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Abstract   Heat generation and dissipation in dry polymer bearings are important aspects in their design and operation, 
because the overheating may lead to fast wear or product damage. The estimation of the maximum temperature 
under defined load conditions is crucial, but it is also a challenging task. Firstly, it is difficult to measure 
temperature directly at the contact surface between the bearing and the shaft. Secondly, thermocouples that 
are commonly used as the temperature sensors might create measurement errors. The work presented in this 
paper utilizes the numerical model of a polymer bearing for the analysis of the internal temperature field. 
The model is validated with use of experimental data; and, in order to mitigate the measurement errors of 
the thermocouple sensor, their geometry and properties are included in the simulation model. The achieved 
agreement between simulation and experimental temperatures is 10% on average, and it is judged that the 
numerical model may be applied for thermal analysis of the polymer bearing. The obtained results confirm 
the influence of the thermocouples with metallic sheaths on the temperature distribution inside the tested 
polymer bearing. It is shown that the value of the measurement errors depends on the layout of thermocouples 
and might be significantly reduced by their proper arrangement. It is believed that the presented approach 
for the analysis of thermal performance of dry polymer bearings might be applied to similar cases, which are 
characterized by large temperature gradients and require temperature sensors, that are made of the materials 
of high thermal conductivity.

Słowa kluczowe: modelowanie numeryczne, analiza cieplna, polimery, suche łożyska, POM.

Streszczenie  Generacja ciepła i jego rozprowadzenie stanowi ważny element przy projektowaniu i użytkowaniu suchych 
łożysk polimerowych, ponieważ wysoka temperatura może prowadzić do szybszego zużycia materiału 
i uszkodzenia łożyska. Dlatego też koniecznym jest określenie maksymalnej temperatury występującej przy 
pracy łożyska. Wyznaczenie maksymalnej temperatury przy zadanym obciążeniu niesie ze sobą kilka wy-
zwań, mianowicie nie jest możliwy pomiar bezpośrednio na powierzchni styku łożyska i wału, oraz zastoso-
wanie typowych czujników temperatury może prowadzić do dużych błędów pomiarowych.

  W publikacji pokazano możliwość zastosowania modelu numerycznego do analizy rozkładu temperatury 
w łożysku, a walidacja zaproponowanego modelu została dokonana w oparciu o wyniki eksperymentalne. 
Wykazano konieczność uwzględnienia w geometrii układu kształtu i sposobu rozmieszczenia czujników ter-
moparowych, które mogą istotnie wpływać na mierzone wartości temperatury. Ostatecznie różnice pomiędzy 
wartościami zmierzonymi i wyliczonymi w zaproponowanym modelu nie przekraczały 10%, co pozwoliło 
uznać ten model za właściwy do analizy termicznej wybranego łożyska polimerowego.
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** Military University of Technology, Faculty of Mechanical Engineering, Gen. Kaliskiego St. 2, 00-908 Warsaw, Poland.

INTRODUCTION

Dry polymer bearings are often chosen for the food 
industry, medical or household equipment. Their basic 
advantages are simple design, the lack of lubrication, 

small weight, chemical resistance, and low installation 
and maintenance costs. They are made of popular 
engineering thermoplastics (e.g., PA, POM, PETP, PEEK, 
and PEI), that have properties that can be improved by 
fillers such as glass fibres or PTFE [L. 1–3]. However,  
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the application range of dry polymer bearings is 
determined by the polymer temperature during bearing 
operation. Overheating of the bearing material might 
cause device deformation, faster wear, or even polymer 
melting. The maximum temperature occurs at the 
contact surface between a bearing and shaft, where heat 
is generated by the friction forces. The amount of the 
created heat depends on the bearing load and angular 
velocity of a shaft. However, the value of maximum 
temperature reflects the overall thermal performance of 
the device, i.e. the balance between the heat generation 
and its dissipation to the surrounding environment. 
Thermal conductivity of the bearing and its housing 
plays a crucial role in that process and has a major 
influence on the heat transfer paths. The understanding 
of the heat transfer and temperature distribution inside 
the polymer bearing helps in the design of these devices 
and is essential for improving their performance. This 
subject could be analysed with use of both experiments 
and numerical modelling. 

In [L. 3, 4], the authors present the results of the 
thermal analysis of the experimental stand, which was 
used for the evaluation of LPV (Limiting pressure-
Velocity) value. LPV is property used for the comparison 
of the polymer materials and the estimation of their 
performance in journal bearings. The experimental stand 
used in LPV tests is very similar to the one proposed 
and described later by the authors of this paper. The 
important result from those studies is that the thermal 
performance of the polymer bearing depends on the 
load value, velocity, and material type, and also on the 
experimental setup that has an influence on the heat flow 
and its distribution.

In [L. 5, 6], an experiment is shown in which 
temperature distribution close to the contact surface 
between polymeric material and rotating metal is 
measured with use of a thermal camera. The essential 
advantage of infrared thermography is the lack of 
direct contact between the analysed object and the 
measurement instrument. On the other hand, temperature 
is estimated only at the visible surface and internal 
distribution is not known. It is also worth mentioning 
that the presented results show a large temperature 
gradient in the polymeric material and that phenomenon 
is characteristic for the materials with low thermal 
conductivity. This temperature distribution might make 
the measurement of the internal temperature challenging 
as is discussed later in this paper. 

Measuring temperature inside a polymer bearing 
seems to be a relatively easy task from the technical 
point of view. Thermocouples are common temperature 
sensors that could be applied for that purpose. However, 
determination of the exact temperature at the contact 
surface between a bearing and a shaft is more difficult. 
Temperature sensors might not be placed directly on 
that surface; therefore, temperature must be measured 
at some distance. In practice, it would mean that the 

obtained value would be lower than the actual maximum 
temperature. Furthermore, the experimental conditions 
might have a large influence on the obtained values and 
large measurement errors might occur. 

The experiment presented in [L. 7] shows the 
influence of the external conditions on the readings from 
a thermocouple with metallic sheath. The temperature 
of the surface of the pre-heated steel cylinder is 
measured during that tests, and two thermocouples 
are used for that purpose. One thermocouple is placed 
outside the cylinder and its end touches the cylinder 
in one point. The second thermocouple goes through 
the hole in the cylinder and touches the very similar 
location from the other side. The observed differences in 
temperature recordings are much above 100 K and may 
not be explained only by the small distance (0.5 mm) 
between the actual measurement points. The experiment 
confirms the influence of the external conditions on the 
thermocouple readings. The external thermocouple that 
gave lower temperature values was surrounded by the 
material characterized by very low thermal conductivity 
and, consequently, it was exposed to large temperature 
gradients. The second one was close to the steel cylinder 
that had similar properties to the material of the sensor’s 
sheath; and, as a consequence, temperature gradients 
were much lower. 

In [L. 8], the disturbances in the temperature field 
caused by the thermocouple installation (e.g., holes) 
and the heat transfer through the thermocouple wire 
or its sheath are claimed to be the main sources of the 
measurement errors, and the relevant results confirming 
that phenomenon are presented. They are obtained 
from the experimentally validated three-dimensional 
numerical model. That publication concludes the earlier 
studies of that topic presented in [L. 9–11].

The thermal analysis of the dry polymer bearing 
is presented in this paper. The numerical model of 
the polymer bearing is proposed and applied for the 
evaluation of the temperature distribution inside that 
device. The obtained results allow the identification of 
the actual maximum temperature at the contact surface 
between the bearing and the shaft. 

The heating experiments are performed with the 
intention of gathering data for the validation of the 
numerical model. The experimental data are compared 
with the simulation results; and, in order to eliminate 
the influence of the potential measurement errors, 
the geometry of the computational model includes 
the thermocouple sensors, and their impact on the 
temperature field might be observed.

EXPERIMENTAL  SETUP

Figure 1 presents the considered polymer bearing, and 
Figure 2 shows the experimental stand that was used 
for its examination. The internal bearing diameter was  
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36.5 mm and the width of the internal bearing surface 
being in contact with the shaft was 33.3 mm. The 
material of the bearing was Delrin 510MP by DuPont, 
which is acetal resin with 10% of PTFE micropowder. 
The bearing was loosely fixed to the housing that was 
also made of PBT polymer. 

The housing with the bearing was mounted on two 
steel arms, through which the load was applied. The 
housing and the bearing were pushed by the applied 
force in the vertical direction towards the shaft that 
was rigidly mounted on the test table with the use of 
two supporting roller bearings. Finally, the shaft was 
connected with the motor that permitted the control of 
angular velocity.

Fig. 3. Location of temperature sensors at the bearing 
cross-section

Rys. 3. Schemat lokalizacji termopar na rysunku przekroju 
łożyska

Six heating experiments were performed in total. 
The first three experiments were performed with the load 
value set to 750 N and the angular velocities 50, 100, and 
150 rpm. The next three tests were done at the load value 
300 N and rotation speeds 100, 200, and 300 rpm. The 
experiments were done in such a manner that the load 
during the test was constant and the angular velocity was 
set at the beginning to the lowest considered value and 
kept at that level until the moment when the measured 
temperatures were stable. Then, the next velocity value 
was applied, and again temperature stabilization was 
required before further increase in the shaft speed. In the 
final step, the angular velocity was reduced to the lowest 
level in order to check the measurement repeatability. 
Example results from the experiment with the load value 
set to 750 N and the angular velocity equal to 150 rpm 
are shown in Figure 4. It must also be explained that the 
tests with 750 N and 300 N loads were conducted with 
the use of the same bearing type, but with two different 
bearing specimens.

Fig. 1. The considered POM bearing
Rys. 1. Analizowane łożysko polimerowe (POM)

Fig. 2. The experimental stand
Rys. 2. Stanowisko pomiarowe

Three temperature sensors – K type thermocouples 
with metallic sheath of 0.5 mm diameter – were used to 
control the bearing temperature. All of these sensors were 
placed on the symmetry plane of the bearing and the 
housing and their position is schematically presented in 
Figure 3. The end of the sensor T1 and T2 was located at 
a distance of 1.8 mm and 3.2 mm, respectively, from the 
contact surface between the polymer bearing and the shaft.

Fig. 4. Example results from the bearing tests – 
temperature rise of T1 sensor at 750 N load value 

Rys. 4. Przykładowe wyniki z pomiarów przyrostu tempera-
tury dla czujnika T1 przy obciążeniu 750 N
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NUMERICAL MODEL 

The numerical model applied in this study was built in 
several steps. First, the analysed system was represented 
geometrically (3D geometrical model was prepared). 
Next, this geometrical model was discretized (the 
numerical mesh was generated) and the relevant physical 
phenomena were described with the appropriate set of 
governing equations. Moreover, the material properties 
as well as the boundary and the initial conditions were 
defined. Finally, numerical settings of the solver were 
chosen and the configured numerical model was applied 
to solve the considered problem in a numerical way. 

The model geometry is shown in Figure 5, and 
it might be noticed that the thermocouple wires are 
included in the model geometry. It is expected that 
the temperature field inside the polymer bearing is 

characterized by large temperature gradients. It is due 
to the intensive heating at the contact surface between 
the shaft and the bearing and the relatively low thermal 
conductivity of the bearing material. Moreover, it is 
supposed that the temperature sensors with metallic 
sheath might cause essential distortions in temperature 
field and, consequently, the experimental results are 
affected by large measurement error. To summarize, the 
computational domain consists of the shaft, the bearing, 
the housing, the thermocouples, and the representative 
volume of the surrounding air. The last one allows 
direct calculation of the free convection around the solid 
elements and precise solution of the heat transfer that 
takes place between these elements and the environment. 
The numerical mesh consisted of ~3.4 millions of 
elements, of which ~1.9 million were in the air volume.

Fig. 5. The geometry of the numerical model of the experimental setup with polymer bearing
Rys. 5. Geometria wykorzystana w modelu numerycznym

The calculations are based on the equations that 
describe heat and mass transfer and the set of equations 
used in the presented model is listed below. The 
conductive heat transfer inside the solid parts is defined 
by the following:

 (1)

where ρ is density, h is enthalpy, t is time, k is thermal 
conductivity and T is absolute temperature. 

The heat transfer in the air includes convection, 
conduction, and radiation:

 (2)

where p is pressure, ū is average velocity and the energy 
source Srad is based on the Discrete Ordinates Radiation 
Model [L. 12, 13]. 

The equation above includes the average velocity 
vector, and thus the air flow around the bearing must be 
computed. The relevant equation set for the mass transfer 
includes the following mass conservation equation:

 (3)

and the momentum conservation equation:

  (4)

where g is vector of the gravitational force and τ is 
viscous stress tensor. 

The computation of that tensor requires selection 
of the appropriate turbulence model and for the purpose 
of the presented work the standard k-ε model is applied 
[L. 14].



75ISSN 0208-7774 T R I B O L O G I A  6/2018 

All calculations presented in this paper were 
done with use of the general purpose CFD software 
ANSYS® Fluent®, Release 16.0. The heat and mass 
transfer equations presented above, along with radiation 
and turbulence models, were already included in that 
software [L. 15, 16]. The main user’s input was the 
specification of the material properties as well as the 
initial and boundary conditions.

It was observed during the experiments that some 
time is required before the temperature of the bearing 
is stabilized. It was assumed that the heating up period 
is not critical regarding long term performance of the 
polymer bearing and does not have to be analysed. 
Thus, it was decided that steady state conditions would 
be only computed; therefore, thermal conductivity 
was the only required property for the solid materials. 
Due to lack of more detailed data, constant values of 
thermal conductivity were defined and were equal to  
16.27 W/mK for the shaft, 0.32 W/mK for the bearing, 
and 0.28 W/mK for the housing. The first value was 
taken from internal database of the ANSYS® Fluent®, 
software. The latter two were estimated by the authors 
based on the additional measurements performed with 
use of the “Hot Disk Transient Plane Source (TPS) 
method” and device TPS 500 [L. 17].

In case of the air, it was required to define density, 
viscosity, thermal conductivity, and heat capacity. 
Density was specified according to ideal gas model, 
and the other properties were temperature dependent, 
according to the data presented in the book [L. 18]. 

The boundaries of the air volume were representing 
the ambient conditions, i.e. atmospheric pressure equal 
to 100 kPa and temperature equal to 20°C. Free gas flow 
was modelled through the air walls in all directions and 
the walls were participating in the radiant heat transfer. 
Their emissivity was set to 1.0, while the emissivity of 
the bearing surface (equal to 0.9) and housing surface 
(equal to 0.95) was defined based on the supplementary 
measurements performed by the authors of this paper. 

One of the most critical boundary conditions was 
the heat transfer at the wall that is called “Shaft end wall” 
in Figure 5. The shaft was connected in the experiment 
with the motor with several additional elements as it is 
presented in Figure 2. However, in order to simplify 
calculations, these elements and the motor were 
excluded from the model geometry and their influence 
was reflected by the Fourier (convective) boundary 
condition. The unknown parameters of that boundary 
condition were found during the model validation. The 
main reason for the selection of the Fourier condition 
was the fact that the computed heat transfer is dependent 
on the shaft temperature and thus also on the overall 
solution. This relationship is presented in the equation 
below: 

  (5)

where q is the heat transfer through the wall, h is the 
specified heat transfer coefficient, Text represent the 
external temperature and Twall is wall temperature that 
results from the problem solution. 

The other key boundary condition in the proposed 
model was the heat source that described the heat 
generation related to the friction between the bearing 
and the shaft. The amount of the generated heat was 
computed using the following formula:

  (6)

where µ is the friction coefficient, F is the applied force, 
R is the shaft radius and ω is its angular velocity. The 
value of friction coefficient was equal to 0.115 and it 
was estimated basing on the experimental results. 

The selected solver requires that such heating 
conditions must be defined as the volumetric heat 
sources. In this connection, it was assumed that the heat 
computed with Equation (6) is generated in the thin 
volume at the contact surface between the shaft and the 
bearing. Thickness of that volume was set to 0.01 mm 
and the assumed contact surface is shown in Figure 6 
with darker grey colour. The size of that surface was 
estimated based on the visual examination of the bearing 
after the experiments. It was observed that the bearing 
surface was only partially scratched in the area marked 
as quasi-rectangular dark grey shape in Figure 6. The 
length of that area measured in the direction parallel to 
the shaft was equal to the length of the bearing, while the 
contact angle measured along the circumference of the 
shaft was approximately 48 degrees.

Fig. 6. The assumed contact surface between the bearing 
and the shaft

Rys. 6. Założona powierzchnia styku pomiędzy łożyskiem 
i wałem
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MODEL  VALIDATION

The unknown parameter of the proposed numerical 
model of the polymer bearing was the heat transfer 
through the wall called “Shaft end wall.” It was described 
by the Fourier (convective) boundary condition using 
two parameters, i.e. the free stream temperature T∞ and 
the heat transfer coefficient α. It was decided to set the 
free stream temperature to 20°C, while the heat transfer 
coefficient was found by minimizing the difference 
between the simulation and the experimental results. 
For this purpose, readings recorded by one temperature 
sensor T1 during one experimental run (F = 750 N,  
ω = 150 rpm) were used, whereas data coming from the 
other measurement points and experiments allowed the 
validation of the obtained results. The full comparison 
of the experimental and the simulation data is shown in 
Table 1. 

The relative error δ in Table 1 is defined as follows:

  (7)

where ΔTsim and ΔTexp are the computed and the measured 
values respectively. 

That error varies depending on the experiment 
and the measurement location. For example, the error 
for locations T1 and T2 is lower than 10% for all the 
experiments. For Point T3, it is lower than 12.5% for 
Experiments A, B, and C; and, for Experiments D, E, and 
F, it is in the range of 20–26%. In general, it is judged 
that the proposed numerical model is characterized 
by the good agreement between the measured and 
the computed temperature values and it is reflecting 
the behaviour of the experimental stand and the dry 
polymer bearing. The observed differences might be 
related to numbers of phenomena which were neglected 
in the proposed numerical model, such as the influence 
of temperature on bearing deformation, contact force 
and material properties, contact resistance between 
thermocouples and bearing material, etc. Identification 
of the main sources of errors would require further 
studies and, for example, performing sensitivity analysis 
of the numerical model. 

Table 1. Comparison of the measured temperature rise (ΔTexp) with the simulation results (ΔTsim) calculated by the 
proposed numerical model

Tabela 1. Porównanie zmierzonych (ΔTexp) i wyliczonych (ΔTsim) przyrostów temperatury

Experiment
T1 δ [%] T2 δ [%] T3 δ [%]

ΔTexp [K] ΔTsim [K] ΔTexp [K] ΔTsim [K] ΔTexp [K] ΔTsim [K]
A: 750 N/150 rpm 52.9 52.9 0.0 51.4 49.1 4.5 18.0 18.0 0.0
B: 750 N/100 rpm 33.8 36.6 8.3 32.7 34.0 4.0 11.9 12.8 7.6
C: 750 N/50 rpm 18.6 19.2 3.2 18.3 17.9 2.2 8.0 7.0 12.5

D: 300 N/300 rpm 45.8 41.5 9.4 42.5 38.5 9.4 17.8 14.4 19.1
E: 300 N/200 rpm 31.9 28.9 9.4 29.8 26.9 9.7 13.0 10.3 20.8
F: 300 N/100 rpm 16.6 15.2 8.4 15.6 14.2 9.0 7.6 5.6 26.3

INFLUENCE  OF  THERMOCOUPLES  ON  THE 
MEASUREMENT  RESULTS 

The simulation results confirmed the influence of the 
temperature sensors on the local temperature distribution 
inside the polymer bearing. Thermocouples used in the 
experiments were sheathed inside 0.5 mm metallic wire. 
Its thermal conductivity was much higher in comparison 
to the polymer material, and temperature gradients 
inside the wires were much lower than in the bearing. 
As a consequence, the thermocouples caused local 
distortions in the temperature field. Example results 
from the simulation of the Experiment A are presented 
in Figure 7. That picture shows a selected part of the 
cross section of the polymer bearing. The cross section 
plane is parallel to the axis of the shaft. 

Based on the results presented in Figure 7, one may 
judge that the applied temperature sensors gave false 
and very inaccurate information about the temperature 

inside the polymer bearing during the experiments.  
The theoretical temperature distribution for Experiment 
A, not distorted by any sensor, is presented in  
Figure 8. These results were obtained using the proposed 
numerical model, but after removing temperature 
sensors from the model geometry. It might be noticed 
that the actual temperatures should be much higher in 
the area where thermocouples were located. 

The results presented in Figure 8 might also be 
considered as the case in which thermal conductivity 
of the temperature sensors and the polymer bearing is 
the same. However, it is very difficult to assure such 
conditions in the actual experiments and temperature 
sensors would always influence the temperature field 
in their surroundings. Nevertheless, it should be always 
considered if the temperature distortions caused by the 
sensor might be minimized. In the discussed example 
of the dry polymer bearing, a different layout of 
thermocouples provides much more realistic results. In 
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Figure 9, the temperature distribution inside the polymer 
bearing in Experiment A is presented, and, in this case, 
the T1 and T2 thermocouples are positioned parallel to 
the shaft axis. The temperature gradient in that direction 
is much lower; therefore, the high thermal conductivity 
of the temperature sensors has a lower influence on the 
obtained results.

Fig. 7. The computed influence of T1 and T2 
thermocouples on the local temperature 
distribution in Experiment A

Rys. 7. Wyniki z modelu numerycznego pokazujące wpływ 
czujników T1 i T2 na rozkład pola temperatury w ek-
sperymencie A

Fig. 8. The computed temperature distribution inside 
the polymer bearing during Experiment A not 
influenced by the temperature sensors

Rys. 8. Wyniki z modelu numerycznego pokazujące 
istniejący rozkład pola temperatury w eksperymencie 
A przy braku czujników

Fig. 9. The computed temperature distribution inside 
the polymer bearing during Experiment A with  
a different layout of temperature sensors

Rys. 8. Wyniki z modelu numerycznego pokazujące rozkład 
pola temperatury przy alternatywnym sposobie 
ułożenia czujników temperatury

The experimental results obtained at the 
measurement points T1 and T2 during Experiment 
A are compared in Table 2 with the numerical results 
generated in computer simulations. Values provided for 
Point T0 correspond to the temperature calculated in the 
simulations at that contact surface between the bearing 
and the shaft. All numerical calculations in this part of the 
study were done according to the settings of Experiment 
A (load equal to 750 N and rotational speed set to 
150 rpm) but with different layout of thermocouples. 
As mentioned earlier, the original numerical model 
(Model I) reflects the setup of Experiment A (the same 
load, rotational speed and thermocouples location) and 
the accuracy between the measured and the computed 
results is high. However, the measured temperature 
values are affected by the high thermal conductivity 
of the thermocouples, and they are approximately 20% 
lower than theoretical temperatures estimated by the 
model without temperature sensors (Model III). It is 
interesting to notice that, for the horizontal layout of 
these sensors (Model II), the theoretical measurement 
error for the Points T1 and T2 is only ~4 to 8%. 

Table 2. Temperature rise measured during Experiment A and compared with theoretical temperature rise computed in 
numerical simulations

Tabela 2. Zmierzony przyrost temperatury dla eksperymentu A porównany z wartościami wyliczonymi za pomocą modelu nume-
rycznego

ΔT [K]
T0 T1 T2

Experiment A (thermocouples mounted vertically) Unknown 52.9 51.4
Model I (thermocouples mounted vertically) 71.1 52.9 49.1
Model II (thermocouples mounted horizontally) 72.2 62.0 56.7
Model III (without thermocouples) 74.5 68.2 59.4
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SUMMARY  AND  CONCLUSIONS

The accurate estimation of the heat generation and the 
maximum temperature inside the dry polymer bearing is 
essential for its proper design and operation. The highest 
temperatures are at the contact surface between the fixed 
bearing and the rotating shaft. It is not possible to perform 
direct measurement of that temperature, and it must be 
estimated based on the readings from other sensors that 
are positioned in some distance from the contact surface. 
However, various publications indicate the potential 
risk of high measurement errors of commonly applied 
thermocouples with metallic sheaths. The large influence 
of such temperature sensors on the local temperature field 
inside the polymer bearing was presented. It was also 
shown that the measurement error depends on the layout 
of the sensors and might be significantly reduced by the 
proper arrangement of thermocouples. The application 
of other temperature sensors, like micro thermo-resistors 
or fibre optics sensors was not discussed, but they might 
also be considered as the method for the reduction of 
the measurement error. In both cases, it is possible to 
significantly reduce the heat transfer through the sensor 

and to limit its influence on the local temperature 
distribution. 

The alternative solution, proposed in this paper, 
is the development of the numerical model of the 
polymer bearing for the heat transfer calculations. This 
model gives complete information about temperature 
distribution inside the bearing during its operation and 
allows the comparison of the thermal performance 
between different bearing designs. The challenge is the 
validation process of the numerical model that requires 
the comparison of the computed and experimental 
results. In the presented example, the geometry of 
thermocouple sensors was included in the geometrical 
model of the experimental stand with a polymeric 
bearing. That facilitated direct calculation of the changes 
in the local temperature distribution caused by these 
sensors and consequently improvement in the accuracy 
of the numerical model. The presented approach might 
be applied when the thermally conductive temperature 
sensors, such as thermocouples with metallic sheaths, 
are used to measure temperature field characterized by 
the essential temperature gradient.
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