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Introduction Method of Approach

Drum brakes, which are an important device and are installed inDuring the derivation of the boundary integration equations, the
vehicles and motor cycles, are used to reduce the speed angabition of an infinite domain subjected to a concentrated load at
assure the safety of the drivers and passengers on the road. &R internal location is required. If a unit force acts on an internal
schematic drawing of a drum brake is shown in Fig. 1. It primaril°int M, determination of the effec:] off_th|s force O”ha”y IFl’O@f‘t A
consists of a brake drum and brake shoes with lining plates. Quajjust satisfy two requirements. The first one is that all of the

ties it should have include: good braking performance; unifor rﬁiiisr‘nrggsimﬁitzeer%\:\éhizégﬁ ddlstwaen(i:g ?he;\tN?heen ;nggi":‘comes
braking on all wheels; good endurance without failure; and ea "

- . i . . finite, or the pointM is a singular point when the distance be-
operation, inspection, adjustment ‘and maln.tgnance. Advantagﬁgen the point&1 andQ becomes zero. Combining the differen-
offered by the drum brake are its capability from the selfiig equation of the stress, the relationship of the stress and the
energizing effect to reduce the required actuating force and 8gain and the relationship of the strain and the displacement

relatively lesser cost. yields
Day et al.[1] used the finite element method to analyze a two-
dimensional model of the drum brake. Thereafter, the thermal ex- Puy,  du,[ 1 Ju,  duy | —f,
pansion, imperfect contact, the decay of braking capability and all >t T > T =
ax?  gy? \1=2v]\ gx2  dxdy| Gs

kinds of transient phenomena were analyzed by using the finite
element methof2—6]. Watson and Newcoml|¥] argued that it is 32uy &Zuy 1 &Zuy azuy —fy @
more expensive to use the finite element program in the main ? &_yz (1_2y) 2 TG,

frame and that the pressure distribution on the lining plate does

not vary significantly along the axis of the brake. The measure-

ment of the torque or the wear can be used to calculate the pr%leh is the Navier two-dimensional differential equations and
sure distribution[8]. Nevertheless, these methods are indire€@n be solved by using the complementary function and the spe-
methods. It is difficult to obtain directly the pressure distributiof§i@l integration. If the displacements are expressed in terms of the
from an experimenfi2,5]. Recently, the applications of the bound-Galerkin vector,

ary element methoEM) have been increased and showed that

&XZ &Xﬁy

the BEM can reduce the time required to prepare numerical data u :‘7ZGX 9*Gy _ 1 9”Gy 4 aZGy)
and can provide good results in the linear problgés14. a2 gy 2(1-w)| gx2 dxay
The purpose of this study is to analyze the effect of the effective o= o= o= o= )
lift at the actuation end on the friction force, effects of the Young’s 7 Gy o6 1 ( IGy + J GX)
modulus of elasticity for metal shoes, the angles of the arc lengths G ay?  2(1=w)\ gy = Ixdy

of metal shoes and lining plates, respectively, the leading location
of the lining plates, the thickness of the lining plate, the frictio
coefficient, the Young’s modulus of elasticity for lining plates, an
the location of the actuating force of the drum brake on the pres- _
sure distributions. A two-dimensional model of the drum brake is Gx:Gy=87TG r2in
developed by using the BEM, and independent and less expensive

software is generated for the personal computer to reduce the casdi the displacement is
for designing drum brakes. By selecting proper values of these

parameters, a drum brake can be designed to have a more uniform ui=Uj;e (4)
pressure distribution and a longer life.

gwe Galerkin vector can be determined as

®

Substituting Eq.(4) into the relationship of the stress and the
displacement yields the traction force

Contributed by the Design Automation Committee for publication in therR
NAL OF MECHANICAL DESIGN. Manuscript received Nov. 1999. Associate Editor: .
H. Lankarani. ti=Ti;g (5)

Journal of Mechanical Design Copyright © 2002 by ASME MARCH 2002, Vol. 124 / 115

Downloaded 03 Nov 2008 to 140.112.113.225. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



is a rigid body. The two-dimensional model of the brake shoe that

lining plate is used in this analysis can be divided into two parts based on
materials, the metal shoe and the lining plate. They are divided
brake drum into 28 elements, respectively, due to the limited size of the com-

puter memory. The displacement and the traction force at the cen-

ter point in the constant element are used for the element to sim-

plify the integration. Applying Eq(10) to the metal shoe and the
brake shoe lining plate, respectively, combining the points on the contact sur-

face of the lining plate and the metal shoe and the independent

portion of the lining surface, and combining the points on the

contact surface of the metal shoe and the lining plate and the
Fig. 1 Schematic drawing of drum brake independent portion of the metal shoe with the traction equilib-
rium condition

pB_ pC
t=Ps (11)
To minimize the error of numerical approximation, the basic ) - N
solution of the displacement as a weighting factor is multiplied tand the displacement compatibility condition
every term and integrated to yield the Somigliana equation B c
UB=-U§S (12)

UHJTIkdeF:f UlktdeJrf U fdQ (6) vyields
r T Q

A
The displacement of any internal point can be determined if the UL

displacements of the boundary points and the traction forces are HY HEP -GB o]|UP
determined. The Somigliana equation can also be applied to the
i i 0 —-HS -GS HZ2J|PS
boundary points and yields s s s s
. Us
C:kUL+JT|kdeF:J U|ktkdr+J U|kfde (7) A
r r Q IDL
Four variablesu;, u,, t; andt, exist for each nodal point in a Gt 0 0 o]0
two-dimensional problem; therefore, there will b&l 4ariables = 0 0 0 Gg 0 (13)

for N nodal points. If there is only one solution for an elastic o
problem, only two values of these four variables are known for Ps

each nodal point and\ equations are required to solve the un- . -
known variagles. q q where the matricesl andG have been multiplied by the transfer

The geometric configuration, the displacements and the tract;l?]‘?‘trix’ the superscripB stands for the common portion of the

forces must be described. If there is a unit force acting on tHg!Ng Plate and the metal shoe and the supersérigtands for the
point i and the effect of body force can be neglected, the tw) dependent portion of the lining plate, the superscript C stands

integrated terms related to the nodal poingdj form the influ- or the common part of the .metal shoe and the lining plate and the
ence coefficientsG! and Q. If superscripD stands for the independent portion of the metal shoe.

In the local coordinates, four variables for each nodal point are

HI=HT  j#j the displacements), andU; in the normal direction and the tan-
o (8) gential direction, respectively, and the traction forBgsandP; in
HY=H"+c" i=]j the normal direction and the tangential direction, respectively. The
Eq. (7) becomes boundary conditions along the friction surface are
N N Un:0
]Z:l |_|IJuJ:J§::I Gt 9) P=— uP, (14)
Applying to all boundary points and using local coordinates as tH¥VO variablesU; and P, are unknown. Equatioril3) can be
basis of the boundary value yields written
HT'U=GT'P (10) -] -]
where the matricebl andG are 2\ X 2N matrices. The values of . .
the displacement matri¥) and the traction force matriR are all = U
relative to global coordinates. The boundary condition should be [..—(Gp—uGy) Hy..] " =[..—H,0.] " (15)
given after calculation of all coefficients for the matri¢ésndG Ui 0
in order to obtain the unique solution. Since it is not a symmetric
matrix, a direct method such as the Gaussian elimination method
can be used. L L

The boundary conditions for the fixed anchor are
Model and Numerical Analysis U.=0
n

It is assumed that the variations of the pressure and the defor- U.=0 (16)
mation in the axial direction are negligible for simplicity, that no t
deformation occurs during braking, that there is the perfect initighe supporting portion for the sliding abutment can be rewritten
contact between the contact surfaces of the lining plate and the o _ _ o _
circular profile of brake drum, that the friction coefficient of the [..—G! Hi— GI"*HI*L J[..PL Ul PP T Ul*L T
lining plate and the brake drum is constant, that the wear is neg- . (i1 id1 i o4l it T
ligible, that the thermal effect is neglected and that the brake drum ~ =[..—H, Gy —H," "G "..J[..U, P U " P 2.1 (17)
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where the superscript stands for the number of the nodal point and Table 2

Data of second drum brake.
the subscript stands for the direction. Similarly, the supportir

. . ; metal shoe lining plate
portion for the fixed anchor can be rewritten equivalent thickness 16.89 mm 4 m
[..—G — G- G/"1= GI"L J[..P! PPl FIpITE T angle of arc length 170° 120°
) ) ] ) o ) Young's modulus of elasticity §28x10° N/mm2 | 372 N/mm2
— ooyl gl _ygitl i+l i P i+1yi+1 9T 2
=[..—Hn —H—H, He W0 UnUUn t U Poisson's ratio 0.3 0.25
(18) friction radius 70 mm
S . . ion of li a °
After considering the boundary condition, the matrix can be rd-2ngular location of lining plate 25
written lining width 28 mm
friction coefficient 0.4
H'U'=G'P’ (19)
where the matricesl’ andG’ are the matrices after arrangement,
and the matrixU’ is obtained from the unknown displacement 59 0 =~ Sin curve
and the traction force. The matriR’ is obtained from all the X === BEM
boundary conditions. After obtaining the traction forces and the &E\ 4
displacements of nodes, the torque can be obtained from >
m > 31 e
Torquecz MPAA (20) Q,
n=1 S 2
whereAA is the area of the element. ﬁ
S 1-
a
Result
i . . . 0
The data of the first drum brake with the supporting end fixed 0 20 40 60 80 100 120
by a pin as shown in Fig. 1 are listed in Table 1. The angles lining arc (degree)
measured from the line of the pin center and the brake drum

center to the line of the brake drum center to near edge of thgy. 3 pressure distribution with high Young’s modulus of
lining plate. The anglep is measured from the line of the actua-elasticity for rigid metal shoe

tion force to the normal vector of the surface at the load point. The

friction force versus the effective lift at the actuation edge that is

normal to the acting surface is shown in Fig. 2. The data obtained

from Day and Harding15] by using the finite element method are 5
also shown for comparison.

The data of the second drum brake are shown in Table 2. If the

Table 1 Data of first drum brake.

pressure (MN/mz)
Q@
e

metal shoe lining plate 2 5
equivalent thickness 30 mm 12 mm 10 -—Es:1.00x10£/mm2
angle of arc length 150° 110° x —Es=207x10 A‘nm%
Young's modulus of elasticity 2 07x10° N/mm2 372 N/mm2 1 z::: E:fg&gﬁowm2
Poisson's ratio 0.3 0.25 o---Es=1.00x! 2
friction radius 209.5 mm 0
angular location of lining plate & 20° 0 Zb 4'0 SIO 8'0 160 Téo
lining width 178 mm lining arc (deqree
friction coefficient 0.38 g ( €9 )

Fig. 4 Pressure distribution versus Young’s modulus of elas-
ticity of metal shoe
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Fig. 5 Pressure distribution versus lining arc for various arc

Fig. 2 Friction force versus effective lift at actuation end lengths of metal shoe
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Fig. 6 Pressure distribution versus lining arc for various arc

Fig. 9 Pressure distribution versus lining arc for various fric-
lengths of lining plate

tion coefficients of lining plate

Young’s modulus of elasticity increases, the material becom@i§tribution are shown in Figs. 5 and 6, respectively. Shifting the
stiffer. At first, the Young’s modulus of elasticity of the brake sho#ning plate, the pressure distribution is shown in Fig. 7. The pres-
in Table 2 is replaced by a value four times larger, Xatf sure distributions versus the lining arc for the thlckness_ of the
N/mm?, and the result of the pressure distribution is compardffind Plate to be 3, 4 and 5 mm are shown in Fig. 8. It is well
with the sinusoidal curve of the rigid brake obtained from OffnefnoWn that the friction coefficient of material can affect the brak-
[16] as shown in Fig. 3. Based on the data shown in Table 1 a performance. The effect of the friction coefficient of the lining
the displacement of the surface along the normal direction of tReAt€ ON thegr?ssurfe dl'St”.bm'onf'shSh?W_n In Fllg. 9. ﬁhanglng the
surface to be 0.1 mm, the pressure distributions versus the lini Ur_‘g S moau ﬁs of elasticity Of the |r_ungf phate, the 'preszure
arc for various Young’s moduli of elasticity of metal shoes ard’>tribution is shown in Fig. 10. If the ratio of the Young's modu-
shown in Fig. 4. The effects of the arc lengths of the metal shd&® Of elasticity of the lining plate to the Young’s modulus of
and the lining plate with the same center location on the pressG@stcity of the metal shoe remains constant and both Young's
moduli of elasticity of the lining plate and the metal shoe increase
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Fig. 7 Pressure distribution versus lining arc for various lead- \F(ig. 1,0 Prdeslsurfe Idistt'riautiofr} \{ersuls tlining arc for various
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Fig. 8 Pressure distribution versus lining arc for various lin- Fig. 11 Pressure distribution versus lining arc for various
ing plate thicknesses Young’s moduli of elasticity of metal shoe and lining plate
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the center of the metal shoe decreases, but the pressure increases

ﬁ toward the supporting point. This result may come from the buck-
&5 ling effect that the pressure at the center of the brake shoe is
£ lowered.

Z 4 The pressure close to the supporting point decreases and the
>3 pressure distribution is more uniform if the arc length of the metal
Y3 shoe increases as shown in Fig. 5. The similar result of a more
S uniform pressure can be obtained if the arc length of the lining
4 2 plate increases as shown in Fig. 6. If the arc length of lining plate
a decreases, a local high pressure may occur. Figure 7 shows that

1 the maximum pressure decreases if the lining plate is shifted to-

ward the supporting point and the pressure distribution becomes

Q . . . .

0 730 more uniform. If the thickness of the lining plate increases, the

maximum pressure decreases and a more uniform pressure distri-
bution can be obtained as shown in Fig. 8. Figure 9 shows that the
Fig. 12 Pressure distribution versus lining arc for various maximum pressure d‘?crease,s .and the_p_ressure distribution be-
angles of actuation force comes more uniform if the friction coefficient decreases. If the
Young’s modulus of elasticity of the lining plate decreases, the
maximum pressure decreases and a more uniform pressure distri-
20% and decrease 20%, respectively, the pressure distributionskiion can be achieved as shown in Fig. 10. Figure 11 shows that
shown in Fig. 11. The effect of the angle measured from the liie€ maximum pressure and the pressure distribution decrease if
of the actuating force to the normal vector of the surface at tf®th Young's moduli of elasticity of the metal shoe and the lining
load point with the traction pressure 50 N/rhion the pressure plate decrease while their ratio remains the same. The shapes of

40 80
lining arc (degree)

distribution is shown in Fig. 12. the pressure distribution remain the same. This result identifies
that obtained by Wintl¢4]. The maximum pressure decreases and
Discussion the pressure distribution becomes more uniform if the angle of the

actuation force increases as shown in Fig. 12. Reducing the angle

Watson and Newcom[7] argued that it is more expensive to ) )
use the finite element program in the main frame. This study uddthe actuation force decreases the pressure at the actuation edge

the boundary element method in the personal computer. NevertBd may result in the separation of the lining plate at the actuation

less, the computer running time is not available for comparisofid from the brake drum.

Using the linear elements or the second order elements createkrictional work in a brake is primarily converted into heat that
discontinuous phenomena along the irregular boundary. The coffireases the temperature of shoes and lining plates of the brake
mon nodal point has the different normal vector and bounda@'d changes the properties, particularly in the thermal expansion.
conditions. It is necessary to have an extra equation to provide g€ circumferential distribution of pressure along the brake lining
unique solution for the final linear equatiph?]. Therefore, these arc, that plays an important role in determining the torque gener-
elements are inappropriate to treat the corner problem. Using @€d, depends upon the thermal expansion, flexural deflection and
constant element can get rid of this problem. In addition, siné@ntact at the interface. Heat generated at the sliding interface
there is no shape function and no need of the Jacobin coordinB&ween the friction material and the mating surface of the brake
transform, integrating the equation is easier and writing a cori$ not uniformly distributed and leads to pronounced variation in
puter code is simpler for the constant element than the secdtigh surface temperature and the high interface preg@Qréric-
order element. Watson and Newcorfi] also argued that the tion interface temperature in the brake is affected by the interface
pressure distribution on the lining plate does not vary significantgressure distribution, so that regions of local high interface pres-
along the axis of the brake. Therefore, two-dimensional model $sire will also be regions of high surface temperatig The
used in this analysis to reduce the computer time. effects in the areas of frictional heat generation and dissipation

It is difficult to obtain directly the pressure distribution from arwith thermal consideration on the distribution of pressure, that is
experiment[2,5]. Day [17] studied two distinct brake operatingvery important in minimizing brake thermal problems, is required
conditions experimentally to investigate the effect of vehicl#n order to incorporate the non-linear characteristics of friction
speed on the pressure distribution with time. However, the dimematerials to obtain the uniform friction interface pressure.
sions of the brake are not specified completely, and the results ardhe distribution of pressure is significantly affected by drum
not appropriate for comparison with this study. The friction forcéexibility, which relates to the Young’s modulus of elasticity. The
is proportional to the effective lift at the actuating edge as showatessure generated for the flexible drum is reduced because a large
in Fig. 2. The deviation of the calculated friction force from thaactuation displacement is absorbed by drum deflection thereby
obtained by Day and Hardindl5] increases when the effectivereducing both effective cam lift and actuation force.
lift increases. It may come from the insufficient number of the
elements and the accumulative error from the numerical calcula-
tion, and it can be reduced if the number of the elements is in-
creased.

The maximum pressure on the lining plate that occurs at 60° Eonclusion
Fig. 3 is located at 85° from the center of the pin. The conven-
tional angular location of the maximum pressure from the sup- Based on the similarity between the calculated results and the
porting point for the rigid drum brake is at 9016]. Figure 4 available data, the results suggest that the software developed can
shows that the angular location of the maximum pressure shifted used to predict the pressure distribution of the lining plate on
further from the supporting point when the Young’'s modulus dhe drum brake. If the deflections of the metal shoe and the lining
elasticity of metal shoe increases. The location of the maximupfate and the thermal effect are neglected, the pressure distribution
pressure should be close to 90° from the supporting point if thg a sinusoidal curve. If these deflections are considered in the
Young’s modulus of elasticity increases to simulate the rigidnalysis, the pressure distribution will be changed. In order to
brake. Therefore, the mathematical model is feasible for the studgsign a drum brake with a more uniform pressure acting on the
of the pressure distribution of lining plates. When the Younghning plate and to prolong the life of the friction material the arc
modulus of elasticity of the metal shoe decreases, the pressuréeagths of the brake shoe and the lining plate should be longer; the
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location of the lining plate should be close to the supporting point; I' = boundary

the lining plate should be thicker; the friction coefficient should bgubscripts

smaller; the Young’s modulus of elasticity for the material used in "~ i ) ) .
the brake shoe and the lining plate should be smaller; and the ij = ith row andjth column in matrix
angle of the actuation force should be larger. However, it should N = normal component

be noted that the material with the small Young’s modulus of | = in | direction

elasticity might wear easily and faster. Although the material with ~ t = tangential component

a small friction coefficient can provide more uniform pressure L = lining plate

acting on the lining plate, it should not be too small. Otherwise, it = m_etal_shoe

will lower the braking effect. The friction coefficient of material XY = direction

about 0.2 is a good selection for application. In addition, a larggjuperscripts

actuation force should be applied with the actuation angle of 35°

to compensate and increase the braking effort.

Acknowledgment

i = pointi
ij = displacement vector d in j direction with a unit
force acted on poinW in i direction

The authors would like to express their sincere appreciation fxeferences
the grant no. NSC88-2212-E-002-036 from the National Sciencd1] Day, A. J., Harding, P. R. J., and Newcomb, T. P., 1979, “A Finite Element

Council of the Republic of China for this study and to Grant D.

Huang for comments and revisions made on this manuscript.

Nomenclature

area
unit vector inj direction

actuation force

body force in the direction

Galerkin vector

influence coefficient matrix regarding poiritandj
shear modulus

traction force matrix

distance between poind andQ

traction basis solution matrix or transverse matrix
coordinate transform matrix

traction force basic solution

displacement matrix

displacement basic solution

Poisson’s ratio

coordinate

integration domain

friction coefficient

angle measured from line of centers of drum brake
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