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1. Introduction 

Friction is one of the most common phenomena in 

nature. Without it our lives would be completely different, 

as many seemingly ordinary things would cease to exist, 

like, for instance, thread connections [1, 2]. Friction is also 

related to many other phenomena, the most popular being 

heat and wear [3]. Unfortunately, measuring these effects 

may be difficult, if not impossible [4]. That is why many 

researchers determine such parameters using simulations. 

While there are numerous methods of conducting simula-

tions, tribology usually depends on computer-based simula-

tions [5]. The most significant benefit of using this method 

is its cost effectiveness. Additionally, it produces fast re-

sults, and the test framework may be adjusted at will, be-

cause it is free from equipment limitations which occur in 

real-life experiments. Conducting simulations requires only 

a computer with suitable software [6]. The finite element 

method is commonly used in research. It is frequently uti-

lised to study temperature in friction pairs [7]. Additionally, 

it may be employed to simulate wear, contact pressure, de-

formation or stress [8-11].  

Of course, the above method has some limitations. 

One of the main drawbacks is the need for thorough 

knowledge of the studied phenomenon, and its mathemati-

cal description [12]. If imprecise mathematical models are 

used, the results may come with significant errors. Unfortu-

nately, some phenomena are very difficult to describe with 

the help of math equations (e.g. the impact of wear process 

products or dust coating of friction surfaces on tribological 

parameters). That is why it is worthwhile to test the results 

in a verification study. It helps to determine the differences 

between the results of real-life experiment and those ob-

tained in simulation tests [13, 14]. Many scientists do this 

using existing laboratory stations. In such cases, a computer 

model of the studied combination is created, and thanks to a 

good recreation of real-life conditions, the simulation results 

may be verified with high accuracy. Perez et al. determined 

the theoretical value of the friction force between two coop-

erating surfaces. Then they used the pin-on-disc test stand 

to validate the obtained results [15]. Abdullah and Achlatt-

mann attempted to determine the temperature distribution 

on the friction surface [14]. The obtained results were also 

verified in laboratory conditions by using linear cooperation 

geometry. Hegadekatte et al. dealt with similar subjects 

[16]. However, they looked at wear in a slightly different 

way. They analyzed the cross section of the friction path. 

Yan et al. also dealt with wear phenomena. Their approach 

was different from that of other researchers because they 

used a ball and disc as friction pairs [17]. They also vali-

dated the results using a laboratory stand. Bortoleto et al. 

presented the results of the simulation, which includes for-

mation of oxides and wear products [18]. Verification of 

theoretical results shows a high correlation coefficient. 

Shipway and Masen et al. also simulated the wear of mate-

rial in the friction process and verified the results obtained 

using a laboratory stand [19, 20]. In their case, however, it 

was a stand with point contact geometry - ball cratering. In 

literature, validated results of simulation tests of wear with 

grease can also be found. Such attempt was made by Martini 

et al. [21]. 

After analysing numerous publications on the sub-

ject, the decision was made to verify how well virtual stud-

ies reflect real life conditions. This need resulted mainly 

from the fact that we have previously conducted simulations 

of friction pairs (e.g. [22]), but these tests were not com-

pared against empirical experiments. It was therefore de-

cided to use an existing tribotester, develop a mathematical 

model of its contact pair, and then conduct simulations and 

empirical tests with identical boundary conditions. Finally, 

we compared the results obtained using these two methods. 

As the simulations required data developed empirically, the 

empirical experiment was conducted first. 

2. Station used to verify the results of simulations 

The results of simulations were verified in a test 

station owned by the Faculty of Mechanical Engineering at 

the Bialystok Technical University (Fig. 1). The station 

comprises in: T-11 tribological tester, MT886 hygrometer, 

and a Velleman DEM106 temperature sensor with a type K 

thermocouple. 

 

Fig. 1 Station used to verify the results of simulation tests: 

1- MT886 hygrometer, 2-T-11 tribological tester,  

3- Velleman DEM106 temperature sensor with a type 

K thermocouple 

 

The sample used in the experiment is a 1" cylinder 

made of 27MnCrB5-2 steel. The counter sample was also a 
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cylinder, with a 6 mm diameter and made of Zl250 cast iron. 

Inside the counter sample a hole was drilled for the thermo-

couple. The depth of the hole was adjusted to leave 1 mm of 

material between the friction surface and the temperature 

sensor. The basic parameters of the two friction materials 

are listed in Table 1. 

Table 1  

List of prepared samples 

 Sample Counter sample 

Thermal conductivity 58 W/(m*K) 47 W/(m*K) 

Density 7860 kg/m3 7870 kg/m3 

Heat capacity at con-

stant pressure 
450 J/(kg*K) 498 J/(kg*K) 

In order to obtain easily recordable, significant 

changes in temperature, the following boundary conditions 

were used: load: m=5 kg, friction linear velocity v=1 m/s, 

friction path L=1000 m. The experiment was conducted at 

35% air humidity and ambient temperature of 22°C. The 

sample and counter sample had the same temperature at the 

beginning of the test. As it is impossible to measure the tem-

perature of the friction pair, the measurements were taken 

from the hole drilled inside the pin. The exact measurement 

point was approximately 1mm from the contact surface. The 

measurements were taken every 1s. The experiment made it 

possible to determine the coefficient of friction between the 

two materials (µ=0,18), as well as the abrasive wear rate 

(Kc=1,9347•10-18m3N-1m-1). 

3. Pin-on-disc contact mathematical model 

It should be noted that the considered laboratory 

station ensures constant sliding velocity and constant con-

tact pressure. The tests performed so far have shown that 

both the sample and the counter-sample do not heat up to 

high temperatures. Therefore, some simplifying assump-

tions were made: the friction coefficient and pressure are 

constant, and there is contact along the entire surface of the 

pin. 

The simplest way to describe the force of friction 

between two elements is by using the Amontons-Coulomb 

law [17]: 

 

,F N m g       (1) 

where: F is friction force, µ is coefficient of friction, N is 

normal force, m is pressing mass, g is gravitational acceler-

ation, or using a formula that takes into consideration the 

adhesion in the friction pair [23]: 

,F A   (2) 

where: A is contact surface area (Fig. 1), τ is shear stress. 

Knowing the normal force and the actual area of contact, the 

contact pressure Pc can be calculated, which is [24]: 

2

.c

N F
P

A  
 


 (3) 

The work W done in the friction pair can be calcu-

lated when the friction force and path are known. Taking 

into account the duration of the experiment, the power of the 

friction pair Pwr can also be calculated [25]: 

  ,wr

dW d dL
P F L F F v

dt dt dt
       (4) 

where: L is friction path, v is linear velocity in the friction 

pair: v=ω(t)∙R, where: ω(t) - angular velocity of the disc, R 

is average contact diameter of the sample and counter sam-

ple. Assuming that friction force occurs only through the 

contact between the disc and pin, the heat flux q(R,t) may 

be designated using the equation [7]: 

( , ) ( , ).cq R t P v R t   (5) 

The heat transfer between the sample and counter 

sample can be expressed as [26]: 

( ) ,p p

T
C k T Q C u T

t
 


        


 (6) 

where: k is thermal conductivity, Cp is thermal capacity, u is 

heat flux rate, Q is heating power per density unit, ρ is den-

sity, T is temperature. Throughout the experiment, the fol-

lowing amount of heat was released through convection and 

radiation [27]: 

4 4( ) ( ),d r rq h T T T T      (7) 

where: h is convection coefficient, T-Tr is temperature dif-

ferent between the friction material and ambient tempera-

ture, ε is emissivity of the material, σ is Stefan-Boltzmann 

constant. The relation between the convention coefficient 

and the friction velocity is described as follows [26]: 

0,330,8

0,037
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
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   
 (8) 

 

 

Fig. 2  Sample 1 and counter sample 2 contact diagram: d is 

counter sample diameter, R1 is internal boundary of 

the friction trail, R2 is external boundary of the fric-

tion trail, A is contact area 

Analysis of the geometry of the sample’s and coun-

ter sample’s contact (Fig. 2), an equation can be created to 

calculate the area of the friction trail: 

 
2

1

2 2

2 12 ( ) .

R

R

S R dR R R     (9) 

Assuming that the material from which the sample 

is made of is homogeneous and that wear is evenly distrib-

uted, the volume of the debris can be calculated from a sim-

ple relation: 
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 2 2

2 1 ,V S z z R R      (10) 

where: z is depth of the friction trail created during contact. 

If the abrasive wear rate coefficient is known Kc, then this 

value can be calculated using a transformation of the Ar-

chard’s equation [28]: 

.c

c

L N L N
K V

V K

 
    (11) 

Taking into consideration the density of the studied 

material, the mass of the sample’s debris can be calculated 

as well ms: 

.s s

c

L N
m V m

K




 
      (12) 

 

a 

 

b 

Fig. 3 Pin-on-disc contact CAD model: a) mesh; b) temper-

ature measurement point 

Using the equations described above and COM-

SOL Multiphysics modelling software, a virtual model of 

the sample and counter sample was made, and a simulation 

of the friction pair was conducted. 

The geometry of the friction elements as well as the 

boundary conditions were identical to the ones used in the 

empirical study. A mesh composed of 2844 elements was 

laid on the friction pair (Fig. 3, a). This gave a total of 14710 

degrees of freedom (plus 6924 internal DOFs). Temperature 

readings, similarly to the empirical experiment, were taken 

from inside the pin, along its axis and approximately 1mm 

from the contact surface (Fig. 3, b). 

4. Results 

The two test methods produced respective temper-

ature profiles. The graphic form of the results is presented 

in Fig. 4. 

 

Fig. 4 Temperature measurement results: 1 - empirical tests, 

2 - simulations 

 

Goodness of fit of the model to the experiment was 

evaluated by the coefficient of determination, described as: 
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where: ys is theoretical value of the dependent variable over 

time t (calculated in the model), �̅� is arithmetic mean of the 

empirical values of the dependent variable, ye is actual val-

ues of the variable over time t. After substituting in the for-

mula, R2=0,93.  

 

  
 

Fig. 5 Loss in volume of the studied sample over time 
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The abrasive wear of the sample was also analysed. 

The empirical experiment showed a mass loss of  

1.56•10-5kg. As this value was used to calculate the coeffi-

cient of abrasive wear rate, which in turn was used in the 

simulation tests, the results of the simulation turned out 

identical to the one obtained in the tribotester. The simula-

tion also made it possible to determine the increase of wear 

over time (Fig. 5), which is impossible in empirical experi-

ments. 

5. Conclusions 

The article describes the empirical tests and simu-

lations of friction between two elements: a disc and pin. The 

study was conducted using a disc made of 27MnCrB5-2 steel 

and a pin made of Zl250 cast iron. The results produced by 

the two methods were then compared. The following con-

clusions can be made: 

- the results of temperature tests obtained empiri-

cally and in simulations are very similar (R2=0,93), which 

suggests that computer programmes can be a good tool for 

solving friction issues; 

- in order to conduct a simulation properly, it is 

necessary to determine selected factors empirically (in this 

case: density, thermal conductivity, thermal capacity, coef-

ficient of friction and abrasive wear rate); 

- the developed model can be used for calculating 

temperature in places where empirical measurements are 

impossible (for example, in a friction pair); 

- the model makes it possible to monitor real-time 

material wear, which is significant in studying typical abra-

sive materials, such as brake linings. However, because this 

is a different friction pair (with much higher sliding veloc-

ity, greater maximum temperatures and larger contact sur-

face), the model should be expanded with equations taking 

into account: 1) variation of COF and Kc values with tem-

perature, 2) actual contact area (which is 15-20% of the 

brake pad total surface [29]) and its microgeometry. 
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VERIFICATION TESTS OF FRICTIONAL HEAT  

MODELLING RESULTS 

S u m m a r y  

Simulation tests have currently become very pop-

ular. It gives access to values and parameters which are dif-

ficult or impossible to obtain in real conditions. However, 

in many cases the accuracy of the results may raise con-

cerns, as not every researcher conducts verification tests. 

This article looks into the quality of results obtained in vir-

tual tests. The tests were conducted using a pin-on-disc sta-

tion. The main parameter of the verification study was the 

temperature of the pin measured along its axis at 1mm from 

the friction surface. This shows that computer models pro-

duce results which accurately reflect real-life phenomena. 

Keywords: mechanical engineering, brake pads, friction, 

modelling verification, pin-on-disc. 
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