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Chapter 12

Electromagnetic Heating of Oil
Roberto C. Callarotti, Inst. Venezolano de Investigaciones Cientificas
(IVIC)

12.1 Introduction
The electromagnetic heating of oil wells and reservoirs refers to thermal processes for the im-
proved production of oil from underground reservoirs. The source of the heat, generated either
in the wells or in the volume of the reservoir, is the electrical energy supplied from the sur-
face. This energy is then transmitted to the reservoir either by cables or through metal
structures that reach the reservoir. The main effect, because of the electrical heating systems
used in practice in enhanced oil recovery, has been the reduction of the viscosity of heavy and
extra heavy crudes and bitumens, with the corresponding increase in production. This chapter
mainly considers those systems (and the models that describe their effects) that have been used
for the electromagnetic heating in the production of extra heavy petroleum and bitumen. The
importance of these hydrocarbons is because of the size of the heavy oil reserves in Canada,
Venezuela, countries of the former U.S.S.R., the U.S.A., and China.'~

As shown in Fig. 12.1, Q(1), the time-dependent rate of production of a given reservoir
with either horizontal or vertical wells, depends on the flow of oil through the reservoir and
through the producing wells. In the reservoir, the flow is conditioned by a temperature-depen-
dent viscosity, u(7), porosity, permeability, and compressibility (¢, k, and ¢). To a first
approximation, the last three parameters are unchanged by the heating. In the wells, the flow is
conditioned by the geometry of the wells (radius, depth, and length, in the case of horizontal
wells) and again by the oil viscosity.

The heating effect in the porous media of the reservoirs is simply represented by Darcy’s
law with a temperature-dependent viscosity, u(7).

V= —y—(’jfﬁVP(?, ] e s (12.1)

where

V = fluid velocity,

k = effective permeability,
and
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Fig. 12.1—Typical vertical and horizontal well arrangements. Heating strongly affects the viscosity of the
oil in the reservoir porous media and in the wells.

P(? t) = the space- and time-dependent pressure.
The effect of the heating in a well (along the z direction), is represented by a temperature-
dependent viscosity used in the Hagen-Poiseville law.

(Rwe]l)2 OP(z, 1)

R R P (12.2)
where R, = the radius of the well.
The viscosity, g, is related to the kinematic viscosity, v, by the relation
B = o S R T R (12.3)

where p is the density of the hydrocarbon. The strong temperature dependence of the viscosity
v (for values of kinematic viscosities v above 2 mm?s) is given by the law shown in Eq. 12.4."

R R UR S e IR BRI S ¢ i ESCARR—— (12.4)

where A, and A, are characteristic constants for each liquid hydrocarbon (with no dissolved
gases), and 7' is the absolute temperature. As shown schematically in Fig. 12.2, in the range of
reservoir temperatures (40 to 60°C), a temperature increase of a few degrees can reduce the
viscosity significantly with the corresponding increase in production. For 9.9°API oil, a temper-
ature increase from 30 to 40°C reduces the viscosity by 67%, an increase from 40 to 50°C
causes a 62% reduction, and an increase from 50 to 60°C reduces the viscosity by 57%. The
corresponding production increases depend on the temperature spatial distribution throughout
the reservoir and in the well system.

As in many other applications of electrical heating and in the case of well and reservoir
heating, there is a wide range of available frequencies in the electrical spectrum, which can be
used in diverse heating schemes. At the low-frequency (LF) end, energy is supplied directly
from the 60 Hz distribution grid.’ Induction heating requires higher frequencies in the radio
frequency (RF) range of 103 to 10° Hz, while heating is also possible at frequencies in the
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Fig. 12.2—Temperature dependence of the kinetic viscosity of oil for different densities.

microwave (MW) range (MW 10° to 3 x 10'° Hz).® So far, most of the enhanced oil recovery
(EOR) heating schemes used successfully in the oil industry have been in the low-frequency
range. Microwave heating has been widely used industrially in the past. but its application to
reservoir heating is not widespread. although it has been receiving more attention lately.”

The analysis of low-frequency heating up to radio frequencies, can be carried out through a
circuital approach based on the application of Kirchhoff’s laws: the voltage law (KVL) for
voltages around a loop, and the current law (KCL) for currents into a node. In this range of
frequencies, the process is commonly defined as electrical heating and the parameters used are
voltage, current, resistance, capacitance, and inductance. The analysis of microwave heating
processes requires the full description provided by electromagnetic theory, as described by
Maxwell’s field equations in terms of electric and magnetic field vectors, Z H vector current
density, J with material properties represented by permittivity, & permeability, u,,, and con-
ductivity, o. In this range, the process is correctly defined as electromagnetic heating. The case
of induction heating can be described through a mixed approach.

12.1.1 Concentrated Heating Scheme: Resistive LF and Inductive RF. In the case of vertical
wells, Figs. 12.3a and 12.3b illustrate the possible concentrated heating schemes that have
been proposed and used in practice. In this concentrated case, a heating unit is located in the
well at the depth of the producing zone. The heating is generated locally over the heater vol-
ume and then transferred to the system. Heat flow is conductive and convective in the reservoir
and well volumes, and conductive in the rest of the system. Radiative heat transfer is generally
not considered, in view of the low range of temperatures obtained.

In the case of resistive concentrated heating, the heating unit consists of one or more resis-
tances (in Fig. 12.3a, we show a Wye-connected three-phase arrangement) connected by a set
of metallic conductors to a surface power supply (which in the simplest of cases is a 60 Hz
source connected to the power grid). As shown in Fig. 12.3b, in the case of inductive concen-
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Fig. 12.3—Typical schemes for concentrated heating: (a) three-phase resistive heating and (b) inductive
heating with a coil around a metallic core.
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Fig. 12.4—Typical schemes for distributed resistive heating: (a) a less-efficient scheme, as most of the
current flow is outside the reservoir section; (b) using the casing as a terminal improves the scheme by
localizing more of the electrical losses (heating) in the reservoir area. The dotted regions represent the
electrically isolated sections of casing.

trated heating, the heating unit consists of a coil wound around a core of metal. The coil is
connected by a set of metallic conductors to a surface power unit, which can operate at frequen-
cies up to several kHz, deriving its primary power from the 60-Hz power grid.

12.1.2 Distributed Heating Scheme: Resistive LF. The case of distributed resistive heating is
shown in Fig. 12.4. In this case, an external power supply (generally fed from the 60-Hz pow-
er grid) generating low-frequency currents and voltages is connected by cable to a pressure
device in contact with the perforated section of the production casing, while the other terminal
is either connected to ground at the surface (a) or at some lower level (b).

In either case, electrical current flows through the overburden, reservoir and underburden,
and in each volume element of material, it dissipates electrical power in accordance with the
value of the resistance and capacitance per unit volume of the different media. Sections of
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Fig. 12.5—Typical schemes for high-frequency electromagnetic power transfer from the surface to the
reservoir (the hatched area indicates the region where electromagnetic power is located). In (a), the energy
is transmitted in the space between the casing and the production tubing, while in (b), the energy propa-
gates along the waveguide provided by the production tubing.

insulated tubing are required to direct most of the current flow into the reservoir, thus, keeping
the generated power within the reservoir volume. This scheme has been described in the litera-
ture as electromagnetic heating, although this term should be strictly applied to those cases in
which the frequencies used are much higher than 60 Hz.

12.1.3 Distributed Microwave Heating Scheme. As described later in this chapter, high- fre-
quency electromagnetic energy can be transferred from power supplics situated at the surface
to the reservoir region by the structures shown on Fig. 12.5. In the first arrangement (a), ener-
gy is transmitted in the annular space between the casing and the production tubing in the form
of transverse electromagnetic (TEM) waves. In the second case (b), energy is transmitted along
the production tubing in the form of transverse electric (TE) or transverse magnetic (TM)
modes. The schemes shown do not require cables to be connected to the source at the surface,
which implies a great reduction in installation complexities. Coaxial cables can of course also
be used for the transmission of TEM waves from the surface to the reservoir. In all cases some
sort of radiating element must be situated in the well at reservoir depth, in order to transfer
electromagnetic energy to the reservoir.

12.2 Historical Perspective

12.2.1 Low-Frequency Resistive Heaters. Downhole concentrated electrical heaters have been
used for many years. Their early applications, prior to 1969 both in the former U.S.S.R. and
the United States, have been reviewed by Farouq Ali who described more that 70 wells stimu-
lated electrically in the U.S.S.R. and some 60 wells in California.'” In a second publication,
Farouq Ali discussed the first patents issued in the U.S.S.R. (in 1934) and in the U.S.A. (in
Fig. 12.2.1—1951)."" The structure of the heaters, shown in Fig. 12.6, has not changed signifi-
cantly in time. "'

The heating elements consist of iron-nickel-chromium or nickel-chromium alloy wires
wound on high-thermal-conductivity materials with low electrical losses, enclosed in metallic
cylindrical sheaths. The resistive wires could also be surrounded by compacted magnesium ox-

* Personal communication with J. Rau, Petrotherm, Tia Juana, Venezuela ( 1997).
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Fig. 12.6—The structure of concentrated resistive downhole heaters fed by three-phase 60 Hz electrical
power. The heating elements can be connected in Delta or Wye structures.
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Fig. 12.7—The structure of the electrothermic process where single-phase sinusoidal, 60 Hz, 480 volt
power is fed to a downhole contactor through an insulated production pipe.

ide powder.'*!" According to Orfeil, the use of the heating elements is restricted to surface
power densities lower than 2 watts/cm?® because of maximum temperature limitations.’

12.2.2 High Frequency to Microwave-Distributed Heating. In 1976, Abernethy first de-
scribed microwave-distributed heating (refer to Fig. 12.5), including a complete model of the
proposed process (discussed later in this chapter).'®

12.2.3 Distributed Low-Frequency Heating. In 1979, Gill reported the first low-frequency
single-phase distributed heating system applied in oil fields in Texas, Utah, and Mexico.'® It is
described as an electrothermic system for EOR and uses the structure shown in Fig. 12.7, with
voltage excitations of 480 volts at 60 Hz.

Vinsome et al. described recent versions of commercially available distributed heating sys-
tems.'” The power-supply current flows through “tubing, cables or a combination of both.” A
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Fig. 12.8—Scheme for distributed low-frequency resistive heating. The production pipe remains at ground
potential.

Fig. 12.9—Scheme for concentrated high-frequency heating (13.566 MHz). The inserted electrode arrays
play the role of capacitor plates, restricting most of the fields to the space between them.

possible system, in which the power supply is connected by cable to the lower section of the
production tubing that is in electrical contact with the reservoir through the perforated metallic
casing, is shown in Fig. 12.8.

12.2.4 High-Frequency Concentrated Heating. In 1979, Bridges er al. wrote a conceptual
paper on the possible use of radio frequency (10 KHz to 10 MHz) power for the heating of
Utah tar sands, applied through a set of metallic electrodes inserted into the surface reservoir
much like a set of capacitors.'® The scheme proposed is shown in Fig. 12.9.
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Fig. 12.10—Possible arrangements for distributed resistance heating of wells with electrical cables inside
hollow pump rods: (a) three-phase, (b) one-phase.

Carlson et al. and Sresty et al. reported the results of the field tests of high-frequency
(2.2875 MHz and 13.56 MHz) heating at 20 to 40 kW power levels in Utah.'**" The first
successful test used an implanted horizontal electrode array, which covered a 1 m* volume of
material. A second test, covering a volume of 25 m® and heated by a sct of vertical electrodes,
had to be stopped because of the subsidence of the tar sand mass but was later completed
when the roof support was improved.

12.2.5 Low-Frequency Distributed Resistive Heating Along the Well. Electrical strip heaters
(available in continuous lengths between 1,000 and 3,500 ft) situated along the production well
pipe have been used in the reduction of waxy deposits for several years. Lately, the use of
electrical heaters has been applied to the reduction of hydrates deposits in pipelines.”'

The 1995 published ficld results by Cheng et al. show several wells thermally excited by
distributed resistive heating that was provided for by cables inside hollow pump rods.”* The
arrangement, shown in Fig. 12.10, is representative of a distributed resistive heating system for
wells.

12.2.6 Distributed LF Resistive Heating in Vertical/Horizontal Wells, McGee and Ver-
meulen described the application of distributed heating in horizontal/vertical well Fig. 12.2.6—
combinations.”® The structure, proposed for their system, is essentially that which is shown in
Fig. 12.11.

12.2.7 Process Modeling: Theoretical and Physical. In 1957, Schild carried out the first com-
plete steady-state modeling of concentrated heaters and also reported on earlier uses of these
heaters.”! Abernethy first proposed a theoretical scheme examining the possibility that mi-
crowave frequency waves could propagate in a reservoir.!” He compared the steady-state
temperature distribution, produced by this high-frequency distributed heating scheme, with the
temperature distribution produced by concentrated heating. No comparison was presented for
the transient production rate of the two methods.
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Fig. 12.11—Distributed heating scheme proposed by McGee and Vermeulen.?

A numerical analysis for a distributed system based on a Canadian patent was published in
1978 by Todd and Howell** Convection effects were not considered and the distributed electri-
cal power was determined by a resistive circuital network.

Calculations by Newbold and Perkins determined the possible losses incurred in the electri-
cal transmission of low-frequency power (60 Hz to 2,400 Hz) from the surface to the reservoir
production level.** Both Eddy-current losses and magnetic losses were considered for transmis-
sion through wire cables or through the tubing system.

Harvey et al. discussed a laboratory simulation for simultaneous waterflooding and distribut-
ed resistive heating, and Harvey and Arnold modeled the concurrent radial flow of low-
frequency electrical currents and injected water (heat conduction to overburden and
underburden is disregarded).”’-*

Vermeulen and Chute described physical models for distributed conduction heating and for
inductive localized heating,”’>° and McPherson et al.* modeled the steady-state excitation of
Athabasca bitumen at varying frequencies from 60 Hz to 250 kHz using transmission line theo-
1y to improve the model of the metallic electrodes. Bridges et al. discussed the electromagnetic
stimulation of heavy oil wells.*'-*

Killough and Gonzalez presented a numerical model of well-to-well distributed conductive
heating, which is compared with previous experimental results of El-Feky.”**' They compare
DC power excitation and three phase excitation, but no capacitive (or permittivity) characteris-
tics of the system were given. and no frequency effects were reported.

In 1986, Hiebert et al. presented a numerical two-dimensional (2D) simulator for low-fre-
quency (60-Hz) distributed heating but ignored convection heat flow.** They included a list of
patents related to this heating scheme.

Casey and Bansai calculated the near field, produced by a dipole antenna.*® And in 1989,
Callarotti described the frequency limitations of resistive-capacitive (R-C) circuits.” Pizarro
and Trevisan presented a model, applied to a 1987 distributed heating test, that was carried out
in the Rio Panon field in Brazil.** Their model did not include convection terms or heat losses
to regions outside the producing zone but considered both oil and water phases.

Fanchi, in 1990, examined the propagation of cylindrical transverse electromagnetic waves
into the reservoir, showing the validity of the model used by Abernethy if the reservoir is far
away from the radiating source.'>* Also, in the same year, Baylor et al. discussed the reser-
voir steady-state response to low-frequency resistive distributed heating at the SPE Annual
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Technical Conference and Exhibition." Islam er a/. discussed distributed low-frequency heating
of horizontal wells at a conference in 1991.%° And in the same year, at the UNITAR confer-
ence, electrical heating was discussed, including microwave heating and high-frequency Fig.
12.2.7—modeling. >

In 1992, Callarotti and Di Lorenzo used R-C circuital modeling in core tomography, while
Sumbar er al. presented a numerical model for distributed low-frequency heating, which correct-
ly includes the convective heat transfer but only considers one phase of fluid (incompressible
oil) driven by a pressure source at the reservoir outer radius.”*® One year later, Dolande and
Datta provided analytical solutions to one-dimensional (1D) conductive heat transfer problems
in the presence of radiated power exponentially decreasing in space.*

In the mid-1990s, Callarotti published the application of circuital modeling to the transient
solution of fluid flow in porous media, as well as a new numerical method that avoids time
iterations.””! Later, Callarotti and Mendoza compared the transient and steady-state response
of concentrated vs. distributed heating for different fixed production rates (the fluid flow equa-
tion was not solved).”

Soliman presented an approximate numerical model for the electrical heating of reservoir at
power levels in which the water is vaporized.™ Also in 1999, Hu et al. presented the results of
a physical model with high-frequency heating (5 to 20 MHz),*

12.2.8 Measurements. The conductivity of medium heavy oil, including its temperature depen-
dence, was measured by Kendall in 1978 Snow and Bridges, from the Illinois Inst. of
Technology, reported laboratory experiments in which radio-frequency power (in the range of
100 to 300 KHz) was applied to oil shales, and the results were compared with pyrolysis exper-
iments. >’

Later, in the early 1980s, Butts er a/. measured microwave heating (at 2,450 MHz) of New
Brunswick oil shales.”® Briggs er al. measured the response of New Brunswick oil shales at
high frequencies in three bands: 10 to 1,000 MHz, 2 to 4 GHz, and 8 to 12 GHz, reporting a
permittivity of ¢ = g, (3.5 — j0.2) at 915 MHz, and Vermeulen and Chute measured samples
from the Athabasca deposits in a frequency range from 50 Hz to 1 GHz.***

The effect of interfacial polarization phenomena, in which diffusion current and space
charge are considered at the solid/liquid interphases, was discussed by Sen and Chew.® They
included a discussion of the anomalously high values of the dielectric constants of wet rocks
(up to 1,000) that were previously discussed by Poley et al® The situation occurring in these
heterogeneous solid/liquid systems is certainly complex—a well-known fact in impedance spec-
troscopy electrochemical measurements.

The case of oil by itself, out of the reservoir, is much simpler. It is characterized by a very
small conductivity: o = 2.5 x 10* siemens/m for medium heavy oil with 0.9 gravity.>® Dielec-
tric constant measurements show no surprises over the frequency range from 100 Hz to 3 GHz,
with a measured permittivity of & = g, (2.3 —j0.011) at high frequencies.”

12.2.9 Reviews and General References. In 1987, Prats published an updated version of his
1982 monograph on thermal methods, which includes a review of electrical heating methods.*
Also, in the same year, Vermeulen and Chute suggested a nomenclature to be used for electro-
magnetic heating processes in accordance to different approximations in Maxwell’s equations.®
Chute and Vermeulen reviewed actual and potential applications of electrical heating for oil
production and included complete references on the subject.*’ Duncan reviewed electrical heat-
ing schemes and included well designs and completion practices.®

* Personal communication with W.B. Westphal, formerly with the MIT Laboratory for Insulation Research, Cambridge, Massachusetts
(1994),
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Selyakov and Kadet published a textbook on percolation processes in porous media, in
which the microscopic descriptions of alternating currents, acoustic waves, and dissipation ef-
fects are discussed.”® Other textbooks, edited by Kraszewski and by Kinston and Haswell,
represent excellent references on the interaction of electromagnetic energy with water-contain-
ing and other materials.®”-*

12.3 Electrical Engineering Considerations

In most practical situations we are concerned with field that vary periodically in time (the sinu-
soidal steady state generally). In these cases the electrical phenomena are properly described by
Maxwell equations in terms of complex vector field intensities of electric and magnetic ficlds
(E and H ); complex vector field electric, magnetic, and current densities (D B.J), complex
charge concentrations (p_); and complex material parameters: conductivity, pmmtﬂwty_ and per-
meability (o, & p,). For the case of sinusoidal excitations [exp (jwf)] and in the absence of
diffusion currents, these equations are listed next.

W LT = ~JOB . o comiemmsensmsoreresstissssmssssesasiasss (12.5)

VX H =T 40D oo (12.6)

WD v s R (12.7)

WMol . (12.8)

=eE =[6@) = jE'D]E . oo (12.9)

T =i, 08 = [l @) - i DF . iocniisiainsiiiissiinins (12.10)
T =0@E =[0@) = jo" @]E . oo (12.11)

As indicated, the material parameters are frequency-dependent complex numbers. Of course,
o = 2 7 f, where the frequency, fis given in cycles per second (Hz).

The physical fields vectors correspond to the real part of the complex field vector times
[exp (jw1)]. For example, the physical electric field vector is given by Real| £ &xp (jon).

The power radiated per unit area is given by the complex Poynting vector, .S, defined as

e T AT (12.12)

N|—l

where * indicates complex conjugate.
For the volume, ¥, enclosed by a surface, 4, indicated in Fig. 12.12, the volume integral of
the divergence of the complex Poynting vector, S, yields

[8-dd = 2| B-H - F )+ Lo (B F v

@B B+ 2WH H +6F E ) (12.13)
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Fig. 12.12—A given volume, V, enclosed by a surface, A, excited from a surface power supply.

This equation represents a balance of power for the volume shown.®” The left-hand side repre-
sents the total power entering the volume through its surface. The first two right hand terms
represent the power stored in the volume, while the last two terms represent the power dissipat-
ed in the volume. This dissipated power depends on the real part of the conductivity and the
magnitude of the local electric field (third term), the imaginary parts of the magnetic permeabil-
ity and electrical permittivity of the material enclosed in the volume, and the magnitudes of the
magnetic and electric fields (fourth term). If the permeability and permittivity are real, the only
power loss is owing to the real part of the conductivity and the magnitude of the local electric
field.

Thus, the power radiated into the volume is equal to the rate of increase of the stored ener-
gy in the volume, plus the power dissipated (because of the real part of the conductivity and
the imaginary parts of permittivity and permeability, and the magnitudes of the corresponding
fields). Thus, the real power dissipated per unit volume, Ppyy, is given by

Ppyy = ?lz-{[o'(a)) + cr)e»(w)](E" . E*) + a;;m"(m)(';zj‘r+ . ﬁ‘)} G e (12.14)

This is the term that enters the differential equation for the heat distribution. Among other fac-
tors, the power depends on the magnitudes of the local electric and magnetic fields. In those
cases where the electrical power is generated at the surface of the earth, these magnitudes will
depend on the transmission power losses from the surface to the reservoir.

The vector wave equation for exp (jwf) excitation, space independent (o, &, u,,), no diffusion
currents, and p=0. Proper knowledge of the issues involved in the transmission and dissipa-
tion of electrical power for the heating of wells and reservoirs can only be obtained by
examining the solution of the vector wave equations. The wave equations are derived from
Maxwell’s equations.” "

—2— — —1— —
VEAPE =0,V HAYPH =0 oo (12.15)

The propagation constant, 7, is defined as
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y= [a)z;cM(w)e{aJ) —jam(m)pM(m)] AR e (12.16)

For their relevance to the heating oil problem, we will consider solutions in rectangular Carte-
sian coordinates x, ¥, z and in cylindrical coordinates, r,¢,z. We will first discuss the rectangu-
lar Cartesian coordinate case.

Rectangular coordinates: plane wave propagation in the z direction (an assumed direction of
power or energy flow). Under these conditions, we have:

& .5 ;
B = H@) 55, corommrrmesrrssssmsesssessmsssssssssosonss (12:18)
Oy RIS 3 £ 1 (12.19)

Then, the wave equations have these solutions:

E(z) = {A . exp (—jyz) + A_exp (+jyz)} EXPUOLY s rosnmanmnnmmann (12.20)
H(z) = J“Lg[z‘h exp (—jyz) — A_exp (+jyz)] exp (Got) . oo (12.21)
M

A, and 4 are integration constants defined by the boundary conditions of the problem. Thus,
the solutions for propagation in free space along the positive z-axis (¢ = 0, € = g, = 8.854 x
107'2 farads/m, the permittivity of vacuum, u,, = u, = 4 x 107 henrys/m, the permeability of
vacuum) are

Epg@) = A, exp (jot - jygz) = 4, exp[-jng(z Vo )] oo (12.22)

These equations represent waves propagating in the +z direction with velocity, I, (the speed of
light in vacuum), a wavelength, 4,, and a wave impedance, Z,,.

H;S(z) = %OAJF exp (J-"mr - jyoz) D s LR (12.23)

10 = Ao 115) = i—: e, (12.24)

—

V= =3.0x10%ms ™' e (12.25)

=—F= s (12126)

.
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TABLE 12.1—FREQUENCY-WAVELENGTH RELATIONS FOR FREE SPACE
Band Name Frequency Range Free Space Wavelength, m

Cosmic rays Greater that 10"*° Less than 107"
Gamma rays 3x 10" to 3x 10" 107 to 107"
X-rays 3x10""° to 3x10™"® 10 o0
Ultraviolet 3x10"" to 7x10™ 107" to 4.3x107
Visible light 7x10" to 4x 10" 43x107 to 7.5x107
Infrared 4x10"™ to 300 GHz 7.5%x107 to 107
EHF (extra high) 300 GHz to 30 GHz 10” to 10
SHF (super high) 30 GHz to 3 GHz 107 to 10
UHF (ultra high) 3 GHz to 300 MHz 107" to 1
VHF (very high) 300 MHz to 30 MHz 1to 10
HF (high) 30 MHz to 3 MHz 10 to 100
MF (middle) 3 MHz to 300 kHz 10" to 10"
LF (low) 300 kHz to 30 kHz 10" to 10™
VLF (very low) 30 kHz to 3 kHz 10" to 10"°
ULF (ultra low) Less than 3 kHz Greater than 10"

7
Z 51}(—0) L O (12.27)

Table 12.1 shows the variety of wavelengths for propagation in free space as a function of
frequency, /.

The effect of losses (o = o' — jo", € = &' — j&", yy, = ' + ju") on the solutions makes the
propagation constant, y, become

y=Noly'— j u')ols - j &) - jlo - jo')] =B+ a,
B= Real(p), 6= HAFP). o ovnsmmmammmnmmm: (12.28)

where ; is the complex unit, and the fields are

E'(x)= A4, exp {jot} exp {~jPx} exp {ax}....ccocceomrvcveuerrionnnnn. (12.29)

and
HY(x)= —L—4, exp (jot} exp {~jBx} €xp {ax} . coovorvcrreerrersssrenen (12.30)
Oty

If a < 0, the amplitude of the wave will decrease as it travels in the +z direction. The real
power radiated per unit area (Ppy;) is

Ppya = Real [%? . B"] =0.5]4"|?Real

B-j8 o (2ax)l (S (1231)
W fy,

Cylindrical coordinates: wave propagation in the r direction (an assumed direction of power
or energy flow). In this case and for uniform wave propagation in the » direction, we have:
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Ny A
5 =0 57 =0 o (12.32)
R (12.33)
B =BT« osnmimrmimsisssansasssmissmssamssimss (12.34)
The wave equations become
18 6E(r)] , T
e [r—ar L B T e (12.35)
and
Loy —[iz"}]ﬂ? HOV=0 o (1236)
ror or r

Bessel’s equations provide solutions for wave propagation in the positive » direction™ in terms
of Hankel functions Héﬂ and 111(2)‘"'"

EG) = A, HPGP) eXP GO . oo (12.37)
HE) = L4, HOGP) expGoD . oo (12.38)
o,

The nature of the waves propagating in the +r direction is clearly shown observing the limit of
the Hankel functions for large arguments (y » >> 1).

@y, ) | 2 {_ [ _EB
Hy“yr) = H"(yr) = acye e e | B (12.39)

In essence, this is the far-field approximation used by Abernethy.'* The real power per unit
area radiated in the positive r direction is

ExH')-05]4,] Real

ﬁ—_';ﬁHéz)(yr)Hl(z)(y'r)l — (12.40)
oy

12.3.1 Electrode Structures That Allow Transverse Electromagnetic (TEM) Wave Propaga-
tion. The metal electrode configurations, shown in Fig. 12.13, allow TEM wave propagation
for all values of frequency. Both the single-phase (two wires) and three-phase transmission sys-
tems shown (normally used for 60 Hz power transmission) have an electromagnetic energy
distribution over the cross section of the wires and in the surrounding space. The metal cables
simply guide the electromagnetic energy along. In the case of the other structures shown, the
fields and the energy are enclosed within the metallic electrodes. The coaxial structure exists
naturally in vertical and horizontal wells. It can be used to transfer electromagnetic energy at
high frequencies from the surface to the reservoir.
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Fig. 12.13—Metallic structures that support TEM waves (no field components along the direction of prop-
agation). .

12.3.2 TEM Transmission in Coaxial Lines. The details of the solution for a z-directed coaxi-
al cable (inner radius = r_, outer radius = r,) are found in Ref. 75. For an inner electrode
material with g, = y, and ¢ = 0, the fields and the propagation constant are

E@=4, {%} explnjiyz) eap flot e anrnsnss (12.41)
Hlizy=-L-4 {i} exp {—jyz}exp {jwt} (12.42)
4 @ iy 217 xp{=jy PG e (12

y Esz ‘uO(a' wy s"). e (12.43)

If we include losses due to the conductivity of the metallic conductors (see details in the sec-
tion on waveguides below), and if the losses are small, the coaxial propagation will be given by

Eo%(z) = A+{%} exp {—jyz}exp {jot} exp {-aDz} exp {—aMz}, .............. (12.44)

H *™(z) = E;TZA}{%} exp {=j 7 2 exp Lot} exp {-apz} exp {=ay 2], ...... (1245)

and

PP N RTE L csvossvessisss s e eSS R (12.46)

where the attenuations factors for the coaxial structure due to the finite metal walls conductivi-
ty (a),) and the imaginary part of the permittivity (a ), are
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Fig. 12.14—Cross section of waveguide structures that cannot propagate TEM modes.

iy s% s (12.47)
T b
In -r—
and
coax " E
ap= % s ke (12.48)

The coaxial cable metal losses will be a minimum for (r, [7,) = 4.

12.3.3 Waveguides. The waveguide metal structures, shown in Fig. 12.14, were developed for
electromagnetic energy transmission in the microwave frequency range (3 to 300 GHz), in
view of their small losses at these frequencies. The circular waveguides are potentially impor-
tant for the excitation of reservoirs and wells.

The waves that can be transmitted along these systems have field components along the
direction of propagation, here assumed as the z-axis. Transverse magnetic modes (TM) have
zero H, field components, and transverse electric field modes (TE) have zero E, components,
The propagation constant, y, depends both on material properties (o, & and g, of the enclosed
material and 4, of the surrounding metal walls) and the dimensions of the waveguide. Accord-
ing to the value of the applied frequency, a given waveguide will either support waves that
travel along the guide or attenuated waves (evanescent modes). We will examine the case of
cylindrical waveguides in view of their importance in energy propagation in threaded oil pipes
or in coil tubing.

12.3.4 Cylindrical Waveguide: TM Modes (H, =0, 6 =0, ¢" = 0, g, =p, radius = a, 6, = ).
The propagation constant for these modes is™

2
M =N w?uge - v ”””) ............................................ (12.49)

a
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The constants pRﬁ arise from the imposed boundary conditions at the metal surfaces. The small-

er values are pm— 2.405, plnf 3.382, and p = 5.135. For each root, we have a given
mode of solution. According to the value of the fmquency the propagation constant will be
real (propagation) or imaginary (evanescence). The cutoff frequency, w., corresponds to the
first value of w, where propagation occurs (f real).

B g B s (12.50)

We =g = JE
0

12.3.5 Cylindrical Waveguides: TE Modes (E.= 0,6 =0,¢" = 0, uy, = pty, radius = 4, 6, = ©).
The propagation constant for these modes is

TE\2
, )
B, = mzpos—(”—;. .................................................. (12.51)
a

Again, the constants p , arise from the imposed boundary conditions at the metal surfaces.”

The smaller values are p = 1.841, pl 2 =3.054, and pDT]i: = 3.832. For each root, we have a
given mode of solution. Accordmg to the value of the frequency the propagation constant is
real (propagation) or imaginary (evanescence). The cutoff frequency for TE modes is

2. TE_ 1841 (12.52)

W =Wy = £ e e RS SRR e S o
L 11 “““““““““““““““““ -
aypgE

Thus, for cylindrical waveguides, the first mode to propagate is the TE,; mode because it has
the lowest cutoff frequency. If the waveguide is empty or filled with materials with electrical
properties similar to a vacuum (u, and &;), this mode will have a cutoff wavelength Aqy g, =
3.41a. The situation for this and other modes is illustrated in Fig. 12.15.

12.3.6 Attenuation Caused by Metallic Walls. The above relations were obtained assuming
infinite conductivity for the cavity walls o,,, = o. In fact, real metallic walls have a finite

conductivity, o,,,. so that the waves will attenuate as they travel along the waveguides. The
attenuations for TE and TM modes are

R [ (2 y )
& (O) = = L A (12.53)
’ foeEal 8 (R
aZ I—T

and
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Fig. 12.15—The top graph shows transition between attenuation and propagation regions as a function of
angular frequency (the dotted line indicates propagation dependence in the absence of the guide, in free
space). The bottom sketch shows position of TE and TM modes for a cylindrical empty waveguide.

(12.54)

where
P S 12.55
s B, T R T R (12.55)
and
_yto
Z G s (12.56)
pTM
™ _ fenm
kc,n,m T T (12.57)
TE
e _ Penm
T gy (12.58)

AL M =0WEE ;R e (12.59)
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Fig. 12.16—E, H field attenuation (vertical axis) vs. frequency (horizontal axis) for a coaxial cable (contin-
uous trace), TE01 mode (squares), TE11 dominant mode (triangles), and TM01 mode (circles). The wave
guide and coaxial cable diameter is 2 in. The steel metal walls have a resistivity of 1.04 x 10-7 ohm/m.

These values of attenuation determine the wall losses for microwave energy transmitted along a
pipe (this energy is transformed into heat) and the amount of power available at a distance, Z,
from the source. Fig. 12.16 shows the frequency dependence of the attenuation for modes
TE11, TEO1, and TMO1 in an empty (i), = #y.€ = &;.0 = 0) circular waveguide of radius a.
The figure also shows the attenuation for an equally empty coaxial cable with an external con-
ductor with radius, a, and an internal conductor of radius, a/4.

The TEO1 mode has an attenuation that decreases monotonically as the frequency increases,
thus, indicating that this mode is convenient for transmission at high frequency. Transmitted
power depends on (£, /) products so that the attenuation for power transmission doubles the
field attenuation values.

Attenuation can be measured in nepers/m or in decibels, and the relationship between these
units is

attenuation (decibels/m)= attenuation (nepers/m) 20 log,(e)

=9.6858 attenuation (nepets/m) . ...................... (12.60)

Fig. 12.17 shows the fraction of the power applied to a waveguide or a coaxial cable that will
arrive at the end of a 1 km-long line. The waveguides are much better transmitters at higher
frequencies. The power “lost” is converted into heat at the line metallic walls. As shown by
the figure, waveguides are much better transmitters of power than coaxial cables at higher fre-
quencies. :

In both type of structures, the attenuation is caused by the induction of electrical currents at
the surface of the metallic conductors. As these conductors have finite electrical conductivities,
the flow of the induced currents results in power losses as in the case of any current-carrying
wire. The power dissipated at the walls is, thus, conveniently converted into heat. By selecting
a given frequency value, the ratio of power transmitted to power dissipated in the walls can be
chosen at will.
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Fig. 12.17—Power ratio (vertical axis) at the depth of 1 km (3,000 ft) for different size wave guides (TE01
mode) and coaxial cables, as function of the applied frequency (horizontal axis): 6-in. diameter wave guide
(empty squares) and coaxial (filled squares), 4.5-in. diameter wave guide (empty circles) and coaxial (filled
circles), and 2-in. diameter wave guide (empty triangles) and coaxial (filled triangles). Losses, because of
metal walls with a resistivity of 1.04 x 10-7 ohm/m, are the only losses considered.

Fig. 12.18—The nature of an inductive heater: a metallic core is excited by the fields created by the current
flowing in the coil. The core can be solid or a cylindrical metallic shell.

12.3.7 Inductive Concentrated Heaters. Inductive heating has been widely applied outside of
the oil industry in steel foundries for light alloy melting (aluminum and magnesium), and in
copper and zinc foundries.™ It occurs when a metal core is excited by a coil of wire carrying
an alternating current, as shown in Fig. 12.18. The metal is characterized by a high conductivi-
ty (o = 107 siemens/m) and real permittivities and permeabilities (¢ = g, & = &p).

For an applied magnetic field, H,, in the z direction along the core axis, the electric and
magnetic fields inside the solid core with radius a, are
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& S 20) : i
(r, 1) =H, ) BRI . ... 5 emsssssssnssstenssmmnsenss (12.61)

ACEY)
JoGyr)

Ey(r, )= Hy % XP (D)« oo (12.62)

Jo and J; are Bessel functions of complex arguments. Since the applied frequency, w, is chosen
so that o > > we,, we have

Al o X (12.63)

The real time-averaged power entering the core at » = a (in the — direction) is

, Sy a) jopga; 1)
P ol (a) = _(H0)2 Re [5% JU(J’(J)]E 35 (Ho)z RC{ 4 [,HR]J' .............. (12.04)
and
IR = ya_—JO(ya) Fa TR i (12.65)

In terms of an effective relative permeability, ug, refer to Fig. 12.19.%"" The real power per
unit area, input to the core, is

w#ﬂa i

U } B B S S R (12.66)

Pry(@=+ (Ho)z{ 3 P
The real power per unit area grows as (w)'? at high frequency, and as the frequency grows,
the power is more concentrated near the core surface, as shown in Fig. 12.20. Thus at high
frequencies, the heating occurs closer to the surface.

12.3.8 Energy Gain in Electrical Heating Processes Used in Enhanced Oil Production. It is
important to consider the energy gain (EG) of the particular electrical heating system used in
enhanced oil recovery. If the production is increased by (AQ) barrels per day, under the effect
of Py kW of electrical power (generated from a process with energy efficiency, #), we define

the energy (or power) gain, EG, as

EG = 68.366(AQ) "

Py Lo SN Y SN, O, (12.67)

where # is of the order of 30% for thermal electrical energy generation, 85% for hydroelectric
generation, and 15% for microwave generation. The efficiency factor, 5, represents the ratio of
the 60 Hz electrical energy produced in a given process (thermal/hydroelectric) to the energy
input in each process. Electrical energy in the microwave range is produced from 60 Hz electri-
cal energy with an approximate efficiency of 50%.

The factor 68.366 comes from the equivalence of 1 standard bbl of oil with 5.6 million Btu
as heating content and the equivalence of 1 kW-h = 3,413 Btu.”® Thus, 1 bbl of oil per day is
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Fig. 12.19—Plot of p'; (circles), y"; (squares), and dimensionless normalized real power {Ppy,, () /(11 Hy?
a p} (triangles) as functions of frequency for a metallic cylinder with radius = 0.06 m, conductivity =
10*7, and py = po.

equivalent to 68.366 kW. For the different types of electrical power generation processes, the
different energy gains will be approximately

20A 38A

The energy (or power) gain concept is useful in the relative evaluation of different electrical
heating systems and the comparison of electrical heating with steam injection characterized
with EG < 10.” For more details, refer to the chapter on steam injection in the Reservoir Engi-
neering and Petrophysics section of this Handbook.

Because electrical heating is considered as a viscosity reduction process for the production
of heavy and extra-heavy oil, it is very pertinent to compare the energy efficiency of this pro-
cess with steam injection—perhaps the more accepted process used in the industry for the
production of hydrocatbon during the last four decades.

12.3.9 Sources of Dielectric Losses. In the electrical heating of oil wells or reservoirs, we can
disregard magnetic losses (including those in the metallic structures) because u = #q- The pow-
er dissipated in a given volume, V, is then given by

* Personal communication with H. Mendoza, PDVSA Production and Exploration Division, Lagunillas, Venezuela (1998).
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Fig. 12.20—Plot of normalized real power per unit area {Ppy, (1) / (2 p Hp?)} as a function of (r/a), showing

the frequency dependence of the spatial distribution of dissipated power in a metallic cylinder at different
frequencies f: f= 60,000 Hz (triangles); f= 6,000 Hz (circles); f= 600 Hz (inverted triangles); and f= 60 Hz
(squares). The metal cylinder has a radius of 0.05 m, conductivity = 10*7, and py = .

Power = (%)JJV[(H &'(w) + (J{w)] | E| AR SR (12.69)

Losses. because of the presence of &"(w). are defined as dielectric losses. They are caused by
several processes: electronic, ionic or atomic, orientation, and space charge or interfacial.”” All
the processes occur because of the electrical field influence on the charge distributions existing
in matter. The nature of these mechanisms is sketched in Fig. 12.21.

Mechanisms (a) and (b) imply field-induced dipoles. while (c) occurs in polar systems with
permanent dipolar structures. Process (d) occurs because of complex charge distributions at in-
terfaces (as between a solid and a liquid). Each of these mechanisms implies energy losses
caused by “frictional” forces as the dipoles follow the changes in the electric field. The losses
occur in different frequency ranges as shown schematically in Fig, 12.22.°° Losses in the
microwave frequency range occur either because of the presence of polar molecules (like wa-
ter) or possible complex space charge effects.

Because petroleum (without water) is a collection of mostly nonpolar molecules, it is practi-
cally transparent to electromagnetic energy in all the frequency ranges (¢'/¢, =2 to 4, &' =0).
The situation is different in a reservoir where water is associated with a solid matrix, either
absorbed in material capillaries, adsorbed on grain surfaces, or is chemically associated to other
molecules. The resonance of bound water occurs at lower frequencies than the free-water reso-
nance that occurs near 20 GHz at room temperature.
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Fig. 12.21—Polarization mechanisms: (a) electronic, (b) ionic, (c) dipolar, and (d) interfacial or space po-
larization. Filled black circles represent positive charges while white circles represent negative charges.
Arrows indicate permanent dipoles. Dashed circles represent displaced charges.
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Fig. 12.22—(a) interfacial polarization, (b) water in a material matrix, (c) free liquid water, (d) ionic polar-
ization loss, (e) electronic polarization losses.

The basic curve for each resonance is given by the derivation because of Debye, in terms
of relative permeabilities at zero frequency and at very large frequencies, and a time constant,
r's

g(0)=¢(0)

gw)=gc(w )+ P

R TR R TG (12.70)
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Fig. 12.23—Cole-Cole plot of the simple Debye model of dielectric losses in terms of a single time constant
(continuous curve) and multiple time constants (dotted curve).

The previous expressions yield a semicircular Cole-Cole plot, as shown in Fig, 12.23, similar
to the plot for a parallel combination of a capacitance and a resistance. The dotted ellipse
shows the behavior generally found experimentally. This behavior is interpreted as being
caused by the contribution of several time constants.

12.4 Fluid Flow Modeling Considerations

In the modeling of any system, one is always faced with the dilemma of choosing the level of
complexity that correctly predicts the response of interest. In the case of modeling the electri-
cal heating of wells and reservoirs for heavy or extra-heavy oil at low frequencies (below the
microwave range) and considering only one liquid phase and no gas phases. the systems of
equations shown in this section are considered sufficient. The problem is still unsolved for the
case of microwave heating of reservoirs, in which a complete model, which correctly takes into
account the electric losses of a system of solid grains, liquids with dissolved gases and salts
(with the corresponding complex geometrical, scaling, and electrochemical properties in the pres-
ence of electrical diffusion currents and space charges). is not yet available. For the case of
concentrated heating (either resistive or inductive) and distributed heating in the reservoir and
surrounding regions (at frequencies below the microwave range) or distributed heating in the
metal elements (at any frequency) the equations given next (in a cylindrical coordinate system)
are deemed sufficient.

12.4.1 Thermal Processes. Heat energy flow per unit area and per unit time (@}) in the pres-
ence of forced convection because of a velocity, V', is given by

Or=—Kp VI+pCp VT eersreesessrsssesseo (12.71)

where K7 is the thermal conductivity, p is the density of the liquid, and Cp is the specific heat
at constant pressure.™ In the presence of dissipation of power, an energy balance is described by

V- 19.9(7r)- 1o ] T

VTI-—V - VWV T)=—%-—
Kr

in terms of x; the thermal diffusivity, and Py the dissipated power per unit volume (electrical
in our case). Thus, in a cylindrical coordinate system with axial symmetry with respect to the z
axis, the differential equation for a region of spatially constant parameters is
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T(ar +6z) T K]-IPUV' ........................................ (12.73)
The third term on the left, the product of temperature multiplied by the divergence of the veloc-
ity, has been neglected in many models of heating of reservoirs (it is strictly zero only for
incompressible fluids.).

12.4.2 Fluid Flow in the Porous Media. The fluid flow equation in the porous media of the
reservoir, deemed to be representative of solution-gas-drive production mechanisms, is

o’P  10P &°P c¢ udP
6r2 + For +622 B S (12.74)

where P is the pressure, u(7) is the temperature-dependent viscosity, k is the permeability, c is
the compressibility, and ¢ is the porosity.®’** The fluid velocity, }* (we assume that only oil is
present) has the following components:

V= - %‘% R T I (12.75)
V= - %‘;—f 8 (12.76)

The mass fluid flow per unit area, ﬁm, and the temperature-dependent kinematic viscosity, v,
are given by ' '

Wamas o S (12.77)
and
A BEL s ——— (12.78)

12.4.3 Electrical Processes. In the case of concentrated resistive heating, where a sinusoidal
current of root mean square (RMS) magnitude 7 (1, = 1‘\/5) flows through a wire resistance
of resistance, R, the total power dissipated is 7 *R. The power per unit volume is uniform over
the volume of the resistor if the skin depth is much larger than the wire radius. The skin depth
dgindicates how far the electromagnetic fields penetrate in a material with conductivity o, and

5 (D)u!"fo_ e s e B e S e s R SRR AR A R S AR S R AR R i

The behavior of the skin depth, as a function of frequency, is shown in Fig. 12.24 for typical
resistance materials (nickel-chrome alloys with conductivity 107 siemens/m). As the frequency
increases, we reach the inductive heating regime previously discussed.
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Fig. 12.24—Plot of skin depth in cm vs. frequency in Hz for nickel-chrome alloys. The crossing straight
lines indicate that at 60 Hz, the skin depth is of the order of 2 cm, much larger than the diameter of heating
wires.

In the case of low-frequency heating distributed over the reservoir and the under and over-
burden regions, the conductivities of the materials involved, are much smaller than metallic
conductivities (0.1 to 0.02 siemens/m), the corresponding skin depths are large over the volume
elements considered in a given model. Thus, the determination of dissipated energy per unit
volume can be obtained from the solution of Maxwell’s equations in the low-frequency limit
where

e A T e (12.80)
so that we can define a scalar potential @
E = = Voesssssses s sssssssssssssissss, (12.81)
with the current density
7 = (a+j w so)f A R e R A e . (12.82)

Thus. each volume element. shown in Fig. 12.25, can be represented by resistances and capaci-
tances connecting to other volume elements. The resulting distributed circuit is shown in Fig.
12.26, and the component conductance and capacitance values are given next."’

na(rdz—rcz 2 ra(Az)
&= (Az) ) Y"“—h@< ...................................... (12.83)
ra
rey(rd®—rct 2 re,(Az)
Cz= o ) e (12.84)

@ T Ta(B)

ra
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Fig. 12.25—Space discretization in cylindrical coordinates.

Cr

Fig. 12.26—Elements for the distributed circuit for current conduction.

For the frequencies involved in distributed resistive heating at 60 Hz or lower frequencies,
the capacitances are neglected. For a given current (or currents) applied at given nodes, the
circuit can be solved for all the node voltages by applying Kirchhoff’s current law (KCL),
requiring that the sum of all the currents that flow into a node should vanish (charge conservation).

Although not necessary to solve the problem. an equivalent circuit approach can be used
for visualizing (and calculating) the solutions of the temperature and fluid flow
equations.'"-%18 1t ig particularly helpful in treating regions with space varying parameters.
For the volume elements of Fig. 12.25, the equivalent circuits for fluid flow in porous media
and for heat transfer with convection are shown in Figs. 12.27 and 12.28,

In the absence of gravity effects, the element values for the fluid flow are

_wk(rd®-rd®)  2zk(A2)

Yz = e (12.85)
rb\’
u(T) In (E)

WDB)
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Fig. 12.27—Elements for the distributed circuit for fluid flow in porous media.
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Fig. 12.28—Elements for the distributed circuit for thermal conduction with convection in the positive r
and z directions.

OV =c ¢ rd? = FPND2), oo (12.86)

and
IVexc = [P(z__ r, 0")c ¢] T (rdz - rcz)(Az)‘ ............................... (12.87)

where the excitation current (/Vexc) introduces the initial pressure conditions for the problem.
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The element values for the thermal case are equivalent admittances. capacitances. and con-
vection currents

j rrKT(rdz—rcz) _ 2aK(A2)
}TZ_T‘ }?r—m, .................................. (12.88)
Cr= ﬁn{rdz— PEANAZ), coveerserssorssesmsssrsmssesmssssasssnns (12.89)
’GF

!cz=l»’,M; Ier =1--;u, anseRamm (0

y ) -

and

X ﬁ s 2 _ a2

ITexc = xTT(z, r, 07)+ Ppyy [(rd? = re?)(A2), oo (1291)

where the excitation current (/7exc) introduces the initial temperature conditions for the prob-
lem and the applied power per unit volume.

The circuital approach is particularly convenient in the case of problems covering regions
with different properties. For example, the fluid flow equation for porous media originates
from a mass balance of

Vip V)= - ‘1‘%&) ...................................................... (12.92)

which, assuming spatially independent compressibility and porosity, yields

v [pm v P] e, e (298)

which gives the equation indicated at ﬂle béginning of this section, only if k& and u(7) are space
independent. In the case of reservoir heating, if the temperature is space-dependent, the equa-
tion for flow in fluid media becomes

A\.

= k i ) _ B
( \% m)—cgﬁat e

m P)'i' VP V( creereenn (12.94)
12.4.4 Fluid Flow in the Well. For steady laminar flow of a single-phase fluid, the velocity of
the fluid in the well pipe directed along the z axis, of radius R, is given by the Hagen-Pois-

seuille relation, which is written as

2
9 (Ryen) oP
% 8ul) o0z -

...................................................... (12.95)

12.4.5 Model Response For Vertical Wells: Concentrated Heating vs. Distributed Heating.
We conclude this section with calculations comparing transient concentrated heating vs. dis-
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Fig. 12.29—Calculated production in B/D vs. time in days: 10 kW distributed heating (dashed line), 20 kW
distributed heating (continuous line), 10 kW concentrated heating (circles), 20 kW concentrated heating
(squares). No limitations of temperature are imposed. Heating is applied at time, f = 2 days.

tributed low-frequency (60 Hz) heating (according to scheme (b). shown in Fig. 12.4) for
reservoir and well conditions, such as those given in the test case for the Tia Juana field in
western Venezuela.®

Fig. 12.29 shows the production response for both cases of heating at different power lev-
els. It is interesting to see that at low power levels concentrated and distributed heating yield
similar responses. As the applied power increases, the distributed heating case shows a better
response, although it takes a few more days to reach steady state. In any case, the response is
quick, as indicated in most of the field test cases reported.

Fig. 12.30 shows the production response for both cases of heating at a 30 kW power lev-
el. The concentrated heating cases shown correspond to power applied under different control
temperature conditions at the heater. If the temperature exceeds a set point (85°C), the heater is
turned off and then restarted if the temperature decreases. The figure determines the impor-
tance of reporting real field conditions to properly evaluate the different energy gains.

Fig. 12.31 shows the behavior of the temperature as a function of time. The temperature
decrease, observed for the concentrated heating, is because of the increased convection cooling
as the production increases. The energy gains determined from the numerical results in those
cases with no temperature limitations are summarized in Table 12.2.

Additionally, one might note that many control systems for the electrical heating supplies
use nonlinear devices (like silicon control rectifiers) that change the nature of the applied pow-
er sinusoidal waves so that the harmonic content of the applied voltage (or current) waveforms
requires specialized watt meters for the correct evaluation of the applied power levels. The
harmonic content implies that excitations at frequencies differing from the fundamental are
present.

12.5 Field Tests

With few exceptions, we report only the field cases in which applied power was reported to-
gether with the oil production increase so that we can evaluate and compare the energy gains
of the different processes tested.

12.5.1 Southwest Texas Proprietary Lease. Data Reported by Gill.® Year: 1983; type of heat-
ing: distributed heating LF (60 Hz); depth of reservoir: 3,000 ft; oil type: paraffinic and
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Fig. 12.30—Calculated production in B/D vs. time in days: 30 kW distributed heating with no temperature
limitations (continuous line), 30 kW concentrated heating with no temperature limitations (triangles), and
30 kW concentrated heating with heater temperature set at 85°C (circles).

TABLE 12.2—ENERGY GAINS DETERMINED FROM NUMERICAL CALCULATIONS (AFTER
TWO DAYS OF HEATING)

Applied power 10 kW 20 kW 30 kW
EG for distributed heating 66 84 102
EG for concentrated 66 55 49
heating

asphaltic, 11°API; initial production: 0 B/D; final production: 76 B/D with 150 kW applied and
10 B/D with 12 kW; energy gain: 20 x 76/150 = 40 and 20 x 10/12 = 17.

12.5.2 Eastern Utah (Small Independent Company). Data Reported by Gill.'® Year: 1983;
type of heating: distributed heating LF (60 Hz); depth of reservoir: 2,800 ft; oil type: paraffinic
and asphaltic, 22°API; initial production: 4 BOPD, 25 BWPD: final production: 50 BOPD and
10 BWPD with 60 kW energy gain: 20 x 46/60 = 15.

12.5.3 Oil Shales, Avintaquin Canyon, Utah. Data Reported by Sresty.” Year: 1980; type of
heating: distributed HF (5 to 20 kW at 13.56 MHz) applied to electrode systems inserted in the
formation; surface deposits (1 m? excited); final production: 20 gal during a time not specified;
encrgy gain: cannot be computed.

12.5.4 Tar Sands, Asphalt Ridge, Utah. Data Reported by Sresty.”’ Year: 1981; type of heat-
ing: distributed HF (40 to 75 kW at 13.56 MHz) applied to electrode systems inserted in the
formation; surface deposits (25 m? excited); initial production: 0; final production: 8 bbl over a
20-day test period; energy gain: 20 x (8/20)/40 = 0.2.

Comments. The EG calculation assumes that the power reported is the 60 Hz power of the
HF power supply.

12.5.5 South Central Oklahoma. Data Reported by Gill.'° Year: 1983; type of heating: dis-
tributed heating LF (60 Hz); depth of reservoir: 7,200 ft; oil type: 11°API; initial production:
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Fig. 12.31—Temperature in °C at the concentrated heater (located in the well at reservoir depth) vs. time
in days: 30 kW distributed heating with no temperature limitations (continuous line), 30 kW concentrated
heating without temperature limitations (triangles), 30 kW concentrated heating with heater temperature
set at 85°C (circles).

20 BOPD. with concurrent diluent injection; final production: 50 B/D with 56.6 kW and 80
B/D with 100 kW; energy gain = 20 x 30/56.6 = 10.6 and 20 x 60/100 = 12.

12.5.6 Rio Panon, Brazil (Petrobras). Data Reported by Pizarro and Trevisan.*® Year: 1987;
type of heating: distributed LF 60 Hz (well to well); depth of reservoir: about 1.000 ft; net pay
zone thickness: 28 ft; permeability: 4 darcies; porosity: 27%: oil type: density 0.9612; viscosi-
ty: 2,500 cp at reservoir conditions; bottomhole temperature: 37.7°C; bottomhole pressure: 284
psi; initial production: 1.2 B/D; final production: 6.3 B/D at 20 kW and 12.6 kW at 30 kW,
energy gain: 20 x (5.1)/20 = 5.1 and 20 x 11.4/30 = 7.6.

Comments. Test stopped after 70 days of heating because of voltage control system problems.

12.5.7 Sparky Formation, Frog Lake, Canada (Well Owned by Mazzei Oil and Gas Ltd.).
Data Reported by Vinsome et al.'” Year: 1988; type of heating: distributed LF (2 to 60 Hz)
with isolated sections of casing and production tubing with downhole temperature control);
depth of reservoir: 1,270 ft; net pay zone thickness: 18 ft; porosity: 0.25 to 0.35; oil type:
11.5°API; viscosity: 10,000 cp; initial production: 18.8 B/D; final production: 75.4 B/D with
average power of 15 kW, energy gain: 20 x (56.6)/15 = 75.5.

12.5.8 Lloydminster Heavy Oil Reservoirs (Tests at Wildemere, Northminster and Lashburn).
Data Reported by Davison.*® Year: 1989/1990; type of heating: distributed LF (60 Hz) with
isolated casing and downhole temperature control, and tubing heating at Lashburn; oil type:
11.4°API. initial production: 25 B/D (Lashburn); final production: 69 B/D with 15.5 kW (reser-
voir heating) and 50.3 B/D with 24 kW (wellbore heating); energy gain: 20 x 44/15.5 = 56.7
(reservoir heating) and 20 x 25.3/24 = 21 (borehole heating).

Comments. Failure of the projects at Northminster and Lashburn because of casing insula-
tion failures and because of reservoir problems at Wildemere.

12.5.9 Wells JOC-570 and 571, Jobo Field (Near Morichal Eastern Venezuela) of Lagoven-
PDVSA. Data. Year: 1992/1993; type of heating: distributed heating LF (less than 60 Hz one
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phase with isolated sections of casing and production tubing with downhole temperature con-
trol); depth of reservoir: 3,800 ft; net pay zone thickness: 44 ft; resistivity 500 ohm/meter, 22%
water; initial production: JOC-570 125 B/D (with concurrent diluent injection); final production
(JOC-570 with 50 kW and concurrent diluent injection); 470 B/D with a 9 strokes per minute
(SPM) pump, and 240 B/D with a 6 SPM pump; energy gains (JOC-570): 20 x (470-125)/50
= 138 and 20 x (240-125)/50=46; initial production: JOC-571 175 B/D (with concurrent dilu-
ent injection); final production: JOC-571 200 to 350 B/D average and 275 B/D after heating at
30 kW for a very few days); energy gain: JOC-571 20 — (275-175)/30 = 67.

Comments. Both wells were badly sanded, and operations were suspended. There was a
history of short circuits and power supply problems (casing isolation failure suspected).

12.5.10 Dagang Oil Field, China, Well Zao 1269-2. Data Reported by Cheng et al.> Year:
1995; type of heating: LF distributed resistive heating in metallic cable along hollow pump
rods (cable length 2.850 ft) LF; depth of reservoir: 5,898 ft; oil type: heavy: bottomhole temper-
ature: 87°C; initial production: 31.5 B/D; final production: 94.5 B/D with 44.8 kW applied;
energy gain: 20 x 63/44.8 = 28.

Comments. Several wells were reported with no applied power specifications.

12.5.11 Frog Lake, 80 km North of Lloydminster, Alberta, Canada. Data Reported by McGee
et al.*’ Year: 1995; type of heating: distributed resistive LF (60 Hz) in vertical wells and from
horizontal to vertical wells; depth of reservoir: 1,500 ft; net pay zone thickness: 9 to 15 ft;
permeability: 2 darcies; porosity: 35%; oil type: 10-14°API; bottomhole temperature: 20°C;
bottomhole pressure: 2,758 KPa. '

Comments. Various types of problems affected the results—mainly sanding. Cable base
systems, to deliver current to bottom of vertical wells, required a pump location several joints
above the pay-zone. This required use of a tail pipe below the pump, which became filled with
sand over time. Problems with downhole thermocouple measurements (possibly short circuits)
led to the elimination of this downhole measurement. The tubing was used for current trans-
port, but then, the wellhead operated at high voltages. The response of vertical wells suggested
production increases. Horizontal well production did not increase but rather decreased because
of the pump inability to produce the fluids accumulated, since the elements of the electrical
system added to the original completion restricted the available space. The tests proved the
possibility of a floating electrical connection between wells.

12.5.12 Tia Juana Field (Western Venezuela), Well LSE 4622 of Maraven-PDVSA. Data.
Year: 1997; type of heating: concentrated resistive LF (30 kW fed by three-phase 480 volt
rms) rated at 200°F with downhole temperature control; depth of reservoir: 1,040 ft; net pay
zone thickness: 100 ft; permeability: 2 darcies; porosity: 35%; oil type: asphaltic 10°API; vis-
cosity: 19,000 cp at 110°F; bottomhole temperature: 110°F; bottomhole pressure: 350 psi;
initial production: 20 B/D; final production: 40 B/D; energy gain: 20 x 20/30=13.3.

12.6 Summary
The advantages of electrical stimulation of wells and reservoirs are several:

* The production is not interrupted by the application of electrical power.

* It seems more efficient energetically than steam stimulation (although more careful deter-
minations of the energy gain factors should be obtained from fully instrumented field tests).

* It can be used in shallow wells where steam breakthrough can occur.

* Electrical heating does not require the additional investments required for a steam distribu-
tion system because most wells with pumps already have electrical grid connections. In most
cases, the level of electrical power available at the well sites are sufficient to accommodate a
higher power requirement.
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» The widespread application of electrical submersible pumps (operating at high voltages)
has generalized the knowledge required for electrical cable installations in oil installations, mak-
ing it a routine process.

Further considerations on electrical heating are:

» The use of electricity, generated in plants that use fossil fuels, to increase oil production
may seem contradictory, but it certainly should be used if it is energetically more efficient than
steam stimulation.

» Many concentrated resistive heaters have been installed without temperature control. As
the temperature increased because of gas flow (for example). the heaters failed. The required
additional connections to downhole temperature detectors (metal resistances or thermocouples)
complicate the installation of these heaters but their use is necessary.

» Distributed heating has been associated with the need for isolated sections of casing and
production tubing (epoxy filled fiberglass structures), which are inherently weak under regular
oil field usage. Additionally, water slug flow may tend to short-circuit some of these systems
with the corresponding failures.

* Distributed resistance heating, although originally considered for high-frequency excita-
tions, is in fact mostly used at a low-frequencies (close to 60 Hz).

* Very few modeling studies compared the transient response of concentrated vs. distributed
heaters (and certainly no field comparison of the two methods has been carried out under simi-
lar conditions).

« Electrical heating requires a multidisciplinary approach, and many producers limit electri-
cal engineering personnel activities to power generation and distribution. The application of
electrical heating in the oil industry, if at all considered. is not a significant topic covered in
electrical engineering university programs. This is so even in those countries where the econo-
my depends significantly on heavy and extra-heavy oil production.

12.7 Future Technology Development

Although distributed low-frequency (60 Hz) heating critically depends on isolated casing and
tubing sections (with doubtful field behavior), new connection designs and the development of
new materials should improve the potential of this application.

Concentrated low-frequency resistive heaters will certainly continue to be used to improve
heavy oil production. Downhole thermocouple or resistance thermometers might be replaced
with surface control systems in which the temperature can be inferred without additional con-
nections to the reservoir, thus, simplifying the installation of the heaters.

Very few low-frequency heating systems (distributed or concentrated) are purchased on the
basis of regular reservoir/well requirements, as they still considered as experimental. The heater
power and the size of the corresponding power supplies are generally overestimated, resulting
in higher costs.

Very little use has been made of concentrated inductive heaters. Those used were devel-
oped from resistive heating system designs and operated at low frequency.®™ Future designs and
field evaluations should establish if the efficiency and useful lifetime of these heaters is better
than those of resistive heaters.

High-frequency (300 MHz to 300 GHz) microwave heating has not been extensively field
tested. It may be a very good option for the heating of the metallic portions of a well because
the circular production tubing can be used as a waveguide with losses. Thus, part of the heat,
generated in the metallic walls, is transferred to the surroundings by conduction and convec-
tion. The waveguide (or coaxial cable) connections to the reservoir can be excited at different
frequencies to obtain different heating profiles in the well walls and in the reservoir.

The nature of the additional high-frequency wave attenuation, because of the threaded pro-
duction tubing connections, should be measured experimentally. In principle, these disruptions
should not be significant because their dimensions are much smaller than that of the wave-
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length of the propagating waves. Coiled-tubing microwave transmission should also be evaluat-
ed experimentally. in view of the possible wave reflections caused by the changes in the inner
diameter of the tubing.

Electrical power losses in steel pipes used in the petroleum industry, either due to low fre-
quency conduction currents, to induced Eddy currents and other losses in the pipes,® or to high-
frequency radiation transmitted through the pipe used as a waveguide, can be helpful in
improving the oil flow in the pipe and avoiding deposits.

The optimal termination of a high-frequency transmission system to the reservoir material
so as to achieve maximum power transfer is still a complex problem of antenna design in dissi-
pative media.”**

Finally, if electrical heating systems are used, the existence of electrical connections from
the surface to the reservoir could be exploited fully in the development of downhole instrumen-
tation systems. '

Nomenclature
a = radius of circular waveguide
A = surface

A,, A = integration constants
A, A, = constants for liquid hydrocarbon
B = magnetic density vector
¢ = compressibility

C, = specific heat at constant pressure
C, = electrical capacitance along the » axis
C, = electrical capacitance along the z axis
CT = thermal capacitance
CV = fluid capacitance
D = electric density vector
E = electric field vector
EG = power (energy) gain
J = frequency, Hz
H = magnetic field vector

H (2),Ifé2) = Hankel functions
? = unit vector

I = electrical current, amperes
Icr = thermal convection current in the r direction
Icz = thermal convection current in the z direction
IVexc = excitation current for the fluid model
ITexc = excitation current for the thermal model
J = imaginary numbers unit
Jo.J; = Bessel functions of complex arguments
J = vector current density
k = permeability, darcy
Ky = thermal conductivity
L = distance
P = space and time-dependent pressure, Pa
Pyyy = electrical power per unit volume, watts/m?

Ppya = electrical power per unit area, watts/m?

P,m = constants due to waveguide TM boundary conditions
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constants due to waveguide TE boundary conditions
applied electrical power, kW
time-dependent oil production

heat energy flow per unit area and per unit time

= mass fluid flow per unit area and per unit time

= cylindrical coordinates

inner and outer coaxial radii
well pipe radius

complex Poynting vector

time

absolute temperature, Kelvin

waveguide transverse electric mode
waveguide transverse magnetic mode

fluid velocity

volume

component of fluid velocity along the » axis
component of fluid velocity along the z axis
wave velocity in free space, 3.0 x 10** m/s
Cartesian coordinates

electrical conductance along the r axis
clectrical conductance along the z axis
thermal conductance along the r axis

= thermal conductance along the z axis

= fluid conductance along the r axis

fluid conductance along the z axis

wave impedance

free space wave impedance. 377 ohm
attenuation constant

coaxial cable attenuation due to dielectric losses

coaxial cable attenuation due to wall metallic losses

waveguide attenuation due to wall metallic losses for TE modes
waveguide attenuation due to wall metallic losses for TM modes
real propagation constant

waveguide TM propagation constant

= waveguide TE propagation constant

propagation constant
propagation constant for free space

= propagation constant for coaxial cable

skin depth

increase in oil production, SBLD
permittivity

free space permittivity, 8,854 x 101 farad/m

= real part of the permittivity

imaginary part of the permittivity
process efficiency
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Subscripts

thermal diffusivity

cutoff wavelength for waveguide TE11 mode
viscosity

real part of the magnetic permeability

= imaginary part of the magnetic permeability

magnetic permeability

free space magnetic permeability, 4z x 10~ henry/m
temperature-dependent viscosity

density of hydrocarbon

electrical charge per unit volume

= conductivity

real part of the conductivity
imaginary part of the conductivity
metal conductivity

metal wall conductivity

= kinematic viscosity

porosity

= potential, volts

angular frequency. radians/s
cutoff frequency for TM modes

cutoff frequency for TE modes

a = inner radius

b = outer radius

#, ¢, z = cylindrical coordinates
x, v, z = Cartesian coordinates
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