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Abstract  
Introduction. The technology of centrifugal bimetallization using an independent axisymmetric electric arc is becoming 
increasingly important due to the high need to improve the quality of bimetallic compositions used in the manufacture of 
plain bearings, cylinder barrels for hydraulic units, and friction pair elements in internal combustion engines. The existing 
research in this area emphasizes the need for a more in-depth study of the features of thermal processes associated with 
this technology. In modern scientific literature, issues related to temperature control at the interface of materials are not 
fully disclosed, and the existing gap in the concept of the behavior of bimetallic compounds under heating conditions 
hinders the implementation of this technology in industrial production. The objective of this study is to conduct analytical 
modeling of a heat source in the form of an axisymmetric electric arc to determine the heat concentration coefficient and 
reduce the proportion of experimental data in the thermal process model, which will increase its versatility. The tasks 
arising from the stated goal are comparison of the results of calculating the effective heat flux density from two different 
expressions (using trigonometric and exponential functions), as well as evaluation of the distribution of the heat flux of 
an axisymmetric arc along the inner surface of the sleeves (this is required to establish the relationship between the 
temperature of the outer surface of the welded sleeve and the temperature at the interface between the materials). 
Materials and Methods. Direct control of the temperature at the interface between the base material and the deposited 
layer is difficult, but it is possible to carry out indirect control using the temperature of the outer surface. To determine 
the relationship between the temperature of the outer surface of the deposited sleeve (billet) and the temperature on its 
inner surface, i.e., at the interface between the base material and the deposited layer, a heat source was modeled, the heat 
flux distribution of an axisymmetric electric arc along the inner surface of the sleeve was estimated, and an analytical 
expression was obtained to determine the heat concentration coefficient. 
Results. In the course of the work, an analytical expression was obtained for determining the coefficient of heat concentration, 
k = 0.945 / R1

2. It was required for calculating the electric arc parameters considering the distribution of the effective thermal power 
in the hot spot according to an exponential dependence. To simulate the heat source of the facing process (bimetallization) of the 
inner surface of steel sleeves with heating by an independent axisymmetric electric arc, the results of calculating the effective heat 
flux density were compared using two expressions: q = q0 ∙ cos3φ and q = q0 ∙ e–k· rп2. This comparison showed that for calculating 
temperature fields during facing of the inner surface of steel sleeves (billets) with metal alloys under heating by an independent 
axisymmetric arc, it was possible to use the analytical exponential form of representation of the heat source. 
Discussion and Conclusion. Modeling thermal processes of the centrifugal bimetallization using simplified schemes of 
uniform distribution of heat flow q = const on the entire free surface of the deposited layer, which simulates the spread 
of heat of an electric arc, requires the introduction of correction factors and a series of experiments to determine them. In 
this case, the description of the thermal process in the thermal process model contains a high proportion of experimental 
data and correction factors. Therefore, in order to exclude most of the experimental components when modeling the heat 
source and heat flow distribution of the facing process (bimetallization) of the inner surface of steel sleeves under heating 
by an independent axisymmetric electric arc, the author in this paper proposes an analytical solution for calculating the 
effective heat flow density in the form of an exponential function. This function allows determining the heat concentration 
coefficient of an independent axisymmetric electric arc during the facing process, which is required to increase the 
accuracy of calculating the temperature field of the bimetallized sleeve and improve the temperature control of the thermal 
parameters of the technological process. 
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Аналитическое моделирование теплового источника при наплавке стальной втулки 
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Аннотация 
Введение. Технология центробежной биметаллизации с применением независимой осесимметричной электриче-
ской дуги становится всё более значимой ввиду высокой потребности в улучшении качества биметаллических 
композиций, используемых в производстве подшипников скольжения, гильз для цилиндров гидромашин и эле-
ментов пар трения в двигателях внутреннего сгорания. Имеющиеся исследования в этой области подчеркивают 
необходимость более глубокого изучения особенностей тепловых процессов, связанных с этой технологией. В 
современной научной литературе недостаточно полно раскрыты вопросы, касающиеся контроля температуры на 
границе раздела материалов, и имеющийся пробел в представлении о поведении биметаллических соединений в 
условиях нагрева тормозит внедрение этой технологии в промышленное производство. Цель данного исследова-
ния — проведение аналитического моделирования теплового источника в виде осесимметричной электрической 
дуги для определения коэффициента сосредоточенности тепла и снижения доли экспериментальных данных в 
модели теплового процесса, что позволит повысить ее универсальность. Задачи, вытекающие из поставленной 
цели, заключаются в сравнении результатов расчета эффективной плотности теплового потока по двум различ-
ным выражениям (с использованием тригонометрической и экспоненциальной функций), а также в оценке рас-
пределения теплового потока осесимметричной дуги по внутренней поверхности втулок (это необходимо для 
установления зависимости между температурой наружной поверхности наплавляемой втулки и температурой на 
границе раздела материалов). 
Материалы и методы. Прямой контроль температуры на границе раздела материала основы и наплавляемого 
слоя является затруднительным, однако возможно осуществить косвенный контроль с помощью температуры 
наружной поверхности. Для определения зависимости между температурой наружной поверхности наплавляе-
мой втулки (заготовки) и температурой на её внутренней поверхности, то есть на границе раздела материала 
основы и наплавляемого слоя, были проведены моделирование теплового источника и оценка распределения 
теплового потока осесимметричной электрической дуги по внутренней поверхности втулки.  
Результаты исследования. В ходе работы получено аналитическое выражение для определения коэффициента 
сосредоточенности тепла, k = 0,945 / R1

2, который необходим для расчёта параметров электрической дуги с учё-
том распределения эффективной тепловой мощности в пятне нагрева по экспоненциальной зависимости. Для 
моделирования теплового источника процесса наплавки (биметаллизации) внутренней поверхности стальных 
втулок с нагревом независимой осесимметричной электрической дугой были сравнены результаты расчета эф-
фективной плотности теплового потока по двум выражениям: q = q0 ∙ cos3φ и q = q0 ∙ e–k· rп2. Это сравнение пока-
зало, что для расчетов температурных полей при наплавке внутренней поверхности стальных втулок (заготовок) 
металлическими сплавами с нагревом независимой осесимметричной дугой можно использовать аналитическую 
экспоненциальную форму представления теплового источника. 
Обсуждение и заключение. Моделирование тепловых процессов центробежной биметаллизации с применением 
упрощенных схем равномерного распределения теплового потока q = const на всей свободной поверхности наплав-
ляемого слоя, что имитирует распространение тепла электрической дуги, требует введения корректирующих коэф-
фициентов и проведения серии экспериментов для их определения. В этом случае в описании теплового процесса 
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в модели тепловых процессов высока доля экспериментальных данных и корректирующих коэффициентов. По-
этому для исключения большей части экспериментальных составляющих при моделировании теплового источника 
и распределения теплового потока процесса наплавки (биметаллизации) внутренней поверхности стальных втулок 
с нагревом независимой осесимметричной электрической дугой автором в данной работе предложено аналитиче-
ское решение для расчета эффективной плотности теплового потока в виде экспоненциальной функции, которая 
позволяет определить коэффициент сосредоточенности тепла независимой осесимметричной электрической дуги в 
процессе наплавки, который необходим для повышения точности расчета температурного поля биметаллизируемой 
втулки и улучшения контроля температуры тепловых параметров технологического процесса. 

Ключевые слова: биметаллы, наплавка, электрическая дуга, центробежная биметаллизация, детали машин, 
износостойкое покрытие, антифрикционное покрытие, восстановление деталей, тепловой источник, расчет 
температуры, коэффициент сосредоточенности тепла, моделирование электрической дуги 
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Introduction. In units and mechanisms of various processing equipment, plain bearings are used, for the manufacture 
of which expensive antifriction and wear-resistant alloys from various metals are used [1]. Mechanical engineering also 
needs parts for friction pairs of internal combustion engine sleeves, screw-nut sliding gears [2], sleeves for hydraulic 
machine cylinders operating under high pressure conditions in the range of 50–60 MPa [3]. To improve performance 
characteristics and reduce the consumption of expensive materials, it is advisable to manufacture these parts from bimetal, 
in particular, from a steel-bronze composition. For example, laser [4] or thermal spraying [5] can be used to obtain 
bimetallic compositions. However, with these spraying technologies, it is very difficult to obtain layers 2–4 mm thick 
with an allowance for roughing and finishing. To deposit layers of sufficient thickness for subsequent processing, it is 
possible to use powder surfacing according to additive technology with the energy of an electron or laser beam [6], and 
to obtain coatings from wear-resistant alloys, it is possible to use laser cladding [7]. In the production of metal composites 
with a metal matrix, laser additive technologies are used [8]. In addition, selective laser melting (SLM) and electron beam 
melting (EBM) are applied. These are new technologies of rapid additive manufacturing [9], which provide for the 
production of complex monoliths from metals or alloys by selective melting of powder layers directed according to a 
CAD model. However, when facing the internal surfaces of sleeves with diameters of 80–250 mm, it is either difficult or 
impossible to place energy source units inside them.  

Due to the complexity of the technical implementation of the listed technologies, the use of centrifugal bimetallization 
technology with an independent axisymmetric electric arc is becoming increasingly important. In [10], the modeling of 
the thermal process of centrifugal bimetallization of the inner surface of sleeves is described. There, a simplified scheme 
of uniform distribution of heat q = const over the entire free surface of the deposited layer was adopted to calculate the 
temperature field of the bimetallized sleeve, which simulated the spread of heat of an electric arc that moved from end to 
end of the deposited sleeve at a speed of v = 0.086 m/s (the value of the Peclet number for this case allowed for such 
imitation). The disadvantage of this scheme is that its use requires the introduction of correction factors and the 
performance of a series of experiments to determine them. In this case, the model loses its universality, and the proportion 
of experimental data and correction factors in the description of the thermal process increases.  

Analytical modeling of the heat flux density of an electric arc, calculation of the material temperature in the arc hot 
spot, and description of the temperature field of a bimetallized sleeve (billet) will allow solving the problem that faces 
the author — to reduce the proportion of experimentally obtained data in the model, increase the accuracy of calculating 
the temperature field of a bimetallized sleeve, and strengthen control over the temperature of the process.  

To evaluate the heat flow distribution of the bimetallization process of sleeves and exclude most of the experimentally 
obtained data, the following steps must be taken: 

− compare the results of calculating the effective heat flux density to a trigonometric function and an exponential function; 
− identify the possibility of representing a heat source during facing of the internal surfaces of steel sleeves using the 

proposed technology with an exponential form to determine the heat concentration coefficient of an independent 
axisymmetric electric arc during the facing process. 

https://doi.org/10.23947/2687-1653-2025-25-2-83-90
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Materials and Methods. This paper studies the technology of centrifugal bimetallization using an independent 
axisymmetric electric arc, whose diagram is shown in Figure 1.  

Fig. 1. Scheme of facing the inner surface of a steel sleeve (billet) using centrifugal  
method through heating by an independent axially symmetrical electric arc 

The production of bimetallic sleeves (billets) with heating by an independent electric arc provides high quality of the 
deposited layer and bimetallic composition if correct temperature control is established at the interface between the 
deposited layer and the steel base — on the inner diameter of the sleeve R1. In production, direct control of temperature 
in the diffusion zone is difficult to implement, but indirect control is possible. It is based on the temperature of the outer 
surface of the steel base at diameter R2 if there is a mathematical model that links the temperature of the outer surface of 
the welded billet (sleeve) at diameter R2 and the temperature of its inner surface at diameter R1 [10]. To solve this problem, 
it is necessary to use the heat transport theory [11]. In addition, initial data are needed, including a correct representation 
of the heat source [12] when calculating the temperature conditions of electric arc processes [10], e.g., bimetallized 
sleeves with heating by an independent axisymmetric electric arc.  

Mathematical models of an electric arc can be divided into two groups according to the method of their construction [13]: 
theoretical models obtained on the basis of the laws of physics, and experimental models obtained as a result of approximating 
experimental data using various methods [14]. 

The use of models in which the heat source is presented as uniformly distributed along the length will not give accurate 
results for calculating the temperature fields of bimetallized sleeves, since it does not correspond to the real process. 

To build a heating model for a bimetallized sleeve, it is proposed to estimate the distribution of the heat flow of an 
axisymmetric electric arc along the inner surface of the sleeve (billet) [10]. This is easier than modeling thermal processes 
for nonlinear asymmetric circuits [15]. 

We represent the problem as a linear one. To simplify the model, let us assume that the length of the billet is large 
enough to neglect heat losses at the ends. We replace the action of the arc with a point source of constant intensity (Fig. 1). 
The thermal power of the arc reaches the inner surface of the steel sleeve through the layer of charge practically without 
losses [1].  

For such a scheme, the effective heat flux density on the inner surface of the steel sleeve at diameter R1 is eqAual to: 

 д 2
2
э

0 9
, W/m ,

4
. P cosq

l
ϕ

= ⋅
π

 (1) 

where Pд— electric arc power, W; lэ — distance from the center of the arc to the center of the selected element on the 
inner surface of the steel sleeve, m; φ — angle between the direction of the flow radius vector and the normal to the 
element of the steel billet irradiated through the charge layer, deg.  
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At φ = 0, lэ = R1, the heat flux density is maximum: 

 д 2
0 2

1

0 9
, W/m ,

4
. P

q
R

=
π

  

here, R1 — radius of the inner surface of the steel sleeve, m. 
Considering that 

 1
э ,Rl

cos
=

ϕ
  

expression (1) can be represented as: 

 д 3
02

1

0 9
.

4
. P cos

q q cos
R
⋅ ϕ

= = ⋅ ϕ
π

 (2) 

We introduce ratio q/q0 = 0.05 into equality (2) and obtain φ = 68°23’, which corresponds to ρ = rn/R = 2.52, where 
rn — radius of the hot spot, i.e., at a distance close to 2.5–3.0 radii of the billet, the influence of the source is reduced to 
a minimum. 

The distribution of the heat flux density of a point source can be described by the exponential dependence:  

 2

0 ,nk rq q e− ⋅= ⋅  (3) 
where k — heat concentration coefficient, 1/m2.  

Heat concentration coefficient k is required for calculating the parameters of an electric arc taking into account the 
distribution of effective thermal power in the hot spot. Determining the value of the heat concentration coefficient is 
needed for calculating the temperature of the material in the arc hot spot, since the pattern of the heat distribution has a 
significant effect on the temperature field in the area of the hot spot.  

When the arc axis is directed perpendicular to the heating surface, the hot spot is obtained in the form of a circle with 
a specific flux normally distributed over the area. In this case, the source is called a normally-circular one.  

In welding calculation schemes with vertical electrode placement relative to the heating surface, the values of heat 
concentration coefficients are in the range from 1.5 to 6.0. These schemes, which take into account the distribution of 
heat sources, are very complex and are rarely used in practice. 

For specific cases, the values of parameters 𝑞𝑞0, q, and k, characterizing the heat flows of an electric arc, are most often 
determined experimentally. 

To determine the preferability of using equalities (2) and (3) to calculate the specific heat flow (using these 
expressions), it is necessary to obtain an expression by which the heat concentration coefficient k can be calculated. For 
this purpose, the system of equations (2) and (3) should be solved. 

Taking into account that 

 1
2 2
1

,
n

Rcos
R r

ϕ =
+

  

we determine the value of the heat concentration coefficient: 

 
2 52

1
2 2 20 1

1 3 .
2 52

.

n n

Rk ln dr
. r R r

  
 = ⋅ − ⋅ ⋅ 
   + 

∫   

Since cos φ can be represented as 

 
2

1 ,
1

cosϕ =
+ρ

  

then the heat concentration coefficient will be equal to: 

 
( )22 52

2 201

11 .
5 04

. ln
k dr

. R

+ρ
= ⋅ ⋅

ρ∫  (4) 

We use a variable substitution in the form  
 ( )21 ,g ln= +ρ   

and integrate equation (4) by parts: 

 
( ) ( )

2 52 2 52
2 2

2 2 2
1 1

0 0

1 13 1 2 3 2 .
5 04 1 5 04

. .
ln ln

k d arctg
. R . R

   + ρ +ρρ   = ⋅ − + ⋅ ρ = ⋅ ρ −
ρ ρ ρ+ρ      

∫   
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At r = 0, expression ln(1 + ρ2) / ρ is not defined, therefore we use the limit transition: 

 
( ) ( ) ( )2 2 2

2 20 0 0 0

1 11
1 0 0,

ln lnln
lim lim lim lim
ρ→ ρ→ ρ→ ρ→

+ρ ⋅ρ + ρ+ρ
= = ⋅ ρ = ⋅ =

ρ ρ ρ
  

where 
( )2

0

1
1.

ln
lim
ρ→

+ρ
=

ρ
 

Since  k|r п  = 0 = 0, then the heat concentration coefficient will be equal to: 

 
( )

1 1

2

2 20
1 1

1 2 523 0 9452 2 52 .
2 525 04n n nr R r R r

ln . .k k k k arctg .
.. R R= = =

 +
 = = − = ⋅ ⋅ − =
  

 (5) 

Research Results. We use obtained expression (5) to calculate the heat flux density through equation (3), in order to 
compare the results of calculations using equations (2) and (3) later on.  

We compare values Z1 = cos3φ and Z2 = e–k· rп2 in equalities (2) and (3), setting k = 0.945/R1
2.  

The calculation results are presented in the form of a nomogram (Fig. 2). 

 

Fig. 2. Nomogram for comparing values Z1 = cos3φ and Z2 = e–k· rп2 in equalities (2) and (3)  

The comparison of the calculated values of Z1 = cos3φ and Z2 = e–k· rп2 at ρ = 0 ÷ 2.52 have shown that they differ by no 
more than 10%. This provides using the exponential form of the heat source representation for calculating temperature fields 
under facing of the inner surface of steel sleeves (billets) with metal alloys heated by an independent axisymmetric arc. 

Discussion and Conclusion. To calculate the temperature field of the bimetallized sleeve, a simplified scheme of 
uniform distribution of the heat flow q = const over the entire free surface of the deposited layer of the electric arc, which 
reciprocate at a speed of v = 0.086 m/s (the value of the Peclet number for this case allows such imitation), is adopted. 
The disadvantage of this heat source model is that the heat flux density is determined from the condition of uniform heat 
distribution, i.e., it is necessary to apply correction factors and conduct a series of experiments to determine them. Thus, 
the description of the thermal process will contain a high proportion of experimental data and correction factors. 
Therefore, in order to exclude most of these data when modeling the heat source and heat flow distribution of the facing 
process (bimetallization) in the method under study, a comparison was made of the results of calculating the effective 
heat flow density using two expressions: with a trigonometric function and an exponential function. It is found that the 
exponential form of the heat source representation under facing the inner surfaces of steel sleeves (billets) through the 
centrifugal method with heating by an independent axisymmetric electric arc can be used to determine the heat 
concentration coefficient in the facing process. This coefficient is used to determine the density of the heat flow of an 
electric arc, the temperature at the heating point, and to describe the temperature field of a bimetallized sleeve in analytical 
form, which increases the accuracy of calculating its temperature field and the ability to control the temperature of a given 
production process. 

https://vestnik-donstu.ru/
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