
CHAPTER 16

Clutches  Brakes  Coupling  and Clutches, Brakes, Coupling, and 
Flywheels

Clutches, brakes, couplings, and flywheels are a group of
elements usually associated with rotation that have in common
the function of storing and/or transferring rotating energy

In analyzing the performance of these devices we shall be
interested in:interested in:

The actuating force
The torque transmitted
The energy loss
The temperature rise
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A simplified dynamic representation of a friction clutch or 
brake is shown in Fig. 16-la.
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Two inertias, I1 and I2, traveling at the respective angular
l i i d f hi h b i h fvelocities; ω1and ω2, one of which may be zero in the case of

brakes, are to be brought to the same speed by engaging the
clutch or brake. Slippage occurs because the two elements arepp g
running at different speeds and energy is dissipated during
actuation, resulting in a temperature rise.
The varies types of devices to be studied may be classified asThe varies types of devices to be studied may be classified as 
following:

Rim types with internal expanding shoes
Rim types with external contracting shoes
Band types
Disk or axial typesDisk or axial types
Cone types
Miscellaneous types
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A flywheel is an inertial energy-storage device.
I b b h i l b i i i l l iIt absorbs mechanical energy by increasing its angular velocity
and delivers energy by decreasing its velocity.
Figure 16-lb is a mathematical representation of a flywheel.Figure 16 lb is a mathematical representation of a flywheel.
An input torque Ti, corresponding to a coordinate θi, will cause
the flywheel speed to increase. And a load or output torque T0,

i h di θ ill b b f h fl h l dwith coordinate θo, will absorb energy from the flywheel and
cause it to slow down.
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16.2 Internal Expanding Rim Clutches 
and Brakes

The internal-shoe rim clutch Figure 16-3: An internal
shown in Fig. 16-3 consists 
essentially of three 
elements:

Figure 16 3: An internal 
expanding centrifugal-
acting rim clutch

elements: 
The mating frictional 
surface.
The means of transmitting 
the torque to and from the 
surfacessurfaces.
The actuating mechanism. 

Figure 16-3: An internal expanding 
centrifugal-acting rim clutch
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Depending upon the operating mechanism, such clutches are
further classified as expanding-ring, centrifugal, magnetic,
hydraulic, and pneumatic.y p

The expanding-ring clutch
used in textile machinery excavators and machine toolsused in textile machinery, excavators, and machine tools
where the clutch may be located within the driving pulley.
Transmit high torque, even at low speeds;
require both positive engagement and ample release force.require both positive engagement and ample release force.

The centrifugal clutch
used mostly for automatic operationused mostly for automatic operation.
For no spring is used, the torque transmitted is proportional to
the square of the speed.
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Magnetic clutchesg
used for automatic and remote-control systems.

H dra lic and pne matic cl tchesHydraulic and pneumatic clutches
useful in drives having complex loading cycles and in
automatic machinery, or in robots.

In braking systems, the internal-shoe or drum brake
used mostly for automotive applicationsused mostly for automotive applications.
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To analyze an internal-shoe 
device, figure 16-4 shows a shoedevice, figure 16 4 shows a shoe 
pivoted at point A, with the 
actuating force acting at the other 
end of the shoe. 
Since the shoe is long, we cannot 
make the assumption that the 
distribution of normal forces is 
uniform. 
The mechanical arrangement 
permits no pressure to be applied 
at the heel, thus we will assume 
the pressure at this point to be 
zero.

Figure 16-4: internal friction 
shoe geometry
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It is the usual practice to omit the friction material for a shortp
distance away from point A. This eliminates interference, and
the material would contribute little to the performance anyway,
as will be shownas will be shown.
Let us consider the pressure p acting upon an element of area
of the frictional material located at an angle θ from the hinge
pin (Figure 16-4).
We designate the maximum pressure pa located at an angle θa
from the hinge pinfrom the hinge pin.
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To find the pressure distribution on 
th i h f th i t l hthe periphery of the internal shoe, 
consider point B on the shoe (Fig. 
16-5). 
If th h d f bIf the shoe deforms by an 
infinitesimal rotation ∆Φ about the 
pivot point A, deformation 
perpendicular to AB is h ∆Φ Fromperpendicular to AB is h ∆Φ. From 
the isosceles triangle AOB, h = 
2rsin(θ/2),so

h ∆Φ = 2 r ∆Φ sin(θ/2)h ∆Φ = 2 r ∆Φ sin(θ/2)
The deformation perpendicular to 
the rim is h ∆Φ cos(θ/2), which is
h ∆Φ (θ/2)h ∆Φ cos(θ/2) 
= 2 r ∆Φ sin(θ/2)cos(θ/2) 
= r ∆Φ sin θ

Figure 16-5: The geometry associated 
with an arbitrary point on the shoe
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We now make the assumption that the pressure at any point is proportional to 
the vertical distance from the hinge pin. This vertical distance is proportional 
to sin θ

Th th d f ti d tl th iThus, the deformation, and consequently the pressure, is
proportional to sin θ. In terms of the pressure at B and where
the pressure is a maximum, this means

(a)
a

app
θθ sinsin

=

or
(16-1)

will be maximum when θ 90o

θ
θ

sin
sin a

ap
p =
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This pressure distribution has 
interesting and usefulinteresting and useful 
characteristics:
The pressure distribution is 
sinusoidal with respect to the 
angle θ.
If the shoe is short, as shown in 
Fig. 16-6a, the largest pressure on 
the shoe is p occurring at the endthe shoe is pa occurring at the end 
of the shoe, θ2.
If the shoe is long, as shown in 
Fig. 16-6b, the largest pressure on

Figure 16-6: Defining the angle θa at 
which the maximum pressure pFig. 16 6b, the largest pressure on 

the shoe is pa occurring at θa = 
90°.

which the maximum pressure pa
occurs when 

(a) shoe exists in zone θ1 ≤ θ2 ≤ π/2 
(b) shoe exists in zone θ1 ≤ π/2 ≤ θ2
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Since limitations on friction materials are expressed in terms
of the largest allowable pressure on the lining the designerof the largest allowable pressure on the lining, the designer
wants to think in terms of pa and not about the amplitude of the
sinusoidal distribution that addresses locations off the shoe.

h θ 0 (16 1) h h h iWhen θ=0, Eq. (16-1) shows that the pressure is zero.
The frictional material located at the heel therefore contributes
very little to the braking action and might as well be omitted.y g g
A good design would concentrate as much frictional material
as possible in the neighborhood of the point of maximum
pressurepressure.
Such a design is shown in Fig. 16-7.
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Fi 16 7 F th h
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Figure 16-7: Forces on the shoe



In this figure the frictional material begins at an angle θ1,g g g 1,
measured from the hinge pin A, and ends at an angle θ2. Any
arrangement such as this will give a good distribution of the
frictional materialfrictional material.
Proceeding now (Fig. 16-7), the hinge-pin reactions are Rx and
Ry.y

The actuating force F has components Fx and Fy and operates
at distance c from the hinge pin.
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At any angle θ from the hinge pin there acts a differentialAt any angle θ from the hinge pin there acts a differential
normal force dN whose magnitude is
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The actuating force F must balance these moments. Thusg

If we make MN = Mf, self-locking is obtained, and no actuating
force is required. This furnishes us with a method for
obtaining the dimensions for some self-energizing action Thusobtaining the dimensions for some self-energizing action. Thus
the dimension of a must be such that

17



The torque T applied to the drum by the brake shoe is the sum q pp y
of the frictional forces f dN times the radius of the drum:
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The hinge-pin reactions are found by taking a summation of the horizontal
and vertical forces. Thus, for Rx and Ry, we have
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The direction of the frictional forces is reversed if the rotation
is reversed. Thus, for counterclockwise rotation the actuating
force is:
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In using these equations,
The reference system always has its origin at the center of the drum.The reference system always has its origin at the center of the drum.
The positive x axis is taken through the hinge pin.
The positive y axis is always in the direction of the shoe, even if this
should result in a left handed system
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h f ll i i i li d b h diThe following assumptions are implied by the preceding
analysis:

The pressure at any point on the shoe is assumed to be
ti l t th di t f th hi i b iproportional to the distance from the hinge pin, being zero

at the heel.
This should be considered from the standpoint that

ifi d b f t thpressures specified by manufacturers are averages rather
than maxima.

Th ff f if l f h b l dThe effect of centrifugal force has been neglected.
In the case of brakes, the shoes are not rotating, and no
centrifugal force exists.
In clutch design, the effect of this force must be
considered in writing the equations of static equilibrium.
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The shoe is assumed to be rigid. Since this cannot be true,g ,
some deflection will occur, depending upon the load,
pressure, and stiffness of the shoe.

Th lti di t ib ti b diff t f th tThe resulting pressure distribution may be different from that
which has been assumed.

The entire analysis has been based upon a coefficient of
friction that does not vary with pressure.

Actually, the coefficient may vary with a number of
conditions including temperature wear and environmentconditions, including temperature, wear, and environment.
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Example
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Right Left
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MN/788 = Pa/1000
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Example
The figure shows a 400-mm-diameter brake drum with four internally 
expanding shoes. Each of the hinge pins A and B supports a pair of shoes. 
The actuating mechanism is to be arranged to produce the same force F on g g p
each shoe. The face width of the shoes is 75 mm. The material used  
permits a coefficient of friction of 0.24 and a maximum pressure of 1000 
kPa.
a) Determine the actuating force.
b) Estimate the brake capacity
c) Noting that rotation may be in either 

direction, estimate the hinge-pin reactions.
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16-3 External Contracting Rim 
Clutches and Brakes

Operating mechanisms can 
be classified as:

Solenoids
Levers, linkages, or toggle 
devices
Linkages with spring loading
Hydraulic and pneumatic 
devices

Figure 16-10: An external contracting 
clutch-brake that is engaged by 
expanding the flexible tube with 
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The notation for external contracting shoes is shown in Fig. 
16-1116 11. 

Figure 16-11: Notation of external contacting shoes
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Figure 16-11: Notation of external contacting shoes



The moments of the frictional and normal forces about the hinge pin are the
same as for the internal expanding shoes. Equations (16-2) and (16-3)
apply and are repeated here for convenience:
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Note:
when external contracting designs are used as clutches, the effect ofg g ,
centrifugal force is to decrease the normal force.
Thus, as the speed increases, a larger value of the actuating force F is
required.
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Symmetrically Located Pivot
The pivot is symmetrically located
The moment of the friction forces about the pivot is zero.
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Figure 16-12: (a) Brake with symmertrical pivoted shoe; (b) wear of brake lining



To get a pressure-distribution relation,g p ,
we note that lining wear is such as to retain the cylindrical shape,
much as a milling machine cutter feeding in the x direction would
do to the shoe held in a vise See Fig 16 12bdo to the shoe held in a vise. See Fig. 16-12b.
This means the abscissa (x-axis) component of wear is wo for all
positions θ.
If wear in the radial direction is expressed as if w(θ), then

w(θ)= wo cos θ
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Linear Sliding Wear
Consider the sliding block depicted in figure 12-38 (page 652)
moving along a plate with constant pressure P acting over area
A i th f ffi i t f lidi f i ti fA, in the presence of a coefficient of sliding friction fs .
The work done by (force = fsPA) during displacement S is:
fsPAS or fsPAVt, where V is the sliding velocity and t is time.

Figure 12-38: Sliding block subjected to wear
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The material volume removed due to wear is wA and is
proportional to the work done, that is:

wA α fsPAVt,
or

wA =K fsPAVt
h K i th ti lit f t hi h i l d f d iwhere K is the proportionality factor, which includes fs, and is

determined from laboratory testing.
The linear wear is then expressed as p

w =KPVt (12-26)
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Using Eq. (12-26) to express radial wear w(θ) as 
w(θ) = KPVtw(θ) = KPVt

Where K is a material constant, P is pressure, V is rim velocity, 
and t is time. 
Then, denoting P as p(θ) above and solving for p(θ) gives:
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The distance a depends on the pressure distribution.p p
Mislocating the pivot makes (Mf=zero) about a different
location, so the brake lining adjusts its local contact pressure
(th h ) t t(through wear) to compensate.
The result is unsymmetrical wear, retiring the shoe lining,
hence the shoe, sooner.e ce t e s oe, soo e .
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Example
The block-type hand brake shown in the figure has a face width
of 30 mm and a mean coefficient of friction of 0.25. For an
estimated actuating force of 400 N, find the maximum pressureestimated actuating force of 400 N, find the maximum pressure
on the shoe and find the braking torque.
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16.4 Band-Type Clutches and Brakes
Flexible clutch and brake bands are used in power excavators
and in hoisting and other machinery. The analysis follows the
notation of Fig. 16-13.

Fi 16 13 F b k b d
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Figure 16-13: Forces on a brake band



Because of friction and the rotation of the drum, the actuating , g
force P2 is less than the pin reaction P1. 
Any element of the band, of angular length dθ, will be in 

ilib i d th ti f th f h i th fiequilibrium under the action of the forces shown in the figure. 
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S i h f i h i l di i hSumming these forces in the vertical direction, we have
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Example
The brake shown in the figure has a coefficient of friction of
0.30 and is to operate using a maximum force F of 400 N. If
the band width is 50 mm find the band tensions and thethe band width is 50 mm, find the band tensions and the
braking torque.
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16.5 Frictional-Contact Axial Clutches

An axial clutch is one in which the mating frictional members
d i di i ll l h h fare moved in a direction parallel to the shaft.

One of the earliest of these is the cone clutch, which is simple
in construction and quite powerful.
Advantages of the disk clutch include

the freedom from centrifugal effects,
the large frictional area that can be installed in a smallt e a ge ct o a a ea t at ca be sta ed a s a
space,
the more effective heat-dissipation surfaces,
the favorable pressure distributionthe favorable pressure distribution.
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Figure 16-14: Cross-sectional view of a single-plate clutch; A 
driver; B, driven plate (keyed to driven shaft); C actuator 
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A l i l di k l h b k i h i Fi 16 15A multiple-disk clutch-brake is shown in Fig. 16-15.
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Let us now determine the capacity of such a clutch or brake inLet us now determine the capacity of such a clutch or brake in
terms of the material and geometry.
Figure 16-16 shows a friction disk having an outside diameter 
D d i id di t dD and an inside di-ameter d. 
We are interested in obtaining the axial force F necessary to 
produce a certain torque T and pressure p. 
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Two methods of solving the problem, depending upon theg p , p g p
con-struction of the clutch, are in general use. If the disks are
rigid, then the greatest amount of wear will at first occur in the
outer areas since the work of friction is greater in those areasouter areas, since the work of friction is greater in those areas.
After a certain amount of wear has taken place, the pressure
distribution will change so as to permit the wear to be uniform.
This is the basis of the first method of solution.
Another method of construction employs springs to obtain a
uniform pressure over the area It is this assumption ofuniform pressure over the area. It is this assumption of
uniform pressure that is used in the second method of solution.
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Uniform Wear

After initial wear has taken place and the disks have worn p
down to a point where uniform wear is established, the axial 
wear can be expressed by Eq. (12-27) as

w = f1f2KPVt
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16.6 Disk Brakes

There is no fundamental difference between a disk clutch and
a disk brake.
The analysis of the preceding section applies to disk brakes
too.too.
We have seen that rim or drum brakes can be designed for
self-energization.
Whil hi f i i i d i h b ki ffWhile this feature is important in reducing the braking effort
required, it also has a disadvantage.
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When drum brakes are used as vehicle brakes, only a slighty g
change in the coefficient of friction will cause a large change
in the pedal force required for braking.
A not unusual 30 percent reduction in the coefficient ofA not unusual 30 percent reduction in the coefficient of
friction due to a temperature change or moisture, for example,
can result in a 50 percent change in the pedal force required to
obtain the same braking torque obtainable prior to the changeobtain the same braking torque obtainable prior to the change.
The disk brake has no self-energization, and hence is not so
susceptible to changes in the coefficient of friction.
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Another type of disk brake is
h fl l b kthe floating caliper brake,

shown in Fig. 16-18.
The caliper supports a singlep pp g
floating piston actuated by
hydraulic pressure.
The action is much like thatThe action is much like that
of a screw clamp, with the
piston replacing the function
of the screwof the screw.

Figure 16-18: An automotive disk brake
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Figure 16-18: An automotive disk brake



The floating action also compensates for wear and ensures ag p
fairly constant pressure over the area of the friction pads.
The seal and boot of Fig. 16-18 are designed to obtain
l b b ki ff f th i t h th i t iclearance by backing off from the piston when the piston is

released.
Caliper brakes (named for the nature of the actuating linkage)Ca pe b a es ( a ed o t e atu e o t e actuat g age)
and disk brakes (named for the shape of the unlined surface)
press friction material against the face(s) of a rotating disk.
D i d i Fi 16 19 i h f l d b kDepicted in Fig. 16-19 is the geometry of an annular-pad brake
contact area. The governing axial wear equation is Eq. (12-27):

w = f1f2KPVt
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Figure 16-19: Geometry of contact area of an annular-pad 
segment of a caliper brakesegment of a caliper brake
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Uniform Wear

It is clear from Eq. (12-27) that for the axial wear to be theq ( )
same everywhere, the prod-uct P V must be a constant. From
Eq. (a), Sec. 16-5, the pressure p can be expressed in terms of
the largest allowable pressure p (which occurs at the innerthe largest allowable pressure pa (which occurs at the inner
radius ri) as
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Example

A plate clutch has a single pair of mating friction surfaces 300 
mm OD by 225 mm ID. The mean value of the coefficient of 
friction is 0.25, and the actuating force is 5 kN.

a) Find the maximum pressure and the torque capacity using 
the uniform-wear model.

b) Fi d th i d th t it ib) Find the maximum pressure and the torque capacity using 
the uniform-pressure model.
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Example 2

A hydraulically operated multidisk plate clutch has an effectivey y p p
disk outer diameter of 150 mm and an inner diameter of 100 mm.
The coefficient of friction is 0.24, and the limiting pressure is 800
kPa There are six planes of sliding presentkPa. There are six planes of sliding present.

a) Using the uniform wear model, estimate the axial force F and a) Us g t e u o wea ode , est ate t e a a o ce a d
the torque T.

b) Let the inner diameter of the friction pairs d be a variable.
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16-7 Cone Clutches and Brakes

It consists of a cup keyed or
splined to one of the shafts, a
cone that must slide axially on
splines or keys on the mating
h ft d h li l i t h ldshaft, and a helical spring to hold

the clutch in engagement.
The clutch is disengaged by

f f k th t fit i t thmeans of a fork that fits into the
shifting groove on the friction
cone.
Th l d thThe cone angle α and the
diameter and face width of the
cone are the important geometric
design parameters

Figure 16-21: Cross section of a cone 
clutch
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If the cone angle (α) is too small, say, less than about 8°, then
the force required to disengage the clutch may be quite largethe force required to disengage the clutch may be quite large.

And the wedging effect lessens rapidly when larger coneg g p y g
angles are used.

Depending upon the characteristics of the friction materials aDepending upon the characteristics of the friction materials, a
good compromise can usually be found using cone angles
between 10 and 15°.
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To find a relation between the
operating force F and the
torque transmitted, designate
the dimensions of the frictionthe dimensions of the friction
cone as shown in Figure 16-
22.
As in the case of the axial
clutch, we can obtain one set
of relations for a uniform-of relations for a uniform
wear and another set for a
uniform-pressure assumption.

Figure 16-22: Contact area of a cone 
clutch
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Example

A cone clutch has D = 330 mm, d = 306 mm, a cone length of
60 mm, and a coefficient of friction of 0.26. A torque of 200 N
· m is to be transmitted. For this requirement, estimate the
actuating force and pressure by both models.
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16-8 Energy Considerations

When the rotating members of a machine are caused to stop byg p y
means of a brake, the kinetic energy of rotation must be
absorbed by the brake.
Thi i th b k i th f f h tThis energy appears in the brake in the form of heat.
In the same way, when the members of a machine that are
initially at rest are brought up to speed, slipping must occur int a y at est a e b oug t up to speed, s pp g ust occu
the clutch until the driven members have the same speed as the
driver. Kinetic energy is absorbed during slippage of either a
clutch or a brake and this energy appears as heatclutch or a brake, and this energy appears as heat.
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We have seen how the torque capacity of a clutch or brake
d d h ffi i f f i i f h i l ddepends upon the coefficient of friction of the material and
upon a safe normal pressure.
However, the character of the load may be such that, if thisHowever, the character of the load may be such that, if this
torque value is permitted, the clutch or brake may be destroyed
by its own generated heat.
The capacity of a clutch is therefore limited by two factors, the
characteristics of the material and the ability of the clutch to
dissipate heat.p
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In this section, the amount of heat generated by a clutching or, g y g
braking operation will be considered.
If the heat is generated faster than it is dissipated, we have a
t t i bl (th t i th bj t f th ttemperature rise problem. (that is the subject of the next
section and it will not cover in this class)
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To get a clear picture of what
happens during a simple clutching or
b ki i f Fi 16 lbraking operation, refer to Fig. 16-la,
which is a mathematical model of a
two-inertia system connected by a
clutchclutch.
As shown, inertias I1 and I2 have
initial angular velocities of ω1 and
ω respectivelyω2, respectively.
During the clutch operation both
angular velocities change and
eventually become equaleventually become equal.
We assume that the two shafts are
rigid and that the clutch torque is
constant
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16-10 Friction Materials

A brake or friction clutch should have the following lining g g
material characteristics to a degree that is dependent on the 
severity of service:

High and reproducible coefficient of frictionHigh and reproducible coefficient of friction
Imperviousness to environmental conditions, such as moisture
The ability to withstand high temperatures, together with good 
thermal conductivity and diffusivity as well as high specificthermal conductivity and diffusivity, as well as high specific 
heat capacity
Good resiliency
High resistance to wear, scoring, and galling
Compatible with the environment
Flexibility

97

Flexibility



Table 16-2 gives area of friction surface required for several g q
braking powers. Table 16-3 gives important characteristics of 
some friction materials for brakes and clutches.

Table 16-2: Area of Friction Material Required for a Given Average Brake Power
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The manufacture of friction materials is a highly specialized
process and it is advisable to consult manufacturers' catalogsprocess, and it is advisable to consult manufacturers catalogs
and handbooks, as well as manufacturers directly, in selecting
friction materials for specific applications.

Selection involves a consideration of the many characteristics
as well as the standard sizes available.

The woven-cotton lining is produced as a fabric belt that is
impregnated with resins and polymerized. It is used mostly in
heavy machinery and is usually supplied in rolls up to 50 ft inheavy machinery and is usually supplied in rolls up to 50 ft in
length. Thicknesses available range from 1/8 to 1 in, in widths
up to about 12 in.

99



A woven-asbestos lining is made in a similar manner to the
li i d l i l i l I icotton lining and may also contain metal particles. It is not

quite as flexible as the cotton lining and comes in a smaller
range of sizes. Along with the cotton lining, the asbestosg g g
lining was widely used as a brake material in heavy
machinery.
M ld d b t li i contain asbestos fiber and frictionMolded-asbestos linings contain asbestos fiber and friction 
modifiers; a thermoset polymer is used, with heat, to form a 
rigid or semirigid molding. The principal use was in drum 
brakes.
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Molded-asbestos pads are similar to molded linings butp g
have no flexibility; they were used for both clutches and
brakes.
Si d l d d f i t f d/Sintered-metal pads are made of a mixture of copper and/or
iron particles with friction modifiers, molded under high
pressure and then heated to a high temperature to fuse the
material. These pads are used in both brakes and clutches
for heavy-duty applications.
Cermet pads are similar to the sintered metal pads and haveCermet pads are similar to the sintered-metal pads and have
a substantial ceramic content.
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Table 16-3 Characteristics of friction materials for 
brakes and Clutchesbrakes and Clutches
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Table 16-4: Some Properties of Brake Linings

T bl 16 4 li t ti f t i l b k li i Th li i i tTable 16-4 lists properties of typical brake linings. The linings may consist
of a mixture of fibers to provide strength and ability to withstand high
temperatures, various friction particles to obtain a degree of wear resistance
as well as a higher coefficient of friction and bonding materials
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Table 16-5: Friction Materials for Clutches

Table 16-5 includes a wider variety of clutch friction materials, together
ith f th i ti S f th t i l b t bwith some of their properties. Some of these materials may be run wet by

allowing them to dip in oil or to be sprayed by oil. This reduces the
coefficient of friction somewhat but carries away more heat and permits
higher pressures to be used
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A woven-asbestos lining is made in a similar mannerA woven asbestos lining is made in a similar manner
to the cotton lining and may also contain metal
particles. It is not quite as flexible as the cotton lining
and comes in a smaller range of sizes. Along with the
cotton lining, the asbestos lining was widely used as a
b k t i l i h hibrake material in heavy machinery.
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