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Abstract - The results of two-dimensional mathematical modeling of heat and mass transfer in a highly
viscous hydrocarbon liquid by inductive and radio-frequency (RF) electromagnetic (EM) heating are
presented. The model takes into account the dependence of the liquid’s viscosity and thermal conductivity on
the temperature and also the presence of thermal convection effects. It is shown that the occurrence of
volumetric heat sources inside the liquid caused by EM radiation yields an intensive deep heating as
compared with inductive heating. Numerical calculations show that, in both these cases, the single vortex flow
structure is formed in the whole volume of the liquid. However, RF EM heating provides a more
homogeneous distribution of heat in the medium and requires three-fold less power consumption in

comparison with induction heating.
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INTRODUCTION

The study of convective heat transfer in multi-
phase multicomponent media, such as natural (oil
and bitumen) or manmade (sludge and petroleum
products) hydrocarbon systems, are associated with a
number of problems arising in the oil and gas indus-
try. One of them is the utilization of oil sludge,
formed as a result of tank and reservoir cleaning.
Heating significantly reduces the viscosity of such
systems and may cause convective motion of the liquid
(Kovaleva et al., 2005, 2010). The area covered by
the motion, as well as the temperature field in this
area can continuously and irregularly change. There
are various ways of transfering heat energy from the
source to the medium and inductive and electromag-
netic heating are among these. In recent years, the
use of high-frequency changing EM fields has be-
come a widely used technology for heating complex
hydrocarbon systems (Carrizales et al., 2008; Kasevich
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et al., 1994; Kovaleva et al., 2008, 2009, 2011a,
2011b; Bientinesi et al., 2013). The urgency of this
technology is connected with the fact that, for the
considered media, it is important not only to reduce
the viscosity by heating, but to a greater extent to
destroy stable structures of high-molecular hydrocar-
bon compounds by the effect of electromagnetic ra-
diation. The most effective method of applying heat
and also provoking a “destructive” effect in such me-
dia is by heating with a radio-frequency electromag-
netic field. The advantage of this method of heating
as compared with the other types of treatment is that
it involves a large volume of liquid and the speed of
the process is very high.

The results of a numerical study of the processes
of heat and mass transfer in a hydrocarbon liquid
under the influence of the induction and RF EM heat-
ers are given in the paper. The results are obtained by
the solution of the full system of equations of ther-
mal convection, taking into account the dependence
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of the thermo-physical parameters on the tempera-
ture of the liquid.

PROBLEM STATEMENT

We have studied the thermal motion of a heavy
hydrocarbon liquid with temperature-dependent vis-
cosity and thermal conductivity in the space between
two coaxial cylindrical tubes using various methods
of heating. The reservoir model consists of two coax-
ial metal tubes (1 and 2 in Figure 1), the lower part
of which is closed by a plug (4). The space between
the tubes is filled with the hydrocarbon liquid (3).
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Figure 1: Scheme of the experimental zone: 1) res-
ervoir wall; 2) inner tube; 3) hydrocarbon liquid; 4)
bottom of the reservoir.

The selected geometry of the physical model,
from the electrodynamics point of view, is a cylindri-
cal capacitor, which gives the possibility to use dif-
ferent methods of heating of the high-viscosity hy-
drocarbon medium. Two of these methods differ not
only in the way of implementation, but also in the
nature of the forces leading to heating of the me-
dium:

1. Induction (or contact) heating, i.e., heating of
the liquid filling the annular space of the reservoir
with an induction heater placed at its center. In this
case heating is carried out by heat applied on the in-
ner tube.

2. Heating of the liquid by exposure to radio-fre-
quency electromagnetic field (RF EMF) is due to
EMF energy dissipation in the liquid (volumetric
heating). The outer tube of the reservoir and the in-
ner tube in this case act as electrodes.

MATHEMATICAL MODEL

A mathematical model of the impact on the hy-
drocarbon medium includes the system of equations
of mass conservation, energy and momentum. From
the point of view of mathematical modeling, the
physical model is a multi-layer system: a reservoir
wall (outer tube), an inner tube, a hydrocarbon lig-
uid, concrete bottom of the reservoir.

The distribution of temperature in the solid parts
of the model (1, 2 and 4 in Figure 1) is described by
the thermal conductivity equation:

1

p-ci% =kV'T +q,, (1)

where p;, c;, k; are density, heat capacity and coef-

ficient of thermal conductivity of the i-th material,
respectively; g; is the density of the distributed heat
sources in the i-th material; 7= 1,2.,4.

Temperature and velocity fields in the layer of
liquid are described by the system of equations of
thermal convection in the Boussinesq approximation
(Gershuni and Zhukhovitsky, 1976):

o (2—:+(VV)VJ=—VP+V(773VV)+p3f (2)
PsC3 (%—f+(vV)T)= V(kVT)+45 (3)
Vv=0 4

Here p;, 175, c3, ks are density, coefficient of dy-

namic viscosity, heat capacity and thermal conduc-
tivity of a hydrocarbon liquid; v is a vector field of
velocity of free convective motion of the liquid; P is
pressure; T is temperature; f is the vector field of
mass forces; ¢; is the density of distributed heat
sources in the liquid.

In the given mathematical model (2)-(4) the fol-
lowing assumptions have been made:

1) the medium is homogeneous, isotropic and in-
compressible;

2) electrodynamic and thermal properties except
for the viscosity and the thermal conductivity are
constant;

3) in the equations of motion, the effect of terms
containing the derivatives of viscosity with respect to
temperature is negligible;
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4) the temperature change caused by heat genera-
tion due to the dissipation of energy by internal fric-
tion is negligible;

5) the flow is laminar.

Additional Relations

The thermal motion of the liquid occurs in the
gravitational field in the presence of spatial heteroge-
neity of density caused by the inhomogeneity of the
temperature (Gershuni and Zhukhovitsky, 1976). The
density, temperature, and pressure of the medium are
interconnected through the equation of state p = p(T P).
The form of this dependence for different media is
different and depends on many factors, including the
magnitude of the changes of temperature and pres-
sure. Hydrocarbon liquid is a complex heterogeneous
system. Its composition and its physico-chemical
properties can vary within very wide limits. In par-
ticular, it concerns the value of the boiling point of
the liquid. Every component of a hydrocarbon me-
dium has its own boiling point and, in the process of
heating, their transition into the gaseous state occurs
at different temperatures. Therefore, it is natural to
assume that, in the process of heating, there can be
simultaneously two phases in one hydrocarbon me-
dium: gas and liquid. Moreover, the concentration of
the gaseous phase rises with the temperature increase.

In the general case, for the simulation of such a
system, the two-phase nature of the medium should
be taken into account and the transfer equations
should be solved for each of the phases. However, if
we assume that the gas and liquid phases behave as a
single system and if we neglect the compressibility
of the medium, the quasi-homogeneous approxima-
tion can be applied (Kutateladze and Nakoryakov,
1984). In this case, it is possible to solve the system
of equations mentioned above using effective values
of some of the physical quantities: density, coeffi-
cient of dynamic viscosity, coefficient of thermal
conductivity, heat capacity, and the averaged values
of velocity, temperature and pressure in the medium.

The density of the mixture is assumed to be an
additive quantity, while the concentration of the gas
phase is associated with intensity of degassing of the
hydrocarbon system, which depends on the tempera-
ture. Then the dependence of the mixture density on
temperature can be represented by the following em-
pirical relation:

Y
= 1-Bexp| —
P3s ,03( p( T—TS jj

Here T is the current temperature, 7, =70 °C is the

temperature of the beginning of oil degassing, B =
0.0542 and y =93 °C are the empirical coefficients of

the degassing process intensity. Then, following the
Boussinesq approximation, the components of the
mass forces f in equation (2) under the conditions of
thermal convection will be present in the following
form:

£,=0,  f.= gBexp{—ryT)J )

where g is the acceleration due to gravity.

The viscosity of the hydrocarbon liquid is also
temperature dependent: the approximate dependence
of viscosity on temperature in the form of two experi-
mentally obtained exponents has been used (Kovaleva
et al., 2005):

morexp(—11 (T =Ty)), To1 <T < Ty,
773(T ={ 01 ( 1 01) 01 02 6)

UozeXP(—J/z(T_Toz))a Ty <T <Tps,

where 775, =1460 Pa-sec is the viscosity of the hydro-
carbon liquid at the temperature of T;,;= 35.5 °C;
Mo = 0.228 Pa-sec is the viscosity of the hydrocarbon
liquid at the temperature of T, = 54.2 °C; y,=
0.497 K™ is the temperature coefficient within the
range Ty, <T <Tpy; 7, =0.031 K is the tempera-
ture coefficient within the 7" > T}y, range.

The dependence of the conductivity coefficient of
the liquid on the temperature was set as linear
(Kovaleva et al., 2005):

ks (T) = k3o [ 1+5(T =T)]. (7)

Here £k, is the coefficient of thermal conductiv-
ity at the temperature of 7 = T;; 56=0.0095 K" is an

empirical constant.

The definition of the ratios for the density of dis-
tributed heat sources ¢ in equations (1), (3) and their
values depends on the type of heating:

- induction (contact) heating is modeled by
placing the distributed sources of heat on the inner
tube of the reservoir (2 in Figure 1) (Kovaleva et al.,
2005):

N,
”(R22 —Rlz)(zz =)

q, = s 1 =93=4q4 =0 ®)
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where N; is the net power of the inductor; R, R,

are the inner and outer radii of the inductor tubes;
Z, —Z, is the height of the inductor.

- RF EM heating is modeled by placing a dis-
tributed heat source in the liquid (3 in Figure 1). For
a cylindrical capacitor the following equation is used
(Landau and Lifshitz, 1960):

N
q3 = R R’ q91=9,=494=0 9
m1*(Zy=Zy)In 3
R
2

where Ny is the net power of the RF generator; r is
radius-vector; Ry is the radius of the reservoir;
Z;—Z, is the reservoir depth.

Boundary Conditions

Initially, the liquid is motionless and the model
has a constant temperature equal to the ambient:

u(x,y,0)=v(x,,0)=0 (10)
T(r.z.0)=T, (11

Adhesion conditions are set for all velocities at
solid walls:

=], =0 (12)

All the internal borders of the reservoir are
marked by the index “G”.

In accordance with the terms of the experiments,
the following boundary conditions were chosen:

- in the case of induction heating, the condition
of the heat exchange with the environment on the
upper surface of the reservoir is given according to
the law of free convection in an unbounded space. The
outer wall of the reservoir and its lower base are heat
insulated. The condition of heat exchange with the air
in a confined space is applied on the inner surface of
the inductor tube. The corresponding boundary con-
ditions are:

6T(r,Z3,t)
T(r,Zy,0)=Ty) = -k, —23")
ah( (r.Z3,t) 0) i Fe )
a,(T(R zz)—T)z—k.M (13)
v 154> 0 1 ar >
oT (Ry2t) _, OT(r00) _,
or o oz -

Here a,, «, are heat transfer coefficients along the
horizontal and vertical walls; 7j, is the initial tempera-

ture of the medium and the temperature of the air
surrounding the experimental unit.

- In the case of RF EM heating, the reservoir
with liquid is heat insulated on all sides. The corre-
sponding boundary conditions are:

or (r,0,1) 0 OT (r,Z3,t) 0
oz 0Oz -
(14)
aT(o,z,z)_O OT (Ry,z,t)
or - or -

RESULTS OF CALCULATIONS

The system of Equations (1)-(4) with the closing
ratios (5-14) was solved numerically by the method
of control volume with the help of the SIMPLE algo-
rithm (Patankar, 1980).

The numerical values of the physical and geo-
metrical parameters of the model were taken in ac-
cordance with the parameters of laboratory facilities
used in experimental research. Model properties are
given in Table 1.

Values of the unknown quantities were determined
by comparing the results of mathematical modeling
with experimental results.

Table 1: Model properties.

. Value for Induction| Value for RF EM
Properties . .
heating heating
k;, W/(mXK) 45 45
ky, W/(mK) 45 120
k3, W/(mK) 0.125 0.125
ky, W/(mK) 0.279 45
er, (kgK) 461 461
5, J(kgK) 461 920
¢;, (kgK) 1864 1864
¢y, (kgK) 1130 461
o1, kgm® 7900 7900
02, kg/m’ 7900 2750
ps, kg/m® 954 954
P4, kg/m? 2300 7900
Z,,m 0.040 0.010
Z,,m 0.290 0.010
Z;,m 0.390 0.440
R, m 0.074 0.000
Ry, m 0.080 0.010
Ry, m 0.225 0.104
R;, m 0.225 0.110
N, W 1224 260
Ty, °C 24 24

In the process of mathematical modeling, tem-
perature fields and streamlines in a hydrocarbon
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liquid heated by induction and RF EM sources were
obtained. Low temperature and high viscosity of the
liquid at the initial time exclude the possibility of
any motion of the liquid. Therefore, for a sufficiently
long time after the start of the experiment, the me-
dium is heated only by the distributed heat sources
and the mechanism of molecular heat conduction.
Then the zone warmed up to the temperature of flu-
idity is formed near the inner tube (rod) and that is
sufficient for the emergence of the thermal motion of
the liquid and the mechanism of convective heat trans-
fer becomes part of the heating process. It is revealed
that in both cases a single vortical flow structure is
observed in the whole volume of the liquid (Figure 2).
Most of the time the core of the flow is located in the
upper part of the reservoir. By the end of the process it
is shifted to the center of the reservoir. The asymme-
try of the main flow that is observed throughout the
heating process is the result of the clearly defined
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Figure 2: Streamlines in the liquid at the 80th
minute of the experiment: a) induction heating, b)
RF EM heating.
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Figure 4: Dynamics of the temperature distribu-
tion in the reservoir liquid during induction heat-
ing: symbols — experimental data; lines — calcu-
lated data; curves 1, 2, 3 correspond to the posi-
tions of the first, second and third thermocouples.

dependence of viscosity on temperature.

The intensity of expansion of the zone heated to
the fluidity temperature where convective motion is
taking place is relatively higher in the case of RF
electromagnetic heating than in the case of induction
heating (Figure 3). Due to a more homogeneous na-
ture of the temperature distribution under RF EM
heating, a large part of the volume of the liquid is
covered with a convective flow as compared to in-
duction heating. This in its turn significantly speeds
up the process of heat transfer in the liquid.

The main difference between RF electromagnetic
and induction heating is that the electromagnetic
heating covers a large volume of liquid. The distinc-
tive feature of RF EM heating can be seen through
the comparison of the dynamics of the temperature
change measured with thermocouples located at dif-
ferent distances from the axis of the reservoir during
induction (Figure 4) and RF EM heating (Figure 5).
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Figure 3: Temperature zones in the liquid at the
80th minute of the experiment: a) induction heat-

ing, b) RF EM heating.
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Figure 5: Dynamics of changes in temperature of
the liquid in the reservoir in the process of RF
EM heating: symbols — experimental data; lines —
calculated data; curves 1, 2, 3 represent readings
on 1, 2, 3 thermocouples respectively.
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It is shown in Figure 4 that, in the process of in-
duction heating, the temperature increases first on
the surface of the inner tube (curve 1 in Fig. 4) and
only after 50 minutes is a consistent rise in tempera-
ture observed on the second (curve 2) and the third
(curve 3) thermocouples. In the case of RF electro-
magnetic heating (Fig. 5), the temperature begins to
rise with varying intensity simultaneously on all ther-
mocouples (curves 1, 2 and 3 in Fig. 5). This occurs
due to the fact that the more homogeneous redis-
tribution of the energy in the case of RF EM heating
prevents the local overheating of the liquid that takes
place in induction heating and a steady temperature
rise is observed throughout the volume of the liquid.
After reaching the temperature of fluidity, a larger
part of the liquid is covered by a convection flow,
thereby increasing its heating volume. Points in Figs.
4 and 5 show the temperature readings on the ther-
mocouples obtained in the process of laboratory ex-
perimental studies.

CONCLUSION

The comparative efficiency of radio-frequency elec-
tromagnetic field heating in comparison with induc-
tion heating of a heavy hydrocarbon liquid system
was shown by mathematical modeling. It was proved
that, in both cases, a single vortex flow structure is
formed in the whole volume of the liquid, which ex-
pands as the liquid reaches the fluidity temperature.
However, RF EM heating provides a more homogene-
ous redistribution of heat and prevents local overheat-
ing of the liquid, which is observed in the process of
induction heating. Besides, in the case of induction
heating, a three-fold lower power consumption is re-
quired for adequate heating; this fact indicates that RF
electromagnetic heating is significantly more efficient
when dealing with high-viscosity hydrocarbon liquids
in comparison with induction heating.
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NOMENCLATURE
B the empirical coefficient of the degassing
process intensity
b empirical constant

¢ heat capacity of the i-th material
f vector field of mass forces

g acceleration due to gravity

k

i coefficient of thermal conductivity of the
i-th material
k3 coefficient of thermal conductivity at the
temperature of 7' =T,

Ny net power of inductor

N net power of RF generator

P pressure

qi the density of the distributed heat sources
in the i-th material

R inner radius of the inductor tubes

R, outer radius of the inductor tubes

Rs radius of the reservoir

r radius-vector

T temperature

Ty initial temperature of the medium and the

temperature of the air surrounding the
experimental unit

T temperature of the beginning of oil
degassing

v a vector field of velocity of free convective
motion of liquid v = (u, v)

Z height of the bottom of the reservoir

Z height of the inductor

Zy height of the reservoir

Greek Symbols

@y heat transfer coefficient along the horizontal
walls

a, heat transfer coefficient along the vertical
walls

/4 the empirical coefficient of the degassing
process intensity

N temperature coefficient within the range
Ty <T <Tpy,

72 temperature coefficient within the T > Ty,
range

o1 viscosity of the hydrocarbon liquid at the
temperature of 7,

o2 viscosity of the hydrocarbon liquid at the
temperature of 7,

m coefficient of dynamic viscosity of the
hydrocarbon liquid

Pi density of the i-th material

Subscripts

i the index of material No 1,2,3 and 4

G all the internal borders of the reservoir
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