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[57] ABSTRACT

A system and method provide for preferential in situ
heating of earth formations. A plurality of elongated
conductive electrodes are emplaced in earth formations
in respective spaced rows bounding a particular volume
of the earth formations and forming a transmission line,
preferably a triplate line, extending in the direction of
the electrodes with the particular volume of the earth
formations providing a dielectric medium between re-
spective rows of electrodes. Electromagnetic energy is
supplied to the transmission line at a frequency at which
the spacing between respective rows is less than about
twice the skin depth at the frequency of the applied
energy. Reactance means are disposed along respective
electrodes to provide predetermined effective transmis-
sion line characteristics to develop a predetermined
heating pattern in the earth formations. The reactance
means may be reactances disposed discretely between
sections of respective electrodes. The reactance means
may also be disposed between respective electrodes and
the earth formation, as by a dielectric coating. A heat-
ing pattern may be developed to heat hydrocarbon rich
deposits preferentially.

22 Claims, 12 Drawing Figures
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APPARATUS AND METHOD FOR IN SITU
CONTROLLED HEAT PROCESSING OF
HYDROCARBONACEOUS FORMATIONS WITH A
CONTROLLED PARAMETER LINE

BACKGROUND OF THE INVENTION

This invention relates to the recovery of marketable
products such as oil and gas from hydrocarbon bearing
deposits such as oil shale or tar sand by the application
of electromagnetic energy to heat the deposits. More
specifically, the invention relates to a method and sys-
tem including use of a high power radio frequency
signal generator and an arrangement of elongated elec-
trodes inserted in the earth formations for applying
electromagnetic energy to provide controlled heating
of the formations. Still more particularly, the invention
relates to such method and system wherein reactive
elements are disposed along respective elongated elec-
trodes to provide predetermined characteristics for the
transmission line formed thereby so as to develop a
predetermined heating pattern

Materials such as oil shale, tar sands, and coal are
amenable to heat processing to produce gases and hy-
drocarbonaceous liquids Generally, the heat develops
the porosity, permeability and/or mobility necessary
for recovery. Oil shale is a sedimentary rock which,
upon pyrolysis or distillation, yields a condensable lig-
uid, referred to as shale oil, and noncondensable gaseous
hydrocarbons. The condensable liquid may be refined
into products which resemble petroleum products. Tar
sand is an erratic mixture of sand, water and bitumen
with the bitumen typically present as a film around
water-enveloped sand particles. Using various types of
heat processing, the bitumen can be separated. Also, as
is well known, coal gas and other useful products can be
obtained from coal using heat processing.

In the destructive distillation of oil shale or other
solid or semisolid hydrocarbonaceous materials, the
solid material is heated to an appropriate temperature
and the emitted products are recovered. The desired
organic constituent of oil shale, known as kerogen,
constitutes a relatively small percentage of the bulk
shale material, so very large volumes of shale need to be
heated to elevated temperatures in order to yield rela-
tively small amounts of useful end products. The han-
dling of the large amounts of material is, in itself, a
problem, as is the disposal of wastes. Also, substantial
energy is needed to heat the shale, and the efficiency of
the heating process and the need for relatively uniform
and rapid heating have been limiting factors on success.
In the case of tar sands, the volume of material to be
handled, as compared to the amount of recovered prod-
uct, is again relatively large, since bitumen typically
constitutes only about ten percent of the total, by
weight. Material handling of tar sands is particularly
difficult even under the best of conditions, and the prob-
lems of waste disposal are, of course, present there, too.

A number of proposals have been made for in situ
methods of processing hydrocarbonaceous deposits and
recovering valuable products therefrom. Such methods
may involve underground heating or retorting of mate-
rial in place, with little or no mining or disposal of solid
material in the formation. Valuable constituents of the
formation, including heated liquids of reduced viscos-
ity, may be drawn to the surface by a pumping system
or forced to the surface by injecting another substance
into the formation. It is important to the success of such
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methods that the amount of energy required to effect
the extraction be minimized.

It has been known to heat relatively large volumes of
hydrocarbonaceous formations in situ using radio fre-
quency energy. This is disclosed in Bridges and Taflove
U.S. Pat. No. Re. 30,738. That patent discloses a system
and method for in situ heat processing of hydrocarbona-
ceous earth formations wherein a plurality of conduc-
tive means are inserted in the formations and bound a
particular volume of the formations. As used therein,
the term “bounding a particular volume” was intended
to mean that the volume was enclosed on at least two
sides thereof In the most practical implementations, the
enclosed sides were enclosed in an electrical sense, and
the conductors forming a particular side could be an
array of spaced conductors. Electrical excitation means
were provided for establishing alternating electric fields
in the volume. The frequency of the excitation means
was selected as a function of the dimensions of the
bounded volume so as to establish a substantially nonra-
diating electric field which was substantially confined
in said volume. In this manner, volumetric dielectric
heating of the formations occurred to effect approxi-
mately uniform heating of the volume.

In the preferred embodiment of the system described
in that patent, the frequency of the excitation was in the
radio frequency range and had a frequency between
about 1 MHz and 40 MHz. In that embodiment, the
conductive means comprised conductors disposed in
respective opposing spaced rows of boreholes in the
formations. One structure employed three spaced rows
of conductors which formed a triplate-type of transmis-
sion line with the formations as the dielectric between
conductors. Particularly as the energy was coupled to
the formations (dielectric) from electric fields created
between respective conductors, such conductors were,
and are, often referred to as electrodes.

The reissue patent disclosed the imposition of stand-
ing electromagnetic waves on the electrodes embedded
in the formations. Such standing waves create a sinusoi-
dally varying electric field along the length of the trans-
mission line formed by the electrodes, with peaks and
nodes separated by a distance equal to one quarter of
the wavelength (A/4) of the signal applied to the elec-
trodes. This, in turn, creates a heating power which
varies in strength along the length of the electrodes and
which, consequently, gives rise to heating and tempera-
ture variations along the length of the electrodes. As it
was desired to provide relatively uniform heating, the
system disclosed in that patent provided compensation
for such variations in the following ways: (1) by modi-
fying the phase or frequency of the excitation signal,
and (2) by decreasing the effective insertion depth of
some of the conductors either by pulling some of the
conductors part way out of the formation or by employ-
ing small explosive charges to sever end segments of the
conductors. In addition, as was stated at column 12,
lines 43 to 62, capacitive loading could be employed to
minimize standing wave amplitude reduction effects, as,
for example, by inserting capacitors at regular intervals
along the central electrodes for partially canceling the
effective series inductance of the center conductors.

In copending application Ser. No. 343,903, filed Jan.
29, 1982 by Bridges and Taflove for Apparatus and
Method for In Situ Controlled ,Heat Processing of Hy-
drocarbonaceous Formations now U.S. Pat. No.
4,449,585, issued May 22, 1984, and commonly assigned,
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there was disclosed an improvement on the method and
system of the reissue patent wherein power was applied
at one end of the transmission line and the termination
of the distal end of the line was controlled. Terminating
one end of the structure with different impedances at
different times produced electric field standing waves
of different respective phase at that end at the selected
frequency. In certain embodiments the difference in
phase of the standing waves was made substantially 90°
in order that the resultant heating effects for the two
respective standing waves be 180° out of phase. At least
where the dielectric properties of the formations were
relatively uniform, the combined effect of such change
of phase was thus to provide substantially uniform heat-
ing when the product of the amplitude-squared of the
electric field standing wave and the dwell time in the
respective phase was substantially the same in the two
modes. Such 90° phase shift might be effected by termi-
nating the line alternately with substantially effectively
open and short circuits. Pure resistive and pure reactive
loads and combination resistive and reactive loads
might also be used.

The copending application Ser. No. 343,903 also
contemplated a number of desired controlled heating
patterns in addition to uniform. These were achieved by
utilizing different dwell times and/or different ampli-
tudes of electric field for the different respective stand-
ing wave patterns. The use of different frequencies
provided further flexibility in the heating patterns that
could be established, particularly where the line was
terminated differently at the respective frequencies.
Also contemplated was the application of electromag-
netic energy at different frequencies at the same time
while terminating the line differently at the different
frequencies to provide a particular programmed heating
pattern.

SUMMARY OF THE INVENTION

The present invention is an improvement upon the
system and method described in U.S. Pat. No. Re.
30,738, utilizing the same sort of triplate transmission
line. The teachings of that reissue patent are hereby
incorporated herein by reference.

The present invention provides improved techniques
for electromagnetically heating hydrocarbonaceous
deposits. The reissue patent disclosed methods wherein
the deposit could be uniformly heated by time averag-
ing heat fields in a waveguide without substantial radia-
tion. Like the subject matter of copending application
Ser. No. 343,903, the present invention seeks to improve
this by providing more control over the heating process
to compensate for deposit heterogeneities, such as vari-
ations in dielectric properties with temperature or loca-
tion, and spatial variations in density and heat require-
ments. Further, the invention has the ability to vary the
heating of formations along the axis of propagation
selectively so as to avoid heating barren zones, or to
allow certain portions of the deposit to be produced
earlier to equalize production rates. These improve-
ments are achieved by inserting reactive elements along
the electrodes in series and/or in shunt.

In the system and method of the present invention for
the controlled in situ heat processing of hydrocarbona-
ceous earth formations, a plurality of electrodes are
emplaced in respective spaced rows in a particular vol-
ume of hydrocarbonaceous material in a pattern which
bounds the volume and defines a transmission line hav-
ing the bounded volume as a dielectric medium
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bounded therein and which is configured such that the
direction of propagation of aggregate modes of wave
propagation therein is approximately parallel to the
elongate axes of the electrodes. Electromagnetic energy
is supplied to the transmission line at a frequency at
which the spacing between respective rows of elec-
trodes is less than about twice the skin depth at the
frequency of the applied-energy. The skin depth is the
reciprocal of the attenuation constant a of the earth
medium. The frequency is further selected to confine
the electromagnetic energy substantially in the struc-
ture and to dissipate the electromagnetic energy sub-
stantially to the earth formations. In accordance with
the present invention reactive elements are added along
the line to control the characteristics of the line, namely
its characteristic impedance and its propagation con-
stant . Series elements are inserted at particular inter-
vals by dividing the respective electrodes into discrete
sections and inserting reactive elements between sec-
tions. It may also be possible to apply distributed ele-
ments. Shunt elements may be inserted between the
electrodes and the surrounding strata. Such added reac-
tive elements provide a controlled parameter line tai-
lored to particular formations. This permits application
of a controlled heating pattern. The present invention
may be used to control the attenuation of the applied
power to permit the uniform heating of highly absorb-
ing deposits, such as moist tar sands. This also permits
maintenance of a substantially constant characteristic
impedance along the line so as to preclude unwanted
reflections.

Thus, one aspect of the invention is to provide con-
trolled heating patterns in hydrocarbonaceous earth
formations by the controlled application of electromag-
netic energy utilizing standing waves. However, in
contrast to the system and method disclosed in the co-
pending application Ser. No. 343,903, where controlled
heating was achieved by changing the termination im-
pedance and dwell times, the present invention does not
require access to the distal end of the line or the use of
multiple mode standing waves and related dwell times.
Thus a principal aspect of this invention is to provide
predetermined heating patterns by controlling the char-
acteristics of a transmission line disposed in the earth by
appropriate insertion of reactive elements in series and-
/or in shunt.

These and other aspects, objects and advantages of
the present invention will become apparent from the
following detailed description, particularly when taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a diagrammatic illustration of a plan view of
a triplate transmission line disposed in earth formations
for application of the present invention;

FIG. 2 is a diagrammatic illustration of a sectional
view of the structure illustrated in FIG. 1, taken along
line 2—2 in FIG. 1;

FIG. 3 is a diagrammatic illustration of a sectional
view of the structure illustrated in FIG. 1, taken along
line 3—3 in FIG. 1;

FIG. 4A is an enlarged diagrammatic illustration of a
sectional view of a portion of a triplate transmission line
disposed in accordance with the prior art without the
insertion of reactive elements in accordance with the
present invention, such view corresponding to the sec-
tion taken in FIG, 2;
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FIG. 4B is a diagrammatic illustration of the effective
equivalent electrical circuit of the portion of the trans-
mission line shown in FIG. 4A,;

FIG. 5A is a diagrammatic illustration of the portion
of the transmission line as shown in FIG. 4A upon the
insertion of reactive elements in accordance with the
present invention;

FIG. 5B is a diagrammatic illustration of the effective
equivalent circuit of the portion of the transmission line
shown in FIG. 5A;

FIG. 6A is an enlarged diagrammatic illustration,
corresponding to FIG. 2, of a typical application of the
present invention, with reactive impedances inserted in
the excitor electrodes of the transmission line to effect
substantially uniform heating of hydrocarbon rich for-
mations and relatively little heating of lean formations
and the overburden;

FIG. 6B is an illustration of the applied electric field
developed by a transmission line as shown in FIG. 6A
without the inserted reactive impedances;

FIG. 6C is an illustration of the applied electric field
developed by the transmission line shown in FIG. 6A
upon the insertion of reactive impedances in accordance
with the present invention;

FIG. 7 is a vertical sectional view of a portion of a
horizontal triplate line, corresponding to the section
shown in FIG. 2, wherein impedances are added to the
outer electrodes to effect a preselected heating pattern;
and

FIG. 8 is a vertical sectional view of a portion of a
triplate line, corresponding to the section shown in
FIG. 2, wherein coatings around the excitor electrodes
effect a preselected heating pattern.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention will be described primarily in
respect to its application to a triplate transmission line as
disclosed in Bridges and Taflove U.S. Pat. No. Re.
30,738. In FIGS. 1, 2 and 3 herein is illustrated a simpli-
fied construction of a triplate transmission line 6, partic-
ularly a line as shown in FIGS. 4A, 4B and 4C of the
reissue patent utilizing rows of discrete electrodes to
form the triplate line.

FIG. 1 shows a plan view of the triplate transmission
line 6 emplaced in the earth in three parallel rows of
boreholes 10 with elongated tubular electrodes 12, 14,
16 placed in the boreholes of respective rows. The indi-
vidual elongated tubular electrodes 12, 14, 16 are placed
in respective boreholes 10 that are drilled in relatively
closely spaced relationship to form outer rows desig-
nated as row 1 and row 3, and a central row designated
as row 2, with electrodes 12 in row 1, electrodes 14 in
row 2 and electrodes 16 in row 3. The rows are spaced
far apart relative to the spacing of adjacent electrodes of
a row. FIG. 2 shows one electrode of each row. FIG. 3
illustrates the electrodes 14 of the central row, row 2. In
the embodiment shown, the boreholes 10 are drilled
into the earth and the electrodes 12, 14, 16 are emplaced
therein. After insertion of the electrodes 12, 14, 16 into
the respective boreholes 10, the electrodes 14 of row 2
are electrically connected together and coupled to one
terminal of a matching network 18. The electrodes 12,
16 of the outer rows are also connected together and
coupled to the other terminal of the matching network
18. Power is applied to the transmission line 6 formed
by the electrodes 12, 14, 16, preferably at radio fre-
quency. Power is applied to the structure from a power
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supply 20 through the matching network 18, which acts
to match the power source 20 to the transmission line 6
for efficient coupling of power into the line. The elec-
trodes 12, 16 are at substantially ground potential.

The boreholes 10 and the respective electrodes 12, 14,
16 extend from the earth’s surface 22 through the over-
burden 24 and into hydrocarbon rich formations 26 and
28, which may be in layers interspersed with a lean
formation 30 and with barren rock 32 below. In general
the electrodes will extend through or nearly through
the rich layers 26 and 28 of interest to or into the under-
lying barren rock 32.

The zone heated by applied energy is approximately
that bounded by the electrodes 12, 16 and the end elec-
trodes 14 of row 2. The electrodes 12, 14 16 of the
transmission line 6 provide an effective confining wave-
guide structure for the alternating electric fields estab-
lished by the electromagnetic excitation.

The use of an array of elongated cylindrical elec-
trodes 12, 14, 16 to form a field confining transmission
line 6 is advantageous in that installation of these units
in boreholes 10 is more economical than, for example,
installation of continuous plane sheets on the boundaries
of the volume to be heated in situ. Also, enhanced elec-
tric fields in the vicinities of the borehole electrodes 12,
14, 16 through which recovery of the hydrocarbonous
fluids ultimately occurs, is actually a benefit (even
though it represents a degree of heating non-uniformity
in a system where even heating is striven for) as the
formations near the borehole electrodes will be heated
first. This helps create initial permeability and porosity,
which facilitates orderly recovery of fluids as the over-
all bounded volume later rises in temperature. To
achieve field confinement, the spacing between adja-
cent electrodes of a respective row should be less than
about a quarter wavelength and, preferably, less than
about an eighth of a wavelength.

Very large volumes of hydrocarbonaceous deposits
can be heat processed using the described technique, for
example, volumes of the order of 10° to 106 m3 of oil
shale. Large blocks can, if desired, be processed in se-
quence by extending the lengths of the rows of bore-
holes 10 and electrodes 12, 14, 16. Further field confine-
ment can be provided by adding conductors in bore-
holes at the ends of the rows to form a shielding struc-
ture.

Comparison of FIGS. 4A and 4B with FIGS. 5A and
5B illustrates the general case of the present invention.
In FIG. 4A is illustrated diagrammatically a part of a
triplate transmission line 6 formed of excitor electrodes
14 and guard electrodes 12 and 16 inserted in the earth
formations and in intimate contact therewith so that the
earth formations form a dielectric medium 34 in which
the transmission line 6 is disposed. The line is actually
distributed impedances, but the effective equivalent
circuit for such transmission line is often approximated,
as shown in FIG. 4B, by a plurality of discrete lumped
impedances Z in series, with their junctions shunted to
the grounded guard electrodes by discrete lumped ad-
mittances Y, shown as shunt impedances. The propaga-
tion constant 7y of the line is then:

y=a+jB=(Z1Ypt m
where a is the attenuation constant and 8 is the phase
constant, and the characteristic impedance Z, is:

Zo=(Z1/Y )} ()]
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As shown diagrammatically in FIG. 5A, in accor-
dance with the present invention discrete reactive im-
pedances 36, each having impedance Z;, are inserted in
series between sections 37 of the excitor electrodes at
spaced locations along the line, and discrete reactive
impedances 38, each having impedance Z,, are added at
locations along the line between the center electrodes
14 and the dielectric 34. Such arrangement has an effec-
tive equivalent circuit as shown in FIG. 5B wherein
each impedance Z; has an impedance Z; in series there-
with and each shunt impedance 1/Y has an impedance
Z, in series therewith. The propagation constant y of
such line is then:

y=0+if=(Z+ZJZy+1/Y) "} 3

and its characteristic impedance Z, is

Zo=(Z1+ ZIHZy+ 1/ YDA @

The purpose of disposing reactances along the trans-
mission line is to provide predetermined transmission
line characteristics so as to provide a preselected heat-
ing pattern, such as one that preferentially heats hydro-
carbon rich formations. Ideally this would involve the
use of very many reactive elements inserted in the line
as to approximate closely the distributed reactance of a
desired transmission line. However, for practical pur-
poses, a relatively few discrete elements may be em-
placed to achieve a suitable result, e.g., preferential
heating of certain formations. In general the spacing
between such discrete reactances should be signifi-
cantly shorter than a quarter wave length (A/4) of the
standing wave. In this case, the performance will be
about the same as with distributed impedance, except
that discontinuities in the electric field in the deposit
will be observable near where the reactors are inserted.
A distributed impedance may be approximated as
closely as desired by inserting suitable impedances at
suitably close spacing.

In some cases it may be possible and desirable to
insert a single large reactance rather than a series of
distributed reactances. An objective of such a large
insertion would be to transform the state of the standing
waves from, say, a high impedance (large line voltage,
low line current) state to a low impedance (low line
voltage, high current) state. This can be done provided
the larger value of discontinuity is acceptable or appro-
priate impedance adjustments are made elsewhere in the
line.

FIGS. 6A, 6B and 6C illustrate the effect of the inser-
tion of particular discrete reactive impedances 36 in the
excitor electrodes 14 at certain spaced locations along
the line to effect substantially uniform heating of the
rich deposits 26, 28 while effecting relatively little heat-
ing of the lean deposit 30, the overburden 24, or the
barren rock 32. In the specific embodiment illustraied,
discrete capacitors 40 are the reactances 36 inserted in
series between sections 37 of the excitor electrodes 14 at
spaced locations in respective earth formations. Dis-
crete inductors 44 are the reactances 36 inserted be-
tween sections 37 of the excitor electrodes 14 at the
interfaces between the different earth formations.

The effect of such series impedances is evident from
consideration of the characteristic Equations (3) and (4)
above and is illustrated by comparison of the curves of
FIGS. 6B and 6C. FIG. 6B shows the standing wave 42
produced in the formations in the absence of the in-
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serted series impedances 36, and FIG. 6C shows the
standing wave 45 produced upon their insertion. For
the purposes of illustration, the standing wave 45 of
FIG. 6C is for the case where there are very many
capacitances 40 (more than illustrated in FIG. 6A) in-
serted at relatively closely spaced intervals to approxi-
mate distributed impedances. With fewer capacitances,
the curve would be bumpier. However, the ideal rela-
tionship can be approached as closely as desired by
inserting more capacitances at closer spacing. Similarly,
the curve of FIG. 6C assumes more distributed induc-
tances at the interfaces between formations.

For a simple explanation of the phenomenon
whereby the electric field remains relatively high and
constant over the rich deposits 26 and 30 and relatively
low and constant over the lean deposit 28 and the over-
burden 24, reference may be made to Equation (3).
Assuming the extreme case of a perfectly conducting
line in a lossless dielectric medium, which is not far
from reality in many cases, Equation (3) reduces to

y=iB=wlLC) &)
where o is the frequency in radians per second, L is the
series inductance of the line, and C the shunt capaci-
tance. The insertion of capacitance 40 has the effect of
offsetting the series inductance L, making the phase
constant 3 smaller and consequently making the wave-
length + of the standing wave greater, the relationship
being:

B=2m/\ (6

Maintaining a relatively small phase constant by in-
sertion of capacitors of appropriate capacitance hence
maintains a relatively long standing wave which thus
provides a relatively constant applied voltage over the
respective formations. This permits a constant exciting
voltage to be applied to the hydrocarbon rich forma-
tions 26 and 28 as shown at sections 45a and 45b of the
standing wave 45.

In order to provide less heat to the lean formation 30
and the overburden 24, the series inductors 44 are in-
serted at the interfaces between formations. The effect
of series inductance is to increase the phase constant 3
according to Equation (5) and hence to decrease the
wavelength of the standing wave. By inserting induc-
tors of appropriate inductance, the standing wave may
be caused to advance a quarter wavelength in a short
space (section 45¢) in going from the rich deposit 28 to
the lean deposit 30 so as to drop the applied exciting
voltage at the lean deposit 30 to near zero, providing
little heat to the lean deposit.

Series capacitors 40 in the lean deposit 30 hold the
section 454 of the standing wave near zero. At the inter-
face between the lean deposit 30 and the rich deposit 26,
inductors 44 again provide a rapid advance in the phase
of the standing wave 45 (section 45¢) to apply a rela-
tively high exciting voltage to the rich deposit 26. Series
capacitors 40 in the rich deposit 26 hold the standing
wave (section 45b) near maximum. At the interface
between the rich deposit 26 and the overburden 24,
inductors 44 again provide a rapid advance in the phase
of the standing wave (section 45/f) so as to drop the
applied voltage near zero, where it is kept by series
capacitors 40 in the overburden 24 (section 45g).
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Another way of looking at the effect of the series
capacitors 40 and inductors 44 is that they effectively
stretch and compress the standing wave shown in FIG.
6B. The peaks (sections 45a and 45b) and zero crossings
(sections 454 and 45g) are stretched and the transitions
(sections 45¢, 45¢ and 45f) are compressed.

As noted above, the simple arrangement just de-
scribed may produce undesirable discontinuities in the
line. That is, the discrete inductors 44 provide substan-
tial changes in the characteristic impedance of the line.
These discontinuities could produce substantial reflec-
tions at the discontinuities. Such reflections of the ap-
plied energy could distort the standing waves and keep
much of the energy from reaching the end of the line.
To avoid such reflections, depending upon the electri-
cal parameters of the deposit shunt inductors 46 may be
inserted at the series inductors 44, between the elec-
trodes 14 and the surrounding dielectric 34. In accor-
dance with Equation (4), the insertion of such shunt
inductors 46 changes the characteristic impedance Z, at
the series inductors 44. Appropriate shunt inductance
can make the characteristic impedance there match
closely enough the characteristic impedance in the re-
gions of the series capacitors 40 so as to make reflections
relatively inconsequential.

In FIG. 7 is illustrated a form of the invention useful
where the triplate line is asymmetrically positioned in
earth formations. More particularly, in FIG. 7 is shown
a horizontally disposed triplate line where the upper
ground electrodes 16 and the excitor electrodes 14 en-
compass a relatively loss-free, low dielectric constant
layer 52, while the excitor electrodes 14 and the lower
ground electrodes 12 encompass a somewhat more
lossy, higher dielectric constant layer 54. As a conse-
quence the possiblity exists for interfering modes; that
is, a wave in the upper layer 52 may experience different
absorption and phase delay than a wave in the lower
layer 54. This can lead to undesired deviations from the
desired heating pattern.

To mitigate the problem, a shunt impedance 38 in the
form of a dielectric sheath 48 may be placed around
each of the ground electrodes 12, 16, with the sheath
emcompassing the lower ground electrodes 12 being of
greater thickness. Assuming that the dielectric is nearly
loss-free, the increased thickness will in effect reduce
both the propagation loss and the phase delay and allow
equalization of behavior. A related problem can be
experienced in very lossy deposits, wherein the propa-
gation loss along a line in nearly intimate contact with
the earth media may be too high for the preassigned
operating frequency. While lowering the operating
frequency could reduce the propagation loss to an ac-
ceptable value, this option is not always available. Fur-
thermore, it may be desirable to operate at a higher
frequency such that standing waves are created to heat
certain segments or layers of the deposit selectively.

To decrease the propagation loss along the line, the
electrodes can be sheathed by a relatively loss-free di-
electric. Although a lossy dielectric could be employed,
the excess heating of this material often produces no
direct benefit, unless preferential heating near the elec-
trodes is desired. The sheathes 48 may be as shown in
FIG. 7; however, in general, it is appropriate to sheathe
only the excitor electrodes 14. Insertion of a dielectric
sheath reduces the propagation losses () along the line
and also decreases the phase delay (8). In this case, the
objective of sheathing the electrodes is to reduce the
propagation losses rather than to mitigate the effects of
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excessive field near the electrodes as may be achieved in
the manner disclosed in the co-pending application Ser.
No. 363,765, filed Mar. 31, 1982 by Bridges and Taflove
for Mitigation of Radio Frequency Electric Field Peak-
ing in Controlled Heat Processing of Hydrocarbona-
ceous Formations In Situ, now U.S. Pat. No. 4,476,926,
issued Oct. 16, 1984. When breakdown migitation is not
required, the dielectric parameters and sheath thickness
can be considerably different than the parameters and
dimensions required to prevent breakdown. The thick-
ness can then be very thin and the dielectric strength of
normal value. On the other hand, propagation control
and dielectric breakdown suppression can be simulta-
neously engineered when both breakdown suppression
and propagation control are desired.

In more or less homogenous deposits which are ex-
cessively lossy, some reduction of the propagation
losses are desired. However, optimum ranges may exist
for this reduction, depending on whether the line is
excited from one end or both ends. If the losses along
the line are insufficient, then excessive voltages and
fields will be required to develop the required heating
levels. On the other hand, if the losses along the line are
excessive, then only the portion of the deposit next to
the excited electrodes 14 will be heated. For a line of
length L and fed at one end, aL should preferably range
between 0.005 and 1 nepers. In the case of lines fed from
both ends, the preferred range can be increased from
0.01 to 2 nepers. The foregoing has assumed a uniform
thickness of the dielectric sheath along the length of the
deposit. On the other hand, nonuniform spatial distribu-
tion of thickness can be utilized:

(1) in a homogenous deposit to equalize the electric
field strength along the line in the deposit; and

(2) in a heterogenous deposit to develop a prescribed
heating pattern, generally to compensate for a different
heat requirement in the deposit itself and to avoid heat-
ing barren layers.

In case (1) the thickness of the dielectric sheath is
increased (or its relative dielectric constant reduced)
relative to the thickness at the distal end. This causes
less absorption due to reduced attenuation a near the
feed relative to the distal end. As a consequence, some
mitigation of excessive fields near the feed end is possi-
ble while maintaining a high average absorption and
roughly equal field intensities along the line.

In case (2) it is desired to control the heating such that
different heating rates are developed in different layers
of the deposit. By varying the ratio t/e of the thickness
t of the dielectric sheath to its dielectric constant ¢, it is
possible to control the absorption as the wave pro-
gresses down the line. To decrease the absorption
(lower the heating), t/€ should be made large. To in-
crease the heating, t/e should be made small. A small
capacitance capacitor inserted between the electrode
and the deposit will decrease a and 8. The smaller the
capacitance, the greater the decreases in a and 8. In
other words, a small capacitance increases the voltage
drop in the lossless dielectric of the sheath and thereby
reduces the electric field in the deposit.

In FIG. 8 isillustrated the case where the thickness of
the sheath 48 is varied along the line to vary the heating
pattern in this manner. To assure coupling to the forma-
tions while making the electrodes 14 of constant diame-
ter in boreholes 10 of constant diameter, conductive
elements 50, which may simply be saltwater, may be
disposed between the thinner sheathes 48 and the sur-
rounding walls of the respective boreholes 10.
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In the case of the example of FIG. 8, reflections or
discontinuances will occur at change points in the t/e
ratio. Two ways to mitigate the effect of such reflec-
tions are:

(1) Insert additional impedances to maintain a nearly
constant characteristic impedance Z,.

(2) Choose a very low frequency of excitation in
combination with the propagation phase constant 3,
such that @ times line length is less than two radians.
This causes the line to act more as a unit, or simple
lumped element, and not as a distributed line.

The impedances 36 and 38 that are added to the trans-
mission line 6 are reactive impedances, that is, inductors
or capacitors, as any substantial resistance would dissi-
pate energy wastefully. That is not to say that some
resistance is not tolerable, and some resistance is un-
avoidable. The term reactance or reactive impedance
thus encompasses impedances that are primarily capaci-
tive or inductive without substantial resistance.

The capacitors and inductors used for the impedances
36 and 38 may be conventional, although they may take
particular configurations to meet space requirements.
As the frequencies contemplated are relatively high, the
inductors and capacitors may be relatively small while
providing the desired impedances. For example, the
series capacitors may be simple parallel plate capacitors,
open circuit lines or series LC circuits at a particular
operating frequency. The series inductance may be
simple coils or short circuited lines. Shunt inductors
may be simple spring clips of some length which
contact the deposit and the respective electrodes, or
they may be series LC inserts at a particular operating
frequency. Shunt capacitance may be provided by di-
electric coatings on the respective electrodes.

There are thus a number of aspects of the present
invention that provide improved controlled electro-
magnetic heating of hydrocarbonaceous deposits in situ.
Provision is made for more uniform heating of certain
deposits in a simple manner as well as for other con-
trolled heating patterns. It is to be kept in mind that
uniform application of electric field does not assure the
uniform application of power. The earth formations
have variations in dielectric properties, both with tem-
perature and spatially. They also vary as the constitu-
ency of the formations changes upon operation of the
method. There are also variations in thermal capacity,
density and specific heat. The dielectric properties
change markedly as water is driven off. Unless the for-
mations are relatively uniform in character, the uniform
application of electric power does not effect uniform

_ temperature rise. It is common for uniform application
of electric power to produce substantially uniform tem-
perature rise; however, nonuniform controlled applica-
tion of electromagnetic energy in accordance with the
present invention may be used to produce relatively
uniform temperature rises in formations having substan-
tial heterogeneities. Of course, nonuniform controlled
application of electromagnetic energy may be used to
produce a desired temperature distribution. It is particu-
larly applicable to conditions where there are barren
zones interspersed in the hydrocarbonaceous deposits,
for wasteful heating of such zones can be reduced while
concentrating heating in the adjacent deposits. Con-
trolled nonuniform heating has been shown to.be help-
ful in allowing certain portions of a deposit to be pro-
duced first, as to equalize production rates. It may be
desirable to produce lower portions of a deposit first in
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order to improve permeability for producing the upper
portions by gravity through the lower portions.

Controlled heating patterns are achieved in accor-
dance with certain aspects of this invention by changing
the characteristic impedance Z, and propagation con-
stact y of the transmission line to create distributed
fields in the deposit having a desired predetermined
heating pattern at a selected frequency. The duration
(dwell time) at a given frequency and/or the level of
electromagnetic excitation may be varied to control
heating patterns.

Although certain preferred embodiments of the in-
vention have been described with particularity, many
modifications may be made therein within the scope of
the invention. Other controlled heating patterns may be
created using the present invention. Other electrode
structures may be used, and they may be disposed dif-
ferently. For example, in some situations a biplate line
can be used.

The invention is applicable to a system in which a
transmission line is formed by electrodes disposed in
earth formations, where the earth formations act as a
dielectric. Electromagnetic energy at a selected fre-
quency or at selected frequencies, preferably at radio
frequencies, is supplied to the waveguide for controlled
dissipation in the formations.

Unless otherwise required by the context, the term
“dielectric” is used herein in the general sense of a me-
dium capable of supporting an electric stress and recov-
ering at least a portion of the energy required to estab-
lish an electric field therein. The term thus includes the
dielectric earth media considered here as imperfect
dielectrics which can be characterized by both real and
imaginary components, €', €. A wide range of such
media are included wherein €' can be either larger or
smaller than €'.

“Radio frequency” is similarly used broadly herein,
unless the context requires otherwise, to mean any fre-
quency used for radio communications. Typically this
ranges upward from 10 KHz; however, frequencies as
low as 45 Hz have been considered for a world-wide
communications system for submarines. The frequen-
cies currently contemplated for a large commercial oil
shale facility range from 30 KHz to 3 MHz and for tar
sand deposits as low as 25 Hz.

While the above discussion considered insertion of
series or shunt elements or discrete entities it is also
possible to develop these elements in distributed form.
The simplest example of this is coating the electrode
with a dielectric sheath, It should be noted that by
insertion of such series or shunt elements, the character-
istic impedance and propagation constant become more
strongly dependent on the precise frequency employed.
In some cases it is possible to design some section of the
line where the transmission line properties are more
dependent on the operational frequency than others.
This allows changing the properties of the line in one
portion of the deposit without materially altering the
properties in another by simply varying the frequency.

What is claimed is:

1. A system for preferential in situ heating of earth
formations comprising:

a plurality of elongated conductive electrodes em-
placed in boreholes in earth formations in respec-
tive spaced rows bounding a particular volume of
said earth formations and forming a transmission
line extending in the direction of said electrodes
with said particular volume of said earth forma-
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tions providing a dielectric medium between re-
spective said rows of electrodes, each electrode
being in a different respective borehole,

means for supplying electromagnetic energy to said
transmission line at a frequency at which the spac-
ing between respective said rows is less than about
twice the skin depth at the frequency of said ap-
plied energy, and

reactance means disposed along respective said elec-
trodes to provide predetermined effective transmis-
sion line characteristics for developing a predeter-
mined heating pattern in said earth formations.

2. A system for preferential in situ heating of earth

formations comprising:

a plurality of elongated conductive electrodes em-
placed in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,

means for supplying electromagnetic energy to said
transmission line at a frequency at which the spac-
ing between respective said rows is less than about
twice the skin depth at the frequency of said ap-
plied energy, and

reactance means disposed along respective said elec-
trodes to provide predetermined effective transmis-
sion line characteristics for developing a predeter-
mined heating pattern in said earth formations, said
reactance means providing reactances between
said earth formations and respective sections of
said electrodes that are stratigraphically varied to
develop said predetermined heating pattern.

3. A system for preferential in situ heating of earth

formations comprising:

a plurality of elongated conductive electrodes em-
placed in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,

means for supplying electromagnetic energy to said
transmission line at a frequency at which the spac-
ing between respective said rows is less than about
twice the skin depth at the frequency of said ap-
plied energy, and

reactance means disposed along respective said elec-
trodes to provide predetermined effective transmis-
sion line characteristics for developing a predeter-
mined heating pattern in said earth formations, said
reactance means comprising dielectric coating
about respective said electrodes, the ratio of the
thickness of said dielectric coating to relative di-
electric constant being varied along the respective
said electrodes.

4. A system for preferential in situ heating of earth

formations comprising:

a plurality of elongated conductive electrodes em-
placed in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
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ing a dielectric medium between respective said
rows of electrodes,

means for supplying electromagnetic energy to said
transmission line at a frequency at which the spac-
ing between respective said rows is less than about
twice the skin depth at the frequency of said ap-
plied energy, and

reactance means disposed along respective said elec-
trodes to provide predetermined effective transmis-
sion line characteristics for developing a predeter-
mined heating pattern in said earth formations, said
reactance means comprising dielectric coating
about respective said electrodes, said dielectric
coating being applied at conductive earth forma-
tions.

5. A system for preferential in situ heating of earth

formations comprising:

a plurality of elongated conductive electrodes em-
placed in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,

means for supplying electromagnetic energy to said
transmission line at a frequency at which the spac-
ing between respective said rows is less than about
twice the skin depth at the frequency of said ap-
plied energy, and

reactance means disposed along respective said elec-
trodes to provide different effective transmission
line characteristics in different respective zones of
said earth formations and heat at least one particu-
lar respective said zone preferentially upon appli-
cation of electromagnetic energy to said transmis-
sion line.

6. A system in accordance with claim 5 wherein said
reactance means are disposed discretely between re-
spective sections of respective said electrodes.

7. A system in accordance with claim 6 further in-
cluding further reactance means disposed between re-
spective said sections of respective said electrodes and
portions of said earth formations adjacent thereto.

8. A system in accordance with claim 6 wherein ca-
pacitance means are disposed between respective said
sections in given earth formations, and inductance
means are disposed between respective said sections
adjacent an interface between substantially different
earth formations.

9. A system in accordance with claim 6 further in-
cluding inductance means disposed between respective
said sections of respective said electrodes and portions
of said earth formations adjacent said interface.

10. A system in accordance with any one of claims 1
to 9 wherein said conductive electrodes are disposed in
three parallel rows with the electrodes of the outer
rows at substantially ground potential.

11. A system in accordance with claim 10 wherein
respective said reactance means are disposed along said
electrodes of the center row of said three parallel rows.

12. A method for preferentially heating earth forma-
tions in situ comprising:

emplacing a plurality of elongated conductive elec-
trodes in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
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particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,
supplying electromagnetic energy to said transmis-
sion line at a frequency at which the spacing be-
tween respective said rows is less than about twice
the skin depth at the frequency of said applied
energy, and
providing predetermined effective transmission line
characteristics by adding reactance to said line
along respective said electrodes to develop a pre-
determined heating pattern in said earth forma-
tions.
13. A method in accordance with claim 12 wherein
said electrodes are coated with a dielectric coating.
14. A method for preferentially heating earth forma-
tions in situ comprising:
emplacing a plurality of elongated conductive elec-
trodes in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,
supplying electromagnetic energy to said transmis-
sion line at a frequency at which the spacing be-
tween respective said rows is less than about twice
the skin depth at the frequency of said applied
energy, and
providing predetermined effective transmission line
characteristics by adding reactance to said line
along respective said electrodes to develop a pre-
determined heating pattern in said earth forma-
tions,
wherein said electrodes are coated with a dielectric
coating, and the ratio of the thickness of said di-
electric coating to its relative dielectric constant is
varied along the respective electrodes.
15. A method for preferentially heating earth forma-
tions in situ comprising:
emplacing a plurality of elongated conductive elec-
trodes in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,
supplying electromagnetic energy to said transmis-
sion line at a frequency at which the spacing be-
tween respective said rows is less than about twice
the skin depth at the frequency of said applied
energy, and
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providing predetermined effective transmission line
characteristics by adding reactance to said line
along respective said electrodes to develop a pre-
determined heating pattern in said earth forma-
tions,
wherein said electrodes are coated with a dielectric
coating, and said dielectric coating is applied at
conductive earth formations.

16. A method for preferentially heating earth forma-
tions in situ comprising:

emplacing a plurality of elongated conductive elec-

trodes in earth formations in respective spaced
rows bounding a particular volume of said earth
formations and forming a transmission line extend-
ing in the direction of said electrodes with said
particular volume of said earth formations provid-
ing a dielectric medium between respective said
rows of electrodes,

supplying electromagnetic energy to said transmis-

sion line at a frequency at which the spacing be-
tween respective said rows is less than about twice
the skin depth at the frequency of said applied
energy, and

providing different effective transmission line charac-

teristics in different respective zones of said earth
formations by adding reactance to said line along
respective said electrodes to heat at least one par-
ticular respective said zone preferentially upon
application of electromagnetic energy to said trans-
mission line.

17. A method in accordance with claim 16 wherein
said reactance is added discretely between respective
sections of respective said electrodes.

18. A method in accordance with claim 17 wherein
further reactance is added between respective said sec-
tions of respective said electrodes and portions of said
earth formations adjacent thereto.

19. A method in accordance with claim 17 wherein
capacitance is added between respective said sections in
given earth formations, and inductance is added be-
tween respective said sections adjacent an interface
between substantially different earth formations.

20. A method in accordance with claim 19 wherein
inductance is added between respective said sections of
respective said electrodes and adjacent portions of said
earth formations adjacent said interface.

21. A method in accordance with any one of claims
12 to 20 wherein said conductive electrodes are dis-
posed in three parallel rows, and the electrodes of the
outer rows are substantially grounded.

22. A method in accordance with claim 21 wherein
said reactance is added along said electrodes of the

center row of said three parallel rows.
* * * * %*
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