Journal of Engineering Physics and Thermophysics, Vol. 77, No. 6, 2004

PROCESSES OF TRANSFER IN POROUS MEDIA

MATHEMATICAL MODELING OF HIGH-FREQUENCY
ELECTROMAGNETIC HEATING OF THE BOTTOM-HOLE
AREA OF HORIZONTAL OIL WELLS

L. A. Kovaleva, N. M. Nasyrov, and UDC 532.546:536.421:537.868
A. M. Khaidar

The results of theoretical investigations of the possibility of using intense high-frequency electromagnetic ra-
diation in fields of high-viscosity oils with the aim of intensifying their production have been given. Expres-
sions of the distribution of the electromagnetic field strength and the field of heat sources occurring in an ail
bed under the action of high-frequency electromagnetic radiation transferred to the bed through a horizontal
well have been obtained. A two-dimensional mathematical model of the process of production of oil through
horizontal wells with simultaneous high-frequency electromagnetic action has been developed. The efficiency
and profitableness of the method from the viewpoint of the energy balance have been evaluated.

High-frequency electromagnetic heating of dielectrics has been successfully used in various branches of the
national economy, including mining, for a comparatively long time. Computational investigations, laboratory work, and
field experiments have shown the efficiency of electromagnetic action on the critical area of the beds of oil fields [1-
4]. The viscosity of ail is substantially reduced, its rheological properties are improved, and accumulation of paraffin
in the critical area of the bed and in the bore hole is avoided.

Processes occurring in vertical-well treatment of the critical area of the bed have been mathematicaly mod-
eled in existing works on electromagnetic action on oil beds [1, 3]. It is assumed that a coaxia system consisting of
a tubing string and a casing string of the well is used for energy supply to a radiator of electromagnetic waves from
a ground-based, high-frequency generator. The radiator of electromagnetic waves is an element of the tubing string that
extends below the casing string of the well.

Horizontal wells have been used with increasing frequency in recent years in an effort to increase the recov-
ery of oil fields. The efficiency of displacement of oil with the use of horizontal wells is 5 to 30% higher than that
of vertical wells. However, the use of horizonta wells does not solve, in principle, the problem of extraction of high-
viscosity oils and bitumens. In this case, such methods of action on the bed, as, for example, pumping of the heat-
transfer agent or another displacing agent, are difficult and inefficient.

In the present work, we study the possibility of using the energy of a high-frequency electromagnetic field for
intensification of the production of oil in the case of development of high-viscosity-oil fields by horizontal wells.
Theoretical solution of this problem requires that new mathematical models be formulated. In this case it is impossible,
in principle, to use one-dimensional mathematical models and the existing expressions for heat sources.

Distribution of the Electromagnetic Field Strength and the Heat Sources in the Bed. Just as in vertical
wells, it is assumed that electromagnetic energy is supplied to the bed from a ground-based, high-frequency generator.
Part of this energy is lost in a coaxia transmission line (system consisting of a tubing string and a casing string) be-
cause of the finite electrical conductivity of the tube walls.
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Fig. 1. Diagram of excitation of the symmetric vibrator and of distribution of
the electric current.

Since we are investigating the propagation of electromagnetic waves in a bed of fairly large thickness, the re-
flection of the electromagnetic waves from the external boundaries of the bed can be disregarded, and the oil bed can
be considered to be an unbounded medium. Thus, the system in question represents a symmetric vibrator of electro-
magnetic waves whose arms are the extending part of the tubing string and the exterior surface of the casing string.
In view of the considerable length of the arms and the high absorptivity of the ambient medium, it is assumed that
the electromagnetic waves propagate without reflection from the ends of the arms, i.e., are traveling waves. The zone
of absorption of the energy of the electromagnetic waves by the medium is determined by the expression Z = 1/a. The
diagram of excitation of the symmetric vibrator (radiator of electromagnetic waves) and distribution of the electric cur-
rent is shown in Fig. 1. The distribution of the strength of the electric and magnetic components of the electromag-
netic field is sought at a certain point of space (observation point) M; R, Ry, and Rz are the distances from point M
to the point of excitation of the radiator and the boundaries of the zone of absorption of electromagnetic waves Zz =
-1/a and Z, = 1/a respectively.

For computational investigations we have adopted a cylindrical coordinate system with axia symmetry: the z
axis is directed along the axis of the horizonta well. The electric current along the left-hand and right-hand radiator
arms is distributed by the law

:Eloexp(jkz) for Z3<z<0, 1
z aoexp(—jkz) for 0<z<Z,.

To solve the eectrodynamic problem on finding the field of strength of the radiator of electromagnetic waves
one divides it into elementary dipoles the electric current in each of which can be considered to be constant in value
[5]. The electric and magnetic components of the field of strength of the elementary dipoles are added together and
the resulting components of the strength field of the electromagnetic-wave radiator are obtained.

We obtain the strengths of the electromagnetic field of the symmetric vibrator by the method presented in [5].
First we write the expression for the component of the electric field strength that is in paralel to the radiator axis in
terms of the vector potential Az

2
10, oAU
E,=— KA, +—51] @
jwe O dz O
| . .
1 Cexp (—jkr exp (- jkr)d 1
A= [, IO(rJ 9, P(rJ Dy =2=. 3
= U0 3 4 O
Integration in (3) is from Z = 0 to Z = |, since we alow for the currents that are symmetrically distant from the cen-

ter of the radiator and are at the distances r3 = Vr2+ (z+2)2 and rq = Vr2+(z-Z)2 from the observation point M.
Substituting (3) into (2) and taking into account that
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Integration of this relation is by parts and leads to the following result:
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The current at the ends of the radiator is approximately considered to be egual to zero. On the other hand,

th _0 [exp (-jkrg)  exp (mjkrg)Q]
e expression 570 ofor Z = 0 is also egual to zero; therefore, the first term on the right-hand

g 's ra D
side of (4) is equa to zero. In accordance with the formula for the current distribution (1), the third term on the right-
hand side of (4) is equal to zero, too. As a result, the component of the electric field strength that is in parald to the
radiator axis has the form

Ik
oos4Tr

% exp (- jk(Ry— Zs))+—exp(—1k(R4+Z4))——exp( JkR)D (5

Using the Maxwell equations in differential form in the cylindrical coordinate system and the fact that By =
H, = H, = 0, we obtain

_16(rH¢)_ ) %

e S I TR e >

Hence we find the remaining components of the electromagnetic field strength:

Ik [Pz (z 23) ) (z-2z
oos4nr

d
Jk(Ry+ 24))% (6)

I
Hq;:_ﬁ[eXp(_jk(Rg_Zs)) +exp (-jk(Ry+2y) - 2 exp (- JkR)] ,
@
R=ViZ+7; R3:\_/r2+(z+Z;)2 ; R4:\_/r2+(z—22)2 :

Here € = €'gg(1 —j tan &) is the complex permittivity of the medium.
In the expressions (5)—(7) obtained, the components of the field strength E and H are expressed by the value
of the current |y at the point of excitation of the radiator, which is not necessarily convenient. From the practical
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viewpoint, it is preferable to use the expressions associated with the power of the radiator of electromagnetic waves
Np and the resistance of radiation Ry [5]:

IORO €))

where, computing the Poynting vector on the radiator surface, we can determine Ry using the expressions obtained
above for the components of the electromagnetic field:

Z

2T|ro 4
Ro=-"2 [ [ReB;(rg ReHy (rg) +ImE, (rg) ImHy (rol] .
0 7

Thus, using formula (8) we can express the components of the electromagnetic field strength by the known
power of the radiator of electromagnetic waves Ny and the resistance of the vibrator radiation Rp.

An expression for distributed heat sources by the known strength distribution of the electric component of the
electromagnetic field has the form

q:%wsos'tmé(E[EEﬁ.

Separating the real and imaginary parts of the orthogonal components E; and E, in expressions (5) and (6) for
the electric field strength, we finally obtain

q= % weE tan S[(ReE,)” + (ReE)” + (IME,)* + (IME)7] .

Formulation of the Problem. We assume that the radiating horizontal part of the well coincides with the
center of the bed horizontaly and vertically and has the coordinates Z, = 200 m and Zs = 500 m. The productive bed
represents a horizontal cylinder of radius rp, = 45 m and length L = 700 m. The bed extends from a point with co-
ordinate Z; = 0 to the point Zg = 700 m (for convenience of the computations the origin of the cylindrical coordinate
system is shifted to the left-hand edge of the bed).

A mathematical model of the process is described by a system of two equations — those of piezoconductivity
and thermal conductivity. It is assumed that, smultaneously with electromagnetic action on the bed, withdrawal of oil

oP k00 r oPO ‘ 00 r dPO ‘ Kp
- == — i R - Y
ot ror (M arg ozfy(M dzg L mB+ Py’

0T a, 0 0OdTO T ViCiPs OT VG 0T
— =gt — ——— — +—
o6 rorgorg 97 C, o C, 0z C,

is carried out. The filtration of oil obeys Darcy’s law:

kk Pk OP

TTumor T T um oz

The dynamic viscosity of oil depends on temperature according to the law

He (M =Hoexp (Y (T-Ty) .

The flow rate of the produced oil Q(z) on the portion of the well Az and the total running production rate of the fluid
produced Q; are determined from the expressions
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Fig. 2. Dynamics of change in the temperature on the bottom hole of the well

in the case of a 10- (1), 15- (2), and 25-day (3) high-frequency action on the
bed followed by the withdrawal of a bed fluid without action. T, °C; t, days.
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The boundary conditions are as follows:
0T (rg, z )0
— 0O

T(r,z0=Ty; P(r,z0)=Py; 3 -
04»0

=0; T(pztH)=T,,;

T(r,Z,0)=Tg; T(r,Zgt)=Ty,;

0P (rg, Zy <2< 7, 1) 0P (rg, Zg< z< Zg, 1) O
(o 1ar 2 )D =0 (o 50r Zs )D =0
Hy-0 )
oP(rp,zt oP (r, Z;, t OP (r, Zg, t
P(rgZ,sz<Z5 1) =Py; (a"; ):0; (azl )=0; (ar6 )=0

Analysis of Calculation Results. The calculations were carried out numerically by the finite-difference
method according to an implicit scheme for the following initial parameters. Ng = 20 kW, f = 13.56 MHz, Py = 10
MPa, P, = 9 MPa, Ty = 15°C, &, = 8.910" m%/sec, Cp, = 2969 kJ(MK), ¢f = 2024 J(kgK), pf = 894 kg/mS, Ho
= 0.2 PalSec, y = 0042 KL, rp = 004 m, m = 0.3, ky = 0500 2 m? & = 75, tan & = 0.05, a = 0.0194 m %, B =
0778 m L Br = 10° Pal, and By = 10° pa

In the calculations, we adopted the following operating regimes : 10, 15 and 25 days of high-frequency action
on the bed with simultaneous withdrawal of oil followed by the withdrawa of oil without high-frequency action on
the bed. We determined the dynamics of change of the temperature on the bottom hole, the pressure and temperature
distributions in the bed, and the dynamics of accumulated production of oil throughout the period of its withdrawal.
For the sake of comparison we calculated the basic variant — withdrawa of oil from the bed without high-frequency
action — for the same initial parameters of the medium.

Figure 2 shows the dynamics of change of the temperature on the bottom hole at different treatment times. It
is clear from the figure that relatively low temperature gradients (as compared, for example, to the local electric heat-
ing) develop in the bed. This suggests that the energy of the electromagnetic field is quite uniformly distributed in the
critical area of the bed owing to the occurrence of volume heat sources.

After the cessation of high-frequency action, the temperature decreases to the initia one during a fairly long
time interval — up to 50 days, which contributes to the afterproduction of oil even after the cessation of high-fre-
guency action.
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Fig. 3. Pressure (&) and temperature (b) distributions in the oil-saturated bed at
the instant of time t = 5 days. P, MPa; r, z m; T, °C.
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Fig. 4. Dynamics of change in the accumulated production of oil in the case
of a 25-day high-frequency action on the bed followed by a 25-day withdrawal
of oil without action (1) and in the basic variant (2). Q, m; t, days.

Figure 3 gives the pressure and temperature distributions at the instant of time t = 5 days. For convenience
of the representation of the critical area of the bed the distance scale of the coordinate z is decreased 10 times, and
in Fig. 3b, moreover, the scale of the coordinate r is increased 10 times. Figure 4 shows the dynamics of change in
the accumulated production of oil in the case of a 25-day electromagnetic action on the bed followed by a 25-day
withdrawal of oil without action (curve 1). The dynamics of change in the accumulated production of ail in the basic
variant (curve 2) is aso given here for the sake of comparison. From the difference in the values, we can determine
the volume of the afterproduced oil in the case of high-frequency action on the bed. As is clear from the figure, this
guantity increases with time. Consequently, in further operation of the well, the volume of the afterproduced oail in-
Creases.

Evaluation of the Energy Balance. The main problem in introduction of electromagnetic action on the criti-
ca area of the bed is in evauating the efficiency and profitableness of the method from the viewpoint of the energy
balance. Below we give a procedure for calculating the energy baance of the technology of electromagnetic treatment
of a horizontal well by a VChG3-60/13 commercia unit which has the following technical data: output power 60 kW,
operating frequency f = 13.56 MHz, and ng = 0.67. It is assumed that the distance from the wellhead to the point of
excitation of the radiator is 700 m and the tubes of the well are steel with externa radii of 0.04 m (tubing string) and
0.08 m (casing string). For these tubes we computed the damping factor of the electromagnetic waves in the intertube
space of the well o, according to the procedure of [1] and from the values (measured in [1]) of the electrical con-
ductivity Omet = 0.3410" QY and the relative permeability of the tube materid pme = 2.72. From the computed
Omet; We determined the efficiency of the line of transmission of the electromagnetic energy from the wellhead to the
bottom hole: n; = 0.476 (it was assumed that the intertube space of the well contains air). In evaluating the calcula-
tions, we also alowed for the energy loss in the line of electric power transmission from a thermal power station,
where the oil produced would conditionally be utilized, to the location of the high-frequency generator. It was adopted
that njept = 0.563.
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TABLE 1. Cdculation of the Energy Balance of High-Frequency Electromagnetic Action on the Bottom-Hole Area of

Horizontal Wells

t, days Mg, tons Wi, J Weon, J Kem = Wart/Weon
10 115 5.28010%2 3.66010™ 14.4
15 156 7.21010'? 5,510 131
25 233 10710 9.17010' 11.7

In the considered examples of electromagnetic treatment of one well over the period ty, we determined the
volume of the afterproduced oil Q4. Next, from the known density of oil ps and the oil saturation of the bed & we
computed the mass of the afterproduced oil Mg = Q'SP (we adopted & = 0.6 in the calculations) and determined
the conditional afterproduced energy Wz = MG from the known calorific value of oil G = 46100’ JKg.

The energy balance was evaluated by the coefficient Kqy, equa to the ratio of the energy produced as a re-
sult of the afterproduction of oil and the energy consumed by the operation of the high-frequency generator. First we
determined the total power consumption Negn With alowance for ng, Ny, Niept, Ne = 0.35, and Ny = 0.75. As a result,
the power consumption was computed with the following expression:

No
NgMMieptNah

The total quantity of the energy consumed in the case considered was determined by multiplication of Nggq
by the time of treatment of the wel ti: Weon = NeonTir

To sdect the optimum time of electromagnetic treatment of the bed we carried out different variants of cal-
culations. Table 1 gives the variants of caculations of the energy balance for 10, 15, and 25 days of treatment of the
critical area of the bed with production of oil for 50 days. As is clear from the table, the coefficient of energy balance
is Kgn>10 in all the cases considered. This enables us to consider the method of high-frequency action on the critical
area of the bed to be very efficient in treatment of horizontal wells. Furthermore, using one high-frequency generator
we can successively treat several wells and produce oil in each of them, utilizing the heat stored in the previous cycle
of treatment.

NOTATION

A, vector potential, Wb/m; ap, thermal diffusivity of the bed rocks, m2/sec; ct, specific heat of ail, J(kgK);
Cp, coefficient of heat capacity per unit volume of the bed rocks, J/(mSEE(); dz, linear elements of the radiator of elec-
tromagnetic waves (vibrator), m; E; and E, electric components of the electromagnetic field strength along the coor-
dinates r and z, V/m; f, cyclic frequency of oscillations of the eectromagnetic field, sec_l; G, cdorific value of ail,
Jkg; Hg, magnetic component of the electromagnetic field strength aong the coordinate ¢, A/m; Im, imaginary part
of the complex quantity; 1, amplitude of the current on the linear element of the electromagnetic-wave radiator, A;
lo, amplitude of the current at the point of excitation of the radiator, A; j, imaginary unit; k, coefficient of propagation
of electromagnetic waves, m % ki and ki, piezoconductivity and permeability of the medium, Pali’ and m2; Kem, €n-
ergy-balance coefficient in the case of electromagnetic action; |, length of the arm of the symmetric vibrator, m; L,
length of the bed, m; m, porosity of the medium; M4, mass of the afterproduced oil, kg; Ng, power of the electro-
magnetic-wave radiator, W; Nggn, totd consumption of the electromagnetic-energy power, W; g, density of distributed
heat sources, W/m3; P, pressure, Pa; Py and Py, initial pressure of the bed and pressure in the bed near the horizontal
portion of the well, Pa; Q, flow rate of the oil withdrawn on the portion of the bed Az, m3/sec; Qs, total running pro-
duction rate of the fluid produced, mglsec; Q4 volume of the afterproduced oil, m3; r, cylindrical coordinate, m; rg,
radius of the horizontal portion of the well (radiator), m; r3 and r4, distances from the linear elements of the electro-
magnetic-wave radiator to the observation point, m; rp,, radius of the bed, m; R, distance from the observation point
to the point of excitation of the radiator, m; Rz and Ry, distances from the observation point to the "ends' of the ra
diator, m; Ry, resistance of the vibrator radiation, Q; Re, rea part of the complex quantity; &, oil saturation of the
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bed; Ty and T, initid and running temperatures of the bed, °C; t, time, sec; t;, time of electromagnetic treatment of
the bed, sec; tan o, dielectric loss tangent of the medium; v, and v, components of the rate of filtration of oil aong
the coordinates r and z, m/sec; W, afterproduced energy in the case of electromagnetic action on the bed, J; Wgon,
energy consumption in the case of electromagnetic action on the bed, J; Z, length of the zone of absorption of the en-
ergy of eectromagnetic waves by the medium, m; z, cylindrical coordinate, m; Z, coordinate of the linear element of
the electromagnetic-wave radiator, m; Z;, coordinate of the beginning of the bed, m; Z,, Zs, coordinates of the begin-
ning and the end of the horizontal portion of the well, m; Z3, Z4, coordinates of the "ends' of the electromagnetic-
wave radiator, m; Zg, coordinate of the end of the bed, m; 0y, damping factor of electromagnetic waves in the
intertube space of the well, m_l; a and B, damping factor and phases of electromagnetic waves in the bed, m_l; Bt
and By, compressibility of oil and of the skeleton of the bed rock, Pa_l; €, complex permittivity of the medium, F/m;
€', relative permittivity of the medium; €, electric constant, F/m; vy, temperature coefficient, KL Ne: Ng» Ni» @d Niepts
efficiencies of the therma power station, the electromagnetic-wave generator, the line of transmission of electromag-
netic energy from the wellhead to the bottom hole, and the line of electric power transmission from the thermal power
station, where the oil produced will conditionally be utilized, to the location of the high-frequency generator; np, heat-
loss factor of electromagnetic energy in the well, associated with the oxidation and contamination of the tubing-string
surface and the water cutting of production; ¢, cylindrical coordinate, rad; g and ¢, viscosity of oil at the initial tem-
perature To of the bed and running viscosity of oil, PalSec; U, permeability of the tube material, H/m; pr, density
of ail, kg/m3; Omet, Specific electrica conductivity of the tube material, Q'L w, circular frequency of the dectro-
magnetic field, rad/sec. Subscripts: b, bed; aft, afterproduced oil and electric energy; e, power station; em, electromag-
netic; f, oil; g, generator; |, line of electric power transmission from the wellhead to the bottom hole; lept; line of
electric power transmission from the thermal power station, where the oil produced will conditionally be utilized, to
the location of the high-frequency generator; tr, treatment of the bed by the electromagnetic field; con, energy con-
sumption; h, heat loss of electromagnetic energy in the well, associated with the oxidation and contamination of the
tubing-string surface and the water cutting of production; met, metal; m, maximum distance in question along the co-
ordinate r; Z, coordinate of a point of the vibrator; O, in the symbols lg, Ng, and Ry, is related to the point of exci-
tation of the vibrator, in the symbols Py and Ty, denotes the initial state of the medium; *, sign of the complex
conjugate quantity.
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