/

: . . . 1lso increases,
Il the force P is increased, the friction force F “Is‘; .
S 2 . ¢ -

continuing to oppose P, until its magnitude reaches :‘l the '!frictinn

e value F (Fig. 8.1c). I P is further increased,

Fig. 8.1

Ll

farce cannot balance it any more and the block starts sliding. | As
so0n as the block has been set in motion, the magnitude O_F F drops
from F,, to a lower value Fy. This is because there ‘is less 1ntr?rpen-
ctration between the irregularities of the surfaces in contact when
these surfaces move with respect to each other. From thep on, the
block keeps sliding with increasing velocity while the FrichmT force,
denoted by Fy and called the kinetic-friction force, remains ap-
i.‘.'-.'r\il'l'l:lllf:]:y constant.

Fxperimental evidence sliows that the maximum value F,, of the

; . ! Yt
datic-liiction foree is moportional to the normal component N of the
reaction of the surface. We have

Fm = P"EN (SI)

where pis o constant ealled the coefficient of static friction. Simi-

! lorn

|

rly. the magnitude Fy of the kinetic-friction force may be put in the

Fi = mN (8.2)

where fu is a constant called (he coeffi
weflicients of friction p, and w, do not
wrfaces in contact. Both coefficients, |
e nature of the surfaces in contact.
lie exact condition of the siurfaces. the
iiccuracy greater than 5 pen

cient of kinetic friction, The
depend upon the area of the
1owever, depend strongly on
Since they also depend upon
ir value is seldom known with
cent. Approximate valyes (f coefficients

|
]I 11 should be auted that, us the wagnitude F of the friction o
I e point of application A of the tesultant N
i rghit, 30 that the conples furied, re
sl 1E N renches B

of the al fi '€ Increases from 0 to
* normal forces of contuct l
spectively, by P and F and by y moves lo

lll fore {1 o start sliding see Prols. , 15 and 8.16), +the block will tip about B

8.2 1
¢ Lawg of Dty Friction Coatiicients of

Friction 413 ‘
'
F Equdjl.unuml' Motion
|
'Fill
{e)
.
§
l‘u
B e e s [
) = "- « ~f ’
: 3 “§
- - il
d‘ .: Fa / L]
€7 7 - Ty o
C o rems ey T .

. v y : B
before F reaches its i value F, | the PN remain bal ]\



riction ious dry surfaces are given in Table g, °
414 Foctio of static fﬁctﬁﬂf:ml}:;:a;} the coefficient .nf kmefu; .ﬁ-z‘c-uﬂn
corresponding 't smaller. Since coefficients of friction .-u-el

about 25 perce

tities, the values given in Table 8.1 can be used
;i;mlis;ss EzadnU.S. :cust::-'mm)' units.
ui

‘FbIB a-? . p e

Dy Suﬁai.:_e:a B

———
PR

Metal on metal g:g-ggg
Metal on wood U;U-ﬂ.?ﬂ
Metal on stone Lﬁﬂwl]_ﬁﬂ
Metal on leather ﬂ,l i
Woaod on wood 0.25- .50
Wood on leather 0-25~9-_'
Stone on stone 0.40-0.70
Earth on earth 0.20-100
Rubber on concrete 0.60-0.90
PoW |
£l l ‘“J\\] From the description given abr.wc._it‘app«arﬂ thaj tou djﬂm,i
L3 ; oL A Situations can occur when a rig]'d hod}' 15 1n contact wath a Honzong |
g surface:
i~ 1. The forces applied to the body do not tend to ma o it along
F<iN the surface of contact: there is no friction force | g 8%
Nl ON=Few
(b} Nomation (P, < F,,) 2. The applied forces tend to move the body along the suri
of contact but are not large enough to set it in mation Th
e b friction force F which has duw-fupr-n'l can be found by wh
P-.r'[_ 0, b ‘T ing the equations of equilibrium for the body. Since ther
g [P A no evidence that F s reached its

maxamum value the o1

Hon F,, = u N cannot he used to determine the triction fons

(Fig. §.2h).

The applied forees are s

: I that the body is jus' about &
slide, W say that motion s

tapending The friction fore §
has reached g paximum value F,, and, togethe: with the
normal force N balances the applied forces. Both (he equ
{l‘?m of equilibriym and the equating Fon = N can be used
€ also note (hy the friction force has a sense opposite
€ Sense of impr_-nrling mation (Fig § 2¢)
: E‘; :l’:;d}' 15 Sl?fling under the action of the appl .d fore
“quations of equilibnum do e

er F it apply gy o
% IS now . "
wl) &-hmau-.._.__w SF.) ma}' be E‘qual to Fl and the Eyuatinn ry =

Fig. 8.2 fMotion (Fig &Zw wemse:of ¥y e UPPOSHE 1o the senge




13, ANGLES OF FRICTION _

force ~N ﬂ.ﬂd “i'E FI‘IE-
dor ag‘-ﬁﬂ a block of
8 horizontal force

tis sonetimes convenient to replace the:_nnrma!

n force I by their resultant R. Let us consi
wight W resting on a horizontal plane surface. ifn "he normal force
sapplied to the block, the resultant R reduces tﬂa - zontal com.
N (Fig 8 3a). However, il the applied force P has R will have 4 hor.
went P, which tends to move the block, the fnr;:t'd’ with the normal
antal component F and, thus, will form an angle tion becomes i
= the surface (Fig, 8.3b). 1f P, is increased until mu\;ﬁ ol acher
smding, the angle between R and the vertical grov le of static fric
awirnun value (Fig, 8.3¢]. This value is called the Hf.fg. SN e
sanand s denoted by . From the geometry of Fig; &

it
= FFI; — P’N
tani b, = N ___?v
tan b, = py (8.3)

If wotion actually takes place, the magnitade of the fricillﬂﬂlfnrm
waps to Fy: similarly, the angle & between R :mdl N E]I‘UFS ]? a lower
ulue ¢y, called the angle of kinetic friction (Fig. 8.3¢ ). From the
cometry of Fig. 8.3, we write

F N
ln ¢y = ?" = B

N

tan ¢y = py (8.4)

Another examiple will show how the angle of friction can be used
advantage in the analysis of certain types of problems. Consider a
o toek resting on a hoard and subjected to no other force than its weight
-~ Wand the reaction R of the board. The board can be given any de-
sed melination. If the board is horizontal, the force R exerted by the
ward on the block is perpendicular to the board and balances the
weight W (Fig. 8 4a). If the board is given a small angle of inclina-

; l l&v

Ra=N

] o) No [detion

fig. 8.3

B.3 Angles of Friction 415
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Wain g
Wr - W
Wee YA
- L=
| - Y
[ \
A
——————
ot N Wegs o : in &
R ﬂ‘:vh H__I"| / # F,.‘ = Wsin
FaWsina f# ='p, = angle of repose
T 3 N el . ;
1) No fniclior '.I'-l:l Na Ttiog (e} Motion lln]"i'li'rh“}: (e} Motion

Fig. 8.4 ‘
tion 8, the force R will deviate [rom the pe rpendit:u!us‘ 1.0 the board
by the angle # and will keep balancing “" (Fig, 8.4b); it will then haw
a normal component N of magnitude N = W cos 6 and a tangentid
component F of magnitude F = W sin 6. , -

If we keep increasing the angle of inclination, motion il so
become impending, At that time, the angle between R and the nor
mal will have reached its maximum value ¢, (Fig. 8.4¢). The value of
the angle of inclination corresponding to impending motion i called
the angle of repose. Clearly, the angle of repose is c*:qu:ﬂ to the angle

- of static friction ¢,. If the angle of inclination 0 is further increased
. — - “SHENUC T motion starts and the angle between R and the normal drops to the
Photo 8.1 Thae coefliciant of static Iriction lower value dy { Fig. 8 4c). The reaction R is not vertical any more,

between a package and the inclined convayer : : 5 : »
belt must be sufficiently large to enable thel‘II and the forces acting on the block are unbalanced.

package to be transported without slipping

8.4. PROBLEMS INVOLVING DRY FRICTION

Problems involving dry friction are found in many engineering appli
cations. Some deal with simple situations such us the block sliding 4
a plane described in the preceding sections. Others invelve inore cop-
plicatad situations as in Sample Prob. 8.3; many deal with h+ stab)
ity of rigid bodies in accelerated motion and will be studie| in dy
namics. Also, a number of common machines and mechaniins o,
be analyzed by applying the laws of dry friction. Thesc include sedy,
screws, journal and thrust bearings, and belt transmissions, ey wil
be studied in the following sections.

The methods which should be used to solve problems iisvolviig
dry friction are the same that were used in the preceding chasters |f
a problem involves only a motion of translation, with no wnsible
rotation, the body under consideration can usually be treated & apar
ticle, and the methods of Chap. 2 can be used. If the problem ol
a possible rotation, the body must be considered as a rigid body, il
the methods of Chap. 4 should be used. If the structure [‘I'.'IHS"!EI’II.".{E
made of several parts, the principle of action and reaction yug b
used as was done n C]mp. 6. |

Il'tli'm bady considered is acted upon by more than thre (g
(incluchlug the reactions at the surfaces of contact), the rearson #
each surfac:*e will be represented by its components N and F g the
prublcm will be solved from the equations of equilibrium If oty
forces ﬂf?l on the body under consideration, it may be more -rma'..;,;

jent to mprﬂﬁent‘each reaction by a single force R and 1, solve e
roblem by (:Jr;t\wng a force triangle.
st problems i \ . -
n".:;? Inpthe ﬁzfsglr:';:rgf’g f:l:;llﬂﬂ r:”.L]l]‘lmn DI]‘]E. of the follows 1 three
24 P EMS, & app ied ffj]'l."_‘gl, are @z mk



SAMPLE PROBLEW g 1

! 00-1b force acts gy ofrer, :
. / %1 .:-,U|'ﬁciU|,|.,Lu} ;-5. %hm"” on a 300-1b block placed on an inclined plase
P*= u;' C — 0.90 .D‘ ﬂcﬁull between the block and the plane are w, = 0%
LTI and py T _qu:lrume whether the block is in equilibrium, ar: 1 find te
\! Fd value of the frictioy foree.
001 ™ /
1a
4
SOLUTION
Wi Force }?“-‘

| quired for Equilibrivm.  We first determine the valve f
. the friction force re,

quired to maintain -.'ufuih'.‘Jrium. Assuming that F is &
rected down and to the left, wo draw the free-body diagram of the block s,
write

+AZR =00 1001 - 2300 1) - F =0
F=-5801b F=801h"

HREF, =00 N = {300 1) =0

N=+2401b N = 240 Ib™

The force F required to maintain equilibrium is an 80-1b force diected g £
and to the right; the tendeney of the block is thus to move down e plane.

Muximum Friction Force.  The magnitude of the maximym frictis §
force which can be developed is

Fop = N F,, =025(240 |b) = 60 b

Since the value of the force required to maintain equilibriumn (80 1) is larger
: than the maximum value which can be obtained (60 1b). equilibrium will o
be maintained and the block will slide down the plane

Actual Value of Friction Force. The magnitude of the uctual frig
tion force is obtained as follows:

il Fapug = Fi = N
N = (.20(240 1b) = 48 |b

i -
Wy . "
W \ The sense of this foree is upposite to the sense of motion; the force is the

p \ directed up and to the ﬂghl-’
prA Foa = 41102 4§
(4

gt p : acting on the block are not bal mead:
il 7 " It should be noted that the forces acting o ced; the
F=a51b resultant is
N -

2(3001b) — 100 Tb ~ 48 1b = 32 Ibs’

= Yot YL"’M Q- 'E,?}";{'ér"““‘f

l"ﬁ

N
2
"
b
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Friction

(c) Rolling resistance
Fig. 8.13

free-body diagy, of o
forces acting o, the freq f.

f the wheels is shown in Fig 813, 1,
wheel and e n

Unn[;:‘r!?:f?.d-y incIudf? d’l{? load W Supported b4,
through the Center ) of "‘Ltmn N DIl!h_:. track. Since W i dn
ing should be Fepresen : d’E axle, the frictional resistance of th: e,
8.7). To keep th- fre;elbe dl})fn CD'IJJ:]!EI'?IOCI(\-VESE couple M (s §
and opposite forces p | (zl A eql-“hbnum' we must add two e
—M. The foree i [il!‘i F F}orm_{ng a clockwise couple of money
wheel, and P en 1€ [riction [r,:rce. exerted by the track o |
b iy 't[ resents the force which should be applied to
and Fiwgial fp ' rnl.ln-.g at constant slmr‘:d. Note that the fors)
- € 0ot exist if there were no friction between the whad
and the track. The couple M re resenting the axle frictior vr,
then be zerq, thus. th Ip[ I s Pldhd - fle m,'E o
i i i bE‘ill‘ing » e Wheel would slide on the track without g,

Tl_“*’ couple M and the forces P and F also reduce to ZET Whey
lhﬁ'“_? IS 0 axle friction, For example, a wheel which is not hell
bearings and rolls freely and at constant speed on horizontal g
(Fig. 8.13b) will e subjected to only two forces: its own wi ight W
and the normg| reaction N of the ground. Regardless of the vale
the coefficient of friction between the wheel and the ground, mo i,
tion force will act on the wheel. A wheel rolling freely on he
ground should thus keep rolling indefinitely.

Experience, however, indicates that the wheel will slow dewn
eventually come to rest, This is due to the second type of resstig
mentioned at the beginning of this section, known as the rolling 1
sistance. Under the load W, both the wheel and the ground defop
slightly, causi ng the contact between the wheel and the ground to
place over a certain area. Experimental evidence shows that fi
resultant of the forces exerted by the ground on the wheel over il
area is a force R applied at a point B, which is not located dlirenl
under the center O of the wheel but slightly in front of it (Fig. 3 1%
To balance the moment of W about B and to keep the wheel rollin
at constant speed, it is necessary to apply a horizontal force 2 4 i
center of the wheel Writing My = 0, we obtain

Pr= Wb (8100

W]_Iere e ral(liUS of wheel
b = horizontal distance between O and B

The distance b is commonly ?aned th?’ caef{‘ Ic;&ent of ’;‘f’ﬁ%’*s o
1d be noted that bisnota dlmens.m nless coefficient since
tance. It shou length; b is usually expressed in inches or in milline
it represents a ef ) :;lep ends upon several parameters in a manper
ters, The value ot been clearly established. Values of the coefficien
which has not Y€ ¢ vary from about 0.01 in. or 0.25 mm for a stee
of rolling resis“;';'.gjl to 5.0 in. or 125 mm for the same wheel on soft
wheel on a stee

ground.
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SAMPLE PROBLEM 8.6

A pulley of diameter 4 in. can rotate about a fixed shaft of diameter 2 in. The
coefficient of statie friction between the pulley and shaft is 0.20. Determine
() the smallest vertical force P required to start raising a 500-1b load, (b) the
smallest vertical force P required to hold the load, (c) the smallest horizon-
tal force P required to start raising the same load,

SOLUTION

. Vertical Forge P Required to Start Raising the Load. When
the forces in both par s of the rope are equal, contact between the pulley
and shaft takes place -+ A When P is incrensed, the pulley rolls around the
shaft shightly and contact takes place at B. The free-body diagram of the pul-

ley when motion s ynpending is drawn. The perpendicular distance [rom
the center O of the pulley to the line of action of R is

=i, = i, rg == (1 1n.)0.20 = 0.20 in.

Summing moments about B, we write

+iEMp =10 (2.20 in.)(500 Ib) — (1.80 in.)P = 0

P=611lb P=6111bl

~

b. '-.’:..-rlir:ufh{_s.-u P to Hold the Load.  As the force P is decreased,
the pulley rolls arouwit the shaft and contact takes place at C. Considering
the pulley as a [ree budy and summing moments about C, we write

ANEMe =0 (180 in.){500 11! — (220 in)P =0

P =409 lh P=40aNnl <«

¢. Horizontal Foree P to Start Raising the Load.  Sine: the three
forces W, P, and R are not parallel, they must be concurrent. The dircetion
of R is thus detenmined from the fact that its line of action must pass through
the point of intersection D of W and P and must be tangeut to the circle of

frictian, Recalling that the radius of the circle of friction is ry = 0.20 in., we
write

nf= QE* = -—E—'-EP.E_ == =41°

From the [orce triangle, we obtain

P=Wecol (45° - B) = (500 Ib) cot 40.9°
=5771b p=5TTlb— <
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