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 According to information over the world, production of high content paraffin oil is followed by a serious problem causing
challenges in operation of wells. The problem is wax deposition on the inner surface of oil field equipment. The problem 
decreases system production and efficiency of operation of pumps, the failure of wells, control devices and oil collection
and transportation systems. Wax deposition can lead to a complete closure of lifting pipes and annular channels in the 
interconnecting space, which causes the necessity of workovers to eliminate the wax deposition.  
This article describes the geophysical bases of the influence of high-frequency and ultra high-frequency electromagnetic 
fields for the heating and removal of wax from wells. Results of experimental studies of dielectric losses in wax samples of 
some oil fields are presented. Their dependence on frequency and temperature, as well as on the content of resins and
asphaltenes in samples is established. The possibility of experimental determination of the melting point of wax by the data
of dielectric studies is shown. 
Calculation studies of heating and melting the wax plugs in the oil pipeline were carried out under the influence of the type 
of electromagnetic waves capable of propagating in it as in a round waveguide. It is believed that the source of
electromagnetic waves is moving. That allows overheating of the medium at some points and melts solid deposits along the 
entire length of a plug. Results of numerical studies allow monitoring the dynamics of heating and elimination of a wax
plug by electromagnetic action. 
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 Как показывает мировая практика, при добыче высокопарафинистой нефти серьезной проблемой, вызывающей
осложнения в работе скважин, является образование асфальтеносмолопарафиновых отложений (АСПО) на 
внутренней поверхности нефтепромыслового оборудования, которое приводит к снижению производительности
системы и эффективности работы насосных установок, к сбою в работе скважин, контрольно-измерительных 
приборов и систем сбора и транспорта нефти. Образование АСПО может привести к полному перекрытию
подъемных труб и кольцевых каналов в межтрубном пространстве, что вызывает необходимость проведения
подземных ремонтных работ с целью ликвидации депарафинизации скважин.  
В настоящей статье описаны геофизические основы воздействия высокочастотных и сверхвысокочастотных
электромагнитных полей для нагрева и удаления АСПО из скважин. Приведены результаты экспериментальных
исследований диэлектрических потерь в образцах АСПО некоторых нефтяных месторождений. Установлена 
зависимость их от частоты и температуры, а также от содержания смол и асфальтенов в образцах. Показана
возможность экспериментального определения температуры плавления АСПО по данным диэлектрических
исследований. 
Проведены расчетные исследования нагрева и расплавления пробки из АСПО в нефтепроводе воздействием одного
из типов электромагнитных волн, способных распространяться в нем как в круглом волноводе. Полагается, что
источник электромагнитных волн движется. Это позволяет избегать перегрева среды в одних точках и расплавлять 
твердые отложения по всей длине пробки. Результаты численных исследований позволяют осуществлять
мониторинг динамики нагрева и ликвидацию пробки АСПО электромагнитным воздействием. 

 
Lenart M. Fatykhov – Head of Team for Design and Monitoring of Development of Pechora Group of Fields (tel.: +007 987 250 60 92, e-mail: lenfort@inbox.ru).  
 
Фатыхов Ленарт Миннеханович – руководитель группы проектирования и мониторинга разработки Печорской группы месторождений (тел.: +007 987 250 60 92, 
e-mail: lenfort@inbox.ru).  



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2018. Vol.17, no.2. P.152-165 

ISSN 2224-9923. Вестник ПНИПУ. Геология. Нефтегазовое и горное дело. 2018. Т.17, №2. С.152–165 

153

 

Introduction 

Oil and gas fields are depleted with time 
causing production of unconventional oil, located 
in complex geological and technical conditions of 
development, and decrease in quality of reserves. 
As a consequence, general balance of the fields, 
being developed today, mostly contains fields at 
the late production stage. There is a tendency to 
increase the share of unconventional oil reserves 
[1]. Those fields include deposits of oil 
characterized by high viscosity and content of 
asphaltene, resin and paraffin matter (ARPM). 

Natural thermobaric conditions of the deposits 
change during oil recovery. That leads to 
deposition of ARPM on the walls of wells  
and production tubing, in pumping equipment  
and ground communications [2]. In order to 
prevent deposition chemical reagents (inhibitors, 
demulsifiers etc.), magnetic and acoustic fields are 
used for treatment. Thermal methods for removing 
ARPM, in particular, by pumping hot oil or solvent 
reactants, which interact with exothermic reactions 
are widely used [3, 4]. 

Development of technologies and techniques to 
combat the formation of ARPM has a long history 
[5]. However, it can not be said that today all the 
difficulties connected with the solution of this 
problem have been overcome. A variety of 
conditions for development of deposits and 
characteristics of extracted oil requires individual 
approaches [3, 6-9]. 

Based on the model of formation of paraffins 
or crystal hydrates when thermobaric conditions 
change and mechanical adherence of deposits to 
the walls of the wells, ARPM and crystal hydrates 
are removed by pumping into the well various 
reagents that dissolve the deposits (or warm up 
their zone), either by well heaters or mechanical 
means using scrapers. Some technologies allow 
removing deposits even if there is no circulation 
inside the tubing [3]. 

In particular, in order to prevent the formation 
of crystalline hydrates methanol is added to the 
gas flow. 

There is a number of special methods along 
with general ones. For example, in order to prevent 
the formation of crystal hydrate plugs dehydration 
of the pumped gas is used, method of pressure 
drawdown at ends of a pipeline, use of laser 
radiation to excite molecular levels etc. Despite the 

differences all these methods are expensive, 
difficult to implement or require the company for 
production of chemicals, very often toxic, such as 
methanol. 

Those forces are search for new cheaper and 
safer methods of preventing the formation and 
destruction of crystal hydrate and paraffin plugs. 
The results of studies conducted both in our 
country and abroad testify to the fact that one of 
the effective methods of combating ARPM, 
which is fundamentally different from traditional 
ones, is use of energy of high frequency (HF)  
and super high-frequency (SHF) (microwave) 
electromagnetic fields (EMF) [10-19]. Heating 
has the most significant effect that occurs as a 
result of transition of energy of electromagnetic 
radiation into the internal energy of the medium 
during its polarization.  

The technology of combating ARPM deposits 
in oil-producing wells with help of energy of HF 
and SHF of EMF differs because the well serves 
not only as a pipe through which oil is extracted to 
the surface, but also as a waveguide or a coaxial 
line through which the energy of EMF is 
transported. Efficiency of this process depends on 
electromagnetic power in the well.  

Physical basis, technical  
and technological features  

of high-frequency electromagnetic  
fields impact on asphaltene, resin  

and paraffin matter deposits in the well 

In terms of HF electrodynamics, wellbores and 
pipelines represent transmission lines (coaxial 
lines, cylindrical waveguides) for electromagnetic 
waves. Phase and group velocities of 
electromagnetic waves, their damping are 
determined by the type of waves, material of 
pipeline walls and dielectric properties of 
hydrocarbons. A HF emission directed from an 
external generator to the plug can heat the plug to 
the melting point of the paraffin or decomposition 
of the crystalline hydrate and, thus, to remove the 
obstacle [4-12]. A volume character is an essential 
advantage of the HF method of heating the plugs, 
since electromagnetic waves in the HF range can 
penetrate into the plug material to a great depth. In 
addition, by changing the power level of the HF 
generator and frequency of electromagnetic 
radiation, it is possible to control the heating 
process, since the dielectric constant and tangent of 
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dielectric loss angle of the plug material depend on 
radiation frequency and temperature. 

The physical basis of the method consists of 
release of heat in the medium filling the shell  
space and in walls of the well pipes when 
electromagnetic waves propagate along it from the 
ground generator. The system of tubing and casing 
strings is an electrical a coaxial transmission line 
with imperfectly conducting walls and the annular 
space is filled with a dielectric that absorbs the 
energy of the electromagnetic field good enough. 
As a result, some of the electromagnetic energy 
passes into the thermal energy, solid deposits are 
heated and melted in the entire volume 
simultaneously. 

The ARPM deposits are dielectrics characterized 
by a complex relative permittivity: 

( , , ) ' ( , , ) "( , , ),        d d dT p T p j T p   

 1,j    (1) 

where 'd , "d  – real and imaginary parts of the 
dielectric constant of a medium; ω – cyclic 
frequency, ω = 2πf; f – linear frequency of an 
electromagnetic wave; T and р – temperature and 
pressure. 

The imaginary part of the dielectric constant 
determines density of heat sources that arise in the 
material when it interacts with a high-frequency 
electromagnetic field (HF EMF) 

 0 exp( ),E E j t    0 exp( ).H H j t    (2) 

The density of heat sources is described by the 
formula: 
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The spatial-temporal temperature change in the 
ARPM deposits filling the well is found from the 
solution of the heat-conductivity equation: 

 .
T

c T q
t


   


   (4) 

In the formulas (2)–(4) ε0 – dielectric constant 
of vacuum; ,E H   – intensity of the electric and 
magnetic fields, respectively; 0 ,E H   – their 
amplitudes, depending on the spatial coordinates 
and time; с, ρ, λ – specific heat, density and 
coefficient of thermal conductivity of the medium, 
respectively. Thus, when ARPM interact with HF 
EMF internal heat sources emerge in ARPM and, 

as a consequence, its temperature and pressure 
change allowing using energy of powerful 
electromagnetic radiation for elimination of 
ARPM, formed in various nodes of equipment. 

Allocation of additional heat in the material of 
equipment nodes due to finite conductivity is one 
of the advantages of this method as well. 

A number of authors have studied the effect  
of HF and SHF EMF on ARPM or on its 
components. Thus, processes of heating and 
melting of paraffin plugs in oil wells and oil 
pipelines by powerful electromagnetic radiation  
in a mode of continuous generation of 
electromagnetic waves are studied in the paper 
[15]. In order to select the power and frequencies 
of the HF source the time needed for through 
channel to be formed in a plug and time of its 
complete elimination are determined taking into 
account the heterogeneity of the HF power 
distribution along the borehole section and ohmic 
absorption of HF power in metal walls of the well 
pipes. Since the metal walls are in thermal contact 
with a paraffin plug, an additional warming up 
factor of the paraffin plug appears. In a number of 
cases, in particular in case of equipping oil 
wellbore, if heating of a plug by steel walls is 
taken into account, then it significantly reduces 
time of melting of a paraffin plug. The melting 
process proceeds gradually from a central region  
of wellbore to periphery so that the molten  
paraffin zone has a conical shape. The conical 
shape of the molten zone can lead to the 
destruction of the plug until it is completely 
melted. Numerical examples considered in [13-15] 
in the coaxial borehole of oil well equipment,  
a paraffin plug 100 m long is completely 
eliminated for 34 hours at HF generator power of 
10 kW and working frequency of 10 MHz. When 
the power is increased to 20 kW, the time for 
eliminating the plug is reduced to 12 hours. 

The analysis of the process of elimination of 
paraffin plugs in borehole of an oil well by HF 
source operating in the regime of periodic 
switching on and off (periodic operation) was also 
carried out. It is shown that in this mode the total 
time for eliminating the plug essentially depends 
on the power of HF source and duty cycle of its 
operation. At a fixed power of the HF source total 
time of melting of a plug increases nonlinearly 
with increasing duty cycle. The total (summary) 
operating time of the RF source itself with 
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increasing duty cycle of the RF generator increases 
as well. These patterns are explained by increase in 
thermal losses with increasing duty cycle (time of 
switching off the HF source). It is determined, that 
the total operating time of the source (or the energy 
expended at a fixed power) depends little on its 
operating time within a single cycle. There is a 
threshold value of porosity, in which the complete 
penetration of the paraffin plug is never achieved. 

In terms of electrodynamics a well is a coaxial 
transmission line. Due to peculiarity of the wave 
dispersion in the coaxial line, the optimal value of 
the operating frequency can always be chosen, 
which corresponds to the value of HF power 
absorption coefficient in the plug equal to the 
reverse length of the plug. The oil pipeline can be 
considered as a cylindrical waveguide capable of 
transmitting electromagnetic waves with a 
frequency higher than the cutoff frequency. At the 
frequencies mentioned there is a strong absorption 
of HF power and heating only a narrow region of 
the plug adjacent to a HF generator. In order to 
eliminate paraffin plugs in these conditions it is 
proposed to use a moving source of 
electromagnetic radiation. The speed of its 
movement is controlled by velocity of the interface 
between the liquid and solid phases during the 
melting of a paraffin plug under influence of high-
frequency electromagnetic radiation. The speed of 
a HF-power source and time of complete 
elimination of the plug are determined. It is shown 
that for selected parameters of a moving HF source 
and paraffin plug the part of energy consumed for 
melting the paraffin plug reaches 70 %. 

The HF cleaning of the oil pipeline from 
paraffin deposits at early stage of their formation, 
when the deposits do not yet clog the oil pipeline, 
is studied. Cleaning is carried out by a moving HF 
source. It is shown that the time of high-frequency 
cleaning essentially depends on the magnitude and 
position of the maximum power density of heat 
release. If the frequency is increased then the 
maximum power density of heat release shifts from 
the center to the wall of pipeline, where the 
paraffin layer is localized. The maximum value of 
power density of heat release is increased as well. 
Accordingly, the cleaning time is reduced. The 
time dependence of oil pipeline cleaning on the 
thickness of paraffin deposits is significant only for 
small HF power levels. Initial temperature of oil 
has little effect on HF cleaning time. 

Earlier, the processes of heating and melting 
paraffin plugs in the oil well were considered in 
[15]. In this case, the model of a homogeneous 
distribution of the HF field over the cross section 
of a wellbore is used. In addition, the ohmic 
absorption of HF power in walls of the wells was 
not taken into account, which would lead to an 
additional damping of electromagnetic radiation 
during its propagation and, accordingly, to heating 
of walls. In fact, distribution of HF power in a well 
cross section for the electromagnetic cable waves 
considered (TEM type), is highly nonuniform. 
Taking into account the inhomogeneous radial 
distribution of HF power leads to qualitative and 
quantitative features of heating and melting of the 
plug in a wellbore. Besides, additional damping of 
TEM waves in the borehole caused by losses of HF 
power in walls of the wellbore was taken into 
account. Dissipation of HF power in steel walls of 
pipes leads to their heating. Since steel walls are in 
thermal contact with a paraffin plug, an additional 
channel for heating the plug is formed. 

There was a laboratory installation developed 
and studies of heating and melting of paraffin 
under the effect of electromagnetic oscillations in a 
short-circuited coaxial system performed in [16]. It 
is shown that, depending on filling of intertube 
space with paraffin or air, melting of paraffin can 
occur both as a result of its heating by thermal 
conductivity and because of distributed heat 
sources in the system under the influence of the 
electromagnetic field. The rate of heating and 
melting of paraffin in a coaxial system is much 
greater in the second case than in the first one. 
These rules are significantly influenced by dielectric 
properties of paraffin and electromagnetic 
properties of pipe materials. With all other 
conditions being equal, heating and melting of 
paraffin occurs in the field of a standing 
electromagnetic wave formed due to its reflection 
from inhomogeneities of tube surfaces of and 
coaxial line. 

Thus, the results obtained in these studies 
confirm the promise of the electromagnetic well 
treatment method with the aim of removing 
deposits and increasing their throughput. 

Tansformation of electromagnetic energy into 
thermal one occurs most intensivy in the range of 
high-frequency waves. The question is how to 
transfer the electro-magnetic energy into the 
medium intended for this purpose. Not every 
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transmission line can transmit electromagnetic 
waves of any frequency. For example, 
electromagnetic energy is transmitted on a coaxial 
transmission line by TEM waves which  
do not have restrictions on the frequency. 
Waveguides have critical frequencies below 
which electromagnetic waves can not be 
transmitted [20]. 

A coaxial transmission line is a well in which 
tubing and casing can represent an internal and 
external wire if they do not touch each other. If 
they touch each other then electromagnetic energy 
can be transmitted along the inner surface of 
tubing. If such is the case, then in terms of 
electrical dynamics tubing represents a circular 
waveguide. Oil and gas pipelines are also a circular 
waveguides.  

In a circular waveguide waves of the type E or 
H can be transmitted only [20]. If an oil pipeline 
has a small radius, then electromagnetic waves 
with very high frequency can propagate in it only, 
which subside quickly due to adsorbtion of a 
medium. Therefore, the environment is heated 
extremely unevenly. So, at some points there may 
be severe overheating and large losses of heat to 
the surrounding oil pipeline environment. At other 
points, on the contrary, the heating is not sufficient 
for melting the medium. As a consequence, a plug 
can only be destructed for a shallow depth. Under 
these conditions ARPM can by destroyed with  
help of a moving source of high-frequency 
electromagnetic waves – “EM Krot”. In this 
method, the source of high-frequency 
electromagnetic radiation moves as a medium 
melts and movement is possible. In this case, 
destruction of a dielectric plug represented by 
paraffin is more effective. The features of this 
method are partially studied in the works [13, 14]. 

A waveguide can ensure several types of waves 
to propagate, but not all of them can easily be 
excited [20]. Especially if it concerns a source of 
electromagnetic waves pushed deep into the 
pipeline into a molten medium. It is necessary to 
study all possible options. In the presented 
scenario the propagation in a waveguide of Н11 

waves, which has lowest critical frequency is 
considered [20].  

In recent years, studies of application of 
electromagnetic fields to overcome oil and gas 
production have evolved in directions highlighted 
in the papers [21–28]. 

 

 

Dielectric properties of asphaltene,  
resin and paraffin deposits 

Optimal methods for controlling ARPM 
depends on many factors, in particular, on methods 
of operating wells, thermobaric conditions in its 
wellbore, composition and properties of extracted 
products. It is possible to control the formation of a 
structure of asphaltene, resin and paraffin matter in 
the liquid produced by influencing these factors 
and the nature of relationships between paraffins, 
resins and asphaltenes. One of the techniques that 
allow affecting them is use of energy from high-
frequency and microwave electromagnetic 
radiation.  

As it seen from the data given in the 
previous section that interaction of ARPM  
with an electromagnetic field is determined by 
nature of dependence of its dielectric properties 
on frequency, temperature and pressure.  
These dependencies can only be determined 
experimentally. 

ARPM is not a simple mixture of 
asphaltenes, resins and paraffins but a complex 
structured system with a pronounced core of 
asphaltenes and sorbtion-solvate layer of 
petroleum resins [1]. Asphaltene and resin 
matter are heterocyclic compounds of a complex 
hybrid state, which include nitrogen, sulfur, 
oxygen and metals [39, 40].  

The table shows the properties of investigated 
samples of ARPM. As can be seen from the table, 
ARPM also contains mechanical impurities and 
sand in particular. 

Properties of ARPM samples 

Parameter 

Object 
Vostochno-

Perevalnoye field, 
Kogalymneftegaz, 

reservoir A23 

Yak 3-7, Well 540 
of Suzun-Vankor 

field pipeline 

Asphaltenes, % 4 0.6 
Resins, % 9 12 
Paraffins, % 27 41 
Mechanical 
contaminations, % 

1.4 5 

Oil residue, % 59 41 
Melting point of 
ARPM, ºС 

53.6 61 

Melting point of 
paraffin, ºС 

54 63 

 
An analysis shows that the dielectric method 

based on the features of the interaction of low-
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power HF EMF with inhomogeneous media is 
informative for determining the conditions for 
deposition of asphaltene, resin and paraffin 
substances in oil. For this purpose experimental 
studies of dielectric loss angle tangent tgδ  
of oil with were conducted with addition  
of sand and paraffin, depending on frequency  
of electromagnetic oscillations in the range  
of 30-300 MHz and temperature in the range  
of 25-80 °C by the kumeter method (Fig. 1). 

Dependence of tgδ of the media studied on 
frequency of electromagnetic oscillations obeys  
the regularities characteristic of polar liquids  
[27, 41]. Since the mass of measuring cell was 
maintained the same, tgδ for oil with sand depends 
on sand amount – the more sand mass the less tgδ 
of a mixture. 

Approximating the data presented in Fig. 1c, it 
is possible to set the paraffin crystallization 
temperature from the value of the extremum tgδ. 
For example, for oil with some paraffin added that 
is equal to 53 ± 1 °C, for Yak 3-7 formation –  
58 ± 1 °C, for layer Ach3 – 56 ± 1 °C. Moreover, 
tgδ of media increases as the temperature increases. 
The regularity can be used to control the growth of 
paraffin crystals, and consequently, to control the 
formation of ARPM and prevent their formation. 

Monitoring of temperature change 
of asphaltene, resin and paraffin  

matter deposits in a well under influence  
of moving electromagnetic radiation 

This section discusses the numerical study of 
heating and melting of paraffin plugs in the 
equipment of oil pipelines by ultra high frequency 
electromagnetic radiation carried out.  

Using equation (4) and assuming that solid 
deposits have completely clogged the pipeline the 
heat conduction equation is solved 

 
1

T

T T
c r

t r r r

          
   

  , , ,
T

Q r z t
z z

      
 (5) 

where ρ, Tc , λ – density, heat capacity, thermal 
conductivity of the medium, heating and melting 
of which is produced. 

The wave H11 has a cylindrical component of 
the electromagnetic field strength Еz = 0 [14]. The 
rest field components are:  

    00
0 12

sin i z z
rE i H J r e

r
  
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
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
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
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0 12
sin i z zH i H J r e

r
  




  


;  (9) 

    0

0 1 cos i z z
zH H J r e     ,  (10) 

where i – imaginary unit; ω – circular frequency of 
the electromagnetic field; µ0 – magnetic constant 
(it is assumed that the medium in the waveguide – 
on-magnetic dielectric); χ – transverse wave 

coefficient, n

R


  ;   – coefficient of attenuation 

of the power of electromagnetic waves along the 
waveguide, whose axis coincides with the axis of 
the cylindrical coordinate system r, φ, z, 

2V S zk       ; V  – damping factor caused 

by volume losses in a dielectric plug, 
2

0
2V

zc k


 


; 

S  – damping factor caused by surface losses in 

the metal walls of a cylindrical waveguide, 

0

2S
zcRk

 
 

 
; с – speed of light; 0 0,    – real 

and imaginary parts of the complex permittivity of 
paraffin, 0 0 0i      ; ,z zk k   – real and imaginary 

parts of the longitudinal wave number, 

z z zk k ik   ;   – conductivity of the metal from 
which the pipe walls are made; H0 – amplitude of 
magnetic field strength; J1 – Bessel functions of 
the first order; ' – derivative sign; z0 – coordinate 
of a mobile source of electromagnetic waves;  
at the beginning of an electromagnetic action  
the source is located at the point z = 0; n  – the 

value of the nth root of the Bessel function;  
R – radius of the waveguide. For a wave of type 
Н11 – n  = 1.841. 

Some formulas in the present paper were 
derived based on formulas given [19]. 

As can be seen from the expressions (6)-(10), 
the electromagnetic field has two components of 
the electric field strength Еr and Еφ. They 
determine distribution of thermal sources because
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Fig. 1. Dependence of the tangent of dielectric loss angle:  

a – mixtures of oil with sand; b – oil and ARPM samples from the frequency  
of electromagnetic oscillations; c – oil with additional content  

of paraffin (ARPM) at frequency of 35 MHz  
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density of thermal sources is proportional to the 
sum of the squares of electric components of the 
electromagnetic field. The expression for density 
of thermal sources for a stationary source of work 
is given below 

 

 
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(11)

 

where Р – electromagnetic wave power. 
There is a differentiation equation used in the 

expression (11) [15] 

     1
1 0 .

J r
J r J r

r


    


 

The problem is solved numerically by counting 
method without explicit phase separation. Density 
and thermal conductivity of oil are considered to 
be temperature-independent and heat capacity at 
the phase transition temperature TS has a δ-shaped 
feature 

  0 ,T Sc c L T T      (12) 

where L – latent heat of phase transition;  
δ(T – TS) – delta function. 

Power density of volumetric heat release is 
written as 

       0 0 0expQ Q z z t z z t     .  (13) 

The formula takes into account movement of 
the source of electromagnetic waves according to 
the law z = z0(t). The explicit form of Q0 is given in 
expression (11). There is in the formula (13) 

  0
0

0

1,

0,

z z
z z

z z


    

. 

The P value in expression (11) does not reflect 
the actual absorbed power of the electromagnetic 
energy. In order to determine it using the method 
of rectangles the volume integral was calculated  

 
2

gen com

0 0 0

, ,
H R

Q Q Q r z rdrd dz


      

the coefficient which shows how much the actual 
absorbed power is different from the power  
set is calculated and then multiplied by the 
expression (11). In the integtal Н – length of the 
paraffin plug. 

Dependence of an imaginary part of 
longitudinal wave number zk  frequency on 
electromagnetic field is given in Fig. 2. The critical 
frequency H11 of a wave for the considered 
cylindrical waveguide with radius R = 0.0775 m – 
f0 ≈ 0.746·109 Hz. The imaginary part of the 
longitudinal wave number has a minimum  

zk  ≈ 0,2874 m–1 at the frequency f ≈ 1.06·109 Hz. 
The Fig. 3 shows the distribution of density of heat 
sources Q (r, φ, z = 0) normalized to the power of 
source of electromagnetic waves in the cross 
section of the waveguide for the frequency  
f = 1.4·109 Hz. For convinience of presentation 
cylindrical coordinates are transformed in 
Cartesian ones x, y, z. In this case, the circular 
waveguide is represented as a circle inscribed in a 
rectangle. As can be seen from the Fig. 3, 
distribution of thermal sources in cross section of 
the waveguide looks like an ellipse because it 
depends on an angle φ. Density of thermal sources 
strongly depends on the coordinate r as well, and 
the higher the frequency of electromagnetic waves 
(i.e. distribution of thermal sources in a cross 
section of waveguide is very uneven) the stronger 
the depemdence. But this type of waves has an 
advantage in comparison with others – it has the 
lowest critical frequency, i.e. they can be most 
deeply heated along the cork. The maximum of 
thermal sources is obtained on the axis of a 
waveguide, but in general the configuration of the 
thermal sources does not depend on the frequency. 
Since it is most convenient to place the source of 
electromagnetic waves in the center of the tube 
that also gives an advantage. Density of thermal 
sources falls exponentially in the longitudinal 
direction. 

It is yet possible to note the symmetry with 
respect to the right and left, upper and lower halves 
of the cross section of the waveguide in the Fig. 3. 
That allows considering processes only in a quarter 
of a circle and having an idea of what is going on 
in the whole circle. Thus, it is possible to save 
computer resources in the numerical computation 
of the problem and consider processes only in the 
1st quadrant. 
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Fig. 2. Imaginary part of the longitudinal wave  
number as a function of frequency for a metal  

cylindrical waveguide filled with paraffin 

 

Fig. 3. Transverse distribution of density  
of thermal sources, normalized to powersource 

in a cylindrical waveguide 

Boundary conditions were used to solve the 
equation (5). Convective heat transfer was 
determined according to Newton's law at the end 
of the plug, z = 0 

  0 1 0 ,z

T
T T

z 


   


  (14) 

where Т0 – environment temperature and initial 
paraffin plugs; κ1 – heat transfer coefficient. 

There is no heat transfer at the remote end of 
the plug, z = H: 

 0z H

T

z 


 


.  (15) 

A boundary condition on the lateral surface of 
the cylinder r = R was also written in terms of 
convective heat transfer, but with a different heat 
transfer coefficient κ: 

  0 ,r R

T
T T

r 


   


  (16) 

where κ – coefficient of heat exchange with 
external environment, κ = Nu · λ/R; Nu – Nusselt 
number. 

There is no heat transfer at the point r = 0: 

 0 0.r

T

r 


 


  (17) 

Solving the problem in the 1st quadrant only  
it is possible to consider following conditions 

 
0

0;
T




 


 

2

0.
T





 


  (18) 

The velocity of a source of electromagnetic 
waves v along the coordinate z was set constant and 
chosen so that there were no zones with unmelted 
paraffin behind the source (in calculations the value 
of v equal to 1.5 m/h was used)..  

During the calculation studies the following 
parameters of high paraffin oil were used: ρ =  
= 950 kg/m3; 0c  = 3 kJ/(kg·K); λ = 0.125 W/(m·K);  

L = 3 MJ/kg; κ = 1.613 W/(m2·K); Nu = 1 (pipe  
in dry ground); κ1 = 0,2 W/(m2·K); T0 = 20 ºС;  
TS = 50 ºС; H = 5 m; Р = 6.5 kW; f = 1.4·109 Hz;  

0 = 2.3; tgδ = 0 0    = 0.012; σ = 3.4·106 Ohm–1·m–1. 

The challenge was overcame by an implicit method 
of alternating directions with a uniform rectangular 
grid. The delta function in the expression for 
thermal conductivity was approximated by a step 
with a half-width equal to 0.4 ºС.  

Results of numerical simulation of heating and 
melting process of the paraffin plug “EM Krot” for 
different time are shown in Fig.4.  

The Fig. 4a shows temperature distributions in 
a cross-section of pipeline in Cartesian coordinates 
at different distances from the beginning of the 
plug; 4b – in a longitudinal section of pipeline in 
cylindrical coordinates at various angles φ before 
the start of the “EM Krot” movement; 4c – after 
the beginning of movement of “EM Krot” at the 
speed of v = 1.5 m/h. 

The “EM Krot” began to move 135 minutes 
after the start of the heating process. For 
convenience of imaging the Fig. 4b all values 
along the coordinate r were multiplied by 100. 
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As can be seen from the figures, the process of 

medium heating depends strongly on density 
distribution of thermal sources. Location of the 
initial penetration of the cork is completely 
determined by the maximum density of thermal 
sources. Temperature distribution over the time 

becomes more uniform in the transverse direction 
due to thermal conductivity of a medium and in 
longitudinal direction due to motion of the “EM 
Krot”. In order to melt a plug along the entire 
cross-section of the pipeline “EM Krot” movement 
has to start a long time after the start of heating. 
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