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Abstract: Analysis of the processing equipment structures when designing according to the temperature criterion is  

a necessary guarantee of ensuring the required performance characteristics. The presence of a significant number of parts 
in the processing equipment units and mechanisms requires, when designing, the prediction of the heat flow passage 
through the joints. When simulating contact thermal resistance, the variety of requirements for a joint can be taken into 
account by introducing a pseudolayer into the contact zone. The paper presents test results of the proposed regression  
dependence of the temperature change when the heat flow goes through the pseudolayer obtained considering four signifi-
cant factors: the pseudolayer thickness, the nominal pressure, the material yield strength, and the actual contact zone loca-
tion. The adequacy of the specified regression dependence was verified experimentally and applying numerical simulation 
using large-block finite elements. To describe the process of heat transfer in the thermal model elements, the authors de-
termined contact thermal resistances for several conditions for the heat flow propagation: from one finite element to ano-
ther within one part; from one finite element to another located in an adjacent part; heat flow passing through closed cavi-
ties; heat flow propagation into the environment for finite elements located on the outer (free) contour of the part. The ex-
periments showed a good agreement between the experimental data and the simulation results. The application of large-
block finite elements based on the proposed contact thermal resistance model allowed bringing the FE simulation tech-
nique to engineering use without complex software. 

Keywords: processing equipment; heat flow; simulation of contact thermal resistance; contact thermal resistance; pseu-
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INTRODUCTION 
Modern mechanical engineering is impossible without 

using technological equipment (TE), which has high relia-
bility, accuracy, and productivity. Reducing the time for TE 
design requires simultaneous consideration of all criteria 
(strength, rigidity, dynamic, thermal, etc.) that the created 
equipment must meet. The implementation of the design 
criteria requirements is largely based on the models used, 
which allow assessing the operational capabilities of  
the created TE even at the design stage. 

A special role in the design is given to the analysis of 
the temperature factor influence, since the internal heat 
generated by the operating equipment leads to changes in 
the temperature of its assembly units and, as a result, to 
thermal errors [1; 2]. Thermal effects can contribute more 
than 50 % to the total error [3]. 

With the expansion of the use of numerically controlled 
equipment, the problem of heat resistance of TE structures 
has become significantly more complicated due to an in-
crease in the energy saturation of equipment, and the inten-
sification of its operation [4; 5]. Determination of tempera-
ture deformations of technological equipment units signifi-
cantly affecting the operational characteristics is carried out 

based on the construction of a temperature field. The re-
searchers paid special attention to determining the thermal 
deformations of the spindle assemblies of metal-cutting 
machine tools as the most complex TE assembly unit,  
the operation of which primarily influences the output accu-
racy characteristics of the equipment [6–8]. 

The problems of creating mathematical models that al-
low predicting the temperature field pattern, even at  
the stage of equipment design, have been largely solved by 
the widespread use of numerical simulation using finite 
element models. There are numerous examples of success-
ful use of the finite element method (FEM) when solving 
thermal problems [6; 9]. 

Numerical simulation using the FEM made it possible, 
first of all, to remove one of the significant problems:  
the maximum consideration of the configuration of  
the parts included in the TE, earlier, when using analytical de-
pendencies, as a rule, was provided by a significant simpli-
fication (often unreasonable) of the geometry of the parts. 

However, even with the extensive experience gained dur-
ing FEM testing, when designing technological equipment, 
there remains a problem associated with a significant number 
of parts included in the equipment, determined by the func-
tional purpose of the equipment and its configuration [10]  
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(for example, in a metal-cutting machine there are more 
than 3000 parts), connected to each other in a certain way. 
Thus, to construct the TE temperature field, it is necessary 
to simulate the heat flow propagation both through solid 
parts (modern software tools make it quite easy to do), and 
through their connections. 

The heat flow passage through parts and their connec-
tions can be simulated taking into account thermal re-
sistance [11]. For solid parts, thermal resistance is deter-
mined based on the introduction of thermal conductivity 
coefficients, the values of which for various materials are 
widely presented in the literature [12; 13]. A multi-analysis 
of the formation of contact thermal resistance (CTR) is gi-
ven in [14; 15]. 

The complexity of CTR simulation is associated with 
the presence of a temperature jump during the heat flow 
passage through the contact zone. As noted in [16], an at-
tempt to use the classical FEM for modelling encounters 
difficulties associated with the creation of a FE mesh corre-
sponding to neighbouring contacting parts, which is very 
difficult for complex geometries. The authors propose to 
build a modelling principle in the representation of a con-
tact with an intermediate thin material, in which two mate-
rials are mixed. However, the dependencies for determining 
the characteristics of the specified intermediate layer are 
not given in the work. 

The works of a number of researchers [17–19] cover  
the obtaining of the dependences for determining CTR, 
based on the experimental data approximation. However, 
these dependencies are difficult to use in engineering prac-
tice, since they, as a rule, have a narrowly focused practical 
significance, and require a large amount of initial data, such 
as the profile standard deviation; surface hardness (micro-
hardness); average tangent of the roughness slope angle; 
maximum corner radius of the protrusions; a parameter 
characterising the degree of mechanical loading of contact 
irregularities, etc. [14]. In this regard, the issue of CTR 
simulation is still very relevant. 

The purpose of this study is to develop a technique for 
simulating contact thermal resistance, which allows esti-
mating the temperature change in the contact zone, based 
on identifying, and taking into account the most significant 
design and technological factors available when used in 
engineering practice. 

 

METHODS 
The complexity of taking into account a significant 

number of influencing factors for engineering practice 
when assessing the CTR can be resolved by modelling  
a joint in the form of a pseudolayer, the characteristics of 
which are determined by the contact conditions [20; 21]. 
The research methods involve a reasonable selection of  
the most significant factors affecting the contact thermal 
resistance based on the one-factor numerical experiments, 
using the FEM, and a full factorial experiment (FFE) to 
obtain a regression dependence, describing the temperature 
change in the contact zone. The efficacy of the obtained 
model should be confirmed by the results of full-scale and 
numerical experiments. 

Previous studies [20] allowed distinguishing four signi-
ficant factors: pseudolayer thickness h, nominal pressure qa, 
material yield strength σT, and location of the actual contact 

zone l. Based on the use of the ELCUT package, when 
planning a full factorial experiment of the 24 type, a regres-
sion model was obtained in the following form 
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Further analysis [22] showed that it is possible to sim-

plify the obtained regression model, leaving only two fac-
tors as the most significant ones: the pseudolayer thickness 
determined by the roughness of the contacting surfaces and 
the nominal pressure, which depends on the normal force 
and the nominal contact area: 

 
qhT 104 10216,210403,7055,0 −⋅−⋅+=∆ .        (1) 

 
The pseudolayer thickness can be taken as an average 

thickness of the gap in the joint [23; 24]: 
 

( )2121 6,2 aapp RRRRh +=+= , 
 

where Rp is the smoothing height; 
Ra is the arithmetic average roughness height. 

To test the efficacy of the proposed regression depend-
ence, the authors carried out full-scale experiments on  
the heat flow passage through a flat joint, and performed 
numerical simulation using large-block finite elements [25]. 

For a full-scale experiment, steel samples were made from 
15 grade steel with dimensions of L×B×H=40×20×10 mm.  
In one sample, a hole Ø4.4 mm was drilled to place a tem-
perature source in it (Fig. 1). The surface roughness in  
the contact zone of the samples was Ra=0.1 µm. 

To assess the influence of contact pressure on CTR,  
a pair of specimens was fixed in the jaws, which created  
a compression force (Fig. 2). 

To reduce the convection heat emission, the samples 
were placed in a thermal protection created using a three-
layer winding of an asbestos cord Ø3 mm glued with liquid 
glass. The thermal protection left two sections 10 mm long 
open, where the temperature could be subsequently record-
ed in the source location area, and at the end of the flow 
propagation in the samples (Fig. 2). The jaws were thermal-
ly insulated from the specimens with sheet cloth laminate, 
and plywood 10 and 5 mm thick, respectively. 

To determine the compression force of the specimens, 
the jaws were pre-calibrated according to the applied torque 
on the jaw screws using a DOSM-1 dynamometer, which 
has the highest limit load of 10 000 N. During the experi-
ments, the maximum Q value (Fig. 2) was 6 550 N. 

The temperature measurement in the open areas of  
the samples was carried out by a non-contact method, using 
a calibrated DT-8833 pyrometer. During the experiments, 
the jaws were mounted on the table of a jig-boring machine, 
and the pyrometer was fixed on a massive stand with a dis-
tance of ~15 mm from the measured surface to the sensitive 
element of the infrared sensor located at the focus of  
the pyrometer optical system. Since the optical resolution 
(the sighting factor – the ratio between the distance to 
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Fig. 1. Sample for heat source 
Рис. 1. Образец для теплового источника 

 
 
 
 

 
 

Fig. 2. The experimental unit scheme 
Рис. 2. Схема экспериментальной установки 

 
 
 

the measurement object and the measuring spot size), 
for the DT-8833 pyrometer is 13:1, in this case,  
the measurement spot had a diameter of ~1 mm. This 
circumstance was taken into account when selecting 
the dimensions of the measurement zones (Fig. 2), 
which, according to the rules for using pyrometers, 
should be at least 2 times larger than the size of  
the measuring spot. 

During the experiments, the heating element power (W) 
was determined by fixing the consumed current (I=1.8 A) and 
voltage (U=12.0 V): 

 
η= IUP .                        (2) 

 

The value of the efficiency factor η for converting elec-
trical power into a thermal one was estimated considering 
the following. Since the heat source was removed from  
the heating zone (Fig. 2), and the heat was transferred to  
the sample using a copper rod Ø4 mm with a significant 
length, the value of η was taken equal to 0.35. 

Numerical simulation was carried out according to  
the technique using large-block finite elements (FE), which 
was earlier tested for flat models [25]. 

Simulation of thermal processes in the equipment as-
sembly units, using large-block FE, allows reducing  
the problem of building a temperature field to solving  
a system of linear equations, and refusing to use complex 
software products (for example, ANSYS). 
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The technique for developing a 3D computational mo-
del, involves the selection of rectangular parallelepipeds in 
the parts of assembly units, subject to the condition that 
eight FE must be connected at the vertices that are not lo-
cated on free surfaces. At vertices located on free surfaces, 
there should be up to four such FE. 

Since the proposed technique with large-block rec-
tangular elements assumes that the heat flow propa-
gates in the FE in a straight line, the thermal resistance 
of the element along the corresponding coordinate axis 
is equal to 
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where ∆X, ∆Y, ∆Z are the dimensions of the FE along  
the corresponding coordinate axis; 
λ is the coefficient of thermal conductivity of the material 
of the element (part). 

For each coordinate plane of each FE, the equilibri-
um equations of heat flows in its nodes located in the 
FE geometric centers were set up. For example, for 
element A in Fig. 3, the equation can be written as fol-
lows: 
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where ti is the temperature at the i-th node; 
σx(i-j)=σx(j-i), σy(i-j)=σy(j-i), σz(i-j)=σz(j-i) is total (absolute) thermal 
conductivity between i and j nodes along the x, y, z coordi-
nates respectively, W/K.  

The values of thermal conductivity between i and j 
nodes along the x, y, z coordinates are determined by  
the formulas: 
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where RC

x(i-j), RC
y(i-j), RC

z(i-j) are thermal resistance of  
the joint between i and j finite elements along the x, y, z 
coordinates, respectively. 

The experimental unit model to carry out a numerical 
experiment using large-block FE was represented as  
13 interconnected rectangular parallelepipeds (Fig. 4). 

In accordance with the expression (3), to determine  
the temperature in the thermal model elements, the au-
thors composed the equilibrium equations for heat 
flows in its nodes located in the geometric centres of 
the elements: 
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where tA is the ambient temperature; 
σx(i-B), σy(i-B), σz(i-B) is the total (absolute) thermal conductivi-
ty between i node and air along the x, y, z coordinates, re-
spectively, W/K. 

The values of thermal conductivity between i and j 
nodes (except for the nodes No. 3 and No. 4 along  
the x coordinate) along the x, y, z coordinates are deter-
mined by the formulas:  
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Thermal conductivity ( )

C
x 43−σ  between the nodes No. 3 

and No. 4 along the x coordinate should take into account 
the CTR in the joint of the specified elements: 
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The introduction of a pseudolayer with a thickness h to 

the contact zone when modelling allows representing  
the actual contact zone (ACZ) (Fig. 5) in the form of  
the following model (Fig. 6). 
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Fig. 3. For the construction of an equilibrium equation for a finite element A 
Рис. 3. К составлению уравнения равновесия для конечного элемента А 

 
 
 

 
 

Fig. 4. Simulation of the experimental unit using large-block FE 
Рис. 4. Моделирование экспериментальной установки с помощью крупноблочных КЭ 

 
 
 
Considering the parallel passage of heat flows through these 

zones, we can write that the pseudolayer thermal conductivity 
will be equal to the sum of the conductivities, through the actual 
contact zones σACZ, and the volumes filled with air (oil) σA: 

 
∑ ∑σ+σ=σ AACZPL , 
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Aa is the nominal contact area; 
Ar is the actual contact area; 
λ PL is the pseudolayer thermal conductivity coefficient; 
λ A is the air thermal conductivity coefficient. 
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Fig. 5. The formation of actual contact zones in a flat joint 
Рис. 5. Формирование зон фактического контакта в плоском стыке 

 
 
 

 
 

Fig. 6. Representation of a flat joint in the form of a pseudolayer with a thickness of h 
Рис. 6. Представление плоского стыка в виде псевдослоя толщиной h 

 
 
 
Not accounting for the influence of oxide films in  

the actual contact zone on the CTR, it can be assumed that 
λAC=λ, where λ is the thermal conductivity coefficient of 
the contacting materials. 

Then, introducing the notation
a

r

A
A

=η , we will receive 
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According to the data of the work [21], 
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where σT is the yield strength of the contacting materials, 
from which 
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In the case of contact of parts with different physical 

and mechanical properties, the arithmetic mean of the yield 
strengths of their materials can be taken as the σТ value. 

Taking into account that due to the presence of 
macrodeviations, the ACZs are concentrated in the region 
of contour areas [23], and that ACZs consist of a combina-
tion of actual contacts of microroughnesses, and closed 
volumes filled with air or oil (Fig. 4), the value of RC

x(3−4) is 
calculated using dependencies (1) and (2): 
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RESULTS 
For numerical simulation for the used sample material 

(grade 15 steel), the authors accept σT=240 MPa, 
λ=55 W/(m·°К), λA=0.028 W/(m·°К). 

The results of measuring the temperature difference 
tin−tout on the stand (Fig. 2) for 6-fold measurements are 
shown in Fig. 7 by points, and the simulation results esti-
mated by the temperature difference in FE No. 1 and No. 5 
are shown by a solid line. The scatter of experimental data 
relative to the calculated curve can be estimated by a stand-
ard deviation equal to 0.192. 

Fig. 8 shows the numerical simulation at different 
roughness of contacting surfaces of the samples. 
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The influence of filling of closed cavities during  
the contact of rough surfaces with oil was simulated using 
the dependence (4), where the value of the thermal conduc-
tivity coefficient of oil was substituted for λA (Fig. 9).  
The thermal conductivity coefficient of oil is about 
500 times less than the thermal conductivity coefficient of 
steel, and for mineral oils at a temperature of 20 °С it is 

0.104 W/(m·°К) [24]. The value of the thermal conductivity 
coefficient for oils used in spindle units, equal to 
0.143 W/(m·°К), is indicated in [25]. 

Thus, for closed cavities of the simulation model 
filled with oil, it is possible to choose the value of the 
thermal conductivity coefficient from the range of 
λ=0.1...0.14 W/(m·°К). 

 
 
 

 
 

Fig. 7. The results of field measurements (points) and simulation (solid line) 
of the temperature difference tвх−tвых depending on the compression force of the samples 

Рис. 7. Результаты натурных измерений (точки) и моделирования (сплошная линия)  
разницы температур tвх−tвых в зависимости от усилия сжатия образцов 

 
 
 

 
 

Fig. 8. The results of numerical simulation of the temperature difference tвх−tвых  
depending on the pressure in the joint at different roughness of the contacting surfaces: 

1 – Ra1=Ra2=0.1 µm; 2 – Ra1=0.1 µm, Ra2=3.2 µm; 3 – Ra1=Ra2=3.2 µm 
Рис. 8. Результаты численного моделирования разницы температур tвх−tвых  

в зависимости от давления в стыке при различной шероховатости контактирующих поверхностей: 
1 – Ra1=Ra2=0,1 мкм; 2 – Ra1=0,1 мкм, Ra2=3,2 мкм; 3 – Ra1=Ra2=3,2 мкм 
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Fig. 9. The influence of oil in the contact zone on the temperature difference tвх−tвых: 
a solid line – air (λВ=0.028 W/(m·°К)); a dotted line – oil (λM=0.12 W/(m·°К)); 

1 – Ra1=Ra2=0.1 µm; 2 – Ra1=0.1 µm, Ra2=3.2 µm; 3 – Ra1=Ra2=3.2 µm 
Рис. 9. Влияние масла в зоне контакта на разницу температур tвх−tвых: 

сплошная линия – воздух (λВ=0,028 Вт/(м·°К)); пунктир – масло (λМ=0,12 Вт/(м·°К)); 
1 – Ra1=Ra2=0,1 мкм; 2 – Ra1=0,1 мкм, Ra2=3,2 мкм; 3 – Ra1=Ra2=3,2 мкм 

 
 
 
 

 
 

Fig. 10. The results of numerical simulation of the temperature difference tвх−tвых  
depending on the pressure in the joint for various steel grades: 

1 – Ст.15 steel; 2 – Ст.45 steel; 3 – Ст.40Х steel; 4 – Ст.40ХН steel 
Рис. 10. Результаты численного моделирования разницы температур tвх−tвых  

в зависимости от давления в стыке для различных марок сталей: 
1 – Ст.15; 2 – Ст.45; 3 – Ст.40Х; 4 – Ст.40ХН 
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The influence of grades of contacting materials was 
evaluated by numerical experiments, with samples from  
the grade 15 steel (λ=55 W/(m·°К), σT=240 MPa),  
grade 45 steel (λ=48.1 W/(m·°К), σT=680 MPa),  
40H steel (λ=46 W/(m·°К), σT=775 MPa), and 40HN steel 
(λ=44 W/(m·°К), σT=1050 MPa). The simulation results are 
shown in Fig. 10. 

 

DISCUSSION  
The results of full-scale and numerical experiments, 

confirm the earlier conclusions of some researchers, about 
the significant influence of pressure in a joint on CTR [11; 
14; 17]. Moreover, this influence is especially manifested in 
the region of low pressures. This result can be adequately 
explained by the increase in the actual contact area as  
the pressure increases. 

The influence of the roughness of the contacting sur-
faces (Fig. 8) affects the entire pressure variation range, 
which confirms once again the necessity of a reasonable 
selection of this parameter when designing process 
equipment. 

Simulation showed that the liquid layer (oil) introduc-
tion into the contact zone reduces the CTR (Fig. 9). A simi-
lar conclusion was obtained in the work [9]. However, one 
should note that this influence is significant only at a signi-
ficant roughness of the contacting surfaces, and only at low 
pressures. 

The simulation results for different steel grades 
(Fig. 10) show that in critical cases it is necessary to con-
sider the material yield strength, the values of which for 
different steel grades can differ significantly. This is parti-
cularly true when using alloyed steels. 

The results obtained indicate that the CTR decreases 
with an increase in the thermal conductivity of the con-
tacting metals, an increase in the force of compression of  
the samples, and an increase in the surface treatment 
quality. 

 

CONCLUSIONS 
1. The conducted full-scale experiments both qualita-

tively and quantitatively confirmed the adequacy of the pro-
posed technique for using large-block finite elements and 
the regression dependence describing the modelling of  
a flat joint in the form of a pseudolayer during the heat flow 
passage. 

2. The results obtained confirmed the significant contact 
thermal resistance dependence on the nominal pressure in 
the joint. This dependence is especially manifested at low 
pressures (<10...15 MPa), and has a pronounced decreasing 
characteristic. 

3. The influence of lubrication in the contact zone 
should be considered only for highly rough contacting sur-
faces (Ra>1 µm). 

4. When designing assembly units, with the possibi-
lity of varying the grades of steels used, one should pay 
attention to the values of the material yield strength, with  
an increase in which the contact thermal resistance in-
creases.  
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Аннотация: Анализ конструкций технологического оборудования при проектировании по температурному 

критерию является необходимой гарантией обеспечения требуемых эксплуатационных характеристик. Наличие 
значительного количества деталей в узлах и механизмах технологического оборудования требует при проектиро-
вании прогнозирования прохождения теплового потока через соединения. Многообразие требований к соедине-
нию при моделировании контактного термического сопротивления может быть учтено введением в зону контакта 
псевдослоя. Приведены результаты проверки предложенной регрессионной зависимости изменения температуры 
при прохождении теплового потока через псевдослой, полученной при учете четырех существенных факторов: 
толщины псевдослоя, номинального давления, предела текучести материала, расположения зоны фактического 
контакта. Адекватность указанной регрессионной зависимости проверялась экспериментально и с использованием 
численного моделирования с применением крупноблочных конечных элементов. Для описания процесса теплооб-
мена в элементах тепловой модели были определены контактные термические сопротивления для нескольких 
условий распространения теплового потока: от одного конечного элемента к другому в пределах одной детали;  
от одного конечного элемента к другому, расположенному в соседней детали; прохождения теплового потока че-
рез замкнутые полости; распространения теплового потока в окружающую среду для конечных элементов, распо-
ложенных на наружном (свободном) контуре детали. Проведенные эксперименты показали хорошее совпадение 
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экспериментальных данных и результатов моделирования. Применение крупноблочных конечных элементов  
на основе предложенной модели контактного термического сопротивления позволило довести методику конечно-
элементного моделирования до инженерного использования без сложного программного обеспечения.  

Ключевые слова: технологическое оборудование; тепловой поток; моделирование контактного термического 
сопротивления; контактное термическое сопротивление; псевдослой; крупноблочные конечные элементы; коэф-
фициент теплопроводности. 
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