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ELECTRICAL AND STATIC FRACTURING 
OF A RESERVOIR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a National Phase Entry of Inter 
national Application No. PCT/ EP2012/ 054401 , ?led on Mar. 
13, 2012, Which claims priority to French Patent Application 
Serial No. 1152063, ?led on Mar. 14, 2011, both ofWhich are 
incorporated by reference herein. 

BACKGROUND AND SUMMARY 

[0002] The present invention relates to a device and a 
method for fracturing a geological hydrocarbon reservoir, as 
Well as a method of production of hydrocarbons. 
[0003] In the production of hydrocarbons, the permeability 
and/ or the porosity of the material constituting the reservoir 
have an in?uence on the production of hydrocarbons, in par 
ticular on the rate of production and thus the pro?tability. This 
is in particular What is referred to in the article Porosity and 
permeability of Eastern Devonian Shale gas” by Soeder, D. 1., 
published in SPE Formation Evaluation, 1988, Vol. 3, No. 1, 
pp. 116-124, Which describes the investigation of eight 
samples of Devonian shale gas, originating from the Appala 
chians. In particular, this article explains that the production 
of this shale gas presents the dif?culty that the reservoir (i.e. 
the material constituting the reservoir) has loW permeability. 
[0004] Thus, various techniques exist for facilitating the 
rate of production of hydrocarbons, in particular from a res 
ervoir of loW permeability and of loW porosity. These tech 
niques consist of fracturing the reservoir statically or dynami 
cally. 
[0005] Static fracturing is a targeted dislocation of the res 
ervoir, by injecting a ?uid under very high pressure to crack 
the rock. Cracking is effected by a mechanical “stress” origi 
nating from hydraulic pressure obtained by means of a ?uid 
injected under high pressure from a Well drilled from the 
surface. It is also called “hydrofracturing” or “hydrosiliceous 
fracturing” (or else “frac jobs”, or more generally “fracking”, 
or “massive hydraulic fracturing”). Document US 2009/ 
044945 A1 in particular presents a method of static fracturing 
as described above. 

[0006] Static fracturing has the drawback that the fractur 
ing of the reservoir is generally unidirectional. Thus, only the 
hydrocarbon present in the portion of the reservoir around a 
deep but highly localiZed crack is produced more quickly. 
[0007] To obtain more diffuse fracturing, dynamic fractur 
ing, or electrical fracturing, has been introduced. Electrical 
fracturing consists of generating an electric arc in a Well 
drilled in the reservoir (typically the production Well). The 
electric arc induces a pressure Wave Which damages the res 
ervoir in all directions around the Wave and thus increases its 
permeability. 
[0008] Several documents discuss electrical fracturing. For 
example, document US. Pat. No. 4,074,758 presents a 
method consisting of generating an electro-hydraulic shock 
Wave in a liquid in the Wellbore to improve petroleum recov 
ery. Document US. Pat. No. 4,164,978 suggests folloWing 
the shock Wave With an ultrasonic Wave. Document US. Pat. 

No. 5,106,164 also describes a method of generating a plasma 
blast and thus fracturing a rock, but in the case of a borehole 
of small depth, for a mining application and not for produc 
tion of hydrocarbons. Documents US. Pat. No. 4,651,311 
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and US. Pat. No. 4,706,228 present a device for generating an 
electric discharge With electrodes in a chamber containing an 
electrolyte, in Which the electrodes are not subject to erosion 
by the plasma of the discharge. Document WO 2009/ 073475 
describes a method of generating an acoustic Wave in a ?uid 
medium present in a Well With a device comprising tWo elec 
trodes betWeen an upper packer and a loWer packer de?ning a 
con?ned space. According to this document, the acoustic 
Wave is maintained in a non-“shock Wave” state in order to 
improve the damage, Without hoWever explaining the differ 
ences betWeen “ordinary” acoustic Wave and “shock” Wave. 

[0009] None of these documents produces entirely satisfac 
tory fracturing of the reservoir. There is therefore a need for 
improved fracturing of a hydrocarbon reservoir. 
[0010] For this, a method is proposed for fracturing a geo 
logical hydrocarbon reservoir, in Which the method com 
prises a static fracturing of the reservoir by hydraulic pres 
sure, and an electrical fracturing of the reservoir by 
generating an electric arc in a Well drilled in the reservoir. 
According to the examples, the method can comprise one or 
more of the folloWing features: 

[0011] the static fracturing precedes the electrical frac 
turing; 

[0012] the Well is horiZontal; 
[0013] the electrical fracturing is repeated in various 

treatment Zones along the Well; 
[0014] in each treatment Zone, several arcs are generated 

in succession, preferably said arcs induce a pressure 
Wave the rise time a rise time of Which is decreasing; 

[0015] in each treatment Zone, the arcs are generated at a 
frequency equal to the resonance frequency of a material 
to be fractured in the reservoir; 

[0016] the arcs are generated at a frequency beloW 100 
HZ, preferably beloW 10 HZ, and/or above 0.001 HZ, 
preferably above 0.01 HZ; 

[0017] the reservoir has a permeability beloW 10 micro 
darcy; 

[0018] the reservoir is a shale gas reservoir. 
[0019] the electrical fracturing is generated by a fractur 

ing device Which comprises tWo packers that betWeen 
them de?ne a con?ned space in a Well drilled in the 
reservoir; a pump for increasing the pressure of a ?uid in 
the con?ned space; an apparatus for heating the ?uid; at 
least one pair of tWo electrodes arranged in the con?ned 
space; and an electric circuit for generating an electric 
arc betWeen the tWo electrodes, the circuit comprising at 
least one voltage source connected to the electrodes and 
an inductance betWeen the voltage source and one of the 

tWo electrodes; 
[0020] the inductance is an adjustable inductance coil, 

preferably betWeen 1 [1H and 100 mH, more preferably 
betWeen 10 pH and 1 mH; 

[0021] the distance betWeen the electrodes is adjustable, 
preferably betWeen 0.2 and 5 cm, more preferably 
betWeen 1 and 3 cm; 

[0022] the voltage source comprises a capacitor With an 
adjustable capacitance; 

[0023] 
[0024] A method is also proposed for fracturing a geologi 
cal hydrocarbon reservoir previously fractured statically by 
hydraulic pressure, in Which said method comprises an elec 
trical fracturing of the reservoir as described above. A method 

the voltage source comprises a Marx generator. 
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is also proposed for the production of hydrocarbons compris 
ing the fracturing of a geological hydrocarbon reservoir by 
the method described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] Other features and advantages of the invention Will 
become apparent on reading the folloWing detailed descrip 
tion of the embodiments of the invention, given solely by Way 
of example and With reference to the draWings Which shoW: 
[0026] FIGS. 1 to 3, schematic diagrams shoWing proposed 
methods of fracturing; 
[0027] FIGS. 4 to 6, an example of the electrical fracturing 
of the method of fracturing in any one of FIGS. 1 to 3; 
[0028] FIGS. 7 to 10, examples of a speci?c device for 
generating an electric arc; and 
[0029] FIGS. 11 to 16, examples of measurements. 

DETAILED DESCRIPTION 

[0030] With reference to FIG. 1, a method is proposed for 
fracturing a geological hydrocarbon reservoir. The method in 
FIG. 1 comprises static fracturing (S20) of the reservoir by 
hydraulic pressure. And the method in FIG. 1 also comprises, 
before, during or after the static fracturing (S20) (these three 
possibilities being represented by the dotted lines in FIG. 1), 
electrical fracturing (S10) of the reservoir by generating an 
electric arc in a Well drilled in the reservoir. The method in 
FIG. 1 improves the fracturing of the reservoir. 
[0031] The expression “electric arc” denotes an electric 
current created in an insulating medium. The generation of 
the electric arc induces a “pressure Wave”, i.e. a mechanical 
Wave causing, in its passage, a pressure to be exerted on the 
medium through Which the Wave passes. Generation of the 
electric arc leads to damage of the reservoir that is more 
dif?lse/multidirectional than the damage resulting from static 
fracturing. Generation of the electric arc thus leads to micro 
cracks in all directions around the position of the electric arc, 
and thus increases the permeability of the reservoir, typically 
by a factor of 10 to 1000. Moreover, this increase in perme 
ability occurs Without using a means for preventing closure of 
the microcracks, such as injection of propping agent. More 
over, electrical fracturing (S10) does not require large quan 
tities of energy or excessive quantities of Water. Therefore 
there is no need for a speci?c Water recycling system. 
[0032] Access can thus be gained to hydrocarbon present in 
the reservoir that is not easily available by static fracturing. 
The combination of static fracturing (S20) and electrical frac 
turing (S10) therefore permits better overall fracturing of the 
reservoir. 
[0033] The electric arc is preferably generated in a ?uid 
present in a Well drilled in the reservoir. The pressure Wave 
from the electric arc is thus transmitted With less attenuation. 
The drilled Well contains ?uid, Which is typically Water. In 
other Words, When electrical fracturing (S10) folloWs a drill 
ing operation, the drilled Well can be ?lled automatically With 
Water present in the reservoir. Potentially, if the drilled Well 
does not ?ll automatically, it can be ?lled arti?cially. 
[0034] The static fracturing (S20) can be any type of static 
fracturing knoWn from the prior art. In general, the static 
fracturing (S20) can comprise, after optional drilling of a Well 
in the reservoir, injection of a ?uid under high pressure into 
the Well. The static fracturing (S20) thus creates one or more 
unidirectional cracks, typically deeper than those created by 
electrical fracturing (S10). The ?uid can be Water, a mud or a 
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technical ?uid With controlled viscosity enriched With hard 
agents (grains of sieved sand, or ceramic microbeads) Which 
prevent the fracture netWork closing on itself When the pres 
sure drops. 

[0035] Static fracturing (S20) can comprise a ?rst phase of 
injecting, into a drilled Well, a fracturing ?uid Which contains 
thickeners, and a second phase that involves periodical intro 
duction of propping agent (i.e. a supporting agent) in the 
fracturing ?uid, to supply propping agent to the fracture cre 
ated. Thus, clusters of propping agent are formed in the frac 
ture, Which prevent the latter closing again and supply chan 
nels for the ?oW of the hydrocarbon betWeen the clusters. The 
second phase or its sub-phases involve additional introduc 
tion of a reinforcing and/or consolidating material, thus 
increasing the force of the clusters of propping agent formed 
in the fracturing ?uid. Said static fracturing (S20) makes it 
possible to obtain fractures typically betWeen 100 and 5000 
metres. 

[0036] Static fracturing (S20) can precede electrical frac 
turing (S10). In such a case, the pressure Wave generated by 
the electrical fracturing (S10) can folloW the course of the 
?uid introduced into the cracks created by the static fracturing 
(S20) and thus increase the damage. Moreover, With this order 
of fracturing (S20) and (S10), there is little risk of leaks. For 
example, static fracturing (S20) can precede electrical frac 
turing (S10) by less than a Week. 

[0037] With reference to FIG. 2, a method is also proposed 
for fracturing a geological hydrocarbon reservoir previously 
fractured statically by hydraulic pressure. The method in FIG. 
2 then only comprises electrical fracturing (S10) of the res 
ervoir, carried out in a reservoir Where one Well has already 
been drilled and has already been fractured statically. The 
method in FIG. 2 provides damage of reservoirs already 
exploited after static fracturing. In other Words, the method in 
FIG. 2 alloWs exploitation of a reservoir that has been aban 
doned as it has already been exploited, potentially by reusing 
a Well already drilled. It should be noted that if it is combined 
With this previous static fracturing, the method in FIG. 2 
corresponds to the method in FIG. 1 (Where the static frac 
turing (S20) corresponds to this previous static fracturing). 
Thus, the previous static fracturing can have been carried out 
according to the method in FIG. 1. 

[0038] With reference to FIG. 3, a method is proposed for 
fracturing a geological hydrocarbon reservoir comprising 
speci?c electrical fracturing (S10). The electrical fracturing 
(S10) proposed in the method in FIG. 3 can of course be used 
in the method in FIG. 1 and/or in the method in FIG. 2. The 
method in FIG. 3 mainly comprises electrical fracturing (S10) 
of the reservoir by generating an electric arc in a ?uid present 
in a Well drilled in the reservoir (therefore combined or not 
With static fracturing, for example the static fracturing (S20) 
of the method in FIG. 1). The electric arc induces a pressure 
Wave the rise time of Which is greater than 0.1 ps, preferably 
greater than 10 us. The method in FIG. 3 improves the frac 
turing of the reservoir. 

[0039] The rise time of the pressure Wave is the time taken 
for the pressure Wave to reach the peak pressure, i.e. the 
maximum value of the Wave (also called “surge pressure”). In 
this case, a rise time greater than 0.1 ps, preferably greater 
than 10 us, corresponds to a pressure Wave With better pen 
etration into the reservoir. Such a pressure Wave is particu 
larly effective (i.e. the Wave penetrates more deeply) in the 
case of materials of loW ductility, such as those of Which the 
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shale gas reservoirs are composed. Preferably, the rise time is 
less than 1 ms, advantageously less than 500 us. 
[0040] The pressure Wave can have a maximum pressure of 
up to 10 kbar, preferably above 100 bar and/or beloW 1000 
bar. This can correspond to a stored energy betWeen 10 J and 
2 M], preferably betWeen 10 M and 500 k]. 
[0041] Various possibilities applicable to any one of the 
methods in FIG. 1, FIG. 2 or FIG. 3 Will noW be described. 
The Well can be horizontal. For example, the Well can be 
horizontal and can have a length preferably betWeen 500 and 
5000 m, advantageously betWeen 800 and 1200 m, for 
example at a depth betWeen 1000 and 10000 m, for example 
betWeen 3000 and 5000 m. 

[0042] Electrical fracturing (S10) can be repeated in vari 
ous treatment zones along the Well. In fact, With electrical 
fracturing (S10), the pressure Wave generally penetrates less 
deeply than in static fracturing. Thus, With electrical fractur 
ing (S10) cracks are typically obtained With a length less than 
100 m, typically less than 50 m, and typically greater than 20 
m. For a Well of several hundred metres, repetition of electri 
cal fracturing (S10) along the Well permits damage all along 
the Well and therefore possibly better exploitation of the 
reservoir. 
[0043] Moreover, in each treatment zone (or in the single 
treatment zone if there is only one), several arcs can be gen 
erated in succession. Here, generation of an electric arc is 
repeated in a more or less ?xed position. The damage is thus 
increased by repeating the pressure Wave. The arcs generated 
can be the same or can be different. For example, in each 
treatment zone, the arcs generated in succession induce a 
pressure Wave the rise time of Which is a decreasing rise time. 
For example, the successive arcs can have a more and more 

rigid front, thus inducing a pressure Wave having a faster and 
faster rise time. In such a case, the ?rst pulses have sloWer 
fronts for penetrating deeply, Whereas the pulses With the 
more rigid fronts fracture nearer the Well and more densely. 
The damage is thus optimized. The ?rst arcs can for example 
induce a pressure Wave the rise time of Which is greater than 
10 us, preferably 100 ps. The last arcs can then induce a 
pressure Wave the rise time of Which is less than the rise time 
of the ?rst arcs, for example beloW 10 us or 100 ps. The ?rst 
arcs comprise at least one arc, preferably a number beloW 
10000 or even 1000, and the last arcs comprise at least one 
arc, preferably a number beloW 10000 or even 1000. 

[0044] Moreover, in each treatment zone, the arcs can be 
generated at a frequency beloW 100 Hz, preferably beloW 10 
Hz, and/or above 0.001 Hz, preferably above 0.01 Hz. Pref 
erably, the frequency of the arcs can be (approximately) equal 
to the resonance frequency of the material to be fractured in 
the reservoir. This ensures more effective damage. 
[0045] The reservoir can have a permeability beloW 10 
microdarcy. It can in particular be a shale gas reservoir. In 
reservoirs of this type, the gas is typically adsorbed (up to 
85% on LeWis Shale) and Weakly trapped in the pores. The 
loW permeability of this type of reservoir means We cannot 
expect the gases trapped in such a medium to be produced 
directly, only the surface gas (adsorbed gas) can be produced. 
Thus, for a shale gas reservoir Where the permeability is of the 
microdarcy order, electrical fracturing (S10) that is effective 
over a radius of 30 m along a horizontal Well of 1000 m Would 
permit gas recovery that can exceed 50 MNm3 (if We assume 
26 Nm3 of gas per m3 of rock as suggested in the article 
“Porosity and permeability of Eastern Devonian Shale gas” 
cited above). The method of fracturing in any one of FIGS. 1 

Jan. 9, 2014 

to 3 can thus be included in a method of production of hydro 
carbons from the reservoir, typically a shale gas reservoir. 
[0046] Generation of the electric arc can induce a tempera 
ture gradient generating a pressure Wave in the ?uid. Electri 
cal fracturing (S10) can comprise ?rst injecting the ?uid With 
an agent for improving the plasticity of the material consti 
tuting the reservoir. The agent can comprise a chemical addi 
tive. The chemical additive can be an agent inducing rock 
fracture. The additive can comprise steam. This alloWs further 
improvement in fracturing. 
[0047] An example of electrical fracturing (S10) of the 
method of fracturing in any one of FIGS. 1 to 3 Will noW be 
described, With reference to FIGS. 4 to 6. In this example, 
electrical fracturing (S10) is carried out on a reservoir 40 in 
Which a horizontal Well 43 has been drilled. Electrical frac 
turing (S10) is in this instance combined With static fractur 
ing, not speci?cally shoWn and optionally preliminary, Which 
induced main fractures 41 in the reservoir. The fracturing 
method makes it possible in this case to produce hydrocarbon 
by means of a production pipe located at the surface, at the 
Well head 45. The electric arc is in this instance generated at 
the level of a fracturing device 47. 
[0048] In the example in FIGS. 4 to 6, electrical fracturing 
(S10) induces secondary fractures 42 at the level of the place 
Where the arc is generated. In the example, the secondary 
fractures 42 are not as long but are more diffuse than the main 
fractures 41. In this example, electrical fracturing (S10) is 
repeated in various treatment zones along the Well. FIG. 4 
shoWs in fact an initial phase of electrical fracturing (S10) at 
Well bottom. FIG. 5 shoWs an intermediate phase in the 
middle of the Well. And FIG. 6 shoWs a ?nal phase at the start 
of the Well. Progression of the secondary fractures 42 during 
repetition of electrical fracturing is thus observed. Thus, the 
secondary fractures 42 are dispersed all around the Well 43. 
The hydrocarbon surrounding these secondary fractures 42 
can then be recovered, said hydrocarbon potentially being 
remote from the main fractures 41 and therefore di?icult to 
recover by static fracturing alone. 
[0049] In general, the electric arc of the method in any one 
of FIGS. 1 to 3 or 4 to 6 can be generated by any device 
provided for generating said arc. HoWever, a speci?c device 
for generating the arc Will noW be described. It Will be under 
stood that the various functionalities of the speci?c device 
(i.e. the various effects that it can produce) can be integrated 
in the method in any one of FIGS. 1 to 3, in particular in the 
electrical fracturing S10 of the method. 
[0050] The speci?c device for fracturing a geological 
hydrocarbon reservoir comprises tWo packers that betWeen 
them de?ne a con?ned space in a Well drilled in the reservoir 
(i .e. provided in order to be con?ned at least When the speci?c 
device is installed in a Well drilled in the reservoir), and an 
electric circuit (con?gured/adapted/provided) for generating 
an electric arc betWeen tWo electrodes arranged in the con 
?ned space. The circuit comprises at least one voltage source 
connected to the electrodes and an inductance betWeen the 
voltage source and one of the tWo electrodes. The device also 
comprises a pump for increasing the pressure of a ?uid in the 
con?ned space and an apparatus for heating the ?uid. The 
speci?c device improves the fracturing of the reservoir. 
[0051] The packers can be provided for conforming to the 
Wall of the Well, generally cylindrical, thus de?ning a con 
?ned space betWeen them. Alternatively, or additionally, the 
device can comprise a membrane that delimits the con?ned 
space. The membrane is then preferably made of a material 
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suitable for the good conduction of pressure Waves, Which 
optimizes the electrical fracturing (S10). By “con?ned” is 
meant that the con?ned space is provided so that the pres sure 
and temperature prevailing there can be altered by means of a 
pump and heating apparatus, as is knoWn to a person skilled in 
the art. This makes it possible to optimiZe the ?uid present in 
the con?ned space in order to promote the production of an 
electric arc betWeen the tWo electrodes, as a function of the 
conditions of the reservoir or the nature of the ?uid. For 
example, increasing the temperature at constant pressure gen 
erally facilitates the production of an electric arc. Thus, “con 
?ning” can but does not necessarily signify complete closure, 
and similarly, the seal can be but is not necessarily total. 

[0052] The circuit comprises at least one inductance 
betWeen the voltage source and the electrode to Which it is 
connected. The inductance can be any component that 
induces a time delay in the current With respect to the voltage. 
The value of an inductance is expressed in henry units. The 
inductance can thus be a coil, optionally Wound round a core 
of ferromagnetic material, or ferrites. The inductance is also 
knoWn by the names “choke”, “solenoid” When it is a coil, or 
“self-inductance”. The inductance attenuates the current 
front in the circuit. This makes it possible to obtain a sloWer 
rise time of the pressure Wave, and therefore a pressure Wave 
With better penetration into the reservoir. The damage to the 
reservoir is thus deeper. In particular, the inductance can be 
above 1 [1H or above 10 pH, and/or beloW 100 mH or below 1 
mH. 

[0053] The device can be movable along the Well and can be 
?xed before generating an electric arc. For example, the 
device can comprise means for movement, eg by remote 
control. This alloWs the device to be adapted in particular to 
the method of fracturing in FIGS. 4 to 6, With the advantages 
?oWing from this. The device can then be supplied by a 
high-voltage supply located on the surface and connected to 
the device by electric cables along the Well. (In fact, in the 
example in FIGS. 4 to 6, the mobility of the fracturing device 
47, Which can be the speci?c device, makes it possible to 
fracture the reservoir all the Way along the Well. The device 47 
is supplied in this example by a high-voltage supply 44 
located on the surface and connected to the device 47 by the 
cables 46.) The device can then also comprise an uncoupling 
system. This makes it possible to leave the device in the Well 
When the latter is blocked. Then the Well and/or the string of 
rods can be recovered. 

[0054] The device canbe of elongated general shape, Which 
makes it easier to move it in the Well. The device can also 
comprise several pairs of electrodes, over one length. The 
electrodes can be supplied by several storage capacitors. This 
makes it possible to perform fracturing more quickly. In fact, 
several electric arcs can then be generated at the same time 
betWeen each pair of electrodes, and several damaging opera 
tions can be carried out at the same time. 

[0055] The device can comprise a system for injecting a 
chemical additive that includes a storage tank for storing the 
additive and a pump, for injecting the additive into the con 
?ned space, When the device is used. The heating apparatus 
can comprise a source of hot ?uid and a conveying conduit, 
the conduit having an opening near the electrodes so that, 
during operation of the device, hot ?uid can be conveyed from 
the source to the electrodes so as to create a thermal gradient 
betWeen the electrodes. The conveying conduit can pass 
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through one or both electrodes. These various features make 
it possible to optimiZe the conditions to promote the produc 
tion of an electric arc. 

[0056] Other potential features of the speci?c device for 
fracturing a geological hydrocarbon reservoir Will noW be 
presented, With reference to FIGS. 7 to 10, Which shoW a 
device 100, constituting an example of the speci?c device for 
fracturing a geological hydrocarbon reservoir presented 
above. The device 100 in FIG. 7 comprises the tWo packers 
102 and 103 de?ning the con?ned space 104 betWeen them. 
The con?ned space 1 04 is in this instance further delimited by 
the membrane 108. The device 100 also comprises the tWo 
electrodes 106 arranged in the con?ned space 104. In the 
example, the tWo electrodes 1 06 are connected respectively to 
the voltage source by an input 109 and to an earth 103 (in this 
case combined With the packer 103) of the circuit, Which 
alloWs formation of the electric arc betWeen the tWo elec 
trodes 106. The electrodes can have a radius betWeen 0.1 mm 
and 50 mm, preferably between 1 mm and 30 mm. 

[0057] The pump for increasing the pressure of a ?uid in the 
con?ned space and the apparatus for heating the ?uid are not 
shoWn in FIG. 7. The electric circuit for generating an electric 
arc betWeen the tWo electrodes 106, its voltage source and 
inductance are not shoWn either, but can conform to FIGS. 8 
to 10, Which shoW diagrammatically examples of the device 
100. 
[0058] The device 100 in FIG. 8 comprises the inductance 
coil 110. The voltage source comprises the capacitor 112. As 
can be seen in the schematic diagram in FIG. 8, When the 
capacitor 112 discharges, an electric arc can appear betWeen 
the electrodes 106. The capacitor 112 can have a capacitance 
above 1 HF, preferably above 10 HF. This capacitance makes it 
possible to reach an energy value leading to the appearance of 
a subsonic arc. 

[0059] An electric arc is called “subsonic” or “supersonic” 
depending on its velocity. A “subsonic” arc is typically asso 
ciated With thermal processes: the arc is propagated through 
gas bubbles created by heating the Water. Reference is made 
to “sloW” propagation of the electric discharge, typically of 
the order of 10 m/s. The main characteristics of a subsonic 
discharge are connected With high energies involved (typi 
cally above several hundred joules), With thermal processes 
associated With a long voltage application time and With loW 
voltage levels (Weak electric ?eld). In this discharge regime, 
the pressure Wave is propagated in a large volume of gas 
before being propagated in the ?uid. A “supersonic” arc is 
typically associated With electronic processes. The discharge 
is propagated in the Water Without a thermal process With a 
?lamentary appearance. Reference is made to “rapid” propa 
gation of the electric discharge, of the order of 10 km/s. The 
characteristics of a supersonic discharge are connected With 
loW energies involved, With high voltages associated With a 
short application time and With strong electric ?elds (MV/ 
cm). For this discharge regime, the thermal effects are negli 
gible. Since the discharge cannot develop directly in the liq 
uid phase, the concept of micro-bubbles can be taken into 
account in order to explain the development of this discharge 
regime. The volume of gas involved is less than in the case of 
subsonic discharges. 
[0060] The capacitor 112 can have a capacitance beloW 
1000 HP, preferably beloW 200 HP. The capacitor 112 is sepa 
rated from the inductance by the spark gap 114, Which can be 
triggered by the pulse generator 116. This makes it possible to 
control the discharges of the capacitor 112 and thus the pres 
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sure Waves generated by the electric arc. In particular, the 
pulse generator 116 can be con?gured for repetition of the 
Waves as described above. 

[0061] The voltage source (i.e. the capacitor 112) is 
charged by a high-voltage charger 120 provided in an auxil 
iary circuit 122 to a voltage U between 1 and 500 kV, prefer 
ably betWeen 50 and 200 kV. The auxiliary circuit is prefer 
ably located on the surface, and is then separable from the 
device. 

[0062] The device 100 in FIG. 9 is different from the 
example in FIG. 8 in that a Marx generator 118 replaces the 
capacitor 112 and the assembly (spark gap 114+pulse gen 
erator 116). The Marx generator 118 makes possible, When it 
discharges, the creation of a supersonic electronic arc, by 
imposing a voltage higher than the capacitor 112. 

[0063] In the device 100 in FIG. 10, the voltage source 
comprises the capacitor 112 from FIG. 8 and the Marx gen 
erator 118 from FIG. 9. HoWever, the pulse generator 116 
triggers the ?rst spark gap 117 of the Marx generator 118. The 
device 100 further comprises the ferrites 119 forming a satu 
rable inductance in a path leading the capacitor directly to the 
inductance. The ferrites 119 are con?gured to be saturated 
once the Marx generator 1 18 has discharged. Once the ferrites 
119 are saturated, only the capacitor 112 discharges. This 
permits temporary isolation of the capacitor 112 and there 
fore passage (i.e. sWitching) from a supersonic arc to a sub 
sonic arc. The device therefore provides coupling betWeen a 
supersonic and a subsonic discharge. Such a combination of 
the tWo modes, supersonic and subsonic, gives better electro 
acoustic e?iciency, and therefore better damage for less elec 
trical effort. As for the subsonic discharge produced by the 
capacitor 112, it occurs after a delay corresponding to the 
breakdoWn time of the Marx generator 118. SWitching can 
take less than 1 s. Typically, the duration of the discharge 
produced by the Marx generator 118 is very short, With a 
duration of less than 1 microsecond, and With an amplitude 
greater than 100 kV. 

[0064] In the three examples in FIGS. 8 to 10, and as indi 
cated by the ?gures, the various components of the device 100 
have adjustable characteristics, i.e. their characteristics can 
be altered before use as a function of the reservoir, or during 
use as a function of the response or the progress of the frac 
turing. Thus, coil 110 can have adjustable inductance. The 
characteristics of the Marx generator 118 (capacitance of 
each capacitor in parallel, number of capacitors in operation) 
can be adjustable. The distance betWeen the electrodes 106, 
preferably betWeen 0.2 and 5 cm, more preferably between 1 
and 3 cm, can also be adjustable. The capacitance of the 
capacitor 112 can also be adjustable. This makes it possible to 
have a device 100 suitable for the fracturing of any type of 
reservoir. In fact, it is not necessary to replace the device 100 
When changing the reservoir to be fractured (and When the 
material is different) as it is su?icient to alter one or more of 
the adjustable parameters. This also makes it possible to 
optimiZe the damage by changing, optionally remotely, the 
parameters during use. 

[0065] The explanations given above Will noW be illus 
trated by theoretical developments and tests described With 
reference to FIGS. 11 to 16 and in particular in relation to the 
device 100 in FIGS. 8 to 10. With reference to FIG. 11, Which 
shoWs the normaliZed amplitude of the voltage at the termi 
nals of the capacitor 112, generation of the pressure Wave can 
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be divided into tWo phases: a pre-discharge phase S100 and a 
post-discharge phase S11 0, separated by the appearance S1 05 
of the arc. 
[0066] During the pre-discharge phase S100, the voltage 
drops. This voltage drop corresponds to discharge of the 
equivalent capacitance of the energy bank or of the Marx 
generator in the equivalent resistance of the device 100. The 
larger the equivalent resistance, the better the energy conser 
vation in the pre-breakdoWn phase is. The con?guration of the 
electrodes can therefore, in each case (subsonic or super 
sonic), make it possible to obtain the least possible energy 
loss. This corresponds to optimiZation of heating of the Water 
in one case and of the electric ?eld in the other case. 

[0067] During the discharge phase S110, the electric circuit 
can be modelled by an oscillating RLC circuit. The equation 
for the variation of the current in a series RLC circuit is 
presented beloW: 

(1) 

(2) 

Where U5 is the voltage at the moment of dielectric break 
doWn of Water. The parameters L, C and R are respectively the 
inductance, capacitance and resistance of the circuit. This 
current i(t) is a function of the breakdown voltage UB (dielec 
tric breakdoWn of the medium) of the capacitor, of the induc 
tance and of the resistance of the circuit. 
[0068] Experiments have demonstrated the linearity of the 
surge pressure generated as a function of the maximum cur 
rent at the moment of dielectric breakdoWn of Water in the tWo 
breakdoWn modes. An example of results is shoWn in FIGS. 
12 and 13, shoWing the measurements obtained for the surge 
pressure as a function of the maximum current during the 
discharge phase S110 and the linear regression of the mea 
surements, in subsonic and supersonic mode respectively. It 
should be noted that the pressure, at similar surge current, is 
higher for a discharge of the “supersonic” type. This can be 
explained in part by the processes generating the electric arc 
in Water and the volume of gas betWeen the electric arc and the 
liquid in the present space betWeen the electrodes. 
[0069] Additional experiments have demonstrated the 
in?uence of the inter-electrode gap on the peak value of the 
pressure Wave generated in the tWo modes of dielectric break 
doWn. The length of the electric arc Was seen to have a direct 
in?uence on the pressure. The larger the inter-electrode gap, 
the larger the peak value of the pressure seems to be, as shoWn 
in the graph in FIG. 14. 
[0070] Experiments examined the in?uence of the geom 
etry of the electrodes With respect to the pressure Wave. The 
results are shoWn in FIG. 15. It could be concluded from these 
that the shape of the electrodes used for generating the pres 
sure Wave does not seem to have an in?uence on the peak 

value of the pressure. It can, hoWever, minimiZe the electric 
losses before appearance of the electric arc. 
[0071] Moreover, a pressure sensor Was used in order to 
visualiZe the shapes of pressure Wave generated as a function 
of the frequency spectrum. This frequency spectrum can in 
fact be altered by the manner of dielectric breakdoWn, by the 
parameters of the electric circuit, by the volume of gas, and by 
the nature of the liquid used. TWo examples of frequency 
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spectrum associated With a discharge in subsonic and super 
sonic mode Were tested. It Was found that the more the spec 
trum has loW frequencies, the less the damage Was diffuse. 
[0072] The result of various experiments conducted dem 
onstrates a linear relation of dPmmJdtP as a function of the 
current front dimm/dti, shoWn in FIG. 1 6. The current front has 
an in?uence on the pres sure front. The sloWer the current 

front, the more the pressure is loW-frequency. 
[0073] The studies undertaken have moreover clearly dem 
onstrated an effect of the accumulation of damage as a func 
tion of the number of shocks. The concept of the recurrence of 
pulses therefore seems to be a criterion in?uencing the dam 
age. 
Formulating an equation of the principles mentioned above: 
[0074] Calculation of the surge current designated imax In 
order to calculate the current imax, the folloWing conditions 
are set out: 

if sin(wt) : l and wt: 7-; 

7r 
then i(t) : imax With I = — 

2w 

Using equations (1) and (2): 

R 3 
1m- — U 

71 
Tfrom — (4) 

2 

2 Lg) 
LC 2L 

In the case When the value of W is approximated (value of R 
very loW): 

2 1 (5) 

E‘ I 2L 1(LC 

C J3 (6) 

imaX:Ub"[Z 'eXP 4 L 

T ~ m/LC (7) 
from ~ 2 

[0075] Energy relationship 

_ 1 2 h _ 2E (8) 

Eb_5-C-UbwenceUb_ F 

Where E b is the energy and U h is the voltage at the moment of 
the electric arc. 

Substituting equation (8) in (3): 
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The surge current max is controlled by the energy available at 
the moment of the arc designated E b and by the inductance of 
the circuit L, Which are the tWo parameters on Which the user 
must act. The resistance R is considered to be very loW and the 
capacitance C is a function of the energy Eb. 

[0076] Relationship betWeen the surge pressure and the 
maximum current 

Based on the results presented in FIGS. 12, 13 and 15, the 
folloWing expression can be deduced: 

Where k1 is a function of the inter-electrode gap and of the 
breakdown mode 

[0077] The larger the inter-electrode gap, the larger the 
coe?icient k1 is 
[0078] Hence: 

Pmax (11) 
[max = T 

[0079] Substituting equation (1 l) in (9): 

(13) 
Pm: P2 k1 L 

E M 
Pmax=kl T-exp 4 L 

[0080] The surge pressure generated is therefore controlled 
by the current imax (parameters Eb and L) and by the coeffi 
cient kl (Which is a function of the inter-electrode gap and of 
the dielectric breakdown mode of Water). Eb, L and k1 can 
therefore be acted upon in order to obtain the desired pres 
sure. 

[0081] 
dimax/dt 
[0082] According to FIG. 16, the folloWing expression can 
be deduced: 

Relationship betWeen dPmm/dtP as a function of 

dPmaX_ dim (15) 
mp _ 2 dz; 

Where k2 is a function of the inter-electrode gap and of the 
breakdoWn mode 

[0083] The coe?icient k2 corresponds to the electro-acous 
tic physical coupling. Using equation (11) and (15): 

kldimax _k dimax (16) 
mp _ 2 dz; 

k; (17) 
d =—d 1p kl 1, 

k2 m/LC (13) 
dip : E 2 
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The front of the pressure wave is therefore controlled by the 
coe?icients k 1 and k2 and by the values of L and C (parameters 
of the electric circuit). 
[0084] Thus, summarizing these studies, it can be noted 
that: 

[0085] In both breakdown modes, the maximum of the 
pressure wave resulting from the dielectric breakdown 
of water depends mainly on the value of the maximum 
current, called Imax. 

[0086] This value of the surge current is a function of the 
breakdown voltage and of the impedances of the electric 
circuit. When the con?guration of the circuit is imposed, 
one way of optimiZing the current is to increase the 
breakdown voltage of the gap. This comes down to 
maximizing the electrical energy switched in the 
medium. 

[0087] When the circuit is not set, but the electrical 
energy switched is kept constant, the amplitude of the 
pressure wave is optimiZed by reducing the impedance 
of the circuit. 

[0088] The form of injection of the current, the dielectric 
breakdown mode and the nature of the liquid have an 
in?uence on the dynamic of the pressure wave. This 
dynamic and the acoustic e?iciency of the device can 
also be modi?ed by injecting arti?cial bubbles and by 
the “double pulse” method (subsonic and supersonic). 

[0089] At constant current injected, the value of the peak 
pressure is higher in supersonic mode than in subsonic 
mode. 

[0090] At constant current injected, the value of the peak 
pressure is higher as the inter-electrode gap increases. 

The geometry of the electrodes, at constant current injected, 
does not have an in?uence on the surge pressure generated, 
but can play a role in the decrease of the electric losses in the 
pre-discharge phase. 
[0091] In conclusion, the above studies con?rm the useful 
ness of inserting an inductance between the voltage source 
and one of the two electrodes in order to act upon the pressure 
wave ?nally generated. The studies also con?rm the advan 
tage of having adjustable parameters, eg the inductance, the 
capacitance of the capacitor, the characteristics of the Marx 
generator. In fact, since the pressure wave depends on these 
parameters, the possibility of adjusting them makes it pos 
sible to control the pressure wave. 

[0092] Of course, the present invention is not limited to the 
examples described and illustrated, but can have many vari 
ants accessible to a person skilled in the art. For example, the 
principles presented above can be applied to the production of 
seismic data. In fact, generation of the electric arc could 
alternatively induce a pressure wave having characteristics 
lower than those required for fracturing the reservoir. This can 
be achieved for example by adapting the charging voltage of 
the fracturing device and the charging voltage, and by varying 
the inductance. Such a method for the production of seismic 
data can then comprise receiving a re?ection of the pressure 
wave, the re?ected wave then typically being modulated by its 
passage through the material constituting the reservoir. The 
method of production of seismic data can then also comprise 
analysis of the re?ected wave in order to determine charac 
teristics of the reservoir. A seismic survey can then be based 
on the information received. 

1. A method for fracturing a geological hydrocarbon res 
ervoir, the method comprising: 
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static fracturing of the reservoir by hydraulic pressure; and 
electrical fracturing of the reservoir by generating an elec 

tric arc in a well drilled in the reservoir. 
2. The method according to claim 1, wherein the static 

fracturing precedes the electrical fracturing. 
3. The method according to claim 1, wherein the well is 

horiZontal. 
4. The method according to claim 1, further comprising 

repeating the electrical fracturing in various treatment Zones 
along the well. 

5. The method according to claim 4, further comprising 
generating several arcs in succession, in each treatment Zone, 
to induce a pressure wave the rise time of which is decreasing. 

6. The method according to claim 5, further comprising 
generating the arcs in each treatment Zone, at a frequency 
equal to the resonance frequency of a material to be fractured 
in the reservoir. 

7. The method according to claim 6, further comprising 
generating the arcs at a frequency below 100 HZ and above 
0.001 HZ. 

8. The method according to claim 1, wherein the reservoir 
has a permeability below 10 microdarcy. 

9. The method according to claim 1, wherein the reservoir 
is a shale gas reservoir. 

10. A method of fracturing a geological hydrocarbon res 
ervoir previously fractured statically by hydraulic pressure, 
the method comprising electrical fracturing of the reservoir 
by generating an electric arc in a well drilled in the reservoir. 

11. The method of fracturing according to claim 1, further 
comprising generating the electrical fracturing by a fracturing 
device which comprises: 

two packers de?ning between them a con?ned space in a 
well drilled in the reservoir; 

a pump for increasing the pressure of a ?uid in the con?ned 
space; 

a heater operably heating the ?uid; 
at least one pair of two electrodes arranged in the con?ned 

space; and 
an electric circuit for generating an electric arc between the 

two electrodes, the circuit comprising at least one volt 
age source connected to the electrodes and an induc 
tance between the voltage source and one of the two 
electrodes. 

12. The method according to claim 11, wherein the induc 
tance is an adjustable inductance coil. 

13. The method according to claim 11, wherein the dis 
tance between the electrodes is adjustable. 

14. The method according to claim 11, wherein the voltage 
source comprises a capacitor with an adjustable capacitance. 

15. The method according to claim 11, wherein the voltage 
source comprises a Marx generator. 

16. A method of production of hydrocarbons, the method 
comprising fracturing of a geological hydrocarbon reservoir 
by using: 

static fracturing of the reservoir by hydraulic pressure; and 
electrical fracturing of the reservoir by generating an elec 

tric arc in a well drilled in the reservoir. 

17. The method according to claim 10, further comprising 
repeating the electrical fracturing in various treatment Zones 
along the well. 

18. The method according to claim 17, further comprising 
generating several arcs in succession in each treatment Zone 
to induce a pressure wave the rise time of which is decreasing. 
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19. The method according to claim 18, further comprising 
generating the arcs in each treatment Zone at a frequency 
equal to the resonance frequency of a material to be fractured 
in the reservoir. 

20. The method according to claim 19, further comprising 
generating the arcs at a frequency beloW 100 HZ and above 
0.001 HZ. 
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