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PROCESS AND APPARATUS FOR COUPLED
ELECTROMAGNETIC AND ACOUSTIC
STIMULATION OF CRUDE OIL
RESERVOIRS USING PULSED POWER
ELECTROHYDRAULIC AND
ELECTROMAGNETIC DISCHARGE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention pertains to the stimulation of crude
oil reservoirs to enhance production using a combination of
pulsed power electrohydraulic and electromagnetic meth-
ods. In particular, the present invention provides a method
and apparatus for recovery of crude oil from oil bearing soils
and rock formations using pulsed power electrohydraulic
and electromagnetic discharges in one or more wells that
produce acoustic and coupled electromagnetic-acoustic
vibrations that can cause oil flow to be enhanced and
increase the estimated ultimate recovery from reservoirs.

2. Background of the invention

The stimulation of crude oil reservoirs to enhance oil
production from known fields is a major area of interest for
the petroleum industry. One of the single most important
research goals in fossil fuels is to recover more of the
hydrocarbons already found. At present, approximately 66%
of discovered oil is left in the ground due to the lack of
effective extraction technology for secondary and tertiary
Enhanced Oil Recovery (EOR). A EOR technology that can
be deployed easily and at low cost in onshore and offshore
field locations would greatly improve the performance of
many oil fields and would increase significantly the world’s
known recoverable oil reserves.

Methods that are widely used for the purpose rely on the
injection of fluid at one well, called the injection well, and
use of the injected fluid to flush the in situ hydrocarbons out
of the formation to a producing well. In one mode of
secondary recovery, a gas such as CO,, that may be readily
available and inexpensive, is used. In other modes, water or,
in the case of heavy oil, steam may be used to increase the
recovery of hydrocarbons. One common feature of such
injection methods is that once the injected fluid attains a
continuous phase between the injection well and the pro-
duction well, efficiency of the recovery drops substantially
and the injected fluid is unable to flush out any remaining
hydrocarbons trapped within the pore spaces of the reser-
voir. Addition of surfactants has been used with some
success, but at high cost, both economic and environmental.

Many methods have been developed that try address the
problem of driving out the residual oil. They can be divided
into a number of broad categories.

The first category uses electrical methods. For example,
U.S. Pat. No. 2,799,641 issued to Bell discloses a method for
enhancing oil flow through electrolytic means. The method
uses direct current to stimulate an area around a well, and
uses the well-documented effect known as electro-osmosis
to enhance oil recovery. Another example of electro-osmosis
is described in U.S. Pat. No. 4,466,484 issued to Kermabon
wherein direct current only is used to stimulate a reservoir.
U.S. Pat. No. 3,507,330 issued to Gill discloses a method for
stimulating the near-wellbore volume using electricity
passed upwards and downwards in the well using separate
sets of electrodes. U.S. Pat. No. 3,874,450 issued to Kern
teaches a method for dispersing an electric current in a
subsurface formation by means of an electrolyte using a
specific arrangement of electrodes. Whitting (U.S. Pat. No.
4,084,638) uses high-voltage pulsed currents in two wells, a
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producer and an injector, to stimulate an oil-bearing forma-
tion. It also describes equipment for achieving these elec-
trical pulses.

A second category relies on the use of heating of the
formation. U.S. Pat. No. 3,141,099 issued to Brandon
teaches a device installed at the bottom of a well that causes
resistive heating in the formation though dielectric or arc
heating methods. This method is only effective within very
close proximity to the well. Another example of the use of
heating a petroleum bearing formation is disclosed in U.S.
Pat. No. 3,920,072 to Kern.

A third category of methods relies on mechanical frac-
turing of the formation. An example is disclosed in U.S. Pat.
No. 3,169,577 to Sarapuu wherein subsurface electrodes are
used to cause electric impulses that induce flow between
wells. The method is designed to create fissures or fractures
in the near-wellbore volume that effectively increase the
drainage area of the well, and also heat the hydrocarbons
near the well so that oil viscosity is reduced and recovery is
enhanced.

It has long been documented that acoustic waves can act
on oil-bearing reservoirs to enhance oil production and total
oil recovery. A fourth category of methods used for EOR
rely on vibratory or sonic waves, possibly in conjunction
with other methods. U.S. Pat. No. 3,378,075 to Bodine
discloses a method for inducing sonic pumping in a well
using a high-frequency sonic vibrator. Although the sonic
energy generated by this method is absorbed rapidly in the
near wellbore volume, it does have the effect of cleaning or
sonicating the pores and fractures in the near-wellbore area
and can reduce hydraulic friction in the oil flowing to the
well. Another example of a vibratory only technique is
disclosed by U.S. Pat. No. 4,049,053 to Fisher et al. wherein
several low-frequency vibrators are installed in the well and
are driven hydraulically using surface equipment. U.S. Pat.
No. 4,437,518 issued to Williams describes the design for a
piezoelectric vibrator that can be used to stimulate a petro-
leum reservoir. U.S. Pat. No. 4,471,838 issued to Bodine
teaches a method for using surface vibrations to stimulate oil
production. The surface source defined in this patent is not
sufficient to produce significant enhanced recovery of crude
oil.

Turning next to methods that use vibratory or sonic waves
in conjunction with other methods, U.S. Pat. No. 3,754,598
to Holloway, Jr. discloses a method that utilizes at least one
injector well and another production well. The method
imposes oscillating pressure waves from the injector well on
a fluid that is injected to enhance oil production from the
producing well. U.S. Pat. No. 2,670,801 issued to Sherborne
discloses the use of sonic or supersonic vibrations in con-
junction with fluid injection methods: the efficiency of the
injected fluids in extracting additional oil from the formation
is improved by the use of the acoustic waves. U.S. Pat. No.
3,952,800, also to Bodine teaches a sonic treatment in which
a gas is injected into the well and is used to treat the wellbore
surface using sonic wave stimulation. The method causes the
formation to be heated through the gas by heating from the
ultrasonic vibrations. U.S. Pat. No. 4,884,634 issued to
Ellingsen uses vibrations of an appropriate frequency at or
near the natural frequency of the formation to cause the
adhesive forces between the formation and the oil to break
down. The method calls for a metallic liquid (mercury) to be
placed in the wells to the level of the reservoir and the liquid
is vibrated while also using electrodes placed in the wells to
electrically stimulate the formation. Apart from the potential
environmental hazards associated with the handling and
containment of mercury, this method faces the problem of
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avoiding formation damage due to an excess of borehole
pressure over the formation fluid pressure caused by the
presence of a dense liquid. U.S. Pat. No. 5,282,508, also
issued to Ellingsen et al. defines an acoustic and electrical
method for reservoir stimulation that excites resonant modes
in the formation using AC and/or DC currents along with
sonic treatment. The method uses low frequency electrical
stimulation.

The success of the existing art in stimulating reservoirs
has been spotty at best, and the effective range of such
methods has been limited to less than 1000 feet from the
stimulation source. A good discussion on wettability,
permeability, capillary forces and adhesive and cohesive
forces in reservoirs is provided by the Ellingsen 508 patent.
These discussions fairly represent the state of knowledge on
these subjects and are not repeated herein. These discussions
do not, however, address the limitations on the current state
of the art in acoustic stimulation.

Existing acoustic stimulation methods have demonstrated
clearly that they are limited to a range of about 1000 feet
from the stimulation point. This limit is caused by the natural
attenuation properties of the reservoir, which absorb high
frequencies preferentially and reduce the effective frequency
range to less than a few hundred Hertz at distances beyond
about 1000 feet from the acoustic source. This same limit
has plagued seismic imaging in cross-borehole studies for
many years and is a fundamental physical limitation on all
acoustic methods.

Effective acoustic stimulation of oil-bearing reservoirs
requires support at greater distances from the stimulation
source than possible with most of the prior art. In addition,
there is some empirical evidence suggesting that higher
frequencies than direct acoustic methods can generate may
be more effective in stimulation of oil-bearing reservoirs.
Accordingly, it is desirable to have a stimulation source that
has a greater range of effectiveness than the prior art
discussed above. Such a source should preferably be able to
provide stimulation at higher frequencies than the 10-500
Hz typically attainable using prior art methods.

U.S. Pat. No. 4,345,650 issued to Wesley teaches a device
for electrohydraulic recovery of crude oil using by means of
an electrohydraulic spark discharge generated in the pro-
ducing formation in a well. This method presents an elegant
apparatus that can be placed in the producing interval and
can produce a shock and acoustic wave with very desirable
qualities. The present invention will build on the teachings
of this patent and will extend the effective range of Wesley’s
method through new and novel equipment 5 designs and
field configurations of Wesley’s apparatus and new appara-
tus designed to enhance the effect on oil reservoirs.

SUMMARY OF THE INVENTION

The present invention is a pulsed power device and a
method of using the pulsed power device for EOR. Pulsed
power is the rapid release of electrical energy that has been
stored in capacitor banks. By varying the inductance of the
discharge system, energies from 1 to 100,000 Kilojoules can
be released over a pulse period from 1 to 100 microseconds.
The rapid discharge results in a very high power output that
can be harnessed in a variety of industrial, chemical, or
medical applications. The energy release from the system
can be used either in a direct plasma mode through a spark
gap or exploding filament, or by discharging the energy
through a single- or multiple-turn coil that generates a
short-lived but extremely intense magnetic field.

When electricity stored in capacitors is released across a
spark gap submerged in water, a plasma channel is created
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that vaporizes the surrounding water. This plasma ionizes
the water and generates very high pressures and tempera-
tures as it expands outward from the discharge point. In a
plasma, or electrohydraulic (EH) mode, the pulse may be
used in a wide range of processes including geophysical
exploration, mining and quarrying, precision demolition,
machining and metal forming, treatment and purification of
a wide range of fluids, ice breaking, defensive weaponry,
and enhanced oil recovery which is the purpose of the
present invention. The basic physics of the shock wave that
is generated by the EH discharge is well understood and is
documented in U.S. Pat. No. 4,345,650 issued to Wesley,
and incorporated herein by reference.

In the electromagnetic (EM) mode, the coil is designed to
produce controlled flux compression that can be used to
generate various physical effects without the coupled effect
of the EH strong acoustic wave. In both systems, however,
typical systems require about 0.5 to 1 seconds to accumulate
energy from standard power sources. The ratio of accumu-
lation time to discharge time (100,000 to 1,000,000) allows
the generation of pulses with several gigawatts of peak
power using standard power sources.

Given the physical limitations on direct acoustic stimu-
lation caused by attenuation in natural materials, acoustic
stimulation must be generated using wide band vibrations in
these materials at distances much greater than the current
limitation of about 1000 feet. The present invention
addresses this issue in a new and innovative way using
pulsed power as the source. The Wesley *650 patent teaches
a method for generating strong acoustic vibrations for res-
ervoir stimulation that has been shown in the field to have an
effective limit of about 1000 feet. What was not recognized
in the Wesley teachings was that the pulsed power method
also has a unique ability to generate high-frequency acoustic
stimulation of the reservoir separately from the direct acous-
tic response of the EH shock wave generated by the plasma
discharge in the wellbore. In addition to the direct shock
wave effect claimed in the Wesley patent, the pulsed power
discharge also generates a strong electromagnetic pulse that
travels at the speed of light across the reservoir. As this
electromagnetic pulse transits the reservoir, it induces a
coupled acoustic vibration at very high frequencies in geo-
logic materials like quartz that causes stimulation at multiple
scales in the reservoir body. This induced acoustic vibration
acts for a short period of time after the pulse is discharged,
usually on the order of about 0.1 to 0.3 seconds, but is
induced everywhere that the electromagnetic pulse travels.
Thus, it is not limited by the natural acoustic attenuation that
limits the effectiveness of a direct acoustic pulse source
because it is induced at all locations in-situ by the electro-
magnetic pulse. At the same time, the lower-frequency direct
acoustic pulse travels through the reservoir at the velocity of
sound. This direct acoustic pulse assists the
electromagnetically-induced vibrations in stimulating the
reservoir, but has a clearly limited range due to the finite
speed that it can travel before the EM-induced vibrations
decay and become ineffective.

Effective acoustic stimulation of oil-bearing reservoirs
requires higher frequencies than direct acoustic methods can
generate and support at great distances from the stimulation
source. Every rock formation can be modeled as a uniform
equivalent medium with imbedded inclusions. These inclu-
sions can be present at the pore scale, grain scale, crack
scale, lamina scale, bedding scale, sand body scale, and
larger scales. Each of these inclusions, or features, of the
formation act as scatterers that absorb acoustic energy. The
frequency of the energy absorbed is directly correlated to the
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scale of the inclusions and the contrast in physical properties
between the inclusion and the surrounding matrix, and this
absorption provides the energy for enhanced oil recovery
that is required at a specific scale of inclusion. Hence, an
effective acoustic stimulation program can be designed to
optimize the energy absorption and effective stimulation if
the scale of the inclusions and their physical properties are
known, and if the acoustic stimulation frequencies can be
targeted at these inclusion scales over a large volume of the
reservoir. The limitations and variations in the effectiveness
of existing acoustic methods are directly correlated to the
narrow band of seismic frequencies from 10-500 hertz used
to stimulate and whether there are inclusions at those
frequencies within the effective range of the stimulation
method in question. When this physical understanding of the
role of acoustic absorption by scale dependent features in
reservoirs is included, it becomes readily apparent why
existing acoustic methods with a frequency band limited to
a few hundred hertz are not capable of stimulating most
reservoirs effectively. The existing technology has demon-
strated a spotty record because the narrow band of frequen-
cies used are often not the right ones for stimulating the
critical inclusions of a particular reservoir. The scale of the
inclusions that are critical to effective stimulation exist at the
pore scale, grain scale, flat-crack scale, and fracture scale, all
of which are activated by much higher frequencies (kilohertz
and higher) than the band pass of the low-frequency direct
acoustic wave.

The present invention differs from all of the prior art in
several ways. First, it uses a coupled process of direct EH
acoustic vibrations that propagate outward into the forma-
tion from one or more wells, and electromagnetically-
induced high-frequency acoustic vibrations that are gener-
ated using both EH and EM pulsed power discharge devices
that takes advantage of the acoustic coupling between the
electromagnetic pulse and the formation. This is signifi-
cantly different from the prior art which relies on acoustic
vibrations only, or a combination of acoustic vibrations and
low-frequency AC or DC electrical stimulation.

The present invention also recognizes that these two
effects must occur together to effectively mobilize the oil
and increase production of the oil. The problem that arises
is that the EM-induced vibrations only occur for a short time
after the electrohydraulic or electromagnetic pulse is initi-
ated. The electrohydraulic acoustic pulse travels at a finite
speed from the well where the pulse originates, so that the
effective range of the technique is defined by how far the
acoustic wave can travel before the electromagnetically-
induced vibration in the reservoir ceases. Hence, a single
pulse source has a range that is limited by the pulse
characteristics employed.

In a preferred embodiment of the present invention, the
technique can be applied using a multi-level discharge
device that allows sequential firing of several sources in one
well in a time sequence that is optimized to allow continuous
electromagnetic-coupled stimulation of a large reservoir
volume while the electrohydraulic acoustic pulse travels
further from the pulse well than it could before a single
source electromagnetic vibration would decay. This
approach can be used to extend the effective range of the
stimulation by a factor of 5-6 from about 1000 feet as
claimed and proven in the Wesley patent, i.e., up to distances
of 5000 to 6000 feet claimed in the present invention. This
allows the technique to be applied effectively to a wide range
of oil fields around the world. This concept can be extended
to the placement of multiple tools in multiple wells to
achieve better stimulation of a specific volume of the
[ESEIVoir.
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In another embodiment of the invention, the range of the
technique is extended by using multiple pulse sources in
multiple wells that allow the electromagnetically-induced
vibrations to continue for a longer time, thus allowing the
acoustic pulse to travel further into the formation, effectively
extending the range of coupled stimulation that can be
achieved. This embodiment utilizes a time-sequential dis-
charge pattern that produces a series of electromagnetically-
induced vibrations that will last up to several seconds while
the direct acoustic pulse travels further from the discharge
source to interact with the electromagnetically-induced
vibrations at much greater distances in the reservoir.

In another embodiment of the present invention, multiple
EH and EM sources can be placed in multiple wellbores and
discharged to act as an array that will stimulate production
of the oil in a given direction or specific volume of the
ESEIVoir.

In another aspect of the invention, the discharge charac-
teristics of the pulse sources can be customized to produce
specific frequencies that will achieve optimal stimulation by
activating specific scales of inclusions in the reservoir. In
this embodiment, the discharge devices can have their
inductances modified to achieve a variety of pulse durations
and peak frequencies that are tuned to the specific reservoir
properties. This allows for the design of a multi-spectral
stimulation program that can activate those inclusions that
are critical to enhanced production, while preventing acti-
vation of those inclusions that might inhibit enhanced pro-
duction. Once the desired inclusions for stimulation are
defined by conventional geophysical logging methods, a
reservoir model is constructed and the optimal frequencies
for the stimulation are determined. The pulse tool can be
adapted to a wide range of pulse durations and peak fre-
quencies by adjusting the induction of the capacitor circuits
in the pulse tool. Where multiple frequencies are desired to
achieve stimulation at several scales, the multi-level tool in
a single well or multiple tools placed in multiple wells can
be tuned to the reservoir to optimize the desired stimulation
effect and produce a multi-spectral stimulation of the reser-
Voir.

The present invention also differs from the previous art in
that it includes the use of EM pulse sources that do not
generate a direct acoustic shock pulse like the plasma shock
effect caused by the spark gap in the electrohydraulic device
defined by Wesley. These pulse sources replace the conven-
tional spark gap discharge device defined by Wesley with a
single-turn magnetic coil that produces a magnetic pulse
with no acoustic pulse effect. This tool can be placed in more
sensitive wells that will not tolerate the strong shock effect
of an EH pulse generator. They also allow a wider range of
discharge pulse durations that will extend the effective
frequency range of induced vibrations that can be applied to
a given reservoir.

In another embodiment of the present invention, the EH
pulse source can be directed using a range of directional
focusing and shaping devices that will cause the acoustic
pulse to travel only in specific directions. This reflector cone
allows the operator to aim the pulses from one or multiple
wells so that they can effect the specific portion of the
formation where stimulation is desired.

In another embodiment of the present invention, the pulse
source is placed in an injector well that is being used for
water injection, surfactant injection, diluent injection, or
CO2 injection. The tool can be configured to operate in a
rubber sleeve to isolate it, where appropriate, from the fluids
being injected. The tool can be deployed in a packer
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assembly suspended by production tubing, and can be
bathed continuously in water to maintain good coupling to
the formation. Gases generated by the electrohydraulic dis-
charge can be removed from the packer assembly by pump-
ing water down the well and allowing the gases to be flushed
back up the production tubing to maintain optimal coupling
and avoid the increase in compressibility that would occur if
the gases were left in the well near the discharge device.

A chronic problem with electrohydraulic discharge
devices is that the electrodes are prone to wear and must be
replaced from time to time. In another embodiment of the
present invention, the electrodes designed for electrohydrau-
lic stimulation have been improved using several methods
including (1) improved alloys that withstand the pulse
discharge better and last longer, (2) two new feeding devices
for exploding filaments, one with a hollow electrode using
a pencil filament, and one with a rolled filament on a spool,
that allows the exploding filament to be threaded across the
spark gap rapidly between discharges so that the pulse
generator can operate more efficiently, and (3) gas injection
through a hollow electrode that acts as a spark initiation
channel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of the basic configuration of the tool
as deployed in a wellbore, including the surface equipment,
winch truck and control panel, and showing the activation of
various scales of the reservoir in a blow-up insert to the
diagram.

FIG. 2 is a diagram showing improvements in the basic
one-level tool from U.S. Pat. No. 4,345,650 of Wesley.

FIG. 3 is a diagram showing the design of a multi-level
tool allowing time sequential and variable inductance dis-
charges with both EH and EM discharge devices under user
control.

FIG. 4 is a schematic diagram showing the design of a
single-turn coil EM discharge device for the tool with rubber
sleeve for electrical isolation

FIG. § is a schematic diagram showing the activation of
a reservoir adjacent to the tool with a multi-level discharge
device.

FIG. 6 is a schematic diagram showing the deployment of
multiple tools in multiple wells to act as a source array.

FIG. 7 is a schematic diagram showing the deployment of
a tool contained in a packer assembly in an injector well with
tubing to feed water and electrical and control leads.

FIG. 8. is a schematic diagram showing the design of the
tool incorporating a sleeve exploder configuration for non-
packer applications.

FIG. 9 is a schematic diagram showing the design of the
directional energy cone for the EH discharge device.

FIG. 10 is a schematic diagram showing the design of
hollow EH electrodes with a pencil exploding filament
device.

FIG. 11 is a schematic diagram showing the design of
hollow EH electrodes with a spooled feeding device for an
exploding filament.

FIG. 12 is a schematic diagram showing the design of
hollow electrodes with a gas injection device for improving
electrode wear.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 shows a wellbore 1 drilled in the subsurface of the
earth penetrating formations 7, 9, 11, 13, 15. . . The wellbore
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1 is typically filled with a drilling fluid § known in the art as
“drilling mud.”. The sonde 21 that forms part of the present
invention is conveyed downhole, in the preferred embodi-
ment of the present invention, on an armored electrical
cable, commonly called a wireline 3.

The wireline is supported by a derrick 19 or other suitable
device and may be spooled onto a drum (not shown) on a
truck 25. By suitable rotation of the drum, the downhole tool
may be lowered to any desired depth in the borehole. In FIG.
1, for illustrative purposes, the downhole tool is shown as
being at the depth of the formation 11. This is commonly a
hydrocarbon reservoir from which recovery of hydrocarbons
is desired. An uphole power source 33 and a surface control
unit 23 provide electrical power and control signals through
the electrical conductors in the wireline to the sonde 21. In
FIG. 1, the sonde is depicted as generating energy pulses 35
into one of the subsurface formations.

The control unit 23 includes a power control unit 24 that
controls the supply of power to the sonde 21. The surface
control unit also includes a fire control unit 27 that is used
to initiate generation of the energy pulses 35 by the sonde.
Another component of the surface control unit 23 is the
inductance control unit 29 that controls the pulse duration of
the energy pulses 35. Yet another component of the surface
control unit is the rotation control 31 that is used to control
the orientation of components of the sonde 35. The functions
of the power control unit 24, the fire control unit 27, the
inductance control unit 29 and the rotation control unit 31
are discussed below in reference to FIG. 3.

One embodiment of the invention is a tool designed for
operation at a single level in a borehole. This is illustrated in
FIG. 2 that is a view of the sonde 21 and the major
components thereof as adapted to be lowered into the well.
The basic EH sonde is an improvement over that disclosed
in U.S. Pat. No. 4,345,650 issued to Wesley and the contents
of which are fully incorporated here by reference.

One set of modifications relates to the use of processors
wherever possible, instead of the electronic circuitry. This
includes the surface control unit 23 and its components as
well as in the downhole sonde.

In a preferred embodiment of the invention, the sonde 21
is used within a cased well, though it is to be understood that
the present invention may also be used in an uncased well.
The sonde 21 comprises an adapter 53 that is supported by
a cable head adapter 55 for electrical connection to the
electrical conductors of the wireline 3. The sonde 21
includes a gyro section 57 that is used for establishing the
orientation of the sonde and may additionally provide depth
information to supplement any depth information obtained
uphole in the truck 25 based upon rotation of the take-up
spool. The operation of the gyro section 57 would be known
to those versed in the art and is not discussed further. The
gyro section 57 here is an improvement over the Wesley
device and makes it possible to controllably produce energy
pulses in selected directions.

The other main components of the sonde 21 are a power
conversion and conditioning system 59, a power storage
section 63, a discharge and inductance control section 65,
and the discharge section 67. A connector 69 couples the
power conversion and conditioning section to the power
storage section 63. A rotating coupler 71 allows the dis-
charge section 67 to be rotated to any azimuth. The power
storage section 63, as discussed in the Wesley patent,
comprises a bank of capacitors for storage of electrical
energy. Electrical power is supplied at a steady and rela-
tively low power from the surface through the wireline 3 to
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the sonde and the power conversion and conditioning system
includes suitable circuitry for charging of the capacitors in
the power storage section 63. Timing of the discharge of the
energy in the power from the power storage section 63
through the discharge section 67 is accomplished using the
discharge and induction control section 65 on the basis of a
signal from the fire control unit (27 in FIG. 1). Upon
discharge of the capacitors in the power storage section 63
through the discharge section 67 energy pulses are trans-
mitted into the formation. In one embodiment of the
invention, the discharge section 67 produces EH pulses.
Refinements in the design of the discharge section 67 over
that disclosed in the Wesley patent are discussed below with
reference to FIGS. 9-12.

Turning now to FIG. 3, an embodiment of the invention
suitable for use with multiple levels of energy stimulation
into the formation is illustrated. The downhole portion of the
apparatus comprises a plurality of sondes 121a, 1215, . . .
121n. For illustrative purposes, only three sondes are shown.
The coupling between two of the sondes 121a and 1215 is
illustrated in detail in the figure. Eyehooks 141 and 143
enable sonde 121b to be suspended below sonde 121a. This
eyehook arrangement allows for a limited rotation of sonde
1215 relative to sonde 121a. Flexible electrical leads 153
carry power and signals to the lower sonde 1215 and the
eyehooks ensure that the leads 153 are not subjected to
stresses that might cause them to break. The leads are carried
within support post 151 in the upper sonde 121a. A similar
arrangement is used for suspending the remaining sondes.

Each of the sondes 1214, 1215 . . . 121# has correspond-
ing components in the surface control unit 123. Illustrated
are power control units 1254, 125b . . . 125n for power
supply to the sondes; inductance control unit 127a,
1276 . . . 127n for inductance control; rotation control units
129a, 1295 . . . 129n for controlling the rotation of the
various sondes relative to each other about the longitudinal
axes of the sondes (see rotation bearing 71 in FIG. 2); and
inclination control unites 131a, 1315, . . . 131x for control-
ling the inclination of the discharge sections (see 67 in FIG.
2) of the sondes relative to the horizontal. In addition, the
surface control unit also includes a fire control and synchro-
nization unit 135 that controls the sequence in which the
different sondes 1214, 1215, . . . 121# are discharged to send
energy into the subsurface formations.

Turning next to FIG. 4, an EM pulse source is depicted.
This is a single-turn magnetic coil that produces a magnetic
pulse with no significant acoustic pulse. This tool can be
placed in more sensitive wells that will not tolerate the
strong shock effect of an EH pulse generator. It also allows
a wider range of discharge pulse durations that will extend
the effective frequency range of induced vibrations (up to
100 microseconds) that can be applied to a given reservoir.

The input electrical power is supplied by a conductor 161.
An insulator 167 is provided to insulate the conductor. The
EM discharge device comprises a cylindrical single-turn
electromagnet 179 having an annular cavity 174 filled with
insulation 175. The electromagnet body is separated by
rubber insulation 173 from the steel top plate 164 and the
steel base plate 181. Steel support rods 171 couple the steel
top plate 164 and the steel base plate 181 using nuts 169. The
whole is within a nonconductive housing 163 with an
expansion gap between the steel base plate 183. Optionally,
provision may be made for circulating a cooling liquid
between the electromagnet body 179 and the rubber insu-
lation 173. The electromagnet does not allow current to flow
back out of the device, which results in dissipative resistive
heating of the magnet from each pulse, hence the potential
need for a cooling medium if rapid discharge is desired.
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Turning next to FIG. 5, the different scales at which the
flow of hydrocarbons in the subsurface is depicted. Depicted
schematically are four energy sources 211, 213,215 and 217
within a borehole 201. Waves 200a from source 211 are
depicted as propagating into formations 221, 223 and 225 to
stimulate the flow of hydrocarbons therein. The frequency of
these waves is selected to stimulate flow on the scale of
bedding layers: typically, this is of the order of a few
centimeters to a few meters.

The energy source 217 is shown propagating waves 200d
into the subsurface to stimulate flow of hydrocarbons from
fractures 227 therein. As would be known to those versed in
the art, these fractures may range in size from a few
millimeters to a few centimeters. Accordingly, the frequency
associated with the waves 200d would be greater than the
frequency associated with the waves 200a.

Also shown in FIG. 5 are waves 200b and 200c from
sources 213 and 215 are depicted as propagating into the
formation to stimulate flow of hydrocarbons on the scale of
grain size 229 and pore size 231. Typical grain sizes for
subsurface formations range from 0.1 mm to 2 mm. while
pore sizes may range from 0.01 mm to about 0.5 mm, so that
the frequency for stimulation of hydrocarbons at the grain
size scale is higher than for the fractures and the frequency
for stimulation of flow at the pore size level is higher still.

As would be known to those versed in the art, the
discharge of a capacitor is basically determined by the
inductance and resistance of the discharge path.
Accordingly, one function of the inductance control units
(27 in FIG. 1; 65 in FIG. 2; 127a . . . 127n in FIG. 3) in the
invention is to adjust the rate of discharge (the pulse
duration) and the frequency of oscillations associated with
the discharge.

FIG. 6a is a plan view of an arrangement of wells using
the present invention. Shown is a producing well 253 and a
number of injection wells 251a, 251b, 251c . . . 251n. Each
of the wells includes a source of EH or EM energy. Shown
in FIG. 6a are the acoustic waves 255a, 255b . . . 255n
propagating from the injection wells in the formation
towards the producing well. When sources in all the injec-
tion wells 251a, 251b, 251c . . . 251n are discharged
simultaneously, then the acoustic wavefronts, depicted here
by 257a . . . 257n propagate through the subsurface as shown
and arrive at the producing well substantially
simultaneously, so that the stimulation of hydrocarbon pro-
duction by the different sources occurs substantially simul-
taneously.

One or more of the wells 2514, 251b, 251c . . . 251n may
be used for water injection, surfactant injection, diluent
injection, or CO2 injection using known methods. The tool
can be configured to operate in a rubber sleeve to isolate it,
where appropriate, from the fluids being injected. The tool
can be deployed in a packer assembly suspended by pro-
duction tubing, and can be bathed continuously in water to
maintain good coupling to the formation. Gases generated
by the electrohydraulic discharge can be removed from the
packer assembly by pumping water down the well and
allowing the gases to be flushed back up the production
tubing to maintain optimal coupling and avoid the increase
in compressibility that would occur if the gases were left in
the well near the discharge device. This is discussed below
with reference to FIGS. 7 and 8.

FIG. 6b shows a similar arrangement of injection wells
251a,251b . . . 251n and a producing well 253. However, if
the sources in the injection well are excited at different times
by the surface control unit, then the acoustic waves
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255a', . . . 255n' appear as shown and the corresponding
wavefronts 2574, . . . 257x' arrive at the producing well at

different times. In the example shown in FIG. 6b, the
acoustic wave 257¢' from well 251c¢ is the first to arrive.

In both FIG. 6a and 6b, the injection wells have been
shown more or less linearly arranged on one side of the
producing well. This is for illustrative purposes only and in
actual practice, the injection wells may be arranged in any
manner with respect to the producing well. Those versed in
the art would recognize that with the arrangement of either
6a or 6b, the frequencies of the acoustic pulses may be
controlled to a limited extent by controlling the pulse
discharge in the sources using the inductance controls of the
surface control unit. As noted in the background to the
invention, these acoustic waves will have a limited range of
frequencies. However, when combined with the large range
of frequencies possible with the EM waves, the production
of hydrocarbons may be significantly improved over prior
art methods.

Turning now to FIG. 7, a tool of the present invention is
shown deployed in a cased borehole within a formation 301.
The casing 305 and the cement 303 have perforations 307
therein. An upper packer assembly 309 and a lower packer
assembly 311 serve to isolate the source and limit the depth
interval of the well over which energy pulses are injected
into the formation. In addition to the power supply 313,
provision is also made for water inflow 315 and water
outflow 317. The outflow carries with it any gases generated
by the excitation of the source 319. With the provision of the
water supply, the borehole between the packers 309, 311 is
filled with water or other suitable fluid and is in good
acoustic coupling with the formation. This increases the
efficiency of generation of acoustic pulses into the forma-
tion.

An alternated embodiment of the invention that does not
use packer assemblies is schematically depicted in FIG. 8
wherein a tool of the present invention is shown deployed in
a cased borehole within a formation 351. The casing 355 and
the cement 353 have perforations (not shown). As in the
embodiment of FIG. 7, in addition to the power supply 363,
provision is also made for water inflow 365 and water
outflow 367. The outflow carries with it any gases generated
by the excitation of the source 369. The tool is provided with
a flexible sleeve 373 that is clamped to the body of the tool
by clamps 371 and 375. The sleeve isolates the fluid filled
wellbore 357 from the water and the explosive source within
the sleeve while maintaining acoustic coupling with the
formation.

Turning now to FIG. 9, an embodiment of the invention
allowing for directional control of the outgoing energy is
illustrated. The tool 421 includes a bearing 403 that allows
for rotation of the lower portion 405 relative to the upper
portion 401. This rotation is accomplished by a motor (not
shown) that is controlled from the surface control unit. By
this mechanism, the energy may be directed towards any
azimuth desired. In addition, the tool includes a controller
motor 407 that rotates a threaded rotating post 409. Rotation
of the post 409 pivots a pulse director 412 in a vertical plane
as indicated by arrows 411 and 413, and a substantially
cone-shaped opening in the pulse director directs the out-
going energy in the vertical direction.

A common problem with prior art spark discharge devices
is damage to the electrodes from repeated firing. One
embodiment of the present invention that addresses this
problem is depicted in FIG. 10. Shown are the electrodes
451 and 453 between which an electrical discharge is
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produced by the discharge of the capacitors discussed above
with reference to FIG. 2. The electrode 451 connected to the
power supply (not shown) is referred to as the “live”
electrode. In such spark discharge devices, the greatest
amount of damage occurs to the live electrode upon initia-
tion of the spark discharge. In the device shown in FIG. 10,
the live electrode is provided with a hollow cavity 454
through which a pencil electrode 457 passes. The pencil
electrode 457 is designed to be expendable and initiation of
the spark discharge occurs from the pencil electrode while
the bulk of the electrical discharge occurs from the live
electrode 451 after the spark discharge is initiated. This
greatly reduces damage to the live electrode 451 with most
of the damage being limited to the end 459 of the pencil
electrode from which the spark discharge is initiated. The
device is provided with a motor drive 455 that feeds the
pencil electrode 457 through the live electrode upon receipt
of a signal from the control unit received through the power
and control leads 461. In one embodiment of the invention,
this signal is provided after a predetermined number of
discharges. Alternatively, a sensor (not shown) in the down-
hole device measures wear on the pencil electrode and sends
a signal to the control unit.

Another embodiment of the invention illustrated sche-
matically in FIG. 11 uses a filament for the initiation of the
spark discharge. The power leads (not shown) are connected
to the live electrode 501 as before, and the return electrode
503 is positioned in the same way as before. A suitable
insulator 507 is provided. The filament 511 is wound on a
spool 509 and is carried between rollers 513 into a hole 504
within the live electrode. The spark is initiated at the tip 515
of the filament 511. The filament 511 gets consumed by
successive spark discharges and additional lengths are
unwound from the spool 509 as needed using the power and
control leads 505.

FIG. 12 shows another embodiment of the invention
wherein a gas 561 is conveyed through tubes 563 and 565 to
the hollow lower electrode 553 via a threaded pressure
fitting 569. The lower electrode is coupled by means of a
thread to the bottom plate 567. The flowing gas gets ionized
by the potential difference between the lower electrode 553
and the upper electrode 551. The initiation of the spark takes
place in this ionized gas, thereby reducing damage to the
electrodes 551 and 553.

There are a number of different methods in which the
various embodiments of the device discussed above may be
used. Central to all of them is the initiation of an electro-
magnetic wave into the formation. The EM wave by itself
produces little significant hydrocarbon flow on a macro-
scopic scale; however, it does serve the function of exciting
the hydrocarbons within the formation at a number of
different scales as discussed above with reference to FIG. 5.
This EM wave may be produced by an electromagnetic
device, such as is shown in FIG. 4, or may be produced as
part of an EH wave by a device such as described in the
Wesley patent or described above with reference to FIGS.
10, 11 or 12. This EM wave is initiated at substantially the
same time as the arrival of the acoustic component of an
earlier EH wave at the zone of interest from which hydro-
carbon recovery is desired. Any suitable combination of EH
and EM sources fired at appropriate times may be used for
the purpose as long as an EM and an acoustic pulse arrive
at the region of interest at substantially the same time.

For example, a single EH source as in FIG. 1, may be fired
in a repetitive manner so that acoustic pulses propagate into
the layer 11: the EM component of later firings of the EH
source will then produce the necessary conditions for stimu-
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lation of hydrocarbon flow at increasing distances from the
wellbore 1. Also by way of example, a vertical array of
sources such as is shown in FIG. § may be used to propagate
EM and acoustic pulses into the formation to stimulate
hydrocarbon flow from different formations and from dif-
ferent types of pore spaces (fractures, intragranular, etc.).
EH and/or EM sources may be fired from a plurality of
wellbores as shown in FIG. 6a, 6b to stimulate hydrocarbon
flow in the vicinity of a single production well. The sources
may be oriented in any predetermined direction in azimuth
and elevation using a device as shown in FIG. 9. In any of
the arrangements, additional materials such as steam, water,
a surfactant, a diluent or CO, may be injected into the
subsurface. The injected material serves to increased the
mobility of the hydrocarbon, and/or increase the flow of
hydrocarbon.

While the foregoing disclosure is directed to the preferred
embodiments of the invention, various modifications will be
apparent to those skilled in the art. It is intended that all
variations within the scope and spirit of the appended claims
be embraced by the foregoing disclosure.

What is claimed is:

1. A method for recovering hydrocarbons from at least one
porous zone of a subterranean formation, the method com-
prising:

(a) generating an electrical pulsed discharge in a first
borehole at a distance from the at least one porous zone
and propagating an electromagnetic wave into the
formation at a first time, said electromagnetic wave
reaching the at least one porous zone at a time sub-
stantially equal to the first time and inducing ultrasonic
vibrations within said at least one porous zone;

(b) propagating at a second time an acoustic wave into the
formation, said acoustic wave arriving at said at least
one porous zone at a time substantially equal to the first
time and combining with said ultrasonic vibrations
thereby enhancing the mobility of previously immobile
oil in the at least one porous zone; and,;

(¢) producing the mobilized oil from a producing well in
the at least one porous zone.

2. The method of claim 1 further comprising generating

the acoustic wave in the first borehole.

3. The method of claim 2 wherein the acoustic wave is
generated by an electrohydraulic discharge device contained
within a sleeve of suitable material that allows propagation
of the acoustic wave, but prevents interaction of a coupling
fluid used in the generation of the acoustic wave with the
fluids surrounding the electrohydraulic discharge device in
the wellbore.

4. The method of claim 2 wherein the electromagnetic
wave is produced by a first pulse generator and the acoustic
wave is produced by a second pulse generator.

5. The method of claim 4 wherein the first and the second
pulse generator each produce electromagnetic and acoustic
pulses.

6. The method of claim 5 wherein the first and the second
pulse generator are part of an array including a plurality of
pulse generators, the method further comprising generating
at least one additional electrical pulse for propagating at
least one additional electromagnetic wave and acoustic
wave, so that the second or later acoustic wave is permitted
to reach a greater volume of the reservoir while the first or
later electromagnetic wave is still causing induced acoustic
vibration in the reservoir.

7. The method of claim 5 wherein the first and the second
pulse generator are part of an array including a plurality of
pulse generators, the method further comprising generating
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multiple electrical pulses at the same time, but with variable
pulse durations and energies that permit the simultaneous
stimulation of different scale dependent features with the
ESEIVoir.

8. The method of claim 7, further comprising generating
at least one additional electrical pulse for propagating at
least one additional electromagnetic wave and acoustic wave
at a time substantially after the first discharge time, so that
the first or later acoustic wave is permitted to reach a greater
volume of the reservoir while the second or later electro-
magnetic wave is still causing induced acoustic vibration in
the reservoir.

9. The method of claim 4 wherein the first and the second
pulse generator are part of an array including a plurality of
pulse generators, the method further comprising generating
at least one additional electrical pulse for propagating at
least one additional electromagnetic wave at a time after the
first time, and propagating at least one additional acoustic
wave, so that the first acoustic wave is permitted to reach a
greater volume of the reservoir while the first or later
electromagnetic wave is still causing induced acoustic vibra-
tion in the reservoir.

10. The method of claim 9 wherein the at least one porous
zone comprises at least two spaced apart porous zones, the
method further comprising activating the plurality of pulse
generators at selected times, said times being selected for
enabling an acoustic and an electromagnetic wave from
different pulse generators to arrive at each of the at least two
porous zones at substantially the same time.

11. The method of claim 4 wherein the said electromag-
netic wave, generated from a pulse generator or generators
in an array of pulse generators, that reaches the at least one
porous zone causes a vibration that has a finite time duration
such that the acoustic wave generated from the first pulse
generator can pass a given location in the at least one porous
zone while the ultrasonic vibration induced by the electro-
magnetic pulse is still active.

12. The method of claim 4 wherein the first and the second
pulse generator are part of an array including a plurality of
pulse generators, the method further comprising generating
multiple electromagnetic waves at the same time, but with
variable pulse durations and energies that permit the simul-
taneous stimulation of different scale dependent features
with the reservoir by electromagnetically-induced acoustic
vibration.

13. The method of claim 1 further comprising generating
the acoustic wave in a second borehole different from the
first borehole.

14. The method of claim 1 wherein a difference between
the first time and the second time is selected based upon a
velocity of propagation of the acoustic wave in the forma-
tion.

15. The method of claim 1 further comprising introducing
a material selected from (i) steam, (i) water, (iii) a
surfactant, (iv) diluent, and, (v) CO, into the subterranean
formation, said introduced material further enabling at least
one of (A) increased mobility of the hydrocarbons, and, (B)
increased flow of the hydrocarbons.

16. The method of claim 15 wherein introducing the
introduced material into the formation further comprises
injecting said material in an injection well.

17. The method of claim 1 wherein the said first electro-
magnetic wave that reaches the at least one porous zone
causes a vibration that has a finite time duration such that the
acoustic wave can pass a given location in the at least one
porous zone while the electromagnetic vibration is still
active.
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18. The method of claim 1 wherein the electrical pulsed
discharge generates the electromagnetic wave using a mag-
netic pulse generator that discharges electricity into a single-
or multiple-turn coil, thus producing an electromagnetic
wave, but produces no direct acoustic wave.

19. The method of claim 1 wherein the pulsed electric
discharge is initiated using a filament of flexible conductive
material that extends across a gap between a pair of elec-
trodes and reduces wear on the electrodes during discharge,
said filament being replaced after each discharge through an
automated spooling feed device that feeds new filament into
the discharge gap through a hole in one of the electrodes.

20. The method of claim 1 wherein the pulsed electric
discharge is initiated using a pencil-shaped filament of rigid
conductive material that extends across a gap between a pair
of electrodes and reduces wear on the electrodes during
discharge, said filament being replaced after each discharge
through an automated feed device that feeds new filament
into the discharge gap through a hole in one of the elec-
trodes.

21. The method of claim 1 wherein the pulsed electric
discharge is initiated using a jet of combustible gas that
extends across a gap between a pair of electrodes and
reduces wear on the electrodes during discharge, said gas
being applied under pressure through a hole in one of the
electrodes.

22. The method of claim 1 wherein the electrical pulsed
discharge is produced by an electrical pulsed discharge
device contained within a packer assembly, said packer
assembly being designed to isolate the discharge device
from the rest of the wellbore, and with inflow and outflow
fluid lines so as to provide re-circulation of fluids around the
discharge device in the packed off interval, and to apply and
maintain positive fluid pressure to improve the coupling of
the acoustic wave to the wellbore.

23. The method of claim 1 wherein the electrical pulsed
discharge is generated using a reflecting cone that allows the
acoustic wave to be directed at a given azimuth or range of
azimuths, said reflecting cone also being designed to focus
the acoustic energy at a given inclination from the wellbore
and also being controlled such that the energy can be
redirected to different azimuths from time to time during
operation by repositioning of the reflecting cone through a
remote control.

24. The method of claim 1, the method further comprising
controlling the pulse characteristics of the electromagnetic
wave so that an acoustic vibration induced by the electro-
magnetic wave in the reservoir produces vibration frequen-
cies that are optimized to enhance stimulation at a given
scale of inclusion in the reservoir including (i) the pore
scale, (ii) the grain scale, (iii) the flat crack scale, (iv) the
fracture scale, (v) the lamina scale, (vi) the bedding scale,
(vii) the reservoir body length scale, or (ix) any other scale
appropriate for stimulation of oil production.

25. Asystem for improving the recovery of crude oil from
at least one porous zone of a subterranean formation, the
system comprising:

(a) at least one source within a borehole in the subterra-
nean formation for generating an electromagnetic (EM)
pulse at a first time, said EM pulse propagating into the
formation and reaching said at least one porous zone at
a time substantially equal to the first time and thereby
inducing ultrasonic vibrations therein;

(b) at least one source for transmitting an acoustic pulse
into the formation, said acoustic pulse having a velocity
of propagation in the formation and arriving at said
porous zone at a time substantially equal to the first
time; and
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(¢) a timing and synchronization device for activating said
at least one acoustic source at a time that is a function
of the first time, said velocity of propagation and a
distance from said at least one acoustic source to said
porous zone.

26. The system of claim 25 wherein the at least one EM
source and the at least one acoustic source are located in a
single borehole in the subsurface.

27. The system of claim 26 wherein the at least one EM
source and the at least one acoustic source are part of an
electrohydraulic device.

28. The system of claim 27 wherein the electrohydraulic
device further comprises a sleeve for isolating the interior of
the electrohydraulic device from fluids surrounding the
electrohydraulic device in the wellbore.

29. The system of claim 26 wherein said at least one EM
source and said at least one acoustic source are part of an
array including a plurality of pulse generators.

30. The system of claim 29 further comprising a controller
for generating multiple electrical pulses at the same time
with variable pulse durations and energies for simultaneous
stimulation of different scale-dependent features of the sub-
terranean formation.

31. The system of claim 25 wherein the at least one EM
source and the at least one acoustic source are located in
different boreholes in the subsurface.

32. The system of claim 25 further comprising a device
for introducing at least one of (i) steam, (ii) water, (iii) a
surfactant, (iv) a diluent, and, (v) CO, into the subterranean
formation.

33. The system of claim 25 wherein the at least one EM
source further comprises a magnetic pulse generator that
discharges electricity into a single or multiple-turn coil, thus
producing an EM wave but no direct acoustic wave.

34. The system of claim 25 wherein the at least one EM
source further comprises

(i) a filament of flexible conductive material extending

across a discharge gap between two electrodes, and

(i) a spooling device for feeding new filament into the

discharge gap through a hole in one of said electrodes.

35. The system of claim 25 wherein the at least one EM
source further comprises a pencil-shaped filament of rigid
conductive material that extends across a discharge gap
between two electrodes, said pencil shaped filament being
replaced through a feed device that feeds new filament into
the discharge gap through a hole in one of the electrodes.

36. The system of claim 25 wherein the at least one EM
source further comprises:

(i) a pair of electrodes defining a discharge gap there

between; and

(i) a tube within one of said pair of electrodes for

conveying combustible gas into said discharge gap.

37. The system of claim 25 wherein the at least one EM
source and the acoustic source is contained within a packer
assembly, said packer assembly designed to isolate said at
least one source from the rest of the wellbore.

38. The system of claim 25 wherein the at least one
acoustic source further comprises a reflecting cone for
directing the acoustic pulse at a predetermined inclination to
the wellbore.

39. The system of claim 38 wherein the at least one
acoustic source further comprises a mechanism for orienting
the reflecting cone at a predetermined azimuth.
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