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Summary:

The high thermal stresses generated between the contacting surfaces of a multi-
disc clutch system (pressure plate, clutch discs, plate separators, and piston)
due to the frictional heating generated during slipping are considered to be one
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of the main reasons for clutch failure related to contact surfaces. A finite
element technique has been used to study the transient thermoelastic
phenomena of a multi-disc dry clutch. The results present the contact pressure
distribution, the temperature evaluation, and the heat flux generated along the
frictional surfaces. Analysis has been completed using two-dimensional
axisymmetric model to simulate the multi-disc clutch. ANSYS software has
been used to perform the numerical calculation in this paper.

INTRODUCTION

Automotive clutches and brakes are frequently subjected to high thermal loads,
and this load will occur as a result of slipping between contact surfaces. The
surface temperatures may cause serious disadvantages, such as thermal cracks
and permanent deformation, and these conditions will lead to premature failure
of the sliding systems in some cases.

Al-Shabibi and BarbefL. 1] investigated an alternative method to solve
the thermoelastic contact problem with frictional heat generation. A two-
dimensional axisymmetric finite element model was built to study the
temperature field and pressure distribution of two sliding disks. Constant and
varying speeds were considered in this analysis. The results show that the
initial temperature is shown to be crucial, since it represents the particular
solution, which can have quite an irregular form, and this situation especially
true when the system operates above the critical speed.

Ivanovic et al.[L. 2] presented a pragmatic semi-physical approach to
modelling the thermal dynamic behaviour of a wet clutch. The thermal energy
balance was considered the base to investigate the heat transfer mechanisms in
the separator plate. The coefficient of friction behaviour and thermal dynamics
are considered the most important parameters that effect on the wet clutch
dynamics response. Moreover, the effect of the coefficient of friction on the
clutch slip speed, the applied force, and friction surface temperatures have been
studied. The results of the dynamic thermal model were experimentally validated.

Zagrodzki[L. 3] studied the frictional heating in the sliding systems and
the effect of sliding speed on the stability of the system when the sliding speed
exceeds the critical value. The finite element model used to investigate the
transient thermo-elastic process, spatial discretization and modal superposition
is presented. Constant sliding speed was performed in this analysis. The
transient salutation includes both the homogenous part (corresponding to the
initial condition) and the non-homogenous part (represent the background
process). The results show that the important parameters that are contributors in
the background process are the nominal process equivalent to uniform pressure
distribution in isothermal case and the pressure variation caused by geometric
imperfection or by design features.
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Jang and Khonsafi. 4] presented a newly developed model to predicting
the rate of the growth of instability in a conductor-insulator system in the
presence of a liquid lubricant and found a relation between the wave speed and
the configurations of hot spots. The analysis includes terms for the roughness
of the surface and is capable of treating bodies of finite thickness with or
without lubrication. The results show that the shape of hot spots is more likely
to be circular with an appreciable penetration depth when the wave speed is
small, and the hot spots is elongated when the wave speed is much slower than
the operating speed.

Zhang et al.[L. 5] developed a new model for wet clutches in
hydrodynamic machineries to compute the thermal behaviour with high
accuracy. Matlab/Simulink was used to build the model and find the
temperature field during engagement. The shift schedule, piston pressure, and
relative velocity parameters were considered in this Simulink model. A two-
dimensional heat conduction model was used to calculate the temperature
distribution along the axial direction and radial direction on the sliding
interface between contact surfaces. The results have shown a good agreement
with the experimental work.

Seo et al[L. 6] suggested a thermal model to estimate the temperature
distribution for a wet clutch in 4WD coupling to avoid thermal failure for the
clutch plate during operating conditions of vehicle. The results of this model
are validated experimentally with an actual 4WD vehicle under a limitation of a
torque = 900 Nm. The theoretical results have shown a good agreement with
the experimental results.

Czél et al[L. 7] used a finite element method for a dry ceramic clutch disk
to find the thermal behaviour and compared it with experimental measurement
results. The heat partition factor and heat convection coefficient were assumed
to be changing in time and space. A distributed heat source was applied for
modelling heat generation. The thermal results have shown a good agreement
with the measured temperature.

Abdullah and Schlattmann [L. 8—1R]vestigated the temperature field and
the energy dissipated of a dry friction clutch during a single and repeated
engagement under uniform pressure and uniform wear conditions. They also
studied the effect of pressure between contact surfaces when varying with time
on the temperature field and the internal energy of clutch disc using two
approaches. One was the heat partition ratio approach to compute the heat
generated for each part individually, and the second applies the total heat
generated for the whole model using a contact model. Furthermore, they studied
the effect of engagement time and sliding velocity function, thermal load, and
dimensionless disc radius (inner disc radius/outer disc radius) on the thermal
behaviour of the friction clutch in the beginning of engagement.
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This paper presents full details to compute the temperature field and
contact pressure distribution of multi-disc dry friction clutch during the
beginning of engagement. The finite element method used to obtain the
numerical simulation of the transient thermo elastic properties of the clutch
system. The pressure applied during the period of engagement was assumed
constant and the effect of convection is neglected.

FUNDAMENTAL PRINCIPLES

The main system of the multi-disc dry friction clutches consists of a pressure plate,
clutch discs, plate separators, and a piston as showig.inl When the clutch

starts to engage, slipping will occur between contact surfaces due to the difference
in the velocities between them (slipping period), after this period, all contacts parts
are rotating at the same velocity without slipping (full engagement period). A high
amount of the kinetic energy is converted into heat energy at interfaces, according to
the first law of thermodynamics, during the slipping period; and the heat generated
between contact surfaces will be dissipated by conduction between friction clutch
components and by convection to the environment, and in addition to the thermal
effect due to the slipping, there is other load condition which is the pressure
contact between contact surfaces. In the second period, there are three types of
load conditions: the temperature distribution from the last period (slipping
period), the pressure between contact surfaces due to the axial force, and the
centrifugal force due to the rotation of the contacts parts. Figsre®s the load
conditions during the engagement cycle of the clutch system, wherahie
slipping time and T is the transmitted torque by clutch.

Friction disc

1 e

Pressure plate  Separator plate

R — il

7
(a) Multi-disc clutch system [13] (b) Axisymmetric model for multi-disc clutch system

Fig. 1. The main parts of a Multi-disc clutch
Rys.1. Gléwne komponenty spgta wielotarczowego: system spgia wielotarczowego,
b) model osiowosymetryczny sggta wielotarczowego



5-2014 TRIBOLOGIA 13

Thermal +
Thermal +Contact pressure i Contact pressure +
i Centrifugal effect

Slipping period ' Full engagement periol
(Transient case) 5 (Steady-state case)

ts
Time

Fig. 2. The load conditions during the engagement cycle of the clutch
Rys. 2. Warunki obgizenia podczas cyklu pracy spgta

FINITE ELEMENT FORMULATION

This section presents the steps to simulate the contact elements of a friction
clutch using ANSYS software. Moreover, it gives more details about the types
of contacts and algorithms that are used in this software.

The first step in this analysis is the modelling. Due to the symmetry in the
geometry (frictional lining without grooves) and boundary conditions of the
friction clutch (take into the consideration the effect of the pressure and the
thermal load due to the slipping), a two-dimensional axisymmetric FEM can be
used to represent the contact between the clutch elements during the slipping
period. The axisymmetric model of the multi-disc clutch system with boundary
conditions is shown ifrig. 3 (a), and the effect of convection is neglected in
this analysis.

There are three basic types of contact used in ANSYS software are single
contact, node-to-surface contact, and surface-to-surface contact. Surface-to-
surface contact is the most common type of contact used for bodies that have
arbitrary shapes with relative large contact areas. This type of contact is most
efficient for bodies that experience large values of relative sliding, such as
block sliding or plane or sphere sliding within a grogke 14]. Surface-to-
surface contact is the type of contact assumed in this analysis because of the
large areas of clutch elements in contact.

The elements used for contact elastic model are as follows:

» “Planl13” used for all elements of the clutch system (piston, clutch discs,
separator plates, and pressure plate);
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e “Contal72” used for contact surfaces that are the both surfaces of clutch
discs; and,

 “Targel69” used for the target surfaces that are the surfaces of the
separator plates and the surface of the pressure plate that contact with the
friction disc.
The element used for the heat conduction model is Plafkéfire 3 (b)

shows the finite element model of multi-clutch disc that has been used in this

analysis.
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Fig. 3a. The Contact model with boundary Fig. 3b. FE model of multi-disc clutch system

conditions of multi-disc clutch system (No. of elements= 4428 )
Rys. 3a. Model styku z warunkami brzegoRys. 3b. Model MES spe¢gta wielotarczo-
wymi wego (liczba elementow 4428)

There are five algorithms used for surface-to-surface contact type as
follows:
* Penalty method: This algorithm used constant “spring” to establish the
relationship between the two contact surfgéeégure 4). The contact force
(pressure) between two contact bodies can be written as follows:

F =k, X, Q)

Where, F is the contact force, ks the contact stiffness, ang s the
distance between two existing nodes or separate contact bodies (penetration or

gap).
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Fig. 4. The contact stiffness between two contact bodies
Rys. 4. Sztywn#& stykowa dwu kontaktggych si elementéw

 Augmented Lagrange (default): This algorithm is an iterative penalty
method. The constant traction (pressure and frictional stresses) are
augmented during equilibrium iterations so that the final penetration is
smaller than the allowable tolerance. This method usually leads to better
conditioning and is less sensitive to the magnitude of the constant stiffness.
The contact force (pressure) between two contact bodies is

F,=k.x, +4 ()

Where, Ais the Lagrange multiplier component.

» Lagrange multiplier on contact for normal and penalty for tangent: This
method is applied on the constant normal and penalty method (tangential
contact stiffness) on the frictional plane. This method enforces zero
penetration and allows a small amount of slip for the sticking contact
condition. It requires chattering control parameters, as well as the
maximum allowable elastic slip parameter.

» Pure Lagrange multiplier on contact for both normal and tangent: This
method enforces zero penetration when contact is closed and “zero slip”
when sticking contact occurs. This algorithm does not require contact
stiffness. Instead, it requires chattering control parameters. This method
adds contact traction to the model as additional degrees of freedom and
requires additional iterations to the stabilize contact conditions. It often
increases the computational cost compared to the augmented Lagrangian
method.

* Internal multipoint constraint: This method is used in conjunction with
bonded contact and no separation contact to model several types of contact
assemblies and kinematic constraints.

The Pure Lagrange multiplier method is the method used in this analysis to
obtain the contact distribution between the contact surfaces of the clutch
system.
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A mesh sensitivity study was done to choose the optimum mesh from the
computational accuracy point of view. The full Newton-Raphson with
unsymmetrical matrices of elements is used in this analysis assuming a large-
deflection effect. In all computations for the friction clutch model, it has been
assumed a homogeneous and isotropic material, and all parameters and
materials properties are listedTable. 1. This analysis also assumed that there
are no cracks in the contact surfaces.

In the numerical modelling of contact problems, special attention is
required because the actual contact area between the contacting bodies is
usually not known beforehand. In contact problems, unlike other boundary
problems, nodes on the contact surface do not have prescribed displacements or
tractions. Instead, they must satisfy two relationships: (1) the continuity of
normal displacements on the contact surface (no overlap condition of contact
area), and (2) the equilibrium conditions (equal and opposite tractions). Even if
the contacting bodies are linear materials, contact problems are nonlinear
because the contact area does not change linearly with the applied load.
Accordingly, iterative or increment schemes are needed to obtain accurate
solutions of contact problems. The iterations to obtain the actual contact
surface are finished when all of these conditions are met [L. 15].

Figure 5 shows the interfaces of two adjacent subregiorend j) of
elastic bodies. The elastic contact problem is trea@gdquasi-static with
standard unilateral contact conditiongls interfaces. The following constraint
conditions of displacemengse imposed on each interface:

w=w, if P>0 3
wsw, if P=0 (4)
a) b)
—_— —
subregion j subregion j
U, T“ e q T
= +44 44
1, B T
subregion i subregion ¢
ﬁ_\_\_,_,_; %
Fig. 5. Contact model for the (a) elastic and (b) heat conduction problem in two adjacent
subregions

Rys. 5. Model styku dla problemu spystego (a) przewodzenia ciepta w dwu przyleggih
podobszarach
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Where, P is the normal pressure on the friction surfaces. The radial
component of the sliding velocity resulting from the deformations is considerably
smaller than the circumferential component. Therefore, the frictional forces in the
radial direction on the friction surfaces are disregarded in this $tudi6].

Figure 5 (b) shows the thermal phenomena of two adjacent subregions of bodies.
The interfacial thermal boundary conditions depend on the state of mechanical
contact. Two unknown terms, andgy;, exist on each interface. To fully define
the heat transfer problem, two additional conditions are required on each contact
interface. If the surfaces are in contact, the temperature continuity condition and
the heat balance condition are imposed on each interface as follows:

T=T, if P>0 (5)

[ I

qQ=pPwr=-%q,=-(q,+q,), if P>0 (6)

Where, 1 and o are the coefficients of friction and angular sliding
velocity, respectively. Then, using the aforementioned conditions, equations of
one node from each pair of contact nodes are removed. If the surfaces are not in
contact, the separated surfaces are treated as an adiabatic condition:

q=0=d, =0, if P=0 7)

Assume the sliding angular velocity decreases linearly with time as

w(t)zwo(l—ti), O<tst, (®)
S

The distribution of the normal pressure P in Eq. (6) can be obtained by
solving the mechanical problem occurring in the disc clutch.

Clutch engagement can be simulated through a direct computer simulation.
The simulation involves solving two coupled problems at the same time. Given
the temperature field(r,z,t), the thermoelastic contact problem is solved for
the contact pressung(r,t). This is done by solving Hook's law with thermal
strain relations

gij - 0-”
and equilibl'iUIII equatiOIIS

_(%Umm+aTjo—ij 9)

7o (10)

and boundary conditions (3-5) that involve exposed surfaces and displacement
constraints. The contact pressure from the thermoelastic problem is then used to
define the frictional heat flux (6). The second problem that needs to be solved
is the transient heat conduction equation,
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DZT :ia_T (12)
k ot
to yield a new temperature fiel@(r,z,t + &). The boundary conditions of this
problem involve the heat fluxj(r) given at the contact interface and some

other boundaries, which can consist of convective and insulated surfaces.

Table 1. The properties of materials and operations
Tabela 1. Wiasnizi materiatéw i warunki pracy

Parameters Values
Inner radius of friction clutch disg, [m] 0.052
Outer radius of friction clutch disg[m] 0.067
Thickness of clutch disc including the friction surfaces [m], t 0.00193
Thickness of the friction material [m], t 0.00053
Inner radius of pressure plate [m, r 0.052
Outer radius of pressure plate [my}, r 0.067
Thickness of the pressure plate [rg], t 0.0074
Inner radiuses of piston [m};rand g, ggggg
Outer radiuses of piston [mL¢rand gy, ggg?
Thicknesses of the piston [m}, &nd §, 38(2)2
pressure, p [MPa] 1
Coefficient of friction,u 0.2
Number of friction clutch disc, n 5
Maximum angular slipping speed, [rad/sec] 300
Young's modulus for friction material ;HGPa] 0.30
Young's modulus for pressure plate, plate separator, piston & clutch plate, 125

(Ep E, and Ep), [Gpa]

Poisson’s ratio for friction material, 0.25
Poisson’s ratio for pressure plate, plate separator, piston & clutch plate 0.25
Density for friction material, [kg/f, py 2000
Density for pressure plate, plate separator, piston & clutch plate J[k@#gmpr, andpe)  |7800
Specific heat for friction material, [J/kg K] 120
Specific heat for pressure plate, plate separator, piston & clutch plate, [J/kg K] 582
Conductivity for friction material, [W/mK] 1

Conductivity for pressure plate, plate separator, piston & clutch plaig,&, K. [W/mK] |54

Thermal expansion for friction material and steef]K 12¢®

Slipping time, {[s] 0.5
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A schematic diagram representing the finite element simulation is shown
in Fig. 6. The simulation involves constructing two different models. The first
of which is used to solve the thermoelastic problem to yield displacement field
and contact pressure distribution. The other model is used to solve the transient
heat conduction problem to account for the change in the temperature field. The
two models are coupled through the fact that the contact pressure from the first
model is needed in the second model to define the frictional heat flux.
Moreover, the temperature field from the heat conduction model is needed for
the computation of the contact pressure. This requires defining short time steps
during which the contact pressure and the sliding speed are assumed to remain
constant.

i=1
no.of steps = NS
t,=0
Ar=——

NS
v, =V()
T,=T@,)

|

[ Elastic Model
i=i+l

pi=p =t +Ar
g, = fV.p, T.=T
V.=V(t,)

Heat conduction
model

A

-/

Fig. 6. Schematic diagram of FE simulation [L. 1]
Rys. 6. Schematyczny diagram symulacji MES

RESULTS AND DISCUSSIONS

The numerical model is simulated using the finite element method to
investigate the thermoelastic behaviour of multi-disc clutch system. The
simulation consists of two models. The first is the elastic contact model that is
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used to calculate the pressure distribution between contact surfaces. The second
is the heat conduction model used to calculate the temperature field of the
multi-disc clutch with time.

Figures (7-16)show the pressure distribution on the friction surfaces
(f - s=1to 10) at different time (0.2 s,0.4 s, 0.6 s, 0.8 s and 1 s). At the initial
of engagement, the pressure distribution on each friction surface is almost
uniform, except the first and the last surfaces are not uniform distributed, and
the reason for these results is that the thermoelastic effects are small until this
time. However, after time passes, at time 0.2 s, the trend of the normal pressure
distribution on each friction surface obviously shows the thermoelastic effects.
In general, the distribution of pressures on friction surfaces can undergo
changes due to the thermal deformations, which is known as the thermoelastic
transition. This process of the growth of non-uniformity in the pressure
distribution can be unstable, and then the TEI phenomenon takes place in the
sliding system. The maximum and minimum values of contact pressure occur at
the end of the sliding period in the last friction surfacegf= 10) and the™
friction surface (f s = 4), respectively.

Figure 17 show the variation of the heat flux with disc radius for different
friction surfaces (f-s =1, 3,5, 7 &9) att = 0.4 s. It can be seen that the
maximum values of heat flux occur at the last friction surface.

The variation of the maximum temperature with time is showfigare 18.

The temperature increases from the initial temperatures OK to maximum
temperature 602.4K at t = 0.4 s and then the temperature decreases to the final
temperature 572.3K at the end of the slippingt=0.5s.

Figures (19-21)show the contour of the temperature distribution of the
multi-disc clutch system. It can be seen that the values of temperature grow
from a minimum value at t = 0 to a maximum value at t = Q.8The
temperature on each friction surface increases due to the increment of normal
pressure as a whole, and especially, the temperature profiles on friction surface
10 partially change due to the localized rise in normal pressures.

CONCLUSIONS

In this paper, the solution of the transient homogeneous thermoelastic analysis
of multi-disc clutch system during the beginning of engagement (slipping
period) has been performed. A two dimensional axisymmetric finite element
model was built to obtain the contact pressure distribution and temperature
field of the multi-disc clutch system. It can be seen that the higher values of
contact pressure occur at the last friction disc (s = 9 & 10), and this
situation will lead to a high generation of heat in these contact surfaces and
consequently the maximum values of temperatures occur at these surfaces. The
effect of the thermoplastic phenomena starts on the clutch system att = 0.1 s.
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The maximum values of temperature occur in the last friction dise &4 s
(0.8ts) during the slipping period of 0.5 s. The maximum values of contact
pressure occur near the mean radius at t = 0.5 s for all friction discs ( to

8) except the last one occurs & = 9 & 10) at t = 0.4 s. This study presents a
valuable design tool to investigating the effect of thermoelastic phenomena on
the multi-disc clutch system behaviour during the beginning of engagement.
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Streszczenie

Wysokie naprezenia cieplne generowane mgdzy stykajacymi sie po-
wierzchniami systemu sprzgta wielotarczowego (tarcza dociskowa stata,
tarcze sprzgtowe, tarcze rozdzielajce, tarcza dociskowa ruchoma) w wy-
niku tarcia §lizgowego g uwazane za jedm z gtdwnych przyczyn uszko-
dzen powierzchni stykowych sprzgta. Do badania nieustalonych przebie-
géw termosprezystych w suchym spregle wielotarczowym zastosowano
metode elementu skoktzonego (MES). Wyniki przedstawiaj rozktad naci-
skéw stykowych, ocem temperatury i strumienia ciepta generowanego na
powierzchniach ciernych. Analiz przeprowadzono z zastosowaniem dwu-
wymiarowego modelu osiowosymetrycznego symulgego spreagto wielo-
tarczowe. Wyto oprogramowania ANSYS do przeprowadzenia oblicze
numerycznych w niniejszej pracy.



