UNIT-II

Friction: Types of friction -Limiting friction -Laws of
Friction -static and Dynamic Frictions-Motion of Bodies —
Wedge & Screw, Screw-jack.



Principles of
Friction

8.1. INTRODUCTION

It has been established since long that all
surfaces of the bodies are never perfectly smooth. It
has been observed that whenever, even a very
smooth surface is viewed under a microscope, it is
found to have some roughness and irregularities,
which may not be detected by an ordinary touch.

It will be interesting to know that if a block of
one substance is placed over the level surface of the
same or different material, a certain degree of
interlocking of the minutely projecting particles takes
place. This does not involve any force, so long as the
block does not move or tends to move. But whenever
one of the blocks moves or tends to move tangentially
with respect to the surface, on which it rests, the
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interlocking property of the projecting particles opposes the motion. This opposing force, which
acts in the opposite direction of the movement of the block, is called force of friction or simply
friction. 1t is of the following two types:

1. Static friction. 2. Dynamic friction.

8.2. STATIC FRICTION

It is the friction experienced by a body when it is at rest. Or in other words, it is the friction
when the body tends to move.

8.3. DYNAMIC FRICTION

It is the friction experienced by a body when it is in motion. It is also called kinetic friction.
The dynamic friction is of the following two types :

1. Sliding friction. It is the friction, experienced by a body when it slides over another body.

2. Rolling friction. 1t is the friction, experienced by a body when it rolls over another body.

8.4. LIMITING FRICTION

It has been observed that when a body, lying over another body, is gently pushed, it does
not move because of the frictional force, which prevents the motion. It shows that the force of the
hand is being exactly balanced by the force of friction, acting in the opposite direction. If we again
push the body, a little harder, it is still found to be in equilibrium. It shows that the force of friction
has increased itself so as to become equal and opposite to the applied force. Thus the force of
friction has a remarkable property of adjusting its magnitude, so as to become exactly equal and
opposite to the applied force, which tends to produce motion.

There is, however, a limit beyond which the force of friction cannot increase. If the applied force
exceeds this limit, the force of friction cannot balance it and the body 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 friction. It may be noted that
when the applied force is less than the limiting friction, the body remains at rest, and the friction is
called static friction, which may have any value between zero and limiting friction.

8.5. NORMAL REACTION

It has been experienced that whenever a body, lying on a horizontal or an inclined surface,
is in equilibrium, its weight acts vertically downwards through its centre of gravity. The surface,
in turn, exerts an upward reaction on the body. This reaction, which is taken to act perpendicular
to the plane, is called normal reaction and is, generally, denoted by R. It will be interesting to
know that the term ‘normal reaction’ is very important in the field of friction, as the force of
friction is directly propor-tional to it.

8.6. ANGLE OF FRICTION

Consider a body of weight I resting on an inclined plane as shown in Fig. 8.1. We know
that the body is in equilibrium under the action of the following forces :
1. Weight (W) of the body, acting vertically downwards,

2. Friction force (F) acting upwards along the plane, and

3. Normal reaction (R) acting at right angles to the plane.

Let the angle of inclination (a) be gradually increased, till the
body just starts sliding down the plane. This angle of inclined plane, at
which a body just begins to slide down the plane, is called the angle of
friction. This is also equal to the angle, which the normal reaction
makes with the vertical.

Fig. 8.1.Angle of friction.



8.7. COEFFICIENT OF FRICTION
It is the ratio of limiting friction to the normal reaction, between the two bodies, and is
gener-ally denoted by p.
Mathematically, coefficient of friction,
p= F =tan @ or F=pR
R
where @ = Angle of friction,
F = Limiting friction, and

R = Normal reaction between the two bodies.

8.8. LAWS OF FRICTION

Prof. Coulomb, after extensive experiments, gave some laws of friction, which may be
grouped under the following heads :

1. Laws of static friction, and

2. Laws of kinetic or dynamic friction.

The coefficient of friction of various surfaces, as well as the difference between static and kinetic friction can
be illustred by pulling objects with large spring scale.

8.9. LAWS OF STATIC FRICTION

Following are the laws of static friction :

1. The force of friction always acts in a direction, opposite to that in which the body tends
to move, if the force of friction would have been absent.

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

3. The magnitude of the limiting friction bears a constant ratio to the normal reaction
between the two surfaces. Mathematically :

F
—R= Constant

whereF = Limiting friction, and R =
Normal reaction.
4. The force of friction is independent of the area of contact between the two surfaces.
5. The force of friction depends upon the roughness of the surfaces.



8.10. LAWS OF KINETIC OR DYNAMIC FRICTION
Following are the laws of kinetic or
dynamic friction :

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

2. The magnitude of kinetic friction
bears a constant ratio to the normal
reaction between the two surfaces.
But this ratio is slightly less than that
in case of limiting friction.

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

speed. This rock climber uses the static frictional force

between her hands and feet and the vertical rock walls.

8.11. EQUILIBRIUM OF A BODY ON A ROUGH HORIZONTAL PLANE

We know that a body, lying on a rough horizontal plane will remain in equilibrium. But when-
ever a force is applied on it, the body will tend to move in the direction of the force. In such cases,
equilibrium of the body is studied first by resolving the forces horizontally and then vertically.

Now the value of the force of friction is obtained from the relation :
F=pR
where M = Coefficient of friction, and
R = Normal reaction.

Example 8.1.4 body of weight 300 N is lying on a rough horizontal plane having a
coefficientof friction as 0.3. Find the magnitude of the force, which can move the body, while acting at
an angle

of 25° with the horizontal.
Solution.Given: Weight of the body (W) = 300 N; Coefficient of friction () = 0.3
andangle made by the force with the horizontal (a) = 25°

Let P = Magnitude of the force, which can move
the body, and

F = Force of friction. Foa
Resolving the forces horizontally,

F =P cosd =P cos25°=P x0.9063

and now resolving the forces vertically,
R =W — P sina= 300 — P sin 25°=
300 — P x 0.4226
We know that the force of friction (F),
0.9063 P=pR=0.3 x (300 —0.4226 P)=90 — 0.1268 P

or 90 =0.9063 P+0.1268 P=1.0331 P

_90 Ans.
=87.1 N
p=1.0331
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Example 8.2.4 body, resting on a rough horizontal plane, required a pull of 180 N in-
clined 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: Pull = 180 N; Push = 220 N and angle at which force is inclined

withhorizontal plane (a) = 30°
Let W = Weight of the body R
= Normal reaction, andp

= Coefficient of friction.
First of all, consider a pull of 180 N acting on the body. We know that in this case, the

force of friction (F7) will act towards left as shown in Fig. 8.3. (a).

Resolving the forces horizontally,
F1=180 cos 30°= 180 x 0.866 = 155.9

Nand now resolving the forces vertically,
R1=W-180sin30° = W—180 x 0.5=W-90
..(0)

NWe know that the force of friction (F7),
155.9=puR1 =M (W-90)
220N
180N
) RZ
R, A
A 30°
30°
F, > Fy
v
v W
v (b) Pull of 220 N

() Pull of IRON
Fig. 8.3.

Now consider a push of 220 N acting on the body. We know that in this case, the force of

friction (F7) will act towards right as shown in Fig. 8.3 (b).

Resolving the forces horizontally,
F»=220 cos 30°=220 x 0.866 = 190.5 N

and now resolving the forces horizontally,
Ry=W+220sin30°= W +220x0.5=W+ 110N
We know that the force of friction (#7),
190.5=p.Ry =p (W+ 110) ..(ih)
Dividing equation (i) by (i)
1559- i (W-90)
190.5 p(W+110)
1559 W+ 17 149 =190.5 W— 17 145
34.6 W=134294
= 3929% _9910N  Ans.
34.6
Now substituting the value of W in equation (i),
155.9=p(991.2-90)=901.2 p

=0.173 Ans.

=Ww-90
W+110

or

p= 155.9
901.2



8.12. EQUILIBRIUM OF A BODY ON A ROUGH INCLINED PLANE

Consider a body, of weight W, lying on a rough plane inclined at an angle a with the
horizon-tal as shown in Fig. 8.7 (a) and (b).

R P
R
o W
() Angle of inclination less (h) Angle of inclination more
than the angle of friction than the angle of friction

Fig. 8.7.

A little consideration will show, that if the inclination of the plane, with the horizontal, is

less the angle of friction, the body will be automatically in equilibrium as shown in Fig. 8.7 (a). If

in this condition, the body is required to be moved upwards or downwards, a corresponding force

is required, 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. 8.7 (b).

Though there are many types of forces, for the movement of the body, yet the following are
important from the subject point of view :

1. Force acting along the inclined plane.

2. Force acting horizontally.

3. Force acting at some angle with the inclined plane.

Note. In all the above mentioned three types of forces, we shall discuss the magnitude
offorce, which will keep the body in equilibrium, when it is at the point of sliding downwards or
upwards.

8.13. EQUILIBRIUM OF A BODY ON A ROUGH INCLINED PLANE
SUBJECTED TO A FORCE ACTING ALONG THE INCLINED PLANE

Consider a body lying on a rough inclined plane subjected force acting along the inclined
plane, which keeps it in equilibrium as shown in Fig. 8.8. (a) and (b).

Let W = Weight of the body,
a = Angle, which the inclined plane makes with the horizontal,
R = Normal reaction,
p = Coefficient of friction between the body and the inclined plane, and
¢ = Angle of friction, such that g = tan ¢.

A little consideration will show that if the force is not there, the body will slide down the
plane. Now we shall discuss the following two cases :
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1. Minimum force (P ) which will keep the body in equilibrium, when it is at the point of

slidingdownwards.
R

X

{¢) Body at the point of (b) Body at the pomnt of
sliding downwards shding upwards
Fig. 8.8.
In this case, the force of friction (#]=M.R1) will act upwards, as the body is at the point of
sliding downwards as shown in Fig. 8.8 (a). Now resolving the forces along the plane,
P1= W sino—p.R1...({)and now resolving the forces perpendicular to the
plane.

R1= W cosa...(if)Substituting the value of Ry in equation (i),

P1= W sina—p W cosa= W (sin0—pcosa)and
now substituting the value of y = tan @ in the above equation,
P1= W (sina— tan@cosd
)Multiplying both sides of this equation by cos@,
P1cos@= W (sindcos@— sin@cosa) = W sin (a—Q)
P =J¥.sin (0—Q)
1

cos®

2. Maximum force (P3) which will keep the body in equilibrium, when it is at the point of
slidingupwards.

In this case, the force of friction (£, = J.Rp) will act downwards as the body is at the point
of sliding upwards as shown in Fig. 8.8 (b). Now resolving the forces along the plane,

Py= W sina+J.R>...(/)and now resolving the forces perpendicular to the
plane,

Ry= W cosa...(if)Substituting the value of Ry in equation (i),

Pr= W sina+u W cosao= W (sina+pcosd)and
now substituting the value of y = tan @ in the above equation,
P>r= W (sino+ tan@cosa
)Multiplying both sides of this equation by cos®,
Prcos@= W (sinacos@+ sin@cosa) = W sin (0+Q)
P =p.sin (0+@)
2

cos®p



8.14. EQUILIBRIUM OF A BODY ON A ROUGH INCLINED PLANE
SUBJECTED TO A FORCE ACTING HORIZONTALLY

Consider a body lying on a rough inclined plane subjected to a force acting horizontally,
which keeps it in equilibrium as shown in Fig. 8.13. (a) and (b).
W = Weight of the body,
a = Angle, which the inclined plane makes with the horizontal,
R = Normal reaction,
M = Coefficient of friction between the body and the inclined plane, and
@ = Angle of friction, such that y = tan @.
A little consideration will show that if the force is not there, the body will slide down on the
plane. Now we shall discuss the following two cases :

1. Minimum force (P1) which will keep the body in equilibrium, when it is at the point of
slidingdownwards.

(2) Body at the point of {h) Body at the point of
sliding downwards shiding upwards

Fig. 8.13.
In this case, the force of friction (£ = J.R1) will act upwards, as the body is at the point of
sliding downwards as shown in Fig. 8.13. (a). Now resolving the forces along the plane,
P1coso= W sina— Rj...(/)and now resolving the forces perpendicular to the
plane,

R1= W cosa+ Pisina...(if)Substituting this value of Ry in equation (i),

Pjcosa= W sina—(W cosa+ Pisind)= W
sin o — yWcosa — PPy sin a
P1cosa+pPysino= W sina— Wecosa



P1(cosa+ysina) = W (sino0—fcosa)
P=J¥-(sind—{icosa)
! (coso+ sin )
Now substituting the value of p = tan @ in the above equation,

P=J¥-(sin0— tan®cosa)

1 .
(cosa+ tan @ sin Q)

Multiplying the numerator and denominator by cos@,

P =]Jy/-sindcos@— sin@cosa = J¥/.sin (O—Q)
1 cosOcosP+ sin A sin @ cos (0 — @)
= Wtan (0 — @) ...(when a>@)
= Wtan (¢ — Q) ...(when @>a)

2. Maximum force (Py) which will keep the body in equilibrium, when it is at the point of
slidingupwards

In this case, the force of friction (F, = uRp) will act downwards, as the body is at the point of
sliding upwards as shown in Fig.8.12. (b). Now resolving the forces along the plane,

Pycosa= W sin0+uRy (7))
and now resolving the forces perpendicular to the plane,
Ry= W cosa+ Ppsind ..(iv)
Substituting this value of R, in the equation (iii),
Pycosa = Wsina+  (Weosa + Py sin a)
= Wsin a + yWcosa + PPy sin A
Prcos0—pPysino= W sina+ W cosa
Py(cosa—psina) = W (sin0+pcosq)
Py —Jy/.(sin0-+cosa)
(cosa — M sin A)
Now substituting the value of y = tan @ in the above equation,

P=J¥-sina+tan@cosa
2 cosa —tan @ sin
Multiplying the numerator and denominator by cos®,

P=T}/-sindcos@-+sin@cosa —=J/.sin (0+@)
2 cosacosp — sin @ sin A cos (0+Q)

= Wtan (0 + @)



8.15. EQUILIBRIUM OF A BODY ON A ROUGH INCLINED PLANE
SUBJECTED TO A FORCE ACTING AT SOME ANGLE WITH
THE INCLINED PLANE
Consider a body lying on a rough inclined plane subjected to a force acting at some angle
with the inclined plane, which keeps it in equilibrium as shown in Fig. 8.17 (a) and ().
Let W = Weight of the body,

a = Angle which the inclined plane makes with the horizontal,

0 = Angle which the force makes with the inclined surface,

R = Normal reaction,

p = Coefficient of friction between the body and the inclined plane, and
¢ = Angle of friction, such that p = tan ¢.

A little consideration will show that if the force is not there, the body will slide down the
plane. Now we shall discuss the following two cases :

1. Minimum force (P ) which will keep the body in equilibrium when it is at the point
ofsliding downwards.

{¢) Body at the point of {h) Body at the point of
sliding downwards sliding upwards

Fig. 8.17.
In this case, the force of friction (£ = JR1) will act upwards, as the body is at the point of
sliding downwards as shown in Fig. 8.17 (a). Now resolving the forces along the plane,
P1cosB= W sina—R]...(/)and now resolving the forces perpendicular to the
plane,

R1= W cosa— P1sin@ ...(ii)
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Substituting the value of Ry in equation (i),

SCREW FRICTION

The screws, bolts, studs, nuts etc. are widely used in various machines and structures for
fastenings. These fastenings have screw threads, which are made by cutting a continuous helical
groove on a cylindrical surface. If the threads are cut on the outer surface of a solid rod, these are
known as external threads. But if the threads are cut on the internal surface of a hollow rod these are
known as internal threads.

P1cosB= W sina—p(W cosa— P1sinB)
= W sin a — yWcosa + PP sin 6
P1cosB—p P1sinB= W sina—j W cosa
P1(cosB—usin®) = W (sina—pcosa)
P=-(sind—pcosa)
1 (cosB — Y sin B)
and now substituting the value of J = tan @ in the above equation,
P=J¥-(sina— tan@cosa)
! (cosB — tan @ sin 0)

Multiplying the numerator and denominator by cos®,

P =Jy/-(sindcos@— sin@Qcosd)— |/ .sin (0—Q)
! (cosBcosp —sin @ sin 0) cos ( 6+9)

2. Maximum force (Py) which will keep the body in equilibrium, when it is at the point ofsliding upwards.

In this case, the force of friction (Fp = PRy) will act downwards as the body is at the point of sliding upwards as shown in Fig.
8.17 (b). Now resolving the forces along the plane.

PpcosB= W sino+J Rj...(iij)and now resolving the forces perpendicular to the plane,
Roy= W cosa— Psind...(iv)Substituting the value of Ry in equation (iii),
PrcosB= W sina+u(W cosa— PosinB)= W sin a + pWcosa — PPy sin 6
PrcosB+p Prsin®= W sina+u W cosa Py(cosB+pusin®) = W (sina+pcosa)
P=-(sina+licosa)
2 (cosB+u sin 6)
and now substituting the vaue of g = tan @ in the above equation,

P=.(sina+tan®cosa)
: (cosB+ tan ¢ sin 6)

Multiplying the numerator and denominator by cos¢,

P =J/.(sindcos@+sin®cosa) — . sin (a+Q)
2 (cosBcos®+ sin @ sin 6) cos (8 -09)




Applications of friction

1. Screw friction.2.wedge friction. 3. Ladder friction

1.screw friction

The screw threads are mainly of two typesviz. V-threads and square threads. The V-threads
are stronger and offer more frictional resistance to motion than square threads. Moreover, the
V-threads have an advantage of preventing the nut from slackening. | will be interesting to
know that the V-threads are used for the purpose of tightening pieces together (e.g. bolts and
nuts etc.). Square threads are used in screw jacks, vice screws etc. which are used for lifting
heavy loads. The following terms are important for the study of screws:

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

2. Pitch. It is the distance from one point of a thread to the corresponding point on the next
thread. It is measured parallel to the axis of the screw.

3. Lead. It is the distance through which 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 thread).

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 threads are cut in one lead distance of a screw, it
is known as multi-threaded screw e.g. in a double-threaded screw, two threads are cut in
one lead length. In such cases, all the threads run independently along the length of the

rod. Mathematically,

Lead = Pitch x No. of threads.
7. Slope of the thread. It is the inclination of the thread with horizontal. Mathematically,

Lead of screw

(=" Circumference of screw

= Ed ...(In single-threaded screw)

np
= d ...(In multi-threaded screw)

where (= Angle of inclination of the thread,
p = Pitch of the screw,
d = Mean diameter of the screw, and

n = No. of threads in one lead.
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9.5. RELATION BETWEEN EFFORT AND WEIGHT LIFTED BY A SCREW JACK

The screw jack is a device for lifting heavy loads, by applying a comparatively smaller effort
at its handle. The principle, on which a screw jack works, is similar to that of an inclined plane.

> !

-
ot

Fig. 9.20.Screw jack

Fig. 9.20 shows common form of a screw jack, which consists of a threaded rod A, called
screw rod or simply screw. The screw has square threads, on its outer surface, which fit into the inner
threads of the jack B. The load, to be raised or lowered, is placed on the head of the screw, which is
rotated by the application of an effort at the end of the lever for lifting or lowering the load.
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. 9.21
Let p = Pitch of the screw,
d = Mean diameter of the screw
r = Mean radius of the screw, and -
(= Helix angle. e I
From the geometry of the figure, we find that i’

Fig. 9.21.Helix anglepp

=...(where d = 2r) = — —

0d 20r

Now letP= Effort applied at the mean radius of the screw jack to lift the load,
W = Weight of the body to be lifted, and

[ = Coefficient of friction, between the screw and nut.

Let) = Angle of friction, such that [ = tan ).

As a matter of fact, the principle, on which a screw jack works, is similar to that of an inclined
plane. Thus the force applied on the lever of a screw jack is considered to be horizontal. We have
already discussed in Art. 8.14 that the horizontal force required to lift a load on an inclined rough
plane
P =W tan (¢ + )

Example 9.8.A screw jack has mean diameter of 50 mm and pitch 10 mm. If the coefficient
of friction between its screw and nut is 0.15, find the effort required at the end of 700 mm long
handle to raise a load of 10 kN.
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Solution.Given: Mean diameter of screw jack (d) = 50 mm or radius (r) = 25 mm; Pitch
of the screw (p) = 10 mm; Coefficient of friction between screw and nut () = 0.15 = tan ) or
) = 8.5% Length of the handle (I) = 700 mm and load to be raised (W) = 10 kN.

Let P1 = Effort required at the end of 700 mm long handle to raise the load,
and ( =Helix angle
We know that

p10
tan{ = —=0.0637— or (=3.6°
od o 50
and effort required at mean radius of the screw to raise the load,
P =W tan (a+ )) =W tan (3.6° + 8.5°)
=W tan 12.1° =10 x 0.2144 = 2.144 kN
Now the effort required at the end of the handle may be obtained from the relation.
P1x700=P xr=2.144 x 25 =53.6

A 536

Ans.=0.0766 kN =766 N "'
700

Example 9.9.The mean radius of the screw of a square threaded screw jack is 25 mm. The

pitch of thread is 7.5 mm. If the coefficient of friction is 0.12, what effort applied at the end of lever

60 cm length is needed to raise a weight of 2 kN.

Solution.Given: Mean radius of the screw (r) = 25 mm,; Pitch of the thread (p) = 7.5 mm;
Coefficient of friction (1) = 0.12 = tan ); Length of the lever (I) = 60 cm and weight to be raised =
2 kN =2000 N.

Let P1 = Effort required at the end of the 60 cm long handle to raise the weight,
and ( =Helix angle.

We know that

p0.75
= =g 05—
20r201 2.5
and effort required at mean radius of the screw to raise the weight,
tan( + tan 10.048 + 0.12
P=Wtan((+)=W- P?<ZUUU~\——+

1—tan(.tan \1—0.048 - 0.12
=2000 - 0.169 = 338 N

Now the effort applied at the end of the lever, may be found out from the relation,
P1x60=P x25=338x25=845

845
P=1t —m71N

60
Example 9.10.A screw press is used to compress books. The thread is a double thread
(squarehead) with a pitch of 4 mm and a mean radius of 25 mm. The coefficient of the friction (n)
for the contact surface of the thread is 0.3. Find the torque for a pressure of 500 N.

Ans.
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Solution.Given: No. of threads (n) = 2; Pitch (p) = 4 mm; Mean radius (r) =25 mm ;
Coefficient of friction (1) = 0.3 =tan ) or } = 16.7° and pressure (W) =500 N
Let( = Helix angle.

np2-4 e
We know that tan { = — 0.0509 or (=29
20r 20 25
4 Effort required at the mean radius of the screw to press the books
P =W tan (o + )) = 500 tan (2.9° + 16.7°) N
=500 tan 19.6° =500 x 0.356 = 178 N
and* torque required to press the books,
T =P xr =178 x 25 = 4450 N-mmAns.

9.6. RELATION BETWEEN EFFORT AND WEIGHT LOWERED BY A SCREW
JACK

We have already discussed in the last article that the principle, on which a screw works, is
similar to that of an inclined plane. And force applied on the lever of a screw jack is considered to be
horizontal. We have also discussed in Art. 8.14 that the horizontal force required to lower a load on
an inclined plane,

P =W tan (o — ))...(when { >))
=W tan (¢ —()...(when ) >()

Note. All the notations have the usual values as discussed in the last article.

Example 9.11.A screw Jack has a square thread of 75 mm mean diameter and a pitch of

15 mm. Find the force, which is required at the end of 500 mm long lever to lower a load of 25 kN.
Take coefficient of friction between the screw and thread as 0.05.

Solution.Given: Mean diameter of thread (d) = 75 mm or radius (r) = 37.5 mm; Pitch of

thread (p) = 15mm; Length of lever (I) = 500 mm; load to be lowered (W) = 25 kN and coefficient of
friction between the screw and thread (w) = 0.05 = tan ) or ) = 2.9°

Let P1 = Effort required at end of 500 mm long handle to lower the load,
and ( = Helix angle.
p15
tan{ === 0.0637 or ( = 3.6°We know that
odo 75

and effort required at the mean radius of the screw to lower the load,
P =W tan (a— )) = W tan (3.6° — 2.9°)

=W tan 0.7° = 25 x 0.0122 = 0.305 kN = 305 N
Now the effort required at the end of the handle may be found out from the relation,

P1x 500 =P xr =305 x 37.5 =11438
11438
Ans.P==23 N41
500

Applications of friction

1. Wedge friction.
2. Screw friction.



3. Ladder friction

1. Wedge friction.

The Wedge: General Concept

upward A W=mg Nal \R
motion # \l/
[ Fp=NpH
;D Fret
A / A Npb
F 5 {2 Fira=Nat
—>|B / ﬁ/l\ B _—
;_,j;e C [ Firy=Nap £ =N

Ns R
A wedge is a piece of metal or wood which is usually of a triangular or trapezoidal in cross-section. It

is used for either lifting loads through small vertical distances or used for slight adjustments in the
position of a body i.e., for tightening fits or keys for shafts.

When lifting a heavy load the wedge is placed below the load and a horizontal force P is applied as
shown in Fig. 3.41. If the force P is just sufficient to lift the load, the wedge will move towards left
and load will move up. When the wedge moves towards left, the sliding of the surfaces AC and AB
will take place. At the same time load moves up and sliding of the load takes place along GD. Thus
for the wedge and load shown in Fig.3.41 sliding takes place along surface AB, AC and DG. Hence
there will be three normal reactions at AB, AC and DG.

The problems on wedges are generally the problems of equilibrium on inclined planes. Therefore,
these problems are solved by equilibrium method or by applying Lami’s Theorem.

. joad
Bo‘dv - B
; g/
2 e
G Wedge
/ o

flgf////////f/////////'C‘]/]//

Fig. 3.41

Equilibrium Method. In this method, the equilibrium of the load (or the body placed on the wedge)
and the equilibrium of the wedge are considered.
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Equilirbium of Wedge

Consider the equilibrium of the wedge. The forces acting on the wedge are shown in Fig. 3.42. They
are:

(i) The force P applied horizontally on face BC.

(if) Reaction Ry on the face AC (The reaction R; is the resultant of the normal reaction N; on the
rubbing face AB and force of friction on surface AC). The reaction R; will be inclined at an angle
01 (when 01 is angle of friction) with the normal.

(iii) Reaction R, on the face AB (The reaction R; is the resultant of normal reaction N,on the rubbing
face AB and force of friction on surface AB). The reaction R, will be inclied at an angle ®, with the
normal.

When the force P is applied on the wedge, the surface CA will be moving towards left and hence
force of friction on this surface will be acting towards right. Similarly, the force of friction on face
AB will be acting from A to B. These forces are shown in Fig. 3.42.

Resolving the forces horizontally, we get



R;sind; + R,sin(d, +a) =P
Resolving the forces vertically, we get
R, cosd; = R, cos(d, + a)

By Lami’s Theorem

The wedge is in equilibrium under the action of three forces namely Ri, Rz and P.

These forces, when produced, will meet at a point as shown in Fig. 3.43.
Applying Lami’s theorem, we get

P R, R,
sin(180 — ¢y — ¢, —a)  sin(90 + a— Py sin(90 + oy,

Normal
reaction

Fig. 3.42 Equilibrium of wedge
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Equilibrium of Body placed on the Wedge
The forces acting on the body are shown in Fig.3.44. They are:

(i) The weight W on the body.

(if)Reaction R3 on the face GD. (The reaction Rj3 is the resultant of the normal reaction N3 on the
rubbing face GD and force of friction on surface GD).

(iii)Reaction R3 on the face GF (The reaction R; is the resultant of the normal reaction N, on the
rubbing face GF and force of friction on surface GF).

These forces are shown in Fig. 3.44.
Resolving the forces Rz, R3 and W horizontally, we get

R, cosd; = R, sinla + ¢,)

Resolving forces vertically,

W 4 Rysind, = R, cos(a + d,)

By Lami’'s Theorem

The forces Rs, Rz and W are produced to meet at a point as shown in Fig. 3.44.
The body is in equilibrium under the action of these forces.

Hence applving Lami’s theorem, we get

w B R, B R,
sin(90 4+ ¢y + a4+ ¢,)  sin(90 — ;) sin[180 — (a + &, )]
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UNIT-II FRICTION

In Unit-1, generally body surfaces are assumed to be smooth. In reality, no body surface is
perfectly smooth. As a result, when one body surface slides or tends to slide over another,

resistance is always offered to the motion. This resistive force which acts tangential 1o the
contact surfaces is called friction.

Friction causes favourable as well as undesirable effects. In machines, it causes wear and tear
of material parts. On the other hand, without friction we cannot do things in our daily lives as
we do, like we cannot walk or drive a car or hold a pen and write, and so on.

TYPES OF DRY FRICTION
Sliding friction
Beltrope friction
Wheel friction
Wedge friction
Screw friction

LIMITING FRICTION AND IMPENDING MOTION

When an externally applied force (F) acts tangential to the contact surfaces, we come across
three different cases, namely

Case-1: When F <F,. , no motion occurs.
Case-1I: When F=F__, , motion impends.
Case-I11: When F > F, _ , the body is under motion.

Point of Enpending motion

CD}FHTMM 'giil?n:aTng: :ﬁ?«s}‘ﬁfﬁ I:s to oppose thg 1:nd$:§ty of one surface to slide
i i niact.
2. MThl:“:':;T':‘itt::d: lz;rﬁgiﬁiﬁmf ?sl Eﬂ::ll::];u:quﬂ:lﬂ;ﬂlm force which tends to move
3. %ﬂtﬂ:&naﬁiﬁ‘%ﬁgﬁm?; g‘: I:tl;eﬂ?na of contact between two
| 4. ;ﬂ]:fﬂ“':«::ﬁmi?ﬂ:? E;i?:ilh-tg static Il’ri:ct'u:ip Iis pmpnrtium_l to the normal reaction
between the two surfaces. Mathematically it 15 expressed as:
Fom@N

Introducing a constant of proportionality,
F'h,m = H‘l“ )
where the constant i, is called as coeflicient of static friction.



5. For low relative velocities between sliding bodies, frictional force is independent of
the relative speed with which the surfaces move over each other.

The magnitude of kinetic friction is proportional to the normal reaction between the

R

two surfaces. Mathematically it is expressed as:

F1 a M
Introducing a constant of proportionality,
F-.: = ""I,H

where the constant p, is called as coefficient of kinetic friction,

CONTACT
SURFACES Hse
Wood on wood 0.2-0.5
Wiood on leather 0.2-0.5
Metal on metal 0.15-0.25
Metal on wood 0.2-0.6
Metal on stone 0.3-0.7
| Metal on leather 0.3-0.5
Stone on stone 0.4-0.7
| Earth on carth 0.2-1.0
Rubber on concrete 0.6-0.9
Rope on wood 0.5-0.7

Graphical Representation

In some of the problems, it is better to replace normal reaction (N) and the frictional force

(Fs) by the resultant (R).

o RESULTANT & ANGLE OF FRICTION

N

(Fs) by the resultant (R)

Angle of friction: It is the maximum value of ¢, that is the angle between the resultant and

the normal reaction. K

GRAPHICAL REPRESENTATION

o In sonie of the problems, it is better to replace
normal reaction (N) and the frictional force

® .

i

- s
Tl it
T =

=
FF

TR TR L] Ltk B B
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]
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|

@

+hi

Cone of frict

tion: It is an imaginary cone formed by revolving the resultant (R) of the normal

reaction and maximum force of static friction about the normal reaction for one complete

revolution.

Unlike previous cases, there are two contact points, one at the wall and the other at the floor.
The ladder tends to slide under its own welght or under the weight of a person climbing
upon it. Due to friction at the wall and at the floor, resistance is offered to this sliding of
ladder. The forces of friction reach maximum values at the point of impending motion.

WEDGE FRICTION ’

Wedges are triangular or trapezoidal shaped blocks with a very small sloping angle. By the
friction developed, they are used to cleave open woods, to do minor alignments in heavy
loads before fixing them.

TR iR
. | o R

A T i

WEDGE FRICTION (CONTD.)

=

ST




SCREW FRICTION

are cut in a helix on the shank of the screw. When the screw is mr;led. friction is
d‘_"""l"’d bethcn the thread and the surrounding body. This friction is known as screw
friction. This is utilized for fastening and for liting of heavy loads,

V-threaded screw: used for fastening purpose
Square threaded screw P

Screw-jack : 1o lift and hold loads
Bench vice : To clamp bodies

Pitch & Lead of screw

pl2

INNER RADIUS, d;

PITCH & LEAD OF SCREW

THREADS : Single threaded
(or) multiple threaded

PITCH [p] : The distance
between two consecutive thrends

LEAD [L] : The distance through |

which the screw advances in one
turn along the axis

L=p : single threaded
Le=nxp :multiple threaded

Root (inner) radius, r,

= Outer radius, r, - p/2
Mean radius, r,

= ()2

“To raise a load, the effort required to be applied at the handle is:

P =L n (g, +6)
a

or the torque required to raise the load is:

If 6> p, , then the screw jack will unwind itself once the load is raised.

t=P.a=Wrtan (p, +0)

If 6 < @, , then the screw jack will self-lock and effort will be required to lower the load.

The efficiency of screw jack is defined as the ratio of the effort required under frictionless
condition to that of the actual effort required to raise a load

_ tan
™ an(e, +0)
The maximum cfTiciency is given as:
_1-sing,
e = T4 sing,

e —
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and the condition for maximum efMiciency is;
B=45-¢2

Solved Problems

1. A block of mass 50 kg rests on a rough horizontal plane as shown in figure below. 1fl.'|':¢
coefficients of static and kinetic friction between the block and the plane are respectively
0.2 and 0.15, describe the resulting motion, §) when a horizental foree of 75 M is D-_P-pll.lﬂ
and i) when a horizontal force of 120 N is applicd. Also determine the force required to
cause motion to impend.

The forces acting in the free body diagram of the block are its weight W, normal reaction N,
force of friction F acting to oppose the motion and the applied force P

Applying the conditions of equilibrium along X and Y -directions, - F
TF, =0= _ F
=N=W=50xg=490.5N _ (a)

The foree of friction is maximum at the point of impending mation,

Fowe =B, M =02x490.5=98.1N (b)

7} When a horizontal force of 75 N is applied: o

This is of case-I, in which P < F__ , hence the block is not in motion and the Body is in

equilibrium. The corresponding force of friction is:

. F=P=T5N w

i) When a horizontal force of 120 N is applied

From equation (b), we can see that the frictional force to maintain equilibrium is equal to 120

M. Since this frictional force is greater than F,_ , the block is actually under motion.

Therefore, the actual force of friction is equal to the force of kinetic friction, whose

magnitude is given as: F=F, =p, N =0.15x490.5=T3.58N

Force required to cause motion to impend is equel to the maximum force of static friction,
ie, P=98.1N.

2. Two blocks A and B of weights Wa and Wa respectively rest on a rough inclined plane
and are connected by a short piece of string as shown in figure below. 1f the coefficients
of friction between the blocks and the plane are respectively p, =02 and p, =03,
find (a) the angle of inclination of the plane for which sliding will impend and (b) tension
in the string. Assume W, =W, =5N.

)
.

¥
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FBD of Block-A: "
Applying the condits o i i .
L'r H.ﬁ. = wﬁmﬂ
At the point of impending motion,
E, =u,N, =4, W, cosh
ZF =0=
T+F, - sl =0
ST=W, (snf -, cos ) @

FBD Block-B:
Applying the conditions of equilibrium at the i i i
F =0 quilibrium peint of impending motion, _
< Np = Wycosh J
At the point of impending motion, «
Fy =iy Ny, = 1, W, cost
ZF, =0=
=T=F, - W,snf
Solving the sulmullnnmus equations (a) and (b), we get
W, (sml—p, cosh)= Wapgcos 0—sn 0)
But W, =W,
2sinf =cos O, +p,)
— ;pg}
B = 14.04" '
Substituting the value of B in either of the equations for T: .)
T=W, (smb-p,cosd)
= 5[sin{14.0 4) - 0.Zcos(i4.04)]
=0243N

3. A ladder 6 m long rests on a horizontal floor and leans aeai ,
: et against a vertical wall,
ﬂaﬂ- e ;.f friction between the lsdder and, the floor and the wall ar:r:sp“;:]w:; ph:r
L3 pw = (.13, determine the angle of inclinati .
point of impending motion. ination of the ladder with the floor at the
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At the point of impending motion, we can apply the equations of equilibrium,
E.F,. == _ _ i
N, —F, =0
But Fy= I‘-rN-u.m !.:
HA _Iller;g. =) t
N, =0.3N, =0 (2)

LF, =0=

Fo+Nyg-W=0
But F,mp_WN,,

HyMN, + Ny =W=0

05N, + N, -W=0 ()
Solving from these two equations, we get

Wei15N, +N, /0.3 =348N,
Taking moment about B and applying the condition of equilibrium,
M,=0=
-[Fﬁxlﬂmﬂl-[ﬁhxlﬂshﬁh[‘-'-’xfmsﬂ]:ﬂ
—[p N, % 10cosh | =[N, x10sind ]+ [348N, = Scost | =0
—1.5c050 < 10sin6 +17.4 cosé =0
15.9 cosl) = 10s5m0
tanf) = 1.59 = 0 = 57,83

4. A heavy block of mass 500 kg is to be adjusted horizontally using an 8° wedge by
applying a vertical force p. If the cocificient of static friction for both the contact
curfaces of the wedge is 0.25 and that between the block and the horizontal surface is
0.5, determine the least force P required to move the block.

5. A single square threaded scruw'ja:k has a pitch of 16 mm and a mean radius of 50 mm.
Determine the force that must be applied to the end of 60 cm lever to raise a weight of
100 kN and the efficiency of the jack. State whether it is self-locking or not? IF yes,
determine the force that must be applied to lower the same weight. Assume cocfficient of
static friction to be 0.2,
Since the screw is single threaded, lead (L) = pitch (p) = 16 mm. Therefore,
L 16
ma_ﬁ;slﬂﬁﬂ} 0.051
= 0=292°
Given, tang, =W,
=, =tan ' (0.2)=11.31"

1
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The force required to raise weight of 100 kN is given as:
Wi
P="tar(g, +0)

_ ]m.ugﬂ;—' 0.05 tan(11.31 +292y =21133M

The efficiency-of screw jack is given as:
'rl =—£_
tan(yp, +0)
= W09 _2011(0r)20.11%
tan(11.31 +2.92)
Since ¢, >0, it is under self-locking. Hence, force is required to lower the load. This force is
obtained as: .

Wr
P= - anlo, - )
=%‘Emu.31-2.91} =1229.07N )
6. Determine the tmqu:'m be applied in a differential screw jack to lift a load ::rf' 10 kM.
Given that pitch of the outer and inner threads are 10 mm and 6 mm respectively. The
mean radius of the outer thread is 30 mm and that of inner thread is 20 mm, coefficient
of friction for both threads is 0.1.

Weknow, tanp, =p, =g, =tan"({0.1)=371°
Outer screw: Assuming single-threaded screw for outer spindle,
L,=p,=10mm
4| 10
0, =tan"| L = tan ™ —]=3.EH‘
& [hr,] [m 30)
n(p, +0,)=0.154 "
Inner screw: Assuming single-threaded screw for inner spindle,
: L= =p, = G

n6, = mn"[z—]r:r:] b )

6 \
et —8 =273
f [mm}}

Hence, tan(p, +6,)=0.148
Therefore, the torque to be applied to raise a load of 10 kN is given as:
1 =r.Wan(p, +8,)+r, Wian(p, +8;)
= Wr,.tan(ip, +8,) + 5,.tan(g, +8,)]
=10x10°[(0.03x0.154) + (0.02 = 0.148)]
=758N.m

B e e e S e
e ———— e e e e e e S e e T T T
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ASSIGNMENT QUESTIONS

L.

A 108 N block is held on a 40° incline by a bar attached to a 150 M block on a horizontal
plane shown in figure. The bar which is fastencd by smooth pins at cach end is i:rrnl'ma:l
200 to the horizontal. The coefficient of friction between cach block and its plane 15

0.325. For what horizontal force P, applied to 150 N block will motion to the right be
impending? . :

A uniform bar of length I rests'on a rough horizental floor and a rough inn]in_:d wall as
shown in figure. Determine the inclination of the wall with respect to the horizontal for
which equilibrium can be maintained. Take coefficicnt of friction for all contact surfaces
to be 0.3,

A block weighing 100 N is resting on a rough plane inclined at 207 to the horizontal. Tt is
acted upon by a force of 50 N dirccted upward at angle of 14° above the plane.
Determine the friction, if the block is about to move up the plane, determine the co-
efficient of friction.

A ladder 5 m long and of 250 N weight is placed against a vertical wall in a position
where its inclination to the vertical is 30°, A man weighing 800 N climbs the ladder. At
what position will he induce slipping? The co-efficient of friction for both the contact
surfaces of the ladder viz. with the wall and the floor is 0.2,

Determine the weight W of the upper block to prevent downward motion of the lower
bleck of A of mass 300 kg as shown in figure E.632. The coefficient of friction between
all the contact surfaces is 0.25. Assume the pulley o be frictionless.

A body weighing 70 kN rests in equilibrium on a rough plane whose slope is 30°. The
plane is raised to a slope of 45°. What is the force applied 1o the body parallel to the
plane that will support the body'on the plane.

Block A weighs 200 N and block B weighs 120 M. They rest on a rough inclined plane
and are connected by a short piece of string as shown in figure below. If the coefficients
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of friction between the blocks and the plane are respectively p, =0.25 and p, =03,

dtlt:_l'mil_'lt (a) the angle of inclination of the plane for which sliding will impend and (b)
tension in the string,

@ A horizontal bar 10 m long and of negligible weight rests on rough inclined plane as
shown in figure. If the angle of friction is 15%, how close to B may the 200N force be
applied before motion impends?

'D'ff A block is lying over a 10° wedge on a horizontal floor and leaning against a vertical
wall and weighing 1500N is to be raised by applying 2 horizontal force to the wedge.
Assuming coefficient of friction between all the forces in contact to be 0.3, determine the
minimum horizontal force to be applied to raise the block.

10. Determine the moment required to be applied to the cylinder of weight W shown in
figure to cause motion to impend. The coefficient of friction between all contact surfaces
is p.

body weighing 70kN rests in equilibrium on a rough plane whose slope is 30° The
plane is raised to a slope of 45°. What is the force applied to the body parallel to the
plane that will support the body on the plane?
12. The outer and inner diameters of the spindle in a screw jack are 60 cm and 40 cm
""" respectively. If the screw is single threaded, and the coefficient of friction between screw
and nut is 0.2, determine 1) the torque required to raise a load of 20 kN and i) to lower
the same lpad. Also, determine the efficiency of the screw jack. o
13. A steam valve of 15 cm diameter has a pressure of 3 MPa acting on it. If it is closed by
means of square threaded screw of 60 mm external diameter and pitch of 6 mm.
Determine the torque exerted on the handle of the valve. The ::n:m:}:m qf friction is 0.2.
14~ The distance between adjacent threads of a double-threaded screw Jar:!; is 10 mm; mean
radius is 60 mm; coefficient of friction is 0.10. What load can be raised by exerting a
£ 100 N-m?
15 ;:trlr::rtl‘:g?:r:, block A supports a weight of 4000 ™ and it is to be er-.-:n!-:d E‘-um sliding
“  down by applying a horizontal force P on wedge B. If the coefMicient of friction at 5111
surfaces of contact is 0.2, determine the smallest force P required to maintain
equilibrium. Assume the block and wed; 4000 N negligible weight.

A e - =
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Lﬁ.-r’i 15" wedge is used to raise a 1000 kg block as shown in figure, Determine the
horizontal force P that must be applied on the wedge (@ raise it. Assume the angle of
friction at all contact surfaces 1o by 0.2.

i

17" Two equal bodies A and B of weight W’ each are placed on a rough inclined phl}t. Tht
. bodies are connected by a light string. If p, =1/2 and pp = 13, show that the bodies will

be both at the point of impending motion when the plane is inclined at tan™(§12).

18. If the ratio of the greatest to the least force which acting parallel to a rough inclined
plane can support a weight on it is equal to that of the weight to the pressure on the

plane, then prove that the coefficient of friction is m.nmun‘% , where a is the

inclination of the plane to the horizontal?

19. The mean radius of the screw in a screw jack is 50 mm and the pitch of the thread is 16
mim. If the coefficient of friction between screw and nut is 0.2, determing the torque
required to raise a load of 1kN and the efficicncy of the screw jack. Also, determine the
torque required to lower the load.

Zq;iﬁ pull of 100 N, inclined at 30 degrees to the horizontal plane, is required just to have a
body placed on a rough horizonta! plane. But the push required to move the body is 123
M. If the push is inclined at 25 degrees to the harizontal, find the weight of the body and
co-efficient of friction.

1‘!‘? An effort of 500 N is required just to move a certain body up on an inclined plane of
angle 20 degrees, the force acting paraliel to the plane. If the angle of inclination of the
plane is made 30 degrees, the effort required again applied parallel to the plane is found
to be 650 N. Find the weight of the body and co-efficient of friction.
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