressure ( p,,) on the friction or contact surface is given by

Prmax

_ Total force on friction surface _ w
Pav = Cross sectiondl area of friction surface m(r)* - (r,)%]

6. In case of anew clutch, the intensity of pressure is approximately uniform but in an old clutch the
uniform wear theory is more approximate.

7. Theuniform pressuretheory givesahigher frictional torque than the uniform wear theory. Therefore
in case of friction clutches, uniform wear should be considered, unless otherwise stated.

10.33. Multiple Disc Clutch

A multiple disc clutch, as shown in Fig. 10.23, may be used when a large torque is to be
transmitted. Theinside discs (usually of steel) are fastened to the driven shaft to permit axial motion

Dual Disc Clutches.

(except for the last disc). The outside discs (usually of bronze) are held by bolts and are fastened to
the housing which is keyed to the driving shaft. The multiple disc clutches are extensively used in
motor cars, machine tools etc.

Let n, = Number of discs on the driving shaft, and
n, = Number of discs on the driven shaft.
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0 Number of pairs of contact surfaces,
n=n+n,-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

2 E(B )3 - (rz)SE

...(For uniform pressure

g )2 _ (r )2 ( p )
n+r, .

= = ...(For uniform wear)

Outside discs
/,’///

// "‘\\

Driving
shaft

- — =

Fig. 10.23. Multiple disc clutch.

Example 10.22. Determine the maximum, minimum and average pressure in plate clutch
when theaxial forceis4 kN. Theinside radius of the contact surface is 50 mm and the outside radius
is 100 mm. Assume uniformwear.

Solution. Given: W =4kN =4 x 10°N ; r, =50 mm ; r, = 100 mm
Maximum pressure
Let Prax
Since the intensity of pressureis maximum at theinner radius (r,), therefore
Prax X1, =C or C=30p,
We know that the total force on the contact surface (W),
4x10®=2nC(r,—-r,)=2mx50p, (100-50)=15710p,

= Maximum pressure.

O Prax = 4 % 10%/15 710 = 0.2546 N/mm? Ans.
Minimum pressure
Let Prin = Minimum pressure.

Since the intensity of pressure is minimum at the outer radius (r,), therefore
Pin X7, =C or C=100p,
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We know that the total force on the contact surface (W),
4x10° =2nC(r,—r,) =2mx100p,,, (100 -50) =31420p .,
O Poin = 4 * 10%/31 420 = 0.1273 N/mm? Ans.
Average pressure
We know that average pressure,
_ Tota normal force on contact surface
& " Cross-sectional area of contact surfaces
_ W _ 4x10°
m(r)° ~(r,)°]  T(L00)* ~(50)°]
Example 10.23. A single plate clutch, with both sides effective, has outer and inner
diameters 300 mmand 200 mm respectively. The maximumintensity of pressureat any pointinthe

contact surfaceis not to exceed 0.1 N/mn. If the coefficient of friction is 0.3, deter mine the power
transmitted by a clutch at a speed 2500 r.p.m.

Solution. Given: d, =300 mmorr, =150 mm; d, =200mmorr,=100mm;p=0.1 N/mm? ;
pt=0.3; N=2500r.p.m. or w=2rx 2500/60 = 261.8 rad/s

Since theintensity of pressure ( p) is maximum at theinner radius (r,), therefore for uniform

=0.17 N/mm? Anps.

wear,
pr,=C or C=0.1x100=10N/mm

We know that the axial thrust,
W =2mnC(r,—r,) =21x 10 (150 — 100) = 3142 N

and mean radius of the friction surfaces for uniform wear,
R= rn+r, _150+100

2 2
We know that torque transmitted,

T=npnpW.R=2x0.3x 3142 x 0.125 = 235.65 N-m
..(~ n=2for both sides of plate effective)

=125 mm =0.125m

00 Power transmitted by aclutch,
P=T.w=235.65x 261.8 =61 693 W = 61.693 kW Ans.

Example 10.24. A single plate clutch, effective on both sides, isrequired to transmit 25 kW
at 3000 r.p.m. Determine the outer and inner radii of frictional surface if the coefficient of frictionis
0.255, the ratio of radii is 1.25 and the maximum pressure is not to exceed 0.1 N/mm?. Also deter-
mine the axial thrust to be provided by springs. Ass ume the theory of uniformwear.

Solution. Given: n=2; P=25kW =25 x 103 W ; N = 3000 r.p.m. or w = 271 x 3000/60
=314.2rad/s; u=0.255;r/r,= 1.25; p= 0.1 N/mm?

Outer and inner radii of frictional surface
Let r, and r, = Outer and inner radii of frictional surfaces, and
T = Torque transmitted.
Since the ratio of radii (r,/r,) is 1.25, therefore
r,=125r,
We know that the power transmitted (P),
25%x10° = T.w=Tx314.2
O T = 25 x 10%/314.2 = 79.6 N-m = 79.6 x 10° N-mm
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Since the intensity of pressure is maximum at the inner radius (r,), therefore
pr,=C or C=0.1r,N/mm
and the axial thrust transmitted to the frictional surface,
W =2nC(r,—r,)=2mx0.1r,(1.25r,-r,) =0.157 (r,)? (D)
We know that mean radius of the frictional surface for uniform wear,
_ntr, 1251, +r,

2 2
We know that torque transmitted (T),

79.6 x 10° = nu.W.R=2x 0.255 x 0.157 (r,)>x 1.125r, = 0.09 (r,)3
0 (r,)® =79.6 x 10%0.09 = 884 x 10°* or r,=96 mm Ans.
and r, =125r,=125x96=120 mm Ans.
Axial thrust to be provided by springs
We know that axial thrust to be provided by springs,
W =2nC(r,-r,) =0.157 (r,)? ...[From equation (i)]
= 0.157 (96)? = 1447 N Ans.

Example 10.25. A single dry plate clutch transmits 7.5 kW at 900 r.p.m. The axial pressure
is limited to 0.07 N/mn?. If the coefficient of friction is 0.25, find 1. Mean radius and face width of
the friction lining assuming the ratio of the mean radius to the face width as 4, and 2. Outer and
inner radii of the clutch plate.

Solution. Given: P=75kW =7.5x10°W ; N =900r.p.mor w= 2 11x 900/60 = 94.26 rad/s;
p=0.07 N/mm?; u=0.25

1. Mean radius and face width of the friction lining
Let R = Mean radius of thefriction lining in mm, and
w = Facewidth of thefriction lining in mm,

R

=1.125t,

Ratio of mean radius to the face width,
Rw =4 ...(Given)
We know that the area of friction faces,
A =21TRw
0 Normal or the axial force acting on the friction faces,
W=Axp=21RwWp
We know that torque transmitted (considering uniform wear),

T =npW.R =np (2nmRw.p)R

_ R QO _T
—n.pﬁan o xpBR_E xnppR’ (- W=R/4)

= g x 2 x0.25 x0.07 R® =0.055 R® N-mm ()

..(~ n=2, for single plate clutch)
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We also know that power transmitted (P),
75x103=T.w=T x 94.26
O T =7.5x%10%94.26 = 79.56 N-m = 79.56 x 10% N-mm (i)
From equations (i) and (ii),
R3 = 79.56 x 10%/0.055 = 1446.5 x 10° or R=113 mm Ans.

and w = R/4 = 113/4 = 28.25mm Ans.
2. Outer and inner radii of the clutch plate
Let r, and r, = Outer and inner radii of the clutch plate respectively.

Since the width of the clutch plate is equal to the difference of the outer and inner radii,
therefore

W=r,—r,=2825mm ..(iii)
Also for uniform wear, the mean radius of the clutch plate,
n+, i
= or r +r, =2R =2 x113 =226 mm (V)
2

From equations (iii) and (iv),
r,=127.125mm; andr, = 98.875 Ans.

Example 10.26. A dry single plate clutch is to be designed for an automotive vehicle whose
engine is rated to give 100 kW at 2400 r.p.m. and maximum torque 500 N-m. The outer radius of
friction plateis 25% morethan theinner radius. Theintensity of pressure between the plate isnot to
exceed 0.07 N/mm?. The coefficient of friction may be assumed equal to 0.3. The helical springs
required by this clutch to provide axial force necessary to engage the clutch are eight. If each spring
has stiffness equal to 40 N /mm, determine the initial compression in the springs and dimensions of
the friction plate.

Solution. Given : P = 100 kW = 100 x 103 W ; T = 500 N-m = 500 x 10% N-mm ;
p =0.07 N/mm?; u = 0.3 ; Number of springs = 8 ; Stiffness= 40 N/mm

Dimensions of the friction plate

Let r, and r, = Outer and inner radii of the friction plate respectively.
Since the outer radius of the friction plate is 25% more than the inner radius, therefore
r,=2125r,

We know that, for uniform wear,
pr,=C or C=0.07r,N/mm
and load transmitted to the friction plate,
W =2nC(,-r,)=2mx0.07r?(1.125r,-r,) = 0.11 (r,)> N

(i)
We know that mean radius of the plate for uniform wear,
r,+r 1.25r, +r.
R=1_2= Z_2=1125r,
2 2
O Torque transmitted (T ),
500 x 10° = nuW.R=2x0.3x0.11 (r2)2 x1.125r,=0.074 (r2)3
(- n=2

0 (r,)® =500 x 10%0.074 = 6757 x 10° or r,=190 mm Ans.



306 e Theory of Machines

and r, =125r,=125x190=273.5mmAns
I nitial compression of the springs

We know that total stiffness of the springs,

s = Stiffness per spring x No. of springs =40 x 8 = 320 N/mm
Axial force required to engage the clutch,
W =0.11(r,)>=0.11 (190)> = 3970 N ...[From equation (i)]
O Initial compression in the springs
= W/s=3970/320 = 12.5 mm Ans.

Example 10.27. A rotor is driven by a co-axial motor through a single plate clutch, both
sides of the plate being effective. The external and internal diameters of the plate are respectively
220 mm and 160 mm and the total spring load pressing the plates together is 570 N. The motor
armature and shaft has a mass of 800 kg with an effective radius of gyration of 200 mm. The rotor
has a mass of 1300 kg with an effective radius of gyration of 180 mm. The coefficient of friction for
the clutch is 0.35.

The driving motor is brought up to a speed of 1250 r.p.m. when the current is switched off
and the clutch suddenly engaged. Determine

1. The final speed of motor and rotor, 2. The time to reach this speed, and 3. The kinetic
energy lost during the period of slipping.

How long would slipping continueif it isassumed that a constant resisting torque of 60 N-m
were present? If instead of a resisting torque, it is assumed that a constant driving torque of 60 N-m
is maintained on the armature shaft, what would then be slipping time?

Solution. Given: d; =220 mmor r, = 110 mm; d, = 160 mmor r, =80 mm; W =570 N ;
m, =800kg; k; =200mm=0.2m; m,=1300kg; k,=180mm=0.18 m; u=0.35; N, = 1250r.p.m.
or w, =Trx 1250/60 = 131 rad/s

1. Final speed of the motor and rotor
Let w, = Final speed of the motor and rotor in rad/s.
We know that moment of inertiafor the motor armature and shaft,
I, =m, (k,)?=800(0.2)% = 32 kg-m?
and moment of inertiafor therotor,
I, =m, (k,)?=1300 (0.18)? = 42.12 kg-m?

Since the angular momentum before slipping is equal to the angular momentum after slip-
ping, therefore

o+, =(,+1,) w,

32x131+1,%x0 =(32+4212) w, = 7412 w, (v w,=0)
O w 5 =32x131/74.12=56.56 rad/s Ans.
2. Timeto reach this speed
Let t = Timeto reach this speed i.e. 56.56 rad/s.

We know that mean radius of thefriction plate,
R = n+r, 110+80
2 2

=95 mm =0.095m




Chapter 10 : Friction ¢ 307

and total frictional torque,
T =nuW.R=2x0.35 x 570 x 0.095 = 37.9 N-m (o n=2)

Considering therotor, let a,, w, and w, be the angular acceleration, initial angular speed and
the final angular speed of the rotor respectively.

We know that the torque (T ),
379 =1,0,=4212a, or o,=37.9/42.12=09 rad/s’
Since the angular acceleration isthe rate of change of angular speed, therefore

t=# “P_0070_g55ans
0.9
(7 W= Wy =56.56 rad/s, and w, = 0)

a,=—F 1 or
2 t a

2

3. Kinetic energy lost during the period of dlipping
We know that angular kinetic energy before impact,

Eﬁ%'uwf +%'2<u§>2 %'1(@)2 o @=0)

= % x 32(131) =274 576 N-m

and angular kinetic energy after impact,

E, = %('1 1) (w)? :%(32 +42.12)(56.56)2 =118 556 N-m

O Kinetic energy lost during the period of slipping,
=E,—E,=274576 - 118 556 = 156 020 N-m Ans.
Time of dipping assuming constant resisting torque
Let t, = Time of slipping, and
w, = Common angular speed of armature and rotor shaft = 56.56 rad/s

When dlipping has ceased and there is exerted a constant torque of 60 N-m on the armature
shaft, then

Torque on armature shaft,

T, =-60-379=-97.9N-m
Torque on rotor shaft,

T, =T=379N-m
Considering armature shaft,

W = tol = +|T—1 xt, =131 —% , 431 306t ..()
1

Considering rotor shaft,

T, 37.9
=0o,f =% x = X =0.9 ..
Wy =04 3 4 212 Y Y ..(ii)

From equations (i) and (ii),

131-306t, =09t or 3.96t =131

O t, =131/3.96 = 33.1sAns.
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Time of dipping assuming constant driving torque of 60 N-m
In this case, T, =60-37.9=221N-m

T T
Since +|—1 xt, =|—2 xt, therefore
1 2

22.1 37.9
131+ — = xt =" xt  or 131+0.69t =09
32 g 42.12 g g g
0 09t -069t =131 or t =624s Ans

Example 10.28. A multiple disc clutch has five plates having four pairs of active friction
surfaces. If theintensity of pressureis not to exceed 0.127 N/mn¥, find the power transmitted at 500
r.p.m. The outer and inner radii of friction surfaces are 125 mm and 75 mm respectively. Assume
uniform wear and take coefficient of friction = 0.3.

Solution. Given: n; +n,=5;n=4; p=0.127 N/mm?; N = 500 r.p.m. or w = 211 x 500/60
=524rad/ls;r, =125mm;r,=75mm; u =03

Since the intensity of pressure is maximum at the inner radiusr,, therefore
pr,=C or C=0.127 x 75=9.525 N/mm
We know that axial force required to engage the clutch,
W =2mC(r,—r,) =21mx 9.525(125-75) = 2990 N
and mean radius of the friction surfaces,
Ro Lt _125+75
2 2
We know that torque transmitted,
T =npWR=4x0.3%x2990 x 0.1 =358.8 N-m
O Power transmitted,
P = T.w=358.8x524=18800W =18.8kW Ans.

Example 10.29. A multi-disc clutch has three discs on the driving shaft and two on the
driven shaft. The outside diameter of the contact surfaces is 240 mm and inside diameter 120 mm.
Assuming uniformwear and coefficient of friction as 0.3, find the maximumaxial intensity of pres-
sure between the discs for transmitting 25 kW at 1575 r.p.m.

Solution. Given:n; =3;n,=2;d, =240mmor r, =120mm; d, =120 mmor r,= 60 mm;
u=03;P=25kW=25x103W ; N =1575r.p.m. or w= 2 1t x 1575/60 = 165 rad/s

Let T = Torque transmitted in N-m, and

=100 mm =0.1m

W = Axial force on each friction surface.
We know that the power transmitted (P),
25%x10° =T.w=Tx165 or T=25x10%165=151.5N-m

Number of pairs of friction surfaces,

n=n+n,-1=3+2-1=4

and mean radius of friction surfaces for uniform wear,
R = ntr, _120+60
2 2

=90 mm =0.09 m
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We know that torque transmitted (T ),
1515 = nu.W.R=4x 0.3 x W x 0.09 = 0.108 W
O W = 151.5/0.108 = 1403 N
Let p = Maximum axial intensity of pressure.
Sincetheintensity of pressure ( p) ismaximum at theinner radius(r, ), therefore for uniform
wear
pr, =C or C=px60=60pN/mm
We know that the axial force on each friction surface (W),
1403 =2mC(r,—r,) =2mx60p (120-60) =22622p
O p = 1403/22 622 = 0.062 N/mm? Ans.

Example 10.30. A plate clutch has three discs on the driving shaft and two discs on the
driven shaft, providing four pairs of contact surfaces. The outside diameter of the contact surfacesis
240 mm and inside diameter 120 mm. Assuming uniform pressure and p = 0.3; find the total spring
load pressing the plates together to transmit 25 kW at 1575 r.p.m.

If there are 6 springs each of stiffness 13 kN/m and each of the contact surfaces has worn
away by 1.25 mm, find the maximum power that can be transmitted, assuming uniform wear.

Solution. Given:n, =3;n,=2;n=4;d =240 mmor r, = 120 mm ; d, = 120 mm or
r,=60mm;p=03;P=25kW =25x103W ; N = 1575 r.p.m. or w = 2 Tt x 1575/60 = 165 rad/s
Total spring load

Let W = Total spring load, and
T = Torque transmitted.
We know that power transmitted (P),
25x10° = T.w=Tx 165 or T=25x10%165=151.5N-m
Mean radius of the contact surface, for uniform pressure,

3 _ 3N 3 3
r r - O
R=2 )~ (1) 0= 24120) (60)25 =93.3mm =0.0933 m

3[R - (r)°F 30120 - (60)°1

and torque transmitted (T ),
1515 = nuW.R=4x0.3W x 0.0933=0.112 W
O W =151.5/0.112 = 1353 N Ans.

Maximum power transmitted
Given : No of springs=6
O Contact surfaces of the spring

=8
Wear on each contact surface
=1.25mm
a Total wear =8 x 1.25 =10 mm = 0.01 m

Stiffness of each spring = 13 kN/m = 13 x 10° N/m

O Reduction in spring force
= Total wear x Stiffness per spring x No. of springs
=0.01x13x10°x6=780N
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0 New axial load, W= 1353 -780=573 N
We know that mean radius of the contact surfaces for uniform wear,
R:r1+r2 :120+ 60
2 2

=90 mm =0.09 m

O Torque transmitted,
T =npWR =4x0.3%x573%0.09=62N-m
and maximum power transmitted,
P=T w=62x155=10230 W =10.23 kW Ans.

10.34. Cone Clutch

A coneclutch, asshownin Fig. 10.24, was extensively used in automobiles but now-a-daysit
has been replaced compl etely by the disc clutch.

Driven
shaft

- _i‘ w

Driving shaft

Driver —~]

Conical friction

surface b

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 asunk key and hasaninside conical surface or face which exactly fitsinto the outside
conical surface of the driven. The driven member resting on the feather key in the driven shaft, may
be shifted al ong the shaft by aforked 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 holdsthe clutch facesin 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 likewood, leather, cork or asbestosetc. Thematerial of the clutch faces(i.e.
contact surfaces) depends upon the allowable normal pressure and the coefficient of friction.

Consider a pair of friction surface as shown in Fig. 10.25 (a). Since the area of contact of a
pair of friction surfaceisafrustrum of acone, thereforethe torque transmitted by the cone clutch may
be determined in the similar manner as discussed for conical pivot bearingsin Art. 10.28.

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

r, and r, = Outer and inner radius of friction surfaces respectively.
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r1 +r2

R = Mean radius of the friction surface = >

a = 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,

p = Coefficient of friction between contact surfaces, and

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

(@) (b)
Fig. 10.25. Friction surfaces as a frustrum of a cone.

Consider asmall ring of radiusr and thickness dr, asshown in Fig. 10.25 (b). Let dl islength
of ring of the friction surface, such that

dl = dr.cosec a
O Areaof thering,
A = 2rtr.dl = 2rw.dr cosec a
We shall consider the following two cases:
1. When thereisauniform pressure, and
2. When thereisauniform wear.
1. Consdering uniform pressure
We know that normal load acting on thering,
dW_ = Normal pressure x Areaof ring = p, x 2 Ttr.dr.cosec o
and the axial load acting on thering,
AN = Horizontal component of W, (i.e. inthe direction of W)
= dW,_ xsna =p, x 2mr.dr. cosec o X Sin o = 21 x p,.r.dr
[0 Total axial load transmitted to the clutch or the axial spring force required,

T
&

qZDl r)2 _(r )ZD
W = J’ 2mp,.r.dr =2 mp, =2 1p, MD
rz RH TR0

=np, grl)z - (rz)ZH
W

0 Py = m (i)
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We know that frictional force on thering acting tangentially at radiusr,
F. = HOW,_ =p.p,x 2Tr.dr.coseca
O Frictional torque acting on thering,
T,=F xr=pp,x27r.dr. coseca.r = 2 T j.p,.COSeC 0.r2 dr

Integrating this expression within the limitsfromr, tor, for thetotal frictional torque on the
clutch.
00 Total frictiona torque,
T= q 2Ttup..cosec ar?.dr =2 Tpp_.CoSec o
_[ ; ; G2

2 r.

2
3 _ 3]
r r
= 27T p,, .COSeC aml) (t;) 0

3 O
Substituting the value of p, from equation (i), we get

Sec o Ll)s _ (r2)3g

&

T= 2 X—— X
n IJ T[[(rl)2 _(r2)2] D 3 D
3 _ 3
= 2 % uW.cosec a ME (i)
3 §r1)2 _ (',2)2E .

2. Considering uniform wear
In Fig. 10.25, let p, be 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 the
distance.
O p,.r =C(aconstant) or p =C/r
We know that the normal load acting on thering,
dW_ = Normal pressure x Areaof ring = p, x 21r.dr cosec o
and the axial load acting on thering ,
W =0W, xsina=p.2Tmr.dr.coseca .sina=p x 271r.dr

= ¢ x21r.dr =2 1C.dr (v p,=Clr)
r
0 Total axial load transmitted to the clutch,

&

W= [ 2nCdr :2Tc:[r]g =2 1C(, ,)
B
_ W
- 2m(r, —r,)
We know that frictional force acting on thering,
F, = L.OW,_ = .p, X 2TTr x dr cosec o
and frictional torque acting on thering,
T =F Xr=pp, x2mr.dr.coseca xr

or

...(iii)

= ><9 x 2Tr.dr.cosec o =2 TILC coseCc o xr dr
r
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00 Tota frictional torque acting on the clutch,

n [}'ZDrl
T :I 21 uC.cosec ar dr =2 TTuC.cosec GBEB
[k

®

2

2 _ 20
= 2mpC.cosec GME

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

2 _ 27
T=2mu x—W___ XCOSEC GMD

2m(r, -r,) o 2 0
or, +r.0
= UW cosec a7t 2= uW.R cosec a (i
172 H (iv)
n+r, ) .
where = 2 = Mean radius of friction surface

Since the normal force acting on the friction surface, W, = W/sin a, therefore the equation
(iv) may bewritten as

T=uW,R (V)

The forces on a friction surface, for steady operation of the clutch and after the clutch is
engaged, isshownin Fig. 10.26.

Friction

(a) For steady operation of the clutch.

Friction
surface

(b) During engagement of the clutch.

Fig. 10.26. Forces on afriction surface.
From Fig. 10.26 (a), wefind that

) L+
rn—r,=bsno;and R = orr+r, =2R
2
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O From equation, (i), normal pressure acting on the friction surface,

_ w _ w _ w
P = m(r)? -(r)? T +r,)(, -r,) 2TRbsn a
or W =p,x2mRbsna=W,_sina
where W, = Normal load acting on the friction surface = p, x 2mR.b

Now the equation (iv) may be written as,
T =u(p, x 2MRbsin 0) Rcosec a =2 mpp, .R°b
The following points may be noted for a cone clutch :

1. The above equations are valid for steady operation of the clutch and after the clutch is
engaged.

2. If the clutch is engaged when one member is stationary and the other rotating (i.e. during
engagement of the clutch) as shown in Fig. 10.26 (b), then the cone faces will tend to slide on each
other dueto the presence of relative motion. Thusan additional force (of magnitudeequal to u.W, .cosa)
actson the clutch which resists the engagement and the axial force required for engaging the clutch
increases.

0 Axial forcerequired for engaging the clutch,
W, = W+pW, cosa =W, sina+ W, cosa
=W, (sna + pcosa)

3. Under steady operation of the clutch, a decrease in the semi-cone angle (a) increases the
torque produced by the clutch (T ) and reducesthe axial force (W'). During engaging period, the axial
force required for engaging the clutch (W) increases under the influence of friction as the angle a
decreases. The value of a can not be decreased much because smaller semi-cone angle (o) requires
larger axial force for its disengagement.

For free disengagement of the clutch, the value of tan a must be greater than p. In case the
value of tan a is less than , the clutch will not disengage itself and the axial force required to
disengage the clutch is given by

W, =W, (ucosa —sina)
Example 10.31. A conical friction clutch is used to transmit 90 kW at 1500 r.p.m. The semi-
cone angleis 20° and the coefficient of friction is 0.2. If the mean diameter of the bearing surfaceis

375 mmand theintensity of normal pressureis not to exceed 0.25 N/mn, find the dimensions of the
conical bearing surface and the axial load required.

Solution. Given: P=90 kW =90 x 103 W ; N = 1500 r.p.m. or & = 2 11 x 1500/60 = 156
rad/s; a=20°;u=02;D=375mmor R=187.5mm; p = 0.25 N/mm?

Dimensions of the conical bearing surface
Let r, and r, = External and internal radii of the bearing surface respectively,
b = Width of the bearing surfacein mm, and
T = Torque transmitted.
We know that power transmitted (P),
90 x 10° = T.w=T x 156
O T = 90 x 10%156 = 577 N-m = 577 x 10° N-mm
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and the torque transmitted (T),
577 x10° = 2mpp,R2b=2mx 0.2x0.25 (187.5°b=11046 b

O b = 577 x 10%11 046 = 52.2 mm Ans.
Weknow that r; +r, = 2R=2x 187.5=375mm (i)
and r,—r,=bsina=522sn20°=18 mm (i)

From equations (i) and (ii),
r, = 196.5mm, andr, = 178.5mm Ans.
Axial load required
Since in case of friction clutch, uniform wear is considered and the intensity of pressureis
maximum at the minimum contact surface radius (r,), therefore
p,-r, = C(aconstant) or C = 0.25 x 178.5 = 44.6 N/mm
We know that the axial load required,
W = 2nC (r; —r,) = 21t x 44.6 (196.5-178.5) = 5045 N Ans.
Example 10.32. An engine devel oping 45 KW at 1000 r.p.m. isfitted with a cone clutch built
inside the flywheel. The cone has a face angle of 12.5° and a maximum mean diameter of 500 mm.

The coefficient of frictionis0.2. The normal pressure on the clutch faceis not to exceed 0.1 N/mm?.
Determine : 1. the axial spring force necessary to engage to clutch, and 2. the face width required.

Solution. Given : P=45kW =45 x 103 W ; N = 1000 r.p.m. or = 271 x 1000/60 = 104.7
rad/s;a =125%; D=500mmor R=250mm=0.25m; u=0.2; pn:O.lN/mm2
1. Axial spring force necessary to engage the clutch

Firstof al, let usfind thetorque (T ) devel oped by the clutch and the normal load (W) acting
on the friction surface.

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

45x 10% = T.w=Tx104.7 or T=45x10%104.7 =430N-m
We also know that the torque developed by the clutch (T),
430 = pW,_R=02xW,_x0.25=0.05W

O W, = 430/0.05 = 8600 N

and axial spring force necessary to engage the clutch,
W, = W,_(sina + pcosa)
= 8600 (sin 12.5°+ 0.2 cos 12.5°) = 3540 N Ans.

2. Face width required

Let b = Face width required.

We know that normal load acting on the friction surface (W),

8600 = p,x21R.b=0.1x2mtx 250 x b =157 b
O b = 8600/157 =54.7 mm Ans.

Example 10.33. A leather faced conical clutch has a cone angle of 30°. If the intensity of
pressure between the contact surfacesislimited to 0.35 N/mn and the breadth of the conical surface
is not to exceed one-third of the mean radius, find the dimensions of the contact surfaces to transmit
22.5 kW at 2000 r.p.m. Assume uniform rate of wear and take coefficient of friction as 0.15.

Solution. Given: 2 a =30° or o =15° ; p,=0.35N/mm?% b=R/3;P=225kW =
22.5x 103 W ; N = 2000 r.p.m. or &= 2 1t x 2000/60 = 209.5 rad/s ; u = 0.15

Let r, = Outer radius of the contact surface in mm,
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r, = Inner radius of the contact surfacein mm,

R = Mean radius of the the contact surface in mm,

b = Face width of the contact surfacein mm = R/3, and

T = Torque transmitted by the clutch in N-m.
We know that power transmitted (P),

225x10° = T.w=T x 209.5
O T = 22.5x 10%209.5 = 107.4 N-m = 107.4 x 10 N-mm
We also know that torque transmitted (T ),
107.4x 10% = 2mpu p,.R% b=2mx 0.15x 0.35x R2x R/3=0.11 R3

O R® = 107.4 x 10%0.11=976.4x 103 or R=99mm Ans.
The dimensions of the contact surface are shown in Fig. 10.27.

it

r, Contact R I
y surface L}
Fig. 10.27
From Fig. 10.27, we find that
rl—r2:bsinorzgxsin0(:%><sin15o =8.54 mm (i)
and n+r, =2R=2x99 =198 mm (i)

From equations (i) and (ii),
r, = 103.27 mm, andr,=94.73 mm Ans.

Example 10.34. The contact surfacesin a cone clutch have an effective diameter of 75 mm.
The semi-angle of the cone is 15°. The coefficient of friction is 0.3. Find the torque required to
produce slipping of the clutch if an axial force applied is 180 N.

Thisclutch isemployed to connect an electric motor running uniformly at 1000 r.p.m. with a
flywheel whichisinitially stationary. The flywheel hasa massof 13.5 kg anditsradiusof gyrationis
150 mm. Calculate the time required for the flywheel to attain full speed and also the energy lost in
the slipping of the clutch.

Solution. Given: D=75mmor R=37.5mm=0.0375m; a =15°; u=0.3; W =180N;
Ng = 1000 r.p.m. or w. = 21 x 1000/60 = 104.7 rad/s; m=13.5kg ; k=150 mm =0.15m

Torque required to produce dipping
We know that torque required to produce slipping,
T = p.W.R.cosec a = 0.3 x 180 x 0.0375 x cosec 15°= 7.8 N-m Ans.
Time required for the flywheel to attain full speed
Let t- = Timerequired for the flywheel to attain full speed in seconds, and
a. = Angular acceleration of the flywheel in rad/s*.
We know that the mass moment of inertia of the flywheel,
I- = m.k? =135 x (0.15)> = 0.304 kg-m?
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0 Torquerequired (T ),
78=1.0a-=0304a. or o=7.8/0.304 =256 rrad/s’
and angular speed of the flywheel (w,),
104.7=0.t-=256t. or t-=104.7/256=4.1s Ans
Energy lost in dipping of the clutch

We know that the angle turned through by the motor and flywhesl (i.e. clutch) intime 4.1 s
from rest,

x104.7 x4.1 =214.6 rad

N~

0 = Average angular velocity x time = % XWe xt. =
O Energy lost in slipping of the clutch,
=T.0=7.8x 214.6 = 1674 N-m Ans.
10.35. Centrifugal Clutch

The centrifugal clutches are usually incorporated into the motor pulleys. It consists of a
number of shoes on theinside of arim of the pulley, as shown in Fig. 10.28. The outer surface of the
shoes are covered with afriction material. These shoes, which can move radially in guides, are held

Ferrodo
Ccl)ver ~ A lining Shoes
plate 5 J Wg(
z Spider
Spider —\E

7
Driving &

shaft

777777 M N l
/r Driven

shaft

] LK Spring

[MunRswRRRRRRRRRR

Fig. 10.28. Centrifugal clutch.

against the boss (or spider) on the driving shaft by means of
springs. The springs exert a radialy inward force which is
assumed constant. Themass of the shoe, when revolving, causes
itto exert aradially outward force (i.e. centrifugal force). The
magnitude of this centrifugal force depends upon the speed at
which the shoe isrevolving. A little consideration will show
that when the centrifugal forceislessthan 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
comesinto contact with the driven member and presses against
it. The force with which the shoe presses against the driven
member isthe difference of the centrifugal force and the spring
force. The increase of speed causes the shoe to press harder Centrifugal clutch.
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and enables more torque to be transmitted.
In order to determine the mass and size of the shoes, the following procedure is adopted :
1. Massof the shoes
Consider one shoe of a centrifugal clutch as shownin Fig. 10.29.
Let m = Mass of each shoe,
n = Number of shoes, A€

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

R = Insideradius of the pulley rim,

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

w = Angular running speed of the
pulley in rad/s = 2riN/60 rad/s,
w, = Angular speed at which the

engagement beginsto take place, Fig. 10.29. Forces on a shoe of
and centrifugal clutch.

p = Coefficient of friction between
the shoe and rim.

We know that the centrifugal force acting on each shoe at the running speed,
“P, = mwAr
and the inward force on each shoe exerted by the spring at the speed at which engagement beginsto
take place,
P, = m(w)?r
[0 The net outward radial force (i.e. centrifugal force) with which the shoe presses against
the rim at the running speed

= Pc - Ps
and the frictional force acting tangentially on each shoe,
F=uP.-P)

O Frictional torque acting on each shoe,
=FxR=p(P,.-P)R
and total frictional torque transmitted,
T=p{P,~P)Rxn=nFR
From this expression, the mass of the shoes (m) may be evaluated.
2. Size of the shoes
Let | = Contact length of the shoes,
b = Width of the shoes,

*  Theradia clearance between the shoe and therim being very small ascomparedtor, thereforeit isneglected.
If, however, theradial clearanceisgiven, then the operating radius of the mass centre of the shoefromtheaxis
of the clutch,

r, =r+c, where c = Radial clearance.

Then P.=m.w’r,and P,=m (w)’r,
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R = Contact radius of the shoes. It is same astheinside radius of therim
of the pulley.

6 = 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-
ablelife, theintensity of pressure may be taken as 0.1 N/mm?.

We know that 0=1/Rrad or [=6.R
O Areaof contact of the shoe,

A=1lb
and the force with which the shoe presses against therim
= Axp=Llbp

Since the force with which the shoe presses against the rim at the running speed is (P.— P,),

therefore
lbp =P, —P,

From this expression, the width of shoe (b) may be obtained.

Example 10.35. A centrifugal clutchisto transmit 15 kW at 900 r.p.m. The shoesare four in
number. The speed at which the engagement beginsis 3/4th of the running speed. The inside radius
of the pulley rimis 150 mmand the centre of gravity of the shoeliesat 120 mmfromthe 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. Sze of the shoes, if angle subtended by the shoes at the
centre of the spider is 60° and the pressure exerted on the shoesis 0.1 N/mm?.

Solution. Given: P=15kW = 15 x 108 W ; N = 900 r.p.m. or w = 25 x 900/60 = 94.26 rad/s ;
n=4;R=150mMm=015m;r=120mm=0.12m; u=0.25

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

=3 =2 %0426 =707 radis
2%,

Let T = Torque transmitted at the running speed.
We know that power transmitted (P),
15x10° = T.w=Tx94.26 or T=15x10%94.26=159 N-m
1. Mass of the shoes
Let m = Mass of the shoesin kg.
We know that the centrifugal force acting on each shoe,
P, = m.w?r=m(94.26)* x 0.12=1066 mN
and the inward force on each shoe exerted by the spring i.e. the centrifugal force at the engagement
speed w,,
P, = m(w)?r=m (70.7)?> x 0.12= 600 m N
O Frictional force acting tangentially on each shoe,
F=pn(P,—P)=0.25(1066 m—600m) =116.5mN
We know that the torque transmitted (T ),
159 = nFR=4x1165mx0.15=70m or m=227kg Ans.
2. Size of the shoes
Let | = Contact length of shoesin mm,
b = Width of the shoesin mm,
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6 = Angle subtended by the shoes at the centre of the spider in radians

= 60° = 1/3 rad, and ...(Given)
p = Pressure exerted on the shoesin N/mm? = 0.1 N/mm? ...(Given)
Weknowthat | =6.R :’—; x150 =157.1 mm
and l.b.p = P,—P = 1066 m—600 m =466 m
O 157.1xbx0.1=466x 2.27 = 1058
or b = 1058/157.1 x 0.1 =67.3 mm Ans.

Example 10.36. A centrifugal clutch hasfour shoeswhich slideradially in a spider keyed to
the driving shaft and make contact with theinternal cylindrical surface of a rim keyed to the driven
shaft. When the clutch is at rest, each shoeis pulled against a stop by a spring so asto leave a radial
clearance of 5 mm between the shoe and the rim. The pull exerted by the spring is then 500 N. The
mass centre of the shoe is 160 mm from the axis of the clutch.

If the internal diameter of the rimis 400 mm, the mass of each shoe is 8 kg, the stiffness of
each spring is 50 N/mm and the coefficient of friction between the shoe and the rimis 0.3 ; find the
power transmitted by the clutch at 500 r.p.m.

Solution. Given:n=4;c=5mm; S=500 N ; r =160 mm ; D = 400 mm or R =200 mm
=0.2m;m=8kg; s=50N/mm; nu=0.3; N =500r.p.m. or w=2T1x 500/60 = 52.37 rad/s

We know that the operating radius,

r,=r+c=160+5=165mm=0.165m

Centrifugal force on each shoe,

P. = mw?r, = 8(52.37)2 x 0.165 = 3620 N
and the inward force exerted by the spring,
P, =S+cs=500+5x50=750N

O Frictional force acting tangentially on each shoe,

F =u(P,—P)=0.3(3620-750) = 861 N

We know that total frictional torque transmitted by the clutch,

T =nF.R=4x861x%0.2=688.8N-m

0 Power transmitted,
P =T.w=688.8x5237=36100W =36.1 kW Ans.

EXERCISES

1 Find the force required to move aload of 300 N up arough plane, the force being applied parallel to
the plane. The inclination of the planeis such that aforce of 60 N inclined at 30° to asimilar smooth
plane would keep the same load in equilibrium. The coefficient of frictionis0.3. [Ans. 146 N]

2. A square threaded screw of mean diameter 25 mm and pitch of thread 6 mm is utilised to lift aweight
of 10 kN by a horizontal force applied at the circumference of the screw. Find the magnitude of the
forceif the coefficient of friction between the nut and screw is 0.02. [Ans. 966 N]

3. A bolt with a square threaded screw has mean diameter of 25 mm and a pitch of 3 mm. It carries an
axial thrust of 10 kN on the bolt head of 25 mm mean radius. If p = 0.12, find the force required at the
end of a spanner 450 mm long, in tightening up the bolt. [Ans. 110.8 N]

4. A turn buckle, with right and left hand threads is used to couple two railway coaches. The threads
which are square have a pitch of 10 mm and a mean diameter of 30 mm and are of single start type.
Taking the coefficient of friction as 0.1, find the work to be done in drawing the coaches together a
distance of 200 mm against a steady load of 20 kN. [Ans. 3927 N-m]
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A vertical two start square threaded screw of a 100 mm mean diameter and 20 mm pitch supports a
vertical load of 18 kN. The axial thrust on the screw

istaken by acollar bearing of 250 mm outside diam- «—1m
eter and 100 mm inside diameter. Find the force re-
quired at the end of alever whichis400 mmlongin
order to lift and lower the load. The coefficient of
friction for the vertical screw and nut is 0.15 and ¥
that for collar bearing is 0.20.

Y P,
E—— Thrust

[Ans. 1423 N ; 838 N] : washer
A sluice gate weighing 18 kN israised and lowered N N
by means of sguare threaded screws, as shown in N
Fig.10.30. Thefrictional resistanceinduced by water b
pressure against the gate when it is in its lowest N N Nut
position is 4000 N. Screw
Theoutside diameter of the screw is60 mm and pitch

is10 mm. The outside and inside diameter of washer L'_‘:f"_,l
is 150 mm and 50 mm respectively. The coefficient °
of friction between the screw and nut is 0.1 and for Fig. 10.30

the washer and seat is 0.12. Find :
1. The maximum force to be exerted at the ends of the lever for raising and lowering the gate, and
2. Efficiency of the arrangement. [Ans 114 N ; 50 N ; 15.4%)]

The spindle of a screw jack has single start square threads with an outside diameter of 45 mm and a
pitch of 10 mm. The spindle movesin afixed nut. Theload is carried on aswivel head but is not free
to rotate. The bearing surface of the swivel head has a mean diameter of 60 mm. The coefficient of
friction between the nut and screw is0.12 and that between the swivel head and the spindleis 0.10.
Calculate the load which can beraised by efforts of 100 N each applied at the end of two |levers each
of effective length of 350 mm. Also determine the velocity ratio and the efficiency of the lifting
arrangement. [Ans. 9943 N ; 218.7 N ; 39.6%]

Thelead screw of alathe has acme threads of 50 mm outside diameter and 10 mm pitch. Theincluded
angle of the thread is 29°. It drives atool carriage and exerts an axial pressure of 2500 N. A collar
bearing with outside diameter 100 mm and inside diameter 50 mm is provided to take up the thrust. If
thelead screw rotates at 30 r.p.m., find the efficiency and the power required to drive the screw. The
coefficient of friction for screw threadsis 0.15 and for the collar is0.12.  [Ans. 16.3% ; 75.56 W]

A flat foot step bearing 225 mm in diameter supports aload of 7.5 kN. If the coefficient of frictionis
0.09 and r.p.m is 60, find the power lost in friction, assuming 1. Uniform pressure, and 2. Uniform
wear. [Ans. 318 W ; 239 W]

A conical pivot bearing 150 mm in diameter has a cone angle of 120°. If the shaft supports an axial
load of 20 kN and the coefficient of friction is 0.03, find the power lost in friction when the shaft
rotates at 200 r.p.m., assuming 1. Uniform pressure, and 2. uniform wear.

[Ans. 7275 W ; 545.6 W]

A vertical shaft supportsaload of 20 kN in aconical pivot bearing. The external radius of the coneis
3timestheinternal radius and the cone angleis 120°. Assuming uniform intensity of pressure as0.35
MN/n?, determine the dimensions of the bearing.

If the coefficient of friction between the shaft and bearing is 0.05 and the shaft rotates at 120 r.p.m.,
find the power absorbed in friction. [Ans. 47.7 mm ; 143 mm ; 1.50 kW]

A plain collar type thrust bearing having inner and outer diameters of 200 mm and 450 mm is sub-
jected to an axial thrust of 40 kN. Assuming coefficient of friction between the thrust surfaces as
0.025, find the power absorbed in overcoming friction at a speed of 120 r.p.m. The rate of wear is
considered to be proportional to the pressure and rubbing speed. [Ans. 4.1 kW]

The thrust on the propeller shaft of a marine engine is taken up by 8 collars whose external and
internal diameters are 660 mm and 420 mm respectively. The thrust pressure is 0.4 MN/m? and may
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be assumed uniform. The coefficient of friction between the shaft and collars is 0.04. If the shaft
rotatesat 90 r.p.m. ; find 1. total thrust onthe collars ; and 2. power absorbed by friction at the bearing.
[Ans. 651 kN ; 68 kW]
A shaft hasanumber of collarsintegral withit. The external diameter of the collarsis400 mm and the
shaft diameter is 250 mm. If the uniform intensity of pressure is 0.35 N/mm? and its coefficient of
friction is 0.05, estimate : 1. power absorbed in overcoming friction when the shaft runs at 105 r.p.m.
and carries aload of 150 kN, and 2. number of collars required. [Ans. 13.4 kW ; 6]
A car engine hasiits rated output of 12 kW. The maximum torque developed is 100 N-m. The clutch
used is of single plate type having two active surfaces. The axial pressure is not to exceed 85 kN/m2.
The external diameter of the friction plate is 1.25 times the internal diameter. Determine the dimen-
sions of the friction plate and the axial force exerted by the springs. Coefficient of friction = 0.3.
[Ans. 129.5 mm ; 103.6 mm ; 1433 N]
A single plate clutch (both sides effective) is required to transmit 26.5 kW at 1600 r.p.m. The outer
diameter of the plateislimited to 300 mm and intensity of pressure between the platesisnot to exceed
68.5 kN/m?. Assuming uniform wear and a coefficient of friction 0.3, show that the inner diameter of
the plates is approximately 90 mm.
A multiplate clutch has three pairs of contact surfaces. The outer and inner radii of the contact sur-
faces are 100 mm and 50 mm respectively. The maximum axial spring forceislimited to 1 kN. If the
coefficient of friction is 0.35 and assuming uniform wear, find the power transmitted by the clutch at
1500 r.p.m. [Ans. 12.37 kW]
A cone clutch isto transmit 7.5 kW at 900 r.p.m. The cone has aface angle of 12°. The width of the
faceishalf of the mean radius and the normal pressure between the contact facesisnot to exceed 0.09
N/mm?. Assuming uniform wear and the coefficient of friction between contact faces as 0.2, find the
main dimensions of the clutch and the axial force required to engage the clutch.
[Ans. R=112mm, b =56 mm, r, = 117.8 mm, r, = 106.2 mm ; 1433 N]
A cone clutch with cone angle 20°isto transmit 7.5 kW at 750 r.p.m. The normal intensity of pressure
between the contact facesis not to exceed 0.12 N/mm?. The coefficient of frictionis0.2. If face width
is }gth of mean diameter, find : 1. the main dimensions of the clutch, and 2. axial force required
while running. [Ans.R=117mm; b=468mm; r, =125mm r, =109 mm ; 1395 N]
A centrifugal friction clutch hasadriving member consisting of aspider carrying four shoeswhich are
kept from contact with the clutch case by means of flat springs until increase of centrifugal force
overcomestheresistance of the springs and the power istransmitted by friction between the shoesand
the case.

Determine the necessary mass of each shoe if 22.5 kW is to be transmitted at 750 r.p.m. with
engagement beginning at 75% of the running speed. The inside diameter of the drum is 300 mm and
the radial distance of the centre of gravity of each shoe from the shaft axis is 125 mm. Assume
p=0.25. [Ans. 5.66 k]

DO YOU KNOW ?

Discuss briefly the various types of friction experienced by a body.

State the laws of

(i) Staticfriction; (ii) Dynamic friction ;
(iii) Solid friction ; and (iv) Fluid friction.
Explain the following :

(i) Limiting friction, (it) Angle of friction, and
(iii) Coefficient of friction.

Derive from first principles an expression for the effort required to raise a load with a screw jack
taking friction into consideration.

Neglecting collar friction, derive an expression for mechanical advantage of a square threaded screw
moving in anut, in terms of helix angle of the screw and friction angle.
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In ascrew jack, the helix angle of thread is a and the angle of friction is@. Show that its efficiency is
maximum, when 20 = (90° — ¢).

For a screw jack having the nut fixed, derive the equation (' with usual notations),
n= tan a
tan (a0 + @) + pur, 1

Neglecting collar friction, from first principles, prove that the maximum efficiency of asquare threaded
1-sn
1+sn
Write a short note on journal bearing.

What is meant by the expression ‘friction circle’? Deduce an expression for the radius of friction
circlein terms of the radius of the journal and the angle of friction.

screw moving in anut is (,01 where @isthefriction angle.

From first principles, deduce an expression for the friction moment of a collar thrust bearing, stating
clearly the assumptions made.

Derive an expression for the friction moment for aflat collar bearing in terms of the inner radiusr,,
outer radiusr,, axial thrust W and coefficient of friction . Assume uniform intensity of pressure.

Derive from first principles an expression for the friction moment of a conical pivot assuming
(i) Uniform pressure, and (ii) Uniform wear.

A truncated conical pivot of cone angle @ rotating at speed N supports a load W. The smallest and
largest diameter of the pivot over the contact area are ‘d’ and ‘D’ respectively. Assuming uniform
wear, derive the expression for the frictional torque.

Describe with a neat sketch the working of asingle plate friction clutch.

Establish a formula for the maximum torque transmitted by a single plate clutch of externa and
internal radii r, andr,, if thelimiting coefficient of frictionisp and the axial spring load isW. Assume
that the pressure intensity on the contact facesis uniform.

Which of the two assumptions-uniform intensity of pressure or uniform rate of wear, would you make
use of in designing friction clutch and why ?

Describewith aneat sketch acentrifugal clutch and deduce an equation for thetotal torquetransmitted.

OBJECTIVE TYPE QUESTIONS

The angle of inclination of the plane, at which the body begins to move down the plane, is called
(@) angleof friction (b) angleof repose (c) angleof projection
In ascrew jack, the effort required to lift the load W is given by
(@ P=Wtan(a-¢) (b) P=Wtan(a+q@)
(c) P=Wcos(a—q) (d P=Wcos(a+ @)
where o =Helix angle, and
@=Angle of friction.
The efficiency of ascrew jack isgiven by

tan(a + @) tana
@ tan a (0) tan (o + @)

tan(a - @) tana
(C) tan a (d) tan (C( - (P)

Theradius of afriction circle for a shaft of radiusr rotating inside a bearing is
(@ rsno (b) rcoso (© rtang (d) recoto
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The efficiency of ascrew jack is maximum, when

€) G=45°+(—2p (b) 0:450_(%) (© a=90°+p (d) a=90°-@
The maximum efficiency of ascrew jack is

1-sing 1+sno@ 1-tan@ 1+tan @
@ 1+sng (0) 1-sing © 1+tan@ () 1-tan@

The frictional torque transmitted in a flat pivot bearing, considering uniform pressure, is
1 2 3
@ 5% LW.R (b) 3% HW.R © 3 HW.R (g HWR

where = Coefficient of friction,
W = Load over the bearing, and
R = Radius of the bearing surface.
The frictional torque transmitted in a conical pivot bearing, considering uniform wear, is

(a %Xp.W.Rcoseca (b) %xp.W.Rcoseca

3
(© pr.W.Rcoseca (d) p.W.Rcoseca

where R = Radius of the shaft, and
o = Semi-angle of the cone.
The frictional torque transmitted by a disc or plate clutch is same as that of

(a) flat pivot bearing (b) flat collar bearing
(c) conical pivot bearing (d) trapezoidal pivot bearing
The frictional torque transmitted by a cone clutch is same as that of
(a) flat pivot bearing (b) flat collar bearing
(c) conical pivot bearing (d) trapezoidal pivot bearing
ANSWERS

1@ 2. (b) 3.(b) 4. () 5. (b)
6. (a) 7.(b) 8. (a) 9. (b) 10. (d)

o FIRST
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