Applied Mechanics -- Statics

Chapter 8 Friction

8.1 Introduction

in engineering application problem, there are no perfectly frictionless
surface exists

when two surface are in contact, tangential forces, called friction forces,
will always develop if one attempt to move with respect to the other

two types of friction are introduced : dry friction (Coulomb friction) and
fluid friction |

| fluid friction develops between layers of fluid, they are moving at different
velocities

we shall limit out preserit study to dry friction, i.e. problems involving rigid
bodies vs}hich are in contact along nonlubricated surfaces, such as wedges,
Square-threaded screws, journal bearing, thrust bearing, rolling resistance,

belt friction etc.

8.2 The Laws of Dry Friction, Coefficients of Friction
consider a block of weight W subjected to

a horizontal force P, if P is small, the block
will not move, the static friction force F wi
exist to balance P | |
if P increased, F also increased, until its magnitude reaches a 'certain
maximum value F,, if P is further increased, the friction force cannot
balance it, the block starts sliding, and the magnitude of F drops from F,,
to a lowér value F,, [where ‘Fk is called kinetic friction force, Fji remains

approximately constant, and the block sliding with increasing velocity]
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. . . . ' . F|Equilibrium | Motion
experimental evidence shows F;, is proportional - }
to N
i-e- F m = /,tsN

Fy
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where u, is a constant called coefficient of static friction, and N is the
normal reaction force

also Fx = i N

where uy is a constant called coefficient of kinetic friction

us and u, do not depend upon the contact area, but depend strongly on
the nature of the surface in contact

the values of uy are listed in table 8-1

-~ ux would be about 25% smaller than u, in general

us and py are dimensionless

four different situations may occur when a rigid body is in contact with a

horizontal surface

1. no friction force P.=0

_2.pomotion = P <F,

there is not evidence that the maximum
friction force has been reached

F+ F,=puN

3. motion impending
if the body just about to slide, F = Fy, = |
Us N may be used

(e Motgn impending ——=. (2= Fu)

e
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another example will show that the angle of friction can be used, consider
a block resting on a board and subjected to no other force than W and R
1. 8 = 0 no friction

(a) No friction

2. 0 < ¢
N = Wcos 0 F = Wsin@
tangg = F/N = cos §/sinf = tan @ < tan ¢,

Le. ¢ < ¢ no motion

3. 0 = ¢
N = Wcos 0 F = Wsin@
tang = F/N = cos §/sinf = tan @

= tan ¢s = us
F=Fn= us N 8="p, = angle of repose
Le. ¢ = ¢S motion impending (c) Mation impending * '
4. 6 > ¢,
N = Wcos @

Foox = Fn = s N = Ntanghy < Ntan g

Fax < Wsinh  motion starts

1 0>¢S R ’,Fl\<Wsm6
: (d) Motion”
¢ =t < ¢ <0 '

R is not vertical, force acting on block are unbalanced

8.4 Problems Involving Dry Friction
problems involving dry friction are found in many engineering applications

rigid bodies in acceleration will be studied in-dynamics

8 -4
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a number of common machines and mechanisms can be analyzed by
applying the laws of dry friction, such as wedged, screws, journal bearing,

thrust bearing and belt transmissions etc.
most problems involving friction fall into three groups

1. all applied forces are given, and us is given, determine whether the

| bedy will remain at rest or slide

applied forces — N and F

check F < Fa=uN no motion
F=F,=puN motion impending
F>F,=uN motion occurs

2. all applied forces are given, motion is impending, determine

applied forces — N and F
us = FIN [F = F, at this time]
3. us is given, motion is impending in given direction, determine the
magnitude and the direction of one of the applied forces

consider two bodies 4 and B are in contact

in drawing the free-body diagram of one of the bodies, the sense of

_ friction force acting on A is opposite to that on the moving (or impending

- motion) of 4 as-observed from B

.

Motion of A with respect to B
Motion of B with respect to A
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Sample Problem 8.1
W = 1.5kN

i = 0.25 e = 02 500 N —3

determine whether the block is in

equilibrium, and find the friction force
force required to equilibrium

2F,=0 500x4/5 - 1500x3/5 - F =20

F=-500N /
XF,=0 N -1500x4/5 - 500x3/5 =20
N = 1500N N\

Fo = usN = 025x1500 = 375N

Fum < 50N [force required to maintain equilibrium] = soN

the block will slide down the plane

thus the actual friction force is
F. = N = 02x1500 = 300N 500 N =
the unbalanced force is 500 - 300 = 200N PN N 120N

it will caused the body to an accelerated motion down the plane

Sample Problem 8.2
us = 035 e = 0.25

determine P required

(a) to start the block moving up ' .

(b) to keep it moving up
800N
(c) to prevent it from sliding down ¥

t.an @ = pg
=035

r
800 N ‘ﬁ*“*”"':“}!

(@ tand. =g =035 ¢ = 1929° g 1o2

’1; 25° + 19.29° = 44.29°
P = 800tan 44.29° = 780 N < * 950 ‘
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500 N

(b) tan ¢k = Uk = 0.25 ¢s = 14040
P = 800tan 39.04° = 649 N <

tln¢,\

¢k 14 04°

25°-19.29° = 5.71°

(c) P =2800tan5.71° = 0N <
if ¢; > 25° P isnot required

Sample Problem 8.3 v
us = 0.25, determine x at which the

load W can be supported

150 mm

FA = /lsNA = 0.25 NA
Fr = ,USNB = 0.25 Ng

SFE =0 Ny= N Cmwe |

X -

. Fy
SF,=0 025(Na+ Ng) =W N T

800 N iR

$00 N Hssncny

25° 4 14.04° = 39,040 —

$ =1929°

P

37.5 mm

i.e. 0.5 NA =W NA = NB =2W

this is the condition for the bracket in equilibrium

SM; =0 Nax150 - Fax75 - W(x - 37.5) = 0 ol

150 Ny - 75(0.25Ns) - Wx +375W =0
150 W) - 18.75QW) - Wx + 37.5W = 0

x = 300 mm

that is the minimum value of x for the bracket in equilibrium

8.5 Wedges
wedge are simple machines used to raise

large stone block and other heavy loads

8 -7
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consider a wedges C and the block A4, we
want to find the minimum force of P which
must be applied to the wedge C to move thé
block 4 up |

the weight of the wedge is small compared

with the other force involved and may be

neglected

consider the free-bbdy diagrams of the block
and the wedge, there are 4 equations of
equilibrilim ZF, =90 and X F, = 0 for each | N,
free-body) to solve 4 unknowns N, Na, N |
and P

if 8 < ¢ the block 4 will remains rest

when P is removed

8.6 Square-Threaded Screws

square-threaded screws are frequently used in jacks, presses and other
mechanism

consider the screw carries a load W and is

supported by the base of the jack, the thread of the

base has been unWrapped and lsh(;wn asa éfréight line
- the slope was obtained by plotting horizontally the
product 2zr and the vertically the lead L of the
screw, where @ is called the lead angle

sinice the friction force does not depend upon the
area in contact, the two threads may be assumed to be
in contact over a much smaller area may be

represented by the block
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the hotizontal force @ having the same effect as

the force P- exerted on the handle, the moment of P
and @ must have the same moment about the
Screw axis, i.e.
| Pa=0r
Q= Palr
the force @ (or P) required to raise the load W may be obtained
when P > Pun, ¢ = ¢, thenusing ¢y to calculate 0 and P

if the friction angle ¢; > 6, the screw is
said to be self-locking, it will remain in place
under the load, to lower the load, we must

applied force

if the friction angle ¢, < 0, the screw will

unwind under the load, it is then necessary to

apply some force to maintain equilibrium

lead p : the distance through which the screw advance in one turn
pitch L : the distance measured between two 'cbnsecutive(z threads
single-threaded screw: L = p
double-threaded screw : L = 2p

“iplo-thresded serew: L = 3p

Sample Problem 8.4
us= 035, determine
(2) to rise the block
(b) to lower the block

tan ¢ = u, = 0.35 ¢ = 19.3°
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. 2000 N
(a) free-body for block B 2000 N b 2757
~ ¢
R, /sin 109.3° = 2000 / sin 43.4° 1807 873 1003
' goee19se T T
R, = 2747 N - 109.3°
free-body for block A4 p 90°—193° =707
P /sin 46.6° = 2747 / sin 70.7°
P =2120N <- R;;A N
19.3
(b) free-body for block B 1200” N 90° - 19.3° = 70.7°
. . ’ L o 1037 W 180° - T0.7° -1
Ry /sin 70.7° = 2000 / sin 98.0° ﬁ =980°
) Y "—J R5 Q0
R, = 1906 N e s . 13
S ‘(\
free-body for block A4 ¢, =19.3°
P/sin 30.6° = 381 /sin 70.7° 2
11.3°
P =1028N — 1906
19.3° +11.3°
=30.6°;
Sample Problem 8.5

a clamp of double-threaded screw

d = 10 mm us = 03

if T = 40 N-m is applied in tightening the clamp

__determine (a) the force exerted on the wood and

(b) the torque required to loosen the clamp

(a L=2p=4mm
tand = 4/10x = 0.1273

0 = 7.3°
,LtS = O-3 ¢s = 16.70
Or = 40 O = 8kN

free-body on the block

8 -10
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free-body on the block
W= Q/tan(@ + ¢) = 8/1an24° = 17.97kN

W is the magnitude of the force exerted on the wood

(b) O = Wtan (g - )
= 17.97 / tan 9.4°
= 2.975 kN

T=Qr=2975x5 = 14.87 N-m

" ¢ > 0, the screw is self-locking 277 = 107 mm

8.7 Journal Bearings, Axle Friction
journal bearings : provide lateral support to rotate shaft (axle friction)
thrust bearings : provide axial support to shaft and axles (disk friction)
if the journal bearing is fully lubricated, friction depends upon ,
clearance, and ViScosity of the lubricant
consider the axle friction when the
bearing is not lubricated or only partially
.lubricated, to apply a couple M, to keep
the while rotating at constant speed
. free-body forthewhile .

R=W

but the reaction R doeé not pass
through the center, the contact between
axle and beafing does not take place at
the lowest point when the axle rotates

the angle between R and the normal to the surface of the bearing is equal
fo the angle of kinetic friction ¢

8 -11
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IM, =0 M = Rrsin ¢

for small value of ¢

S’]Il¢k = tan ¢y = Uk
and M = Rrux

this couple represent the friction resistance of the bearing
the line of action of R must be tangent to a

circle centered at O and of radius
e = F sin ¢k = T Uk

this circle is called the circle of friction

8.8 Thrust Bearings, Disk Friction
friction developed over full

end bearings :
circular areas, or over ring-shaped areas when the

end of the shaft is hollow
collar bearing : friction developed between the

{a) End bearing

two ring-shaped areas which are in contact :
; (b) Collar bearing

consider an end bearing of hollow shape

for a small area AA, the normal force is

AN = (P/A) A
=[P/ 7R - R?)] 04

R, and R, are inner and outer 2—{.

radii of the ring-shaped area . °
the friction force acting on the

area is

AF = pe AN

g -12
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and the moment due to this friction force is
AM = PAF = rlLLkPAA/TE(Rzz-Rlzj
the moment required to overcome the friction resistance is
P
/A (R22 - R12 ) A

=L peiRp g g
n (R22 - R12) 0 R;

M= §dM = r dA [dA = r dr dO]

= —-—!—ik—li—*-’— 15 (R, - R®) dO
(R - R °

2 &) - R?)
= L p et
3 (R - R?)

for R, = 0 arid R, = R, i.e. contact in the whole circular area

M= %’/;tkPR
‘and Mo = % s PR

8.9 Wheel Friction, Rolling Resistance |
because the point of the wheel in contact with the ground, the wheel
eliminates the large friction forces which would arise if the load were in
direct contact with ground

in practice, the wheel is not perfect, and some resistance to its motion

 exists, two types of resistance éxists
1. it is due to combined effect of axle friction and friction of the rim
2. it is due to the fact that the wheel and the ground deform (contact not at
a single point, but an area)
considér a wheel of the car is mounted on axle and
bearing, the car is moving to the right with constant

speed

8 -13
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(a)if P = W, R applied at 4

when P isincreased, R will applied at B

l’)

rg = rsingﬁ = rUus = 25x0.2 = 5mm W = 9500 N R v’
: L~ 55 mm —»I<—45 mm
XMz =0 55x2500 - 45xP =0
P =3060N |

(b) as force P is decreased, R will applied at C

SMy =0 45x2500 - 55xP = 0 : |
_ W = 2500 N ‘
P =2050N | | |45 -l ssmmJ

(c) three forces W, P, and R must be concurrent

OFE = ry = Smm
OD = 50,/ 2 mm
sinf = OE/OD = 0.0707

0 = 4.1° ' W = 2500 N
P = Wcot(45°-6) = 2500 cot 40.9° b
?’&&@5"-9'
= 2800 N — I*{?»% W = 2500 N
)
8.10 Belt Friction

consider a flat belt passing over a fixed
cylindrical drum, the-motion-between-the belt and

the drum is assumed to be impending

consider a small element PP’ subtending an
angle A0, the equation of equilibrium are | :

SF,=0 (T+AT)cosAB/2 - Tcosnb2 -u; AN =0 5 7| - ;
2F,=0 AN - (T+ADsin A2 - Tsinp0/2 =0

T'=T+AT
.. AN~} | VAF=paN
eliminate AN and obtained \ |

!

8 -15
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AT cos AO2 - us QT+ AT) sin AG2 =

| in AG/2
or L cos n02 - o (F+ aT2) SR2%2
NG AO/2

for A0—0, AN, AF, AT— 0
and cos AO2 — 1

 sinAG2  Vacos AOR2
lim = lim
a00  AG2 NN 5

and the equation becomes
dT/df - usT = 0

integrating from P; to P,

A a’T at P,:T=T, 6§ =0
TlT aIPZ:Tsz,H:ﬂ

it is obtained
nT, -InTy = us B

lnTz/T} = ﬂsﬁ

us
or Tz/T1 = e

T > is always larget then Ti, T, therefore represents the tensmn in that

directions are

part of the belt which pulls, while 7 is the tension in the part which resists
B may be expressed in radian, and may be larger than 27

if the belt is actually slipping, us should be changed to uy

consider a V-shaped belt, drawing the free
body diagram of an element of the belt

the equations of equilibrium in x- and y-

8 -16
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H

TF, =0 2ANsina2 = 2T + AT)sin AO/2
>F, =0 2usAN = AT cos AG/2

eliminate AN and it is obtained

(2T + AT)sin NO/2
Csine2

cos AF2 = ,u ( D ——

NG sin a/2 A2

AT cos AO/2 = ps

. 9 AN'sin —g-
as A0 — 0, the equation can be reduced

dT/df = u,T/sina/2
or dT/T= u,df/sma/2

integrating and obtained

Us Bl sina/2
Tz/Tl = e

for @ = m, sina/2 = 1, it will reduce to the flat belt equation

Sample 8.7 v
a hawser thrown two full turns around a bollard
(a) determine u, for the hawser justkeep from slipping -

 (b) determine the number of turns if T; = 400N, I; = 75kN

@  mnIT= B
B =2x2z = 12.57 rad o

T1 = 400 T2 = 25000 400N

! In (25000/400) = ,x 12.57

i, = 0.329 |

) B = In(Ta/ T
TZ/T1= 75000 / 400 = 187.5

81T
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us B = In(187.5) = 5.234
B = 5.234/0.329 = 1591 rad

number of turns = f/2x = 2.53 turns

Sample Problem 8.8
a flat belt connect pulley 4 and motor B
Hs = 025 ue =02 Thax = 300N

determine the largest torque

at motor B

s B 025 (%n)
/T = e = e = 1.688

for 7, = 3000 N then 7; = 1777.3 N
at pulley 4

XMy =0 M- 3000x200 + 1777.3x200 =0
My = 244,540 N-mm = 244.54 N-m

check u required to prevent slipping at 4

UsPp =T/ Ty = n3000/1777.3 = 0.524
B = 240° = 4n /3 rad = 4.189 rad

8 -18

e i o125 < 025 [()K]

75000 kN

T, = 3000 N

- B
'I‘..%/; = 120°
<

T, =300N

T, = 17773 N



