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(57) Abstract

There is described a device (1) for perforation of a
downhole formation (22), said device

(1) comprising:

- an electronically induced acoustic shock wave
generator (2a, 2b, 2c); and

- an acoustic shock wave focusing member (4a, 4b,
4c, 4d), wherein said device (1) is adapted to focus
generated acoustic shock waves (S) onto an area
(F) of a borehole (44) in order to disintegrate the
downhole formation (22) within said area; and

- that the device (1) is adapted to generate a
plurality of consecutive focused acoustic shock
waves in order to gradually excavate a perforation
tunnel (40) extending from said borehole (44) and
into said formation (22). There is also described a
tool assembly (10) comprising one or more devices
(1) according to the invention as well as a method
for operating the tool assembly (10).
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DEVICE AND METHOD FOR PERFORATION OF A DOWNHOLE FORMATION

The present invention relates to a device for perforation of a downhole formation. More specifically
the invention relates to a device for perforation of a downhole formation, said device comprising an
electrically induced acoustic shock wave generator and an acoustic shock wave focusing member.
The invention also relates to a tool assembly comprising one or more such devices as well as a

method for operating the tool assembly.

Liquid communication between a ground formation and a wellbore is often established or enhanced
by perforation tunnels in the formation. The perforation tunnels are created at the location of the
formation, and they typically extend perpendicularly into the formation. Perforation tunnels are tra-
ditionally made using shaped charges of chemical explosives that inject a material into the for-

mation, creating the tunnel.

In conventional perforating, the explosive nature of the process shatters sand grains of the for-
mation. A layer of "shock damaged region" having a permeability lower than that of the virgin for-
mation matrix may be formed around each perforation tunnel. The process may also generate a
tunnel full of rock debris mixed in with the perforator charge debris. The shock damaged region and
loose debris in the perforation tunnels are known to impair the productivity of production wells, or
the injectivity of injector wells, and hence negatively impact upon the flow of liquids between the

formation and the well.

US 9057232 discloses methods and apparatuses for enhancing the oil recovery in oil wells by us-
ing shock waves for stimulating an oil-producing formation. This stimulation is inter alia done by
creating arbitrary cracks in the formation adjacent previously formed perforation tunnels. The tech-
nology according to US 9057232 is described used in preparation for hydraulic fracking operations
and also during hydraulic fracking operations.

The invention has for its object to remedy or to reduce at least one of the drawbacks of the prior
art, or at least provide a useful alternative to prior art.

The object is achieved through features, which are specified in the description below and in the
claims that follow.

The invention is defined by the independent patent claims. The dependent claims define advanta-

geous embodiments of the invention.
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A shock wave field is a spatial and temporal distribution of acoustic energy within a three dimen-
sional space and time. It is characterized by basic parameters such as peak pressure and temporal
behaviour of the pressure at different spatial positions within the field. The shock waves' forward-
directed momentum, in the direction of its propagation, and its concentration in time are two main
factors determining the effect of the shock wave. Another important factor being the feature of fo-
cusing the spatial pressure field, i.e. its concentration in space, by conserving and focusing the
energy to a restricted area, as opposed to more radial or spherical propagation of the pressure
field. The dynamic effect, for the most part, occurs at interfaces with a change in the acoustic im-
pedance, such as when a shock wave propagating in a liquid impact on a ground formation. Also
implying that a shock wave propagating in a liquid, while simultaneously being enclosed by matter
of different acoustic impedance than the liquid, such as ground formation surrounding a perforation
tunnel, the shock wave will conserve a great deal of its energy for a long distance, only to be re-
leased at the interface with a change in acoustic impedance in the direction of the shock wave
propagation, such as at the end of the perforation tunnel, from now on referred to as “water-
hammer effect”.

Herein the term “focused” will be used both to describe acoustic shock waves that are directed in a
certain direction, with a circular cross-section normal to the direction of propagation, such as colli-
mated waves with a specific focus area, and shock waves that are concentrated/converging to-
wards a focal point, or focus area when projected on a target object, such as the inside of a bore-
hole wall.

Directed shock waves will include guided, non-spherical spatial forward projections of shock
waves. This will typically be the case when an acoustic shock wave generator is situated and actu-
ated within a parabolic reflector, when actuating a flat acoustic shock wave generator as
standalone, or when actuating a flat acoustic shock wave generator in combination with an acoustic
horn.

Concentrated shock waves include shock waves generated from shock wave generators situated
within or on concentrating reflectors, such as an elliptically or spherically shaped reflector, or be-
hind concentrating acoustic lens(es).

Different focusing members for focusing generated acoustic shock waves will be described in the
following. The focusing members include reflectors of parabolic, elliptic, spherical, flat or other simi-
lar shape configurations as well as various types of concentrating and/or collimating acoustic
lenses.

It should also be noted that combinations of different focusing members, both directed and concen-
trated, may be used to obtain a desired focus of an acoustic shock wave.

342214
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It is an objected of the present invention to utilize the energy exerted by a series of electronically
induced focused acoustic shock waves to create new perforations, or to improve (such as widening
or extending) existing perforations, in a ground formation by way of the gradual deteriora-
tion/disintegration of the formation, such as by fracturing of grains, loosening single grains, or clus-
ter of grains, by dispatching the bonds that naturally exists between the grains, taking place at each
shock wave impact on the formation. This is achieved by ensuring, and controlling, that the acous-
tic shock wave, within the focus area, has sufficiently high power density to disintegrate the for-
mation so that a perforation tunnel may be formed by the series of consecutive focused acoustic

shock waves.

While the peak pressure within the focus area is typically in the range of 10's to 1000's bar when
exerted by an acoustic shock wave generator technique, the peak pressure exerted by an explo-
sive shape charge is typically in the magnitude of 100k's bar. Therefore, the use of focused acous-
tic shock waves will cause significantly less damage to the formation, compared to using shaped
explosive charges, while still exerting sufficient energy for a gradual, and gentle, excavation of new
perforation tunnels or improving of existing perforation tunnels. The relatively low energy excava-
tion implies that the virgin permeability of the formation will not be compromised. Optionally keep-
ing the wellbore in an underbalanced condition during all or parts of the perforation operation,
and/or creating the perforation tunnels with an upwardly inclination may ensure cleaning of debris
out from the perforation tunnels, having the advantage that debris will not impair the propagation of
subsequent shock waves into the perforation tunnel thus leading to a more efficient excavation of
the perforation tunnel.

In a first aspect, the invention relates to a device for perforation of a downhole formation, said de-
vice comprising:

- an electronically induced acoustic shock wave generator; and

- an acoustic shock wave focusing member, wherein said device is adapted to focus generated
acoustic shock waves onto an area of a borehole in order to disintegrate the downhole formation
within said area; and wherein the device is further adapted to generate a series of focused acoustic
shock waves in order to gradually excavate a perforation tunnel, or to improve an already existing
perforation tunnel, extending from said borehole and into said formation.

Reference is made to CA 2889226 for a detailed description of how a series of electronically in-
duced acoustic shock waves may be generated.

The device according to the invention is adapted to generate a series of focused acoustic shock
waves that will travel through a liquid in the well, towards the formation and release its energy in
contact with the formation so as to disintegrate the formation. By repeating this process over and
over again, a perforation tunnel will gradually be excavated from the borehole into the adjacent

formation.
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Herein, when referring to acoustic shock wave generators, it should be understood that it relates to
electronically induced acoustic shock wave generators. Examples of such acoustic shock wave
generators are electrohydraulic, piezoelectric or electromagnetic generators, all adapted to gener-
ate acoustic shock waves via generation of short, electric pulses. The electronically induced acous-
tic shock wave generators have the advantage over shaped charges of chemical explosives to
have repeatability, and an easier controllable and lower energy output, for a gentler interaction with

the formation as mentioned above.

The power density required to disintegrate the formation will vary greatly between different for-
mation types and will therefore require different energy outputs from the acoustic shock wave gen-
erator. In a normal perforation operation, as per the invention, hundreds and even thousands of
consecutive acoustic shock waves may be generated and focused onto the formation in order to
gradually excavate a perforation tunnel as intended.

In one embodiment, said acoustic shock wave focusing member may be adapted to focus generat-
ed acoustic shock waves in a non-spherical spatial forward projection. This may be achieved by
placing the shock wave generator in or on a collimating reflector, such as a parabolic or flat reflec-
tor or a cylindrical tube with one open end, or it may be achieved by using a collimating acoustic

lens, or an acoustic horn.

In addition or as an alternative, the acoustic shock wave focusing member(s) may be adapted to
concentrate generated acoustic shock waves onto a focal point or a focus area. This may be
achieved by using a concentrating acoustic reflector or lens. Examples of concentrating acoustic
reflectors are elliptically or spherically shaped reflectors. Alternatively the acoustic shock wave may

be concentrated by means of an acoustic, concentrating lens.

In one embodiment the device may at least partially be covered by a flexible membrane. The
membrane may be particularly useful when the acoustic shock wave generator is of an electrohy-
draulic type as the membrane may contribute to enclosing the shock wave generator, typically by
covering an opening in a reflector in which the shock wave generator is placed, in order to maintain
a controlled liquid environment for the electrohydraulic generator. This has the advantage of ena-
bling control and reproducibility of the energy characteristics of the acoustic shock wave generator.
The flexibility of the membrane may ensure smooth transfer of acoustic energy past the membrane
without substantial absorption of energy therein.

It should also be mentioned that a device according to the present invention may include a plurality
of acoustic shock wave generators that operate in parallel or in series. In one embodiment, a plu-
rality of piezoelectric or electromagnetic acoustic shock wave generators may be provided on a
substantially spherically shaped reflector, while in another embodiment a plurality of piezoelectric
or electromagnetic acoustic shock wave generators may be provided in a stacked arrangement.

342214
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In a second aspect, the invention is related to a tool assembly comprising a device according to the
first aspect of the invention, the tool assembly being connectable to a wellbore conveying means.
The conveying means may be wireline or slickline or a liquid carrying string, including coil tubing,
electric coil tubing, and various types of work and drill strings. The conveying means may be
adapted to transfer energy and signal communication between the surface and the tool assembly.
Preferably, the signal communication may be bi-directional. The energy transfer may be in the form
of electric power for driving the device according to the invention and/or it may be in the form of
electric and/or hydraulic power for driving other parts of the tool assembly mentioned in the follow-
ing. It may also be in the form of laser energy transmitted from the surface. It should also be men-
tioned that the tool assembly may carry its own power generator as an addition or alternative to the
supply from the surface. The downhole power generators may be in the form of batteries and/or
downhole motors, such as downhole mud motors. The actual conveyance may be actuated from

the surface by moving the conveyance means and/or by means of a wireline tractor.

In one embodiment, the tool assembly may comprise a casing perforation member. It should be
mentioned that the term “casing” when used herein, also includes liner. The casing perforation
member may be a high energy laser receiving power from the surface or downhole. Alternatively
the casing perforation member may be a mechanical tool or water jetting tool. This may be benefi-
cial when it is desirable to make a perforation tunnel via a non-perforated casing. The device ac-
cording to the invention may be regarded a relatively low-energy device for gradually excavating a
perforation tunnel into a formation for reasons explained above. It may therefore be beneficial to
provide the tool assembly with a casing perforation member for creating a perforation opening
through the actual casing, for which the focused acoustic shock waves may be unsuitable. Exam-
ples of laser cutting/perforation tools are disclosed in US 2013228372 and US 2006231257 to
which reference is made for an in-depth description of laser cutting/perforation tools.

In addition, or as an alternative, the tool assembly may be provided with a perforation opening lo-
calization member. This may be particularly useful if it is required to position and align the acoustic
shock wave focusing member adjacent an already created perforation opening in a casing. The
perforation openings may be created during the same run into the well or during a previous run into
the well, or the casing may be pre-perforated on the surface prior to installation in the well. Activa-
tion of pre-created perforation openings may be done by means of slidable or rotatable sleeves. A
continuous perforation tunnel may then be formed, using focused acoustic shock waves, by first
excavating through a layer of cement in the annulus outside the casing and then subsequently into
the adjacent formation. It may also be useful to locate perforation openings in already created per-
foration tunnels in a situation where it is desirable to improve the perforation tunnel, e.g. by remov-
ing scale and /or repairing damaged zones and/or widening/extending the already created perfora-
tion tunnels. The perforation opening localization member may be of a mechanical calliper type, or
it may utilize radar, electromagnets or various sonic and ultrasonic localisation techniques as will

be understood by a person skilled in the art.
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In one embodiment, the tool assembly may be adapted to create local underbalanced pressure
conditions in the well adjacent the formation being perforated by means of the tool assembly ac-
cording to the present invention. This may be achieved by expanding a pair of packers with an axial
distance therebetween on both sides of the tool assembly so as to isolate an area of the wellbore in
which the tool assembly is positioned. This has the advantage of simplifying cleaning of debris from
the excavated perforation tunnels as the debris may be transported into the well with the flow of
liquid generated due to the pressure difference between the formation and the isolated area of the
wellbore. Alternative methods, not necessarily using the tool assembly as such, of maintaining the

well at a lower pressure than the formation pressure are discussed below.

In one embodiment, the tool assembly may comprise a formation imaging member. This may be
particularly useful for following the process and quality of the gradual excavation of a perforation
tunnel. The formation imaging device may indicate the length and/or quality of the perforation tun-
nel, and may be used as an indication for when a perforation operation is to be considered final-
ized. The imaging device may be a radar, an ultrasonic sensor, a laser operating in a low power

mode etc.

It should also be mentioned that a tool assembly according to the second aspect of the present
invention may also comprise number of different tool members not necessarily mentioned herein,
but some of which will be mentioned in the following: guide assembly, cable head, roller section, a
casing collar locator, swivel, various LWD/MWD tools, a vertical positioning section, a casing cut-
ting section, a well tractor, a packer or packers and also means for anchoring the tool assembly in
the well, which may be useful for keeping the tool at a substantially fixed position during the gradu-

al excavation of perforation tunnels into the formation.

It should also be mentioned that a tool assembly according to the second aspect of the invention
may comprise a plurality of devices according to the first aspect of the invention that may be
adapted to simultaneously and gradually excavate a plurality of perforation tunnels from the bore-
hole and into the adjacent formation. The plurality of devices according to the first aspect, when
integrated in a tool assembly according to the second aspect of the invention, may be identical or
they may be of different embodiments. In one embodiment said plurality of devices according to the
first aspect of the invention may be distributed axially and circumferentially along and around said
tool assembly, respectively, in a predetermined pattern, the predetermined pattern coinciding with
the distribution of perforation holes in the casing. This implies that it will be sufficient to localize one
of the perforation holes, or a general indexing member, in the casing and align one of the acoustic
shock wave focusing members to this perforation hole, then all the other shock wave focusing

members will automatically align with the remaining perforation holes in the casing.

In one embodiment, the tool assembly may at least partially be covered by a flexible membrane.
The flexible membrane thus a least partially cover a plurality of devices according to a first aspect

of the invention.
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In a third aspect, the invention relates to a method for operating a tool assembly according to the
second aspect of the invention, the method comprising the steps of:

(A) running the tool assembly into a well on a tool assembly conveying means and placing the tool
assembly adjacent a formation in the well;

(B) activating said acoustic shock wave generator;

(C) focusing a generated acoustic shock wave onto a focus area on the borehole in order to disin-
tegrate the formation within said area; and

(D) gradually excavating a perforation tunnel into said formation, or improving an existing perfora-
tion tunnel, by means of a plurality of consecutive focused acoustic shock waves.

In one embodiment, the method may further comprise, prior to steps (B) — (D) further includes the
step of: (A1) creating perforation openings in a downhole casing by means of a casing perforation
member. This may be useful in a cased hole where the casing is not yet perforated.

In addition, or as an alternative, the method may further comprise, prior to steps (B) — (D), the step
of:

(A2) localizing one or more already existing perforation openings in a casing by means of a perfo-
ration opening localization member. This may be perforation openings recently created by means
of the casing perforation member as described above, or the perforation openings may be created
in an earlier run into the well. After said one or more perforation openings have been located, the
downhole tool assembly may be positioned so that one or more devices to the first aspect of the
invention are aligned with the perforation openings.

In one embodiment, the step (D) of the method may further include the sub-step of:

(D1) excavating the perforation tunnel with an axial direction having an upwardly vertical compo-
nent in the direction from the borehole and into the formation. This may be particularly useful for
cleaning of the excavated perforation tunnel, as the gravity may assist in getting the debris out into
the wellbore.

The method may further include the step:

(E) maintaining the wellbore at a pressure lower than the formation pressure, at least in the area
around said tool assembly when in operation. This may result in a suction force that will contribute
to extracting debris from the perforation tunnels and into the well, having the advantage that debris
will not impair the propagation of subsequent shock waves into the perforation tunnel thus leading
to a more efficient excavation of the perforation tunnels. The reduced well pressure may also be
realized by manipulation of the well conditions by creating an underbalanced condition in the well-
bore, where the formation pressure is higher than the pressure in the wellbore. For example, reduc-
ing the pressure at the wellhead to allow the well to produce to the surface on its own, or, in the
case of tighter or pressure depleted formations, with assistance from artificial lift methods such as
downhole gas-lift or electric submersible pump, subsea booster, sucker-rod pump, or similar. Also,
a lighter liquid may be pumped into the wellbore creating a lower pressure in the wellbore. In an-

342214
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other embodiment, a transient underbalanced condition may be created in an isolated region of the

wellbore, which may be isolated by means of one or more packers that may be parts of the tool

assembly according to the second aspect of the invention. Creation of a transient underbalance

condition can be accomplished in a number of different ways, such as by use of a low pressure

chamber that is opened to create the underbalance condition.

In the following is described an example of a preferred embodiment illustrated in the accompanying

drawings, wherein:

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

shows temporal pressure variation of an acoustic shock wave;

shows spatial pressure distribution in a focus area of a directed acoustic shock wave
field;

shows spatial pressure distribution in a focus area of a concentrated acoustic shock

wave field;

shows, in a cross-sectional view, a first embodiment of a device according to the first
aspect of the invention;

shows, in a cross-sectional view, a second embodiment of a device according to the

first aspect of the invention;

shows in a cross-sectional view, a third embodiment of a device according to the first
aspect of the invention;

shows in a cross-sectional view, a fourth embodiment of a device according to the
first aspect of the invention;

shows, in a cross-sectional view, a fifth embodiment of a device according to the first
aspect of the invention; and

shows a tool assembly according to the second aspect of present invention.

In the following, the reference numeral 1 will indicate a device according to the first aspect of pre-

sent invention, whereas the reference numeral 10 will indicate a tool assembly according to the

second aspect of the invention, the tool assembly 10 comprising one or more devices 1 according

to the first aspect of the invention. The drawings are shown schematically and simplified and the

various features in the drawings are not necessarily drawn to scale.

A shock wave field is a spatial and temporal distribution of acoustic energy within a three-

dimensional space. In Fig. 1, an example of a temporal pressure variation of a typical acoustic

shock wave is shown. The impact that such an acoustic shock wave will have on a downhole for-
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mation depends both on the energy contained in the acoustic shock waves as well as its confine-
ment in time and space. The actual power density required to disintegrate the formation will vary
greatly between different types of downhole formations.

In Fig. 2 the pressure distribution near the focus area of a substantially ideal directed/collimated
acoustic shock wave is shown. The pressure within the focus area F is substantially uniform in the
direction normal to the propagation of the acoustic wave. In use in a device 1 according to the first
aspect of the invention, the power density in the focus area will be optimized so as to be sufficient
to disintegrate the formation area onto which the acoustic shock wave is directed. It will thereby, by
generating a series of consecutive focused acoustic shock waves, be possible to gradually exca-
vate a perforation tunnel into the formation. The devices 1 shown in Figs. 4 and 8, discussed be-
low, are adapted to generate a pressure distribution similar to the one shown in Fig. 2.

In contrast, Fig. 3 shows the corresponding pressure distribution for a concentrated acoustic shock
wave with a focus area F and a focal point P+ at its peak. Such a pressure distribution will be ob-
tainable by means of the devices shown in Figs. 5-7, discussed below. The focus area F is still
described as the area, normal to the direction of propagation, in which the shock wave has suffi-
cient power density to disintegrate the formation.

Fig. 4 shows a first embodiment of a device 1 according to the first aspect of present invention. An
acoustic shock wave generator, here in the form of an electrohydraulic generator 2a, is placed with-
in an acoustic shock wave focusing member 4a in the form of a parabolically shaped reflector. The
parabolic reflector 4a spreads acoustic shock waves S from the electrohydraulic generator 2a and
focuses the acoustic shock waves S in a collimated spatial forward projection onto a focus area F
on a borehole 44 of a wellbore. The acoustic wave front includes a combination of a directed, fo-
cused part of the waves, and a weaker, unfocused/diverging part of the wave. A flexible membrane
5 is provided across the opening of the parabolic reflector 4a in order to maintain the electrohy-
draulic generator 2a in a controlled, liquid-filled environment to ensure control and reproducibility of
the energy characteristics of the electrohydraulic generator 2a. The flexibility of the membrane 5
may ensure smooth transfer of acoustic energy past the membrane 5 without substantial absorp-
tion of energy therein.

Fig. 5 shows a second embodiment of a device 1 according to the first aspect of the present inven-
tion. An acoustic shock wave generator, here in the form of an electrohydraulic generator 2a, is
placed within an acoustic shock wave focusing member 4b in the form of an elliptically shaped
reflector that concentrates, rather than collimates, generated acoustic shock waves S onto a focus
area F of a borehole 44 in a wellbore. The main part of the wave front is converging towards the
focus area F, while a weaker part of the wavefront is diverging. The opening in the elliptically
shaped reflector 4b is covered by a flexible membrane 5 for similar reasons as discussed above.
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Fig. 6 shows a third embodiment of a device 1 according to the first aspect of the present invention.
Ann acoustic shock wave generator, here in the form of a cylindrical electromagnetic generator 20,
is placed within an acoustic shock wave focusing member 4c¢ in the form of a parabolically shaped
reflector. Generated acoustic shock waves S are focused onto an area F on the borehole 44 in a
converging wavefront. The electromagnetic generator 2b could also have been provided as a pie-

zoelectric generator in an alternative embodiment.

Fig. 7 shows a fourth embodiment of a device 1 according to the first aspect of the present inven-
tion. An acoustic shock wave generator, here in the form of a substantially circular, flat piezoelectric
generator 2c¢, is shown generating acoustic shock waves S that propagate towards an acoustic
shock wave focusing member in the form of a concentrating acoustic lens 4d that concentrates and
projects the acoustic shock waves S onto an area projection F on the borehole 44 of a wellbore in a
converging wavefront. In an alternative embodiment, the shown circular, flat generator could also
be electromagnetic. In another embodiment, a plurality of circular and flat piezoelectric or electro-
magnetic generators may be provided in a stacked arrangement.

Fig. 8 shows a fifth embodiment of a device 1 according to the first aspect of the present invention.
An acoustic shock wave generator, here in the form of a substantially circular, flat piezoelectric
generator 2¢ is shown generating acoustic shock waves S that propagate towards an acoustic
shock wave focusing member in the form of an acoustic horn 4e, resulting in a collimated wavefront
onto the focus area F on the borehole 44. The acoustic horn 4e, which is interchangeably referred
to as an ultrasonic horn, is typically formed in a piece of metal, such as titan, and fixedly connect-
ed, by means of gluing, welding, bolts etc., to the generator 2c. In an alternative embodiment, the
shown circular, flat generator could also be electromagnetic. In another embodiment, a plurality of
circular and flat piezoelectric or electromagnetic generators may be provided in a stacked ar-

rangement.

Fig. 9 illustrates a tool assembly 10 according to the second aspect of the present invention com-
prising a plurality of acoustic shock wave devices 1 according to the first aspect of the invention.
The tool assembly being deployed into a well 12 on a wellbore conveying means in the form a wire-
line 14. The well 12 is completed by means of a wellhead 16 at the surface. Below the wellhead 16
an outer casing 18 extends into the well 12, the outer casing 18 constituting a radial delimitation
between a portion of a wellbore 20 of the well 12 and a downhole formation 22. A layer of cement
24 is provided in the annulus between the outer casing 18 and the formation 22 in order to keep the
outer casing firmly in place and to prevent unwanted leaks from the formation 22 and into the annu-
lus between the outer casing 18 and the formation 22. An open bottom tubing 26, shorter than the
outer casing 18 and with a smaller diameter than the outer casing 18, is shown extending from the
wellhead 16 and down into the wellbore 20 substantially concentrically inside the outer casing 18.
Below the outer casing 18, the wellbore 20 extends further into the formation as an open-hole con-
figuration section 21. In the shown embodiment, the upper portion of the formation 22 includes an
area of cap rock 28, while a lower portion of the formation includes permeable zones 30, 32, 34. In

342214
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the shown embodiment perforations 36 have already be formed in the formation 22 in the upper
permeable zone 30. The perforations 36 include perforation openings 38 formed in the outer casing
18 and continuous perforation tunnels 40 extending from the perforation openings 38, through the
cement 24 and in to the upper permeable zone 30. A mid permeable zone 32 exists below the up-
per permeable zone 30, outside a lower portion of the outer casing 18, whereas a lower permeable
zone exists adjacent the wellbore in the open-hole section 21. A mid non-permeable zone 31 sepa-
rates the upper permeable zone 30 and mid permeable zone 32, while a lower non-permeable
zone 33 separates the mid permeable zone 32 and the lower permeable zone 34. The perforations
36 have been formed using a casing perforation member in the form of not shown shaped explo-
sive charges. The tool assembly 10 is connected to the wireline 14 at a cable head 42 of the tool
assembly 10. The wireline 14 is adapted to transmit low/high power electricity and/or laser energy
from a not shown power generator and/or laser generator at the surface to a laser cutting tool 35.
In the shown embodiment, the tool assembly further comprises a formation imaging members 37,
particularly useful for monitoring the excavation and quality of the perforations 36. The formation
imaging member 37 may be of any type mentioned herein. Further, the tool assembly comprises
pair of inflatable packers 39 adapted to create isolate a portion of the wellbore 20 if needed. The
inflatable packers may e.g. be used for creating local underbalanced conditions in the wellbore 20
in the part of the formation 22 being perforated. The tool assembly 10 further comprises a perfora-
tion opening localization member 41, which may be of any type mentioned herein. The tool assem-
bly 10 in the shown embodiment is adapted to convert, store/accumulate and discharge power
received from the surface by means of an acoustic shock wave sub 43, the acoustic shock wave
sub 43 typically including a transformer, capacitors or other accumulators, and a discharge unit in
order to power the plurality of acoustic shock wave devices 1 according to the first aspect of the
invention when needed. The activation may be automatically triggered or by means of command
from the surface. It should be noted that the different features of the tool assembly 10 may be pro-
vided in different arrangements and orders, and that the tool assembly 10 according to the second
aspect of the invention, in the widest sense, is defined by the claims.

Hereinafter different possible methods of operations, as also mentioned previously herein, will be
briefly explained. In a first mode of operation, the tool assembly 10 may be lowered down to the
lower permeable zone 34 in the open-hole section 21 of the wellbore 20. After positioning the tool
assembly adjacent the lower permeable zone 34, the plurality of acoustic shock wave devices 1
according to the first aspect of the invention may be activated so as to focus a plurality of acoustic
shock waves onto the borehole 44 of the un-cased wellbore 20. The part of the tool assembly 10
comprising the plurality of acoustic shock wave devices 1 according to the first aspect of the inven-
tion is covered by a flexible membrane 5’. The focused acoustic shock waves may be of the con-
centrated or directed types described above. The overall idea is that the focused projection F, as
shown in Figs. 4-8, of the acoustic shock waves onto the borehole 44 has a sufficiently high acous-
tic power density to disintegrate the formation 22 within the focused area. By repeating the genera-
tion process a substantial number of times, perforation holes will form in the borehole 44 extending
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into not shown perforation tunnels in the lower permeable zone 34 by gradual excavation thereof. If
a series of concentrated acoustic shock waves is used, the focus area will typically remain at the
perforation opening, where the borehole 44 has been perforated, also when excavating the perfora-
tion tunnel, then by way of a "water-hammer effect" as mentioned previously herein. If a directed
acoustic shock wave is used, the focus will remain directed into the axial direction of the gradually
excavated perforation tunnel. As mentioned above, the perforation tunnel may be formed with a
vertical component along the axial direction thereof, typically by slightly lowering the tool assembly
after first having excavated shallow holes in the borehole 44, following the steps as mentioned
above. Then directing slightly upwardly, automatically or controlled from the surface, the acoustic
shock wave devices 1 with their acoustic shock wave focusing members, by way of (not shown)
mechanical means individually coupled to each device, aligning the devices' focus areas within the
shallow holes just generated, re-activating the plurality of acoustic shock wave devices 1 to gradu-
ally excavate (not shown) perforation tunnels into the lower permeable zone 34, now with a vertical
component along the axial direction thereof, thus simplifying the removal of debris from the perfora-
tion tunnel and into the wellbore 20. By generating acoustic shock waves resulting in power densi-
ties just above the required formation degeneration densities perforations may be made that do not
comprise the virgin permeability of the lower permeable zone 34, nor other parts of the wellbore 20,
and therefor increases the overall productivity/injectivity of the well 12.

In a second mode of operation, the tool assembly 10 may be lowered down to the mid-permeable
zone 32. The mid-permeable zone 32 is delimitated from wellbore 22 by means of the outer casing
18 and cement 24 as described above. The acoustic shock wave devices 1 are, in the shown em-
bodiment, not adapted to make perforation openings through the casing 18. Instead the tool as-
sembly is provided with high power laser cutting tool 35 for making the not shown perforation open-
ings in the outer casing 18. References to relevant prior art documents disclosing examples of such
laser cutting tools 35 were given above. After perforation openings have been formed, the plurality
of acoustic shock wave devices 1 as included in the tool assembly 10 are directed with their acous-
tic shock wave focusing members toward the perforation openings formed in the outer casing 18,
S0 as to gradually excavate not shown continuous perforation tunnels through the cement 24 and
into the permeable zone 32.

In a third mode of operation, the tool assembly 10 may be lowered to the upper permeable for-
mation zone 30. In this mode of operation a plurality of perforation openings 38 has already been
formed in the outer casing 18. The perforation openings 38 may be formed during the same run, or
during an earlier run into the well 12, or the perforation openings 38 may be pre-formed in the cas-
ing 18 an activatable by means of not shown sliding or rotation casing sleeves. The tool assembly
10 is adapted to locate the perforation openings 38 by means of the perforation opening localiza-
tion member 41 in the outer casing 18 and to align the plurality acoustic shock wave devices 1 with
the openings perforation openings 38. The acoustic shock wave devices will subsequently be acti-
vated to generate a series of consecutive acoustic shock wave pulses in order to gradually, and
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excavate the perforation tunnels 40, or to improve the already existing perforation tunnels 40, as
discussed herein.

The different modes of operation discussed above may be used in one and the same well or in
different wells. The different zones shown in Fig. 9 and discussed above may therefore also be
construed as representing different wells.

It should be noted that the above-mentioned embodiments illustrate rather than limit the invention,
and that those skilled in the art will be able to design many alternative embodiments without depart-
ing from the scope of the appended claims. In the claims, any reference signs placed between
parentheses shall not be construed as limiting the claim. Use of the verb "comprise" and its conju-
gations does not exclude the presence of elements or steps other than those stated in a claim. The
article "a" or "an" preceding an element does not exclude the presence of a plurality of such ele-
ments.

The mere fact that certain measures are recited in mutually different dependent claims does not
indicate that a combination of these measures cannot be used to advantage.
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Claims

Device (1) for perforation of a downhole formation (22), said device (1) comprising:

- an electronically induced acoustic shock wave generator (2a, 2b, 2¢); and

- an acoustic shock wave focusing member (4a, 4b, 4c,4d,4e), ch arac -
terized in that

- said device (1) is adapted to focus generated acoustic shock waves (S) onto a focus ar-
ea (F) of a borehole (44) in order to disintegrate the downhole formation (22) within said
area (F); and

- that the device (1) is adapted to generate a series of focused acoustic shock waves in
order to gradually excavate a perforation tunnel (40), or to improve an already existing
perforation tunnel (40), extending from said borehole (44) and into said formation (22).

Device (1) according to claim 1, wherein said acoustic shock wave focusing member (4a,
4e) is adapted to focus generated acoustic shock waves (8) in a non-spherical, collimat-
ed spatial forward projection onto a focus area (F).

Device (1) according to any of the preceding claims, wherein said acoustic shock wave
focusing member (40, 4c, 4d) is adapted to concentrate generated acoustic shock waves
(S) onto a focus area (F).

Device (1) according to any of the preceding claims, wherein said device (1) is at least
partially covered by a flexible membrane (5).

Tool assembly (10) for perforation of a downhole formation (22), said tool assembly (10)
comprising a device (1) according to claim 1 and said tool assembly (10) being connecta-
ble to a wellbore conveying means (14).

Tool assembly (10) according to claim 5, wherein said tool assembly (10) further com-

prises a casing perforation member.

Tool assembly (10) according to claim 5 or 6, wherein said tool assembly (10) further

comprises a perforation opening localization member.

Tool assembly (10) according to any of the claims 5-7, wherein said tool assembly (10) is
adapted to create local underbalanced pressure conditions in the wellbore (20) adjacent
the formation (22) being perforated.

Tool assembly (10) according to any of the claims 5-8, wherein said tool assembly (10)
further comprises a perforation imaging device.

Tool assembly (10) according to any of the claims 5-9, wherein said tool assembly (10) is
at least partially covered by a flexible membrane (5°).
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Method for operating a tool assembly (10) according to claim 5, the method comprising
the steps of:

(A) running said tool assembly (10) into a well (12) on a tool assembly conveying means
(14) and positioning the tool assembly (10) adjacent a formation (22) in said well (12);

(B) activating said acoustic shock wave generator (2a ,2b, 2¢);

(C) focusing a generated acoustic shock wave onto a focus area (F) on a borehole (44) in
order to disintegrate the formation (22) within said area (F); and

(D) gradually excavating a perforation tunnel (40) into the formation (22), or improving an
existing perforation tunnel (40), by means of a plurality of consecutive focused acoustic
shock waves (S).

Method according to claim 11, wherein the method, prior to steps (B) — (D) further in-
cludes the step of:
(A1) creating perforation openings (38) in a downhole casing (18) and/or liner by means

of a casing perforation member.

Method according to claim 12, wherein the method, prior to steps (B) — (D) further in-
cludes the step of:

(A2) localizing one or more already existing perforation openings (38) in a casing (18) by
means of a perforation opening localization member.

Method according to any of the claims 10-13, wherein step (D) further includes the sub-
step of:
(D1) excavating the perforation tunnel (40) with an axial direction having a vertical com-
ponent.

Method according to any of the claims 10-14, wherein the method further includes the
step of:

(E) maintaining the wellbore (20) at a pressure lower than the formation pressure, at least
in the area around said tool assembly (10) when in operation.
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Patentkrayv

Anordning (1) til perforering av en brgnnhullsformasjon (22), hvor nevnte an-
ordning (1) omfatter:

- en generator (2a, 2b, 2c) for elektronisk indusert akustisk sjokkbglge

- et akustisk-sjokkbglge-fokuseringselement (4a, 4b, 4c, 4d, 4e), k a -
rakterisert ved at

- nevnte anordning (1) er innrettet til & fokusere genererte akustiske sjokk-
bolger (S) pa et fokusomréde (F) av et borehull (44) for & smuldre opp
brennhullsformasjonen (22) innenfor nevnte omrade (F); og

- at anordningen (1) er innrettet til & generere en serie av fokuserte akustiske
sjokkbglger for gradvis & grave ut en perforeringstunnel (40), eller for & for-
bedre en allerede eksisterende perforeringstunnel (40), som strekker seg fra

nevnte borehull (44) og inn i nevnte formasjon (22).

Anordning (1) ifglge krav 1, hvor nevnte akustisk-sjokkbglge-fokuserings-
element (4a, 4e) er innrettet til & fokusere genererte akustiske sjokkbglger
(S) i en ikke-sfzerisk, kollimert, romlig, foroverrettet projeksjon pa et fokus-

omrade (F).

Anordning (1) ifelge hvilket som helst av de foregdende kravene, hvor nevnte
akustisk-sjokkbglge-fokuseringselement (4b, 4c, 4d) er innrettet til & kon-

sentrere genererte akustiske sjokkbglger (S) pa et fokusomrade (F).

Anordning (1) ifelge hvilket som helst av de foregdende kravene, hvor nevnte

anordning (1) er i det minste delvis dekket av en fleksibel membran (5).

Verktgysammenstilling (10) til perforering av en brgnnhullsformasjon (22),
hvor nevnte verktgysammenstilling (10) omfatter en anordning (1) ifglge krav
1 og nevnte verktgysammenstilling (10) kan koples til et brganntransportmid-
del (14).

Verktgysammenstilling (10) ifglge krav 5, hvor nevnte verktgysammenstilling

(10) videre omfatter et foringsragrperforeringselement.

Verktgysammenstilling (10) ifglge krav 5 eller 6, hvor nevnte verktgysam-

menstilling (10) videre omfatter et perforeringsapningslokaliseringselement.

Verktgysammenstilling (10) ifglge hvilket som helst av kravene 5-7, hvor

nevnte verktgysammenstilling (10) er innrettet til & skape lokale underbalan-
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serte trykkforhold i brgnnhullet (20) i tilstating til den formasjonen (22) som
blir perforert.

Verktgysammenstilling (10) ifglge hvilket som helst av kravene 5-8, hvor
nevnte verktgysammenstilling (10) videre omfatter en perforeringsavbild-

ningsanordning.

Verktgysammenstilling (10) ifglge hvilket som helst av kravene 5-9, hvor
nevnte verktgysammenstilling (10) er i det minste delvis dekket av en fleksi-

bel membran (5").

Fremgangsmate for a8 betjene en verktgysammenstilling (10) ifglge krav 5,
hvor fremgangsmaten omfatter trinnene:

(A) & fore nevnte verktgysammenstilling (10) inn i en brgnn (12) pa et verk-
taysammenstillingstransportmiddel (14) og posisjonere verktgysammenstil-
lingen (10) i tilstating til en formasjon (22) i nevnte brgnn (12);

(B) & aktivere nevnte akustisk-sjokkbglge-generator (2a, 2b, 2c);

(C) & fokusere en generert akustisk sjokkbglge pa et fokusomrade (F) pa et
borehull (44) for & smuldre opp formasjonen (22) innenfor nevnte omrade
(F); og

(D) gradvis a grave ut en perforeringstunnel (40) i formasjonen (22), eller
forbedre en eksisterende perforeringstunnel (40), ved hjelp av en flerhet av

fortlgpende, fokuserte akustiske sjokkbglger (S).

Fremgangsmate ifglge krav 11, hvor fremgangsmaten, for trinnene (B)-(D),
videre innbefatter trinnet:
(A1) & opprette perforeringsdpninger (38) i et féringsrar (18) og/eller forleng-

ningsragr i brgnnhullet ved hjelp av et foringsrgrperforeringselement.

Fremgangsmate ifglge krav 12, hvor fremgangsmaten, for trinnene (B)-(D),
videre innbefatter trinnet:
(A2) & lokalisere én eller flere allerede eksisterende perforeringsapninger (38)

i et foringsrar (18) ved hjelp av et perforeringsapningslokaliseringselement.

Fremgangsmate ifglge hvilket som helst av kravene 10-13, hvor trinnet (D)
videre innbefatter deltrinnet:
(D1) & grave ut perforeringstunellen (40) med en aksial retning som har en

vertikal komponent.
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Fremgangsmate ifslge hvilket som helst av kravene 10-14, hvor fremgangs-
maten videre innbefatter trinnet:

(E) & holde brgnnhullet (20) pa et trykk som er lavere enn formasjonstrykket,
i det minste i omréddet omkring nevnte verktgysammenstilling (10) nar denne

er i funksjon.
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