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ABSTRACT-In design of the friction clutches of automobiles, knowledge on the thermo-elasticity a priori is very
informative in the initial design stage. Especially, the precise prediction technique of maximum temperature and stress
should be requested in design of mechanical clutches for their durability and compactness. In this study, an efficient and
reliable analysis technique for the design of the mechanical clutches by using computer modeling and numerical method
was developed. A commercial software STAR-CD™ was used to find the convective heat-transfer coefficients. MSC/
NASTRAN™ software was followed to predict the temperature of clutch with utilization of estimated coefficients. Some
experiments were also performed with a dynamometer to verify the procedure and calibrate the thermal load. As a
conclusion, a design procedure, including numerical steps and experimental techniques for calibration, was proposed.

KEY WORDS : Finite element analysis, CFD analysis, Automotive friction clutch, Transient analysis, Pressure plate,

Flywheel, Navier-Stokes equations

1. INTRODUCTION

A clutch is a mechanical device for quickly and easily
connecting or disconnecting a pair of rotating coaxial
shafts. It is usually placed between the driving motor and
the input shaft to a machine, permitting the engine to be
started in an unloaded state. Among many types of
clutches, a clutch in popular use is the single plate, dry
disc type as shown in Figure 1.

It basically consists of six major parts: flywheel, clutch
disc, pressure plate, diaphragm spring, clutch cover and
the linkage necessary to operate the clutch (Nunney,
1998; Orthwein, 1986). The friction clutch of automotive
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Figure 1. A schematic of a diaphragm spring clutch.
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generates heat from the rubbed surface due to the power
dissipation by the frictional slip between flywheel and
clutch disc and between clutch disc and pressure plate.
The generated heat has a considerable influence on the
efficiency of clutch so it should be stressed to keep the
clutch under some critical temperature ranges (Murali,
1998). Otherwise, the overheated clutch could fail or
work at a very low efficiency. Therefore, thermal
capacity of the clutch should be assessed in the initial
stage of the clutch design. However, it is impractical to
make complete experiments because of various and
complicated driving conditions. Moreover, the deficiency
of heat flux data inside the clutch adds difficulty in the
precise analysis.

Numerous researches have been done to solve dry
friction contact problem with various methods (Shin ez
al., 2004). In order to solve this problem exactly, heat
transfer, structural and contact analysis must be consider-
ed simultaneously, which requires huge computational
cost and time. Even though many researches trying to
solve this coupled problem directly have been done, they
were limited for either simple models or steady-state
operating condition analyses (Zagrodzki and Truncone,
2003; Zagrodzki and Wagner, 2002). Due to that, for a
complex geometry system and for transient analysis, the
de-coupled method is still widely used because it can be
possible to analyze transient behavior and has excellent
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efficiency (Choi et al., 2002; Kang et al., 2003).

In this study, an experiment was traced by the finite
element analysis to examine the thermal capacity of a
clutch. Through this, attention was paid to developing a
thermal analysis procedure for a friction clutch. The
potential merit of study was checked whether the thermal
capacity of the clutch could be considered by FE analysis
with assigning the appropriate load and boundary
conditions. In a clutch FE model, the most important
thing is to have the appropriate boundary conditions that
correspond to the real situation. However, in order to
derive the appropriate load and boundary conditions, it is
necessary to understand the friction works between
clutch disc and flywheel and between pressure plate and
clutch disc, and convective heat transfer of the environ-
ment during the clutch operation. For this end, a steady
state conjugate heat transfer analysis was first performed
by using CFD (computational fluid dynamics) to deter-
mine the convective heat-transfer coefficients at the
solid-fluid interface. Then, the estimated convective heat-
transfer coefficients were employed in heat convection
boundary conditions to the axisymmetric model, and
FEA (finite element analysis) was used to analyze transi-
ent temperature in the pressure plate and flywheel.

Axisymmetric analyses for the pressure plate and
flywheel were done first to see the rough conditions of
friction heat load conditions which could simulate the
experiment situation with the initial assumption that the
proportion of heat flux to the flywheel and pressure plate
was 0.9. Changing the proportion value, many iterative
analyses were performed comparing the analysis result
with experiment one. During this process, the rough
values of load conditions were adjusted to get the
approximate analysis result to the experimental one, and
finally the appropriate conditions were obtained.

2. EXPERIMENT

2.1. Experimental Description and Procedure

Figure 2 shows clutch assembly installed at dynamo-
meter for experiment. The driven shaft was thus connect-
ed to a hydraulic torque controlled motor used as a brake
and controlled in order to simulate vehicle inertial load.
The drive shaft was powered by a 35 kW hydraulic motor
whose speed could cover up to 3450 rpm. A main motor
was connected to a reducer and finally to a drive shaft.
The clutch was connected to the shaft. The driven shaft
was linked to a braking motor. The experiment dynamo-
meter was equipped with sensors to measure the
magnitudes that can define and influence the clutch
transmissibility function. Sensors were arranged in order
to measure transmitted torque, rotating speed, actual
contact pressure between clutch disc and flywheel and
temperature of the contact surfaces. Transmitted torque,

experiment.

Table 1. Experimental conditions.

Time (min) 20
Number of engagement 42
Input speed (rpm) 2000
Torque (N-m) 280
Friction surface outer diameter (m) 0.215
Friction surface inner diameter (m) 0.145

contact pressure and rotating speeds of shafts were
measured by dynamometer itself. Flywheel and pressure
plate temperatures were measured by chromel-alumel (K
type) thermocouples placed at a depth of 1.5 mm from
each mean radius points of friction surface with clutch
disc. A thermocouple was placed inside of the clutch
housing to measure ambient temperature (Ercole et al,
2000; Velardocchia et al., 1999).

The experiment was designed so that the diaphragm
spring clutch can be tested while simulating one of the
most common severe operating conditions, i.e., frequent
standing starts. Experiment conditions are summarized in
Table 1.

2.2. Experimental Results
Figure 3 shows the transmitted torque history during the
whole experiment period. When each rotational angular
velocity of engine and clutch is regarded as input and
output angular velocity, if the input and output angular
velocities and torque are known, heat generated on the
friction surface could be found without any limitation of
the friction feature of clutch. To obtain heat flux that is
applied as the heat load condition of FE model, each
variation of input and output angular velocity was
measured whenever clutch was engaged during experi-
ment.

Figure 4 shows the relative angular velocity calculated
by the difference of input and output angular velocities
from start to finish of an engagement. Load condition of
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Figure 3. Transmitted torque history.

2000 frommmeme_

1500

—— Input
= Qutput
——— Relative

1000

Angular velocity (rpm)

o

Q

=1
T

25 26 27 28 29 30 31 32
Time (sec)

Figure 4. Relationship among measured input angular
velocity and output angular velocity and calculated
relative angular velocity during an engagement.

FE model was determined through the torque and relative
angular velocity.

For the thermal analysis of the clutch application, a
uniform heat flux is applied over the two friction surfaces
(between flywheel and clutch disc and between clutch
disc and pressure plate) of the clutch parts using a
following formula:

i+_ 0 -T-
g- Aot o) TP )

where

g : heat flux (W/m?)

@, : input rotational speed (rpm’)

@, : output rotational speed (rpm)

T : torque (N'm)

p : proportion of heat flux to flywheel and pressure
plate (initial value : p, = 0.9 each) (Beretta and
Malfa, 2003)

A :total friction surface area of clutch (0.0396 m?)

*1 rpm (revolution per minute) = /30 rad/s
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Figure 5. Heat flux input history.
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Figure 6. Atmosphere temperature history.

Figure 5 shows the calculated heat flux history with
initial value of p,. Figure 6 shows the measured atmos-
phere temperature along with the result of polynomial
curve fitting used as the boundary condition for the FE
analysis.

3. COMPUTATIONAL PROCEDURE

Computational flow chart for this analysis is summarized
in Figure 7. Heat transfer including a rotating body is of
major importance in the analysis and design of machi-
nery with rotating parts (Oehlbeck and Erian, 1979; Jeng
et al., 1979; Sim and Yang, 1984; Arora and Stokes,
1972; Grieve et al., 1998). In this study, the procedure
was composed of two parts, steady state conjugate heat
transfer CFD analysis and transient FE analysis. The
CFD analysis was first performed to determine the
convective heat-transfer coefficient field, and the result
was employed in heat convection boundary condition to
the transient FE analysis.

The heat flux load condition applied to the FE analysis
was calculated by Equation (1), and was adjusted with



64 B. LEE and C. CHO

h 4

Axisymmetric
Geometry data }‘__,? FE model —/

{ !

) ] v
Cyclic symmetric 1st calculated heat
CFD model flux from operating
¢ condition
CFD analysis #
(STAR-CD)

transient heat

¢ ¥ transfer analysis @ |
Convection heat (NASTRAN)

- Modify heat flux
i
transfer coefficient foad proportion(K)

1

Compare temperature resuit

|
v

Determine the adjusted load
and boundary condition
for the clutch
1

End
Figure 7. Computational flow chart.

changing the proportion value [p in Equation (1)] until
the temperature results of FE analysis approximated to
the experimental result. Through this iterative procedure,
the adjusted load and boundary condition for the clutch
were determined.

Based on the geometry, cyclic symmetric models were
built for CFD analysis to consider the air flow in the
model including rotating solid, and axisymmetric models
were built for FE analysis.

3.1. CFD Analysis

Meshes for both solid (clutch parts) and fluid (air) region
were created. The 3D mesh models are shown in Figure
8. Steady state conjugate heat transfer analysis was
performed to find flow velocity and temperature distri-
bution in both the solid and fluid regions. In order to
enhance analysis efficiency, the parts which were
considered as not affecting the result of analysis such as a
small hole, fillet on the corner and joint parts, were
simplified in the model.

STAR-CD™ was used for the conjugate heat transfer
CFD analysis. STAR-CD™ numerically solves the gene-
ralized Navier-Stokes equations that describe most of the
heat transfer and fluid flow phenomenon. The velocity
field can be obtained simultaneously solving temperature
and pressure fields, the continuity, momentum, energy
and turbulence equations. The governing equations were
solved with a rotating frame of reference. The angular
velocity of clutch assembly was set constant. The steady
state airflow was assumed. The generated friction heat is
uniformly distributed over the whole rubbing surface
area. Incompressible flow was also enforced for simpli-

Raotating solid

Heat generation

Figure 9. Computational domain and boundary condi-
tions for CFD analysis.

city. In order to represent turbulence, k-& model was
employed (CD Adapco Group, 2003). The heat loss
caused by convection only was considered.

Figure 9 shows the boundary conditions for the faces
of the computational domain. The clutch assembly
(clutch cover, pressure plate and flywheel) was rotating at
2,000 rpm (209.4 rad/s). No slip condition was used at
the surface of clutch assembly and housing. Cyclic
boundary conditions were used at either side of the
wedge of the solid and fluid computational domain.

In the steady state conjugate heat transfer analysis, the
fixed temperature boundary conditions were imposed on
friction surfaces. The fixed temperatures were 170°C for
flywheel and 260°C for pressure plate. These values are
the average values of temperature history of each part.
The exact value may not be essential because the purpose
of this analysis was to estimate the heat transfer
coefficient distribution on the interface of solid and fluid
region. It was also assumed that the heat transfer
coefficient should not change with time and depend on
the flow field only.
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3.2. FE Analysis

An axisymmetric element model can be applied if the
shape, load and boundary condition are symmetrical with
respect to an axis. However, the shape of pressure plate
and flywheel under this study are not exactly symmetric,
so that the analysis of a simplified model using
axisymmetric elements might not reflect properly the one
of the real conditions. Nevertheless, using axisymmetric
element provides some advantages of easy modeling and
saving the computation time and resources, compared
with that using full solid elements (Chainkey, 1994;
Reymond and Miller, 1994). In accordance to those
reasons, it is very effective to use axisymmetric elements
FE model for the complex clutch analysis, for finding the
heat flow and examining the appropriateness of the
boundary conditions and applied load, in spite of the
some error (3% or less) due to its not perfectly exact
axisymmetric geometry (Heo et al., 2002). In this study,
the simplified axisymmetric FE model was built, and
repeated analyses were performed to determine the
applied thermal load that had been used for experiment.
The heat transfer boundary conditions were adopted from
the CFD analysis. Because the CFD model was a cyclic
symmetric model, and the FE model was an axisym-
metric model, the CFD result should be modified. As
results, the approximate heat flux proportions (p) for
pressure plate and flywheel were determined (Cho and
Ahn, 1999; 2001; Kennedy, 1981; Bathe, 1996; Dow and
Burton, 1997; Lee et al, 2000; Park and Park, 2000;
Fukano and Matsui, 1986). Table 2 is the temperature-
dependent material properties of cast iron of flywheel and
pressure plate. Figure 10 shows the built FE model.

Table 2. Thermal properties of cast iron.

Temperature (°C) 0 100 300 400

Density (kg/m’) 7196 7196 7196 7196
Specific heat (J/kg-°C) 443 468 580 636
Conductivity (W/m°C)  53.8 502 43.1 399

Jal "

R A O

WO EREOEXE
XA A
:"ﬁ"" i'uv*‘gs
2

v
LA
ERKS
GARE

o
R )

A VAT AVAYATAT AV LAV AT VAN A AV A YAV AVAV AT LT AVAT AVAVAT V2"
T RSN
B S e
i AY A\ AV
Q*ge};gfqez,;gg Sk
>

B
5T,
5

e
i
o

<
K]
e
=z
%
AT
3

Fava
&

itax

e
N

TSN
QR

=

Figure 10. Axisymmetric FE clutch model.
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Figure 11. Convective heat-transfer coefficient contour
(W/m*°C).

3.3. Computational Result and Discussion

Figure 11 shows the steady state CFD result of convec-
tive heat-transfer coefficient on the clutch assembly. The
values of friction surfaces of pressure plate and flywheel
should be ignored in this result because they are not part
of interface of solid and fluid.

Because the linear velocity at outer radius region is
faster than that at inner radius area, higher convective
heat-transfer coefficient field (up to 141.7 W/m*-°C) was
shown at outer region.

The approximate convective heat-transfer coefficient
in the case of airflow at 35 m/s over 0.75 m square plate
is around 75 W/m*°C (Holman, 2001), and the average
value of the result is around 100 W/m*-°C.

Because the calculated convective heat-transfer coeffi-
cient field was the result of the average temperature of
clutch parts, another field condition to consider the
temperature effect was necessary.

Limpert (1998) suggested many empirical equations
for calculating the convective heat-transfer coefficient of
rotating device such as brake and clutch. For rotating
solid disc the convective heat-transfer coefficient with
turbulent flow may be approximated by

h= 0.04(%) Re** )
Re = % 3)
where

h : convective heat-transfer coefficient (W/m*°C)
k, : conductivity of air (W/m-°C)

D : outer diameter (m)

Re : Reynolds number

V' : linear speed (m/s)

L : characteristic length, outer diameter (m)

. kinetic viscosity of air (m?/s)

Even though the clutch assembly is not disc, the
adoption of this equation can give the reasonable values
of convective heat-transfer coefficient and help to consi-
der the temperature dependent heat-transfer characteri-
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Table 3. Temperature-dependent properties of air and
convection coefficient.

Temperature (°C) 0 100 300 400
0.024 0.032 0.045 0.051

Conductivity of air
(W/m-C)

Kinetic viscosity of air  1.37 2.33 474 6.17
(m¥s)*107
Convection coefficient
(W/m*°C)

130.8 1123 904 828

stic.

Considering the temperature-dependent material pro-
perties of air (conductivity and viscosity), the convective
heat-transfer coefficient of rotating solid disc which is
0.240 m diameter and rotates at 2,000 rpm and applied
temperature-dependent properties of air are shown in
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Figure 12. Temperature history of the flywheel for
applied temperature-dependent convective heat-transfer
coefficient field: (a) comparison between experiment and
analysis; (b) estimation temperature error (analysis -
experiment).

Table 3. As the temperature of air increases, the convec-
tive heat-transfer coefficient value decreases.

Based on these two conditions (spatial dependence and
temperature dependence), convective heat transfer
boundary conditions were applied in FE analysis.

For the flywheel analysis, the appropriate heat flux
proportion p was estimated at 85%, and the rest 15% was
regarded as the loss from the conduction to the clutch
disc and in some other forms of energy. The proportion
value p was determined when the temperature error at the

celevated temperature range was less than 5°C. Figure 12

shows the comparison between the experimental and
simulation result at a depth of 1.5 mm from mean radius
point of friction surface.

As shown in Figure 12(b), calculated temperature
values are lower than experiment result at the beginning
of history and are higher at the ending of history. That
means that the temperature-dependent heat-transfer
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Figure 13. Temperature history of the pressure plate for
applied temperature-dependent convective heat-transfer
coefficient field: (a) comparison between experiment and
analysis; (b) estimation temperature error (analysis -
experiment).
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coefficient is over-estimated in low temperature region
and under estimated at high temperature, but the error
range at elevated temperature region (over 100°C) is in
around + 5°C.

For the pressure plate analysis, the heat flux proportion
was also estimated at 84% and the rest 16% was regarded
as the loss from the conduction to the clutch disc and in
some other forms of energy. The proportion value p was
determined when the temperature error at the elevated
temperature range was less than 5°C. Figure 13 shows the
comparison between the experiment and simulation
result at a depth of 1.5 mm from mean radius point of
friction surface.

As shown in Figure 13(b), differently from the
flywheel case, temperature error tends to neither increase
nor decrease. This means the temperature dependent
convective heat-transfer coefficient condition is well
adopted for high temperature application. The error range
at entire region is in around =+ 5°C.

4. CONCLUSION

In this study, the thermal flow of flywheel and pressure
plate using CFD and FEM was considered. In order to
estimate the appropriate environmental conditions during
the clutch operating period, the experiment was perform-
ed, and analysis results from using axi-symmetric FE
model was compared with the experimental results. To
simulate the experiment using CAE, exact load and
boundary conditions should be applied so that the
convective heat-transfer coefficient field was extracted
from CFD analysis and heat flux proportion factor were
deduced via such repeated comparisons. The results of
the analysis applied for the finally adjusted conditions
were very close to the experimental results. From these
results, the suggested FE analysis procedure provides
very good quality of result for understanding the thermal
flow characteristics of the automotive clutch that operates
intermittently.
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