
Friction 4(3): 228–237 (2016) ISSN 2223-7690 
DOI 10.1007/s40544-016-0120-z  CN 10-1237/TH 

RESEARCH ARTICLE  

 

Thermal behavior of friction clutch disc based on uniform  
pressure and uniform wear assumptions 

 
Oday I. ABDULLAH1,2,*, Josef SCHLATTMANN1 
1 System Technologies and Mechanical Design Methodology, Hamburg University of Technology, Hamburg 21073, Germany 
2 Department of Energy Engineering, College of Engineering, University of Baghdad, Baghdad-Aljadria 47024, Iraq 

Received: 11 May 2016 / Revised: 22 June 2016 / Accepted: 04 July 2016 

© The author(s) 2016. This article is published with open access at Springerlink.com 

 

Abstract: High temperatures appear in the contacting surfaces of a single-disc clutch system (friction clutch disc, 

flywheel and pressure plate) due to the relative motion between these parts during the sliding period. These 

high temperatures are responsible for several disadvantages such as increasing wear rate, surface cracks and 

permanent distortions. In some cases, these disadvantages may lead the contacting surfaces to failure before 

the expected lifetime. In this work, mathematical models of the friction clutch system (single-disc clutch) were 

built to find the temperature field during the sliding period (single engagement). Analysis has been completed 

using developed axisymmetric models to simulate the friction clutch system during the engagement. The surface 

temperatures are found based on uniform pressure and uniform wear assumptions. 
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1  Introduction 

The sliding systems such as automotive brakes and 

clutches consist of two or more bodies which press 

together and slide against each other. One of the con-

tact bodies must be a conductor to dissipate the heat 

and have a good resistance to wear, while the other 

body should be an insulator and have a high value of 

coefficient of friction. The interaction between the 

heat generated appears between the contact surfaces 

due to the relative speed between them, and thermal 

deformation and the elastic contact will change the 

contact pressure distribution. This interaction in some 

cases will lead to change the status of the sliding 

system from stable zone to unstable zone. In order to 

keep the friction system in the stable zone, it should 

avoid thermal failure reasons such as excessive sliding 

speed, wrong selection of friction material, etc. 

Newcomb [1] presented an analytical solution to 

obtain the surface temperature with time during the 

braking process assuming a uniform deceleration. He 

studied the effect of a non-uniform pressure distri-

buted circumferentially along the lining. His approach 

showed largely agreement with the experimental 

results. After one year, Newcomb [2] investigated the 

torque capacity and the amount of heat dissipated of 

the dry clutch during a single engagement assuming a 

uniform wear of the clutch surfaces. He calculated the 

temperatures at various depths inside the contacting 

elements of the clutch and at any time during the 

slipping period. The research results showed that the 

maximum temperature of the frictional surface affected 

the pressure plate. 

El-Sherbiny and Newcomb [3] used finite difference 

method to set up equations to express the heat balance 

at every region in the clutch system. He determines 

the temperatures at various elements when band 

contact occurs between the rubbing surfaces during 

the operation of an automotive clutch. Temperature 

distributions were determined of the contact area for 

different bands width on the two clutches facing. Both 
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single and repeated engagements made at regular 

interval are considered. 

Yevtushenko et al. [4] applied one-dimensional 

transient heat conduction to study the contact problem 

of a sliding of two semi-spaces, which induces the 

effects of friction and the heat generated during the 

braking. In their analysis, they assumed that the 

capacity of the frictional source on the contact plane 

depends on the time of braking. The problem is 

solved exactly using Laplace transform technique. The 

numerical results of the temperature are obtained for 

different values of input parameters, which characterize 

the duration of the increase of the contact pressure 

during braking from zero to the maximum value. An 

analytical formula for the abrasive wear of the contact 

plane is obtained assuming that the wear coefficient 

is a linear function with the contact temperature. 

Grzes [5] performed a transient thermal analysis of 

disc brake in a single brake application to examine the 

effect of the angular speed and the contact pressure 

on the temperature field of disc brake. A parabolic 

heat conduction equation for the two-dimensional 

model was used to obtain the numerical simulation. 

The results showed that both rotating speed of the 

disc and the contact pressure with specific material 

properties greatly affect the temperature fields of the 

disc brake. 

Ivanović et al. [6] presented a pragmatic semi- 

physical approach to model the thermal dynamic 

behavior of wet clutch. The thermal energy balance was 

considered the base to investigate the heat transfer 

mechanisms in the separator plate. The coefficient of 

friction and the thermal properties are considered the 

most important parameters which effect on the wet 

clutch dynamics response. Moreover, the effects of 

the coefficient of friction on the slipping speed of the 

clutch, the applied force, and the frictional surface 

temperatures have been studied. The results of the 

dynamic thermal model were experimentally validated. 

Yevtushenko and Kuciej [7] investigated a transient 

thermal problem of three-elements (disc/pad/caliper) 

with time-dependent. The effects of Biot number and 

the duration of the pressure increasing from zero at 

the initial moment of time to nominal value at the 

moment of a stop on the values of the temperature of 

the cast iron disc/metal ceramic and pad/steel caliper 

have been studied. The research results showed that 

the effect of Biot number will reduce the heat transfer 

through the contact surface. 

Abdullah and Schlattmann [8−15] study the ther-

moelastic behavior of a single and multi-disc friction 

clutches during the beginning of the engagement. 

They also investigated the effect of pressure between 

contact surfaces when it is varying with time on the 

temperature field and the internal energy of clutch disc 

using two approaches; heat partition ratio approach 

computes the heat generated of each part individually 

whereas the second approach applies the total heat 

generated of the whole model using the contact model. 

Furthermore, they studied the effect of engagement 

time, sliding speed function, thermal load, and 

dimensionless disc radius (inner disc radius/outer disc 

radius) on the thermal behavior of the friction clutch 

during the sliding period. They concluded that the 

restriction condition and material property modulus 

of elasticity are very effective on the contact pressure 

distribution and temperature field during the sliding 

period. 

The objective of this work is to develop mathematical 

models of a single-disc clutch based on uniform 

pressure and uniform wear assumptions to find the 

temperature distribution during the sliding period. 

Furthermore, comparisons have been made between 

the results obtained when assuming a uniform pressure 

between the contact surfaces and those obtained 

assuming uniform wear. The results showed that each 

assumption has different temperature distribution 

during the sliding period. 

2 Energy dissipation based on frictional 

force 

Heat generated due to the sliding between two bodies 

will raise the temperatures of the contact surfaces as 

a result of friction phenomenon, as shown in Fig. 1. 

The first law of thermodynamic states that the change 

in the input energy to the sliding system Uin is equal 

to the sum of the internal energy of the system 

Uaccumulated (accumulated or stored internally) and the 

energy output to the surrounding Uout (dissipated 

externally) [16]. 

in out accumulated
U U U             (1) 

The input energy in the friction case is the product of 
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the frictional force Ff and the sliding speed Vs. The 

rate of the input energy at the frictional interface is 

balanced by the heat conduction and the mechanical 

energy transmission moving away from the interface, 

either into the contact bodies or the surrounding. The 

partition of energy during the friction under various 

conditions is yet to be clearly determined. When the 

speed increases less and less friction energy perhaps 

as little as 5% consumed or stored in the material as 

microstructural defects such as dislocations, the energy 

produces phase transformations, surface energy of 

new wear particles and propagating subsurface cracks, 

etc. The rest of the energy is dissipated as a heat or 

melts the sliding interface. The energy that cannot be 

removed rapidly from the interface will cause raises in 

the values of the temperature locally. The temperatures 

which appear in the sliding process can be classified 

into two types [16]: 

 The flash temperature (localized): The maximum 

friction-induced temperature of the tips of the 

interacting asperities. This temperature occurs when 

the sliding surfaces touch at only a few locations 

at any instant. The energy is concentrated there and 

the heating is particularly intense. The concept and 

calculation of the flash temperatures are explained 

with details in Ref. [17].  

 The mean surface temperature (bulk): The average 

temperature over the nominal contact zone. 

The rate of the heat generated based on the friction 

force during the slipping between two bodies (e.g., auto-

motive brakes and clutches) is given as follows [18]: 

f s s
, 0q p V t t                (2) 

where 
s

, p andV  are the coefficient of friction, contact 

pressure and sliding speed, respectively.  

It can be obtained the rate of the heat generated 

during slipping period in the friction clutches under 

a uniform pressure condition between the contact 

surfaces using the following formula: 


  


r r

f s3 3
p o i

3
( , ) , 0

2π ( )

T r
q r t t t

n r r
      (3) 

where Tr, ωr , r, np, ri and ro are torque capacity of 

clutch, angular sliding speed, disc radius, number 

of friction surfaces in clutch system, inner disc radius 

and outer disc radius, respectively. 

The heat generated during slipping period in the 

friction clutches under a uniform wear condition is  


  


r r

f s2 2
p o i

1
( ) , 0

π ( )

T
q t t t

n r r
       (4) 

Figure 2 shows the variation of the heat generated 

(heat flux) with disc radius during the sliding period 

for both cases (uniform pressure and uniform wear 

conditions). 

3 Mathematical model 

The starting point of the temperature field analysis  

of a clutch system is the parabolic heat conduction 

equation in the cylindrical coordinate system (r—radial 

coordinate (m), θ—circumferential coordinate (◦), and 

z—axial coordinate (m)) [19], as shown in Fig. 3. 


 

    
   

    
      

2 2 2

2 2 2 2

i o

1 1 1
,

, 0 2π, 0 , 0

T T T T T

r r r r z k t
r r r z t

      (5) 

where k is the thermal diffusivity (k = K/(ρc)), ri is the  

 
Fig. 1 Schematic view of frictional sliding between two bodies. 
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Fig. 2 Variation of heat flux on the surfaces of a clutch disc during 
the sliding period. 

 

Fig. 3 Three-dimensional model of a single-disc clutch system. 

inner disc radius, ro is the outer disc radius of the 

clutch, and δ is the thickness of the contacting parts. 

Hence the distribution of heat flow will be uniform 

in circumferential direction, which means that the 

temperature and heat flow will not vary in θ direction, 

and thus the heat conduction equation reduces to 

(Fig. 4) 

   
       

   

2 2

i o2 2

1 1
, , 0 , 0

T T T T
r r r z t

r r r z k t
   

(6) 

Owing to the symmetry in the geometry and the 

boundary conditions of the clutch disc in z-axis, it is 

possible to simulate only the half of the cutch disc  

to reduce the time consumption for calculation. The 

boundary and initial conditions of a clutch disc (upper 

half) without grooves are given as follows (Fig. 4): 

0cu o a

cu

[ ( , , ) ],

0 2π, 0 2 , 0

r r

T
K h T r z t T

r
z t t




 


    

        (7) 

where Ta is the ambient surrounding temperature 

and h is the convection heat transfer coefficient. 

 

Fig. 4 Axisymmetric model of a clutch system with boundary 
conditions. 
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The initial temperature is   


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In this mathematical model, the angular sliding angular 

speed is assumed to decrease linearly with time as 

follows: 

 r o s

s

1 , 0
t

t t t
t

 
 

     
 

          (14) 

4 Finite element formulation 

Axisymmetric model of two discs in contact Ω1 and 

Ω2 is shown in Fig. 5. One of these discs slides over 

the other one. The boundary and initial conditions of 

this model are described as follows: 

p T
onT T                 (15) 

a h
( ) onq h T T                (16) 

cu q
on q q                 (17) 

i
at 0T T t                 (18) 

 
Fig. 5 Geometric model of the sliding system (two discs). 

Tp is the prescribed temperature. ΓΤ, Γh, and Γq are the 

boundaries on which temperature, convection and heat 

flux are prescribed of the system. The temperature was 

approximated over space as follows [20]: 



 
1

( , , ) ( , ) ( )
n

i i
i

T r z t N r z T t         (19) 

where Ni is shape function, n is the number of nodes 

in an element, and Ti (t) is the time dependent nodal 

temperatures. The standard Galerkin’s approach of 

Eq. (6) leads to the following equation [20]: 
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Using integration by parts of Eq. (20), it will obtain 

integral form of boundary conditions: 
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Substituting Eq. (22) and spatial approximation Eq. (19) 

to Eq. (21), it can obtain the following equation: 
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where i and j represent the nodes. Equation (23) can 

be written in matrix form as follows: 

   T
T R

t

 
  

 
C K              (24) 

where C is the heat capacity matrix, K is the heat 

conductivity matrix, and {R} is the thermal load. 
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Also, it can be written this equation in different form 

as follows: 
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or in matrix form, 

T d


  C C N N  

T Td dK h
 

   K B D B N N  

Mesh quality has a significant effect on the errors 

existing in the numerical results and the time step was 

taken in the model validation phase to ensure that the 

most efficient combination of number of elements and 

number of nodes was employed, and the resulting 

mesh was suitable. It is essential to use a suitable mesh 

to obtain the results with high accuracy. Therefore, 

it is necessary to find the relationship between the 

largest element size in the direction of heat flow and 

the smallest time step size to improve the accuracy of 

the results. The minimum time step is [21] 

2

e

4

l
t

k
                    (26) 

where k is the thermal diffusivity, and le is the value 

of the conducting length of an element (along the 

direction of heat flow) in the expecting highest tem-

perature gradient. Figure 6 shows the axisymmetric 

finite element model of friction clutch system. The 

Crank-Nicolson method was selected as an uncon-

ditionally stable scheme in this analysis. 

 

Fig. 6 Axisymmetric finite element model of a single-disc friction 
clutch system. 

5 Results and discussions 

The approach of present work was compared with 

the numerical results of Fu et al. [22] to find the 

maximum temperature (Tmax) at inner and outer 

radius of friction clutch. Table 1 shows the comparison 

between the results obtained using our approach 

with other researcher which used different approach 

(Fu et al. [22]). In this table, the maximum difference 

not exceeds 1%. The data for the verification case are 

shown in Table 2. 

Figure 7 shows the developed axisymmetric finite 

element models of a clutch disc under uniform pressure  

Table 1 The values of maximum temperature at inner and outer 
radius radii. 

 Tmax at ri (K) Tmax at ro (K) 

Present work 533.3 639.5 

Fu et al. [22] 536.4 642.6 

Difference (%) 0.57 0.48 

Table 2 The parameters and material properties for verification 
case [22]. 

Properties Friction material properties 
Steel 

properties

Dimensional 
parameters 

Interior diameter, D1 = 252 mm;
external diameter, D2 = 386 mm;

thickness, t2 = 5 mm 

Thickness
t1 = 10 mm
t3 = 5 mm

Modulus of 
elasticity (MPa)

70 2×105 

Thermal conducti-
vity (W/(m·K))

0.25 48 

Specific heat 
capacity (J/(kg·K))

1,337.6 480 

Density (kg/m3) 1,300 7,800 
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Fig. 7 Axisymmetric finite element models of clutch disc under 
different types of load, 8 nodes thermal element (PLANE77), 
number of elements=1,776. 

and uniform wear assumptions. The slipping time is 

0.4 s and the initial angular sliding speed ωo is assumed 

to be linearly decays and finally reaches zero at the 

end of the slipping period (Eq. (14)). The heat transfer 

coefficient was changed as a function of the relative 

surface speed (Vr) according to Czél et al. [23]: at  a 

stationary position the value of heat transfer coeffi-

cient is 5 W/(m2·K). At Vr = 14.8 m/s, the heat transfer 

coefficient is 40 W/(m2·K). In all computations, it has 

been assumed a homogeneous and isotropic material; 

all parameters and materials properties are listed in 

Table 3. All values and parameters referred to the axial 

cushion, friction material, flywheel and pressure 

plate in the following considerations will have bottom 

indexes cu, c, f, and p, respectively. 

Figures 8(a)−8(h) show the variation of the surface 

temperature with disc radius of clutch disc assuming 

uniform wear and uniform pressure between the 

contact surfaces, respectively. It can be noticed that 

Table 3 Model parameters and material properties. 

Parameters Values 

Inner disc radius, ri (m) 0.085 

Outer disc radius, ro (m) 0.135 

Torque, T (N·m) 580 

Maximum pressure, pmax (MPa) 0.25 

Coefficient of friction, μ [1] 0.3 

Number of friction surfaces, np [1] 2 

Maximum angular slipping speed, ωo (rad/s) 220 

Conductivity of friction material, Kc (W/(m·K)) 0.75 

Conductivity of pressure plate, flywheel and axial 
cushion, Kp, Kf and Kcu (W/(m·K)) 56 

Density of friction material, ρc (kg/m3) 1,300 

Density of pressure plate, flywheel and axial cushion, 
ρp, ρf and ρcu (kg/m3) 7,200 

Specific heat of friction material, cc (J/(kg·K)) 1,400 

Specific heat of pressure plate, flywheel and axial 
cushion, cp, cf and ccu (J/(kg·K)) 450 

Thickness of friction material, tc (m) 0.002 

Thickness of axial cushion, tcu (m) 0.001 

 

the temperature values are approximately uniform 

distributed with disc radius (very small effect of the 

heat convection on the values of temperatures near the 

inner and outer disc radii) at certain time assuming 

uniform wear between the contact surfaces. In case 

when assuming uniform pressure between the contact 

surfaces, the values of temperatures increase linearly 

with disc radius at any time during the sliding period. 

Figure 9 illustrates the variation of the maximum 

surface temperature assuming uniform wear and 

uniform pressure between the contact surfaces, 

respectively. It can be seen for both assumptions that 

the temperature starts from an initial value (Ti) at 

beginning of slipping (t = 0) and increases to the 

maximum value (Tmax) approximately at half time  

of slipping period (ts ≈ 0.2 s), and then it gradually 

decreases from Tmax to the final temperature (Tf) at 

end of slipping period (ts = 0.4). Also, it can be observed 

that the maximum temperatures, which appeared on 

the surfaces of clutch disc assuming uniform pressure 

are greater than those obtained assuming uniform 

wear at any time during the sliding period. The 

difference between temperatures obtained from both 

assumptions increases with time at any certain time 

until approximately the mid time of a sliding period  
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when the highest temperatures will appear, after this 

point the temperature difference will be decreased to 

the end of the sliding period. 

The results are obtained assuming uniform wear 

between the contacting surfaces indicating that the 

values of temperature are approximately equal to the 

temperature at the mean disc radius assuming uniform 

pressure between the contact surfaces. However, the  

 

Fig. 8 Distribution of surface temperature with disc radius (a) at ts = 0.05, (b) at ts = 0.1, (c) at ts = 0.15, (d) at ts = 0.2, (e) at ts = 0.25, 
(f) at ts = 0.3, (g) at ts = 0.35, and (h) at ts = 0.4. 
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Fig. 9 Variation of the maximum surface temperature during 
the sliding period. 

results obtained from second case (uniform pressure) 

show that the values of temperature are not uniform 

over the frictional facing, which increases linearly with 

disc radius. Thus, the maximum temperature will 

occur in the outer disc radius under the same boundary 

conditions. The results of temperature distribution 

assuming uniform pressure between the contact 

surfaces will lead the automotive designers to obtain 

more safe design of friction clutch, and subsequently 

get accurate estimates for the lifecycles of friction 

clutches. 

6 Conclusions and remarks  

In this work, axisymmetric models of a single-disc 

friction clutch based on different assumptions are 

developed. The results show the transient thermal 

behavior of a friction clutch system during the sliding 

period (heating phase), when the clutch system starts 

to engage. The analysis considers two types of load 

(heat flux) based on the design theories of the friction 

clutches. These theories are called uniform pressure and 

uniform wear. The results presented the temperature 

field of friction clutch disc based on uniform pressure 

and uniform wear assumptions.  

This study highlights the error existing in the 

results and distribution of temperature field when 

assumes a uniform wear between the contact surfaces. 

The heat flux is uniformly distributed over the contact 

surfaces of clutch disc at any time when assumes a 

uniform wear. The results of temperatures based  

on this assumption approximately are equal to the 

temperature values at the mean disc radius when 

assumes a uniform pressure between the contact 

surfaces. The results under this consideration aren’t 

giving the actual values of the maximum temperature 

and the temperature variation with disc radius. 

On the other hand, when computes the temperature 

field of clutch disc based on a uniform pressure 

assumption, the heat flux increases linearly with disc 

radius. The minimum temperature value will occur at 

the inner disc radius and the maximum temperature 

value will occur at the outer disc radius at any time 

during the sliding period. A good agreement with 

results of other researchers using different approaches 

is obtained which proves the numerical model based 

on a uniform pressure assumption to deal with the 

sliding operation of friction clutches system. 

The outcomes obtained from this work showed that 

the calculation of the temperature distribution based 

on a uniform wear will lead the automotive designers 

to obtain inaccurate estimation of lifecycles of friction 

clutches due to the error existing in this assumption. 
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