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ABSTRACT OF THE DISCLOSURE 
This specification discloses a formation treating process 

in which water adjacent a well is subjected to electro 
osmotic transportation. This is accomplished by establish 
ing a unidirectional potential gradient between anode 
means in contact with the formation within an open flow 
interval and cathode means in contact with the formation 
at a location spaced from the anode means. Under the ap 
plied potential gradient water is electroosmotically trans 
ported in the direction of the cathode means, thus decreas 
ing the water Saturation adjacent the anode means. 

This invention relates to the treatment of Subterrenean, 
hydrocarbon-bearing formations, and more particularly 
to a method of decreasing the water content of such a 
formation in the vicinity of a well therein by means of 
electroosmosis. 

It has long been recognized that the movement of hy 
drocarbon fluids such as petroleum crude oil and gas 
through reservoir rocks is adversely affected by the pres 
ence of water in such rocks. For example, in a reservoir 
rock containing oil and water the effective permeability 
to oil varies somewhat inversely with the percent water 
saturation of the rock. Thus, by decreasing the water con 
tent of a segment of an oil reservoir, the rate at which oil 
may be moved therethrough under a given pressure 
gradient is increased. Similar considerations apply in the 
case of gas-water systems. Thus, the effective permeability 
to a gas cf a section of reservoir rock may be increased 
by reducing the water saturation thereof. 

In the injection or production of fluids through a well 
a disproportionately large amount of the energy needed 
to move the fluids through the reservoir is expended with 
in the portion of the reservoir immediately adjacent the 
well. Accordingly, the injectivity or productivity of a well 
with respect to a given fluid can be greatly enhanced by 
increasing the effective permeability of the reservoir to 
such a fluid at the location of the well. 

In accordance with the present invention, there is pro 
vided a new and improved method for increasing the 
effective permeability of a hydrocarbon-bearing formation 
adjacent a well therein through a unique application of 
electroosmosis. 

Electroosmosis involves the movement of liquid through 
a porous solid by the application of an electrical poten 
tial difference. When a unidirectional potential gradient 
is established between two spaced electrodes in an earth 
formation, a liquid such as water in the formation will 
move through the formation in the direction of the cath 
ode. The phenomenon of electroosmosis has seen a num 
ber of applications, particularly in the field of civil engi 
neering. For example, in Casagrande, Leo, "Electro-Os 
motic Stabilization of Soils,’ Harvard Soil Mechanics 
Series, No. 38, reprinted from Journal of the Boston So 
ciety of Civil Engineers, vol. 39, Jan. 1952, pp. 51-83, 
there is described several instances in which electrooS 
mosis was used in the stabilization of soils. The utiliza 
tion of electroosmosis in the production of oil also has 
been proposed. For example, Amba, S.A. et al., “Use of 
Direct Electrical Current for Increasing the Flow Rate 
of Reservoir Fluids During Petroleum Recovery.' The 
Journal of Canadian Petroleum Technology, vol. 3, 
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Spring, 1964, pp. 8-14, describe the basic theory of elec 
troosmosis as well as certain experiments relating thereto 
and propose generally its use in connection with increas 
ing the flow rate of reservoir fluids during oil recovery 
operations. A more specific proposal for the use of elec 
troosmosis in connection with petroleum recovery is de 
scribed in U.S. Patent No. 2,799,641 to T. G. Bell. In 
this patent a unidirectional current, either pulsed or con 
tinuous, is passed between electrodes positioned in sepa 
rate Wells spaced from one another by distances of about 
350-1000 feet or more. In the patent to Bell the produc 
tion Wells are used as cathodes under the theory that the 
applied difference in potential will cause oil to flow in the 
direction of the cathodes. The Bell patent does not appear 
to be directly concerned with the electroosmotic trans 
portation of water and makes no reference to decreasing 
the water saturation of the formation at a given location. 
The present invention is utilized in the treatment of 

a hydrocarbon-bearing formation penetrated by a well 
having an open flow interval and containing water in the 
vicinity of the open flow interval. The well is provided with 
anode means disposed in contact with the formation with 
in the open flow interval and cathode means disposed in 
contact with the formation and spaced from the anode 
means. In carrying out the invention, a unidirectoinal po 
tential gradient, either continuous or pulsating, is estab 
lished between the anode means and the cathode means. 
Under the influence of this potential gradient water with 
in the formation in the vicinity of the open flow interval 
is transported away from the anode means in the direction 
of the cathode means. Thus, the water content of the 
formation in the vicinity of the anode means is decreased 
and the effective permeability of the formation to hydro 
carbon fluids is increased in the vicinity of the anode 
means. Preferably, the difference in potential between the 
anode means and cathode means is sufficient to establish 
a mean potential gradient between such means of at least 
3 volts per foot. 

For a better understanding of the present invention 
reference may be had to the following detailed description, 
taken in conjunction with the accompanying drawings in 
which: 
FIGURE 1 is an illustration, partly in section, of a well 

and showing exemplary equipment for carrying out onf 
embodiment of the invention, 
FIGURE 2 is an illustration, partly in section, of a 

well and showing exemplary equipment for carrying out 
another embodiment of the invention, 
FIGURE 3 is a schematic illustration of a further em. 

bodiment of the invention, and 
FIGURE 4 is a schematic illustration of yet another 

embodiment of the invention. 
With reference to FIGURE 1, there is shown a well 10 

which extends from the earth's surface 11 and penetrates 
a subterranean, hydrocarbon-bearing formation 12. The 
formation 12 comprises an oil and/or gas reservoir 12a 
which typically may be of sandstone and overlying and 
underlying strata 12b and 12c, respectively, which typical 
ly may comprise relatively impermeable shale sections. 
As will be apparent from the description of the invention 
to be given hereinafter, the term "formation' is used 
herein and in the apperded claims to include the overly 
ing and underlying strata adjacent the hydrocarbon res 
ervoir, as well as the reservoir itself. 
The well 10 is provided with a casing string 14 which 

desirably extends into the formation 12, and preferably 
into the reservoir section 12a, and which is cemented with 
in the well as indicated by reference numeral 16. The 
well also is provided with a tubing string 18 which is open 
at its lower end and extends from the bottom portion of 
the well to the wellhead 20 or surface of the well. A 
fowline 22 extends from the tubing 18 for the introduc 



3,417,823 
3 

tion and/or withdrawal of fluids. The bottom of the 
casing string 14 and the bottom of the well define the 
upper and lower boundaries, respectively, of an open 
flow interval 24 within the well. By the term "open flow 
interval” as used herein and in the appended claims is 
meant a section of the well which is open to the flow of 
fluids between the well and the surrounding earth mate 
rial. 

It will be understood that the well may be completed 
by other suitable techniques consistent with practice of 
the instant invention. For example, rather than the open 
hole completion shown, the well may be cased and ce 
mented to its total depth and the casing then perforated 
throughout an interval opposite the formation 12, such 
perforated interval defining the open fow interval within 
the well. In this case, of course, the hereinafter described 
electrode elements should be insulated where they pass 
through the casing. Also, the well may be provided with 
a plurality of casing strings such as a "conductor pipe, 
"intermediate string,” and "oil string.” Also, an unce 
mented slotted liner may be set within the well opposite 
the formation 12. These and other completion procedures 
are well known to those skilled in the art and, according 
ly, will not be discussed further. 

In accordance with the present invention, the well 10 
is provided with anode means 26 and cathode means 28 
supported on the tubing string 18 and disposed in contact 
with the formation 12. As shown in FIGURE 1, the 
anode system comprises four extensible anode elements 
26a (of which three are shown) which are carried with 
in a housing 26b which in turn is secured to the tubing 
string 18. The cathode system likewise comprises four 
extensible cathode elements 28a supported within a hous 
ing 28b. As will be understood by those skilled in the 
art, the cathode and anode systems may be run into the 
well with the tubing string 18 with the electrode elements 
26a and 28a retracted within their respective housings. 
Thereafter, when the tubing string 18 is in place, the elec 
trode elements 26a and 28a may be projected from the 
housings into contact with the face of the formation 
12. Suitable mechanisms by which the electrode elements 
may be extended and retracted from their respective hous 
ings will be readily apparent to those skilled in the art 
and, accordingly, will not be described in detail. It will 
be recognized that such electrode elements may conveni 
ently be operated electrically, mechanically or hydrau 
lically. 
The anode and cathode systems are connected via con 

ductors 30 and 32, which are insulated from one another 
and extend through a suitable cable 33, to a D.C. power 
Source such as a generator 34. Also, as shown in FIG 
URE 1, a packer 36 may be carried on the tubing string 
18 and interposed between the electrode systems 26 and 
28 in order to ensure that a short cirrcuit between these 
Systems does not develop within the well. In addition, a 
portion of the well between the cathode and electrode 
means may be filled with a suitable fluid of high dielec 
tric characteristics. 

After positioning the above-described equipment within 
the well 10, the generator 34 may be activated in order 
to establish a unidirectional potential gradient between 
the anode means 26 and the cathode means 28. Under 
the influence of this established potential gradient, water 
within the formation immediately adjacent the well 10 
is electroosmotically transported away from the anode 
means 26 in the direction of the cathode means 28. Thus, 
the water content of the formation in the vicinity of the 
anode means is reduced and the effective permeability of 
the formation to hydrocarbon fluids at this location is 
increased. Accordingly, the injectivity or productivity of 
the well with respect to such hydrocarbon fluids is great 
ly enhanced. 
While the present invention may be employed in the 

treatment of injection wells as well as production wells, 
it is a particularly useful tool for increasing the productiv 
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4. 
ity of oil and/or gas production wells. Thus, after water 
has been electroosmotically removed from the vicinity 
of anode means 26, the well i0 may be placed on produc 
tion. In this case, the hydrocarbon fluid within reservoir 
12a is produced into the well below the packer 36 and 
recovered from the well via tubing 18. Of course, the 
well may be provided with suitable pumping equipment 
as may be necessary for effecting withdrawal of the pro 
duced fluids to the surface. 
The hydrocarbon fluid produced into the well may be 

accompanied by water. In order to reduce this movement 
of water to the vicinity of the anode means 26a and also 
into the well, the invention may be carried out while the 
well is on production. Thus, fluid may be produced into 
the well while at the same time maintaining a potential 
gradient between anode means 26 and cathode means 28. 

In theory, any potential gradient between the electrodes 
will result in some electroosmotic transfer of water. How 
ever, in order to achieve a significant increase in effec 
tive permeability, it is desirable as a practical matter to 
establish a difference in potential between the anode and 
cathode means of at least three volts for each foot of 
distance between such means. Preferably, the difference 
in potential between the electrode systems is equal to at 
least 30 volts for each foot of distance between these Sys 
tems. A higher potential gradient may, of course, be 
utilized but appreciably greater voltages may become in 
practical from the standpoint of efficiency of power gen 
eration and transfer. 
The potential drop within the formation is not linear 

sine the current flow through the formation follows ellip 
tical paths of increasing lengths. Also, a disproportionate 
ly large amount of potential drop occurs immediately ad 
jacent each electrode element due to relatively high re 
sistances developed at these locations. Thus, the potential 
gradient as determined by dividing the difference in po 
tential between the electrodes by the distance between 
the electrodes does not correspond exactly to the incre 
mental gradients which actually exist within the forma 
tion. Accordingly, since the quotient obtained by dividing 
the difference in potential by the distance is an average or 
mean value, it will be referred to hereinafter and in the 
appended claims as the “mean potential gradient.” 
As indicated above, a disproportionately high drop in 

potential ocurs in the vicinity of each electrode. The ac 
tual drop experienced in the vicinity of the electrodes will 
depend upon factors such as the total potential drop be 
tween anode means 26 and cathode means 28; the nature 
of the electrolysis reactions occurring at the anode means 
26 and the cathode means 23; and the current density, 
i.e., the total current divided by the area of the electrode 
through which it flows, at the anode means 26 and the 
cathode means 28. In view of these considerations, it 
usually will be desirable in carrying out the invention to 
provide a spacing between the anode means 26 and the 
cathode means 28 of not more than 15 feet. Preferably, 
the distance between the anode and cathode means will 
be within the range of three to ten feet in order to operate 
under reasonable power requirements and yet provide for 
significant electroosmotic transportation of water within 
the formation. 
When, as shown in FIGURE 1, the electrical means are 

in contact with the face of the formation within the well, 
it is preferred to establish such contact throughout at least 
50 percent of the periphery of the well. Thus, with re 
Spect to anode means 26, for example, the total cumula 
tive length of the outer surfaces of electrode elements 26a 
should be equal to or greater than one-half of the circum 
ference of the well 10 at the location of the anode means. 
It also is preferred in carrying out the invention to utilize 
electrode means which contact the face of the formation 
at points subtending an angle from the axis of the well of 
at least 180°. From an examination of FIGURE 1, it can 
be seen that this requirement is satisfied for both the an 
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leads 54a and 56a to a suitable D.C. power source (not 
shown). As shown in the drawing, the cathode means 56 
preferably extends into the shale section 52c although 
it may be in contact with the face of this section within 
the well similarly as the cathode means 28 described 
above with reference to FIGURE 1. 
The embodiment of FIGURE 3 is particularly advan 

tageous in the treatment of oil and/or gas producing 
wells. From the foregoing description it will be recog 
nized that upon the establishment of a unidirectional 
potential gradient between anode means 54 and cathode 
means 56, the water within the formation adjacent the 
well will tend to migrate away from the anode means 
in the direction of the cathode means. Upon the con 
tinued application of the unidirectional potential grad 
ient water will tend to accumulate within the relatively 
impermeable shale section 52c adjacent the cathode 
means 56. The movement of the water into the shale is 
largely irreversible by hydraulic means. Thus, even 
though a hydraulic pressure gradient is established from 
the formation into the well such pressure gradient will 
exert little if any influence upon the water transfetirred to 
the shale section 52c. It is preferred in practicing this 
embodiment of the invention to place the cathode means 
in contact with a section of the formation exhibiting a 
hydraulic permeability which is less than that of the sec 
tion contacted by the anode means by a factor of at least 
ten. Thus, if reservoir 52a contacted by anode means 54 
is characterized by a permeability of ten millidarcies, the 
permeability of the shale contacted by cathode means 56 
should not be more than one millidarcy. 

In another embodiment of the invention, which is of 
particular utility with regard to oil producing wells, 
cathode means is disposed in contact with a gas Zone 
and/or a water Zone adjacent an oil zone. The position 
ing of the electrode systems in both gas and water zones 
in accordance with this embodiment of the invention is 
illustrated in FIGURE 4. 

With reference to FIGURE 4, there is shown a well 
60 which penetrates a subterranean formation 62. For 
mation 62 comprises a reservoir 64 and overlying and un 
derlying shales 65 and 66, respectively. The reservoir 64 
includes a gas Zone 64a in the upper portion thereof, 
an intermediate oil Zone 64b, and a water zone 64c in 
the lower portion of the reservoir. In accordance with 
this embodiment of the invention, anode means 66 is 
disposed in contact with the oil zone of the formation 
and cathode means 67 and 68 are disposed in contact 
with the gas Zone and water zone, respectively. In car 
rying out this embodiment of the invention, a unidirec 
tional potential gradient is established between anode 
means 66 and cathode means 67 and between anode 
means 66 and cathode means 68. Under the influence 
of this potential gradient, water within the formation 
will tend to migrate away from the anode means in the 
direction of the respective cathode means. 
As water is electroosmotically transported into the gas 

zone 64a the effective permeability of this portion of the 
formation to gas is decreased. Thus, as oil is produced 
from Zone 64b into the well 60, attendant gas production 
into the well, which oftentimes is undesirable, is de 
creased. A somewhat similar situation occurs with re 
spect to the placement of the cathode means 68 within 
the water Zone 64c. Thus, particularly where the uni 
directional potential gradient is maintained concurrently 
with production of oil into the well 60, electroosmotic 
transport of water in the direction of the water zone 
64c will tend to alleviate the coning of water into the 
oil Zone and thence into the well. Such water coning is, 
of course, undesirable and oftentimes greatly reduces the 
oil production of a well. 
FIGURE 4 also illustrates a desirable relative position 

ing of the electrode means regardless of the presence of 
gas and water Zones adjacent an oil zone. Thus, even in 
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8 
the absence of such gas and water zones the electrodes 
may be disposed as shown in FIGURE 4 with an anode 
element interposed between two vertically spaced cathode 
elements. Also, particularly, in relatively thick formations 
the invention may be carried out with a plurality of al 
ternately positioned cathode and anode elements. Thus, 
with further reference to FIGURE 4, there may be pro 
vided a second anode element positioned below cathode 
68 with additional electrodes added as desirable. 

In most instances, water innately within a subterranean 
hydrocarbon-bearing formation will contain an electro 
lyte such as sodium chloride. However, the phenomenon 
of electroosmosis does not require an electrolyte and, in 
fact, the efficiency of the electroosmotic process may be 
enhanced by decreasing the concentration of electrolyte 
in the water. Stated otherwise, the electroosmotic flow 
rate for a given system and under a specified potential 
gradient varies somewhat inversely with respect to the 
specific conductivity of the water in the system. Thus, 
by decreasing the specific conductivity of the water, the 
rate of flow under electroosmosis may be increased. 

In accordance with another embodiment of the present 
invention, these relationships are utilized to advantage by 
inejecting into the formation water which is character 
ized by a lower specific conductivity than the water in 
nately within the formation. By this procedure the aver 
age specific conductivity of the water within the forma 
tion immediately adjacent the wellbore is decreased. Thus, 
upon the subsequent establishment of a potential gradient 
between the electrode systems, the electroosmotic flo 
rate within the formation is enhanced. 
From the standpoint of electroosmotic efficiency per 

se, it would be most desirable to utilize fresh water in 
the water injection step. However, it is to be recognized 
that in many instances this may be impractical or un 
economical and in accordance with the broad aspect of 
this embodiment of the invention any water having a 
lower specific conductivity than the innate formation wa 
ter may be utilized in the water injection step. 

It is perferred in this embodiment of the invention 
to introduce the water during the drilling of the well 
within the formation. This is accomplished by utilizing, 
during this stage of the drilling process, a drilling mud 
which comprises water of a lower specific conductivity 
than the water originally within the formation. As will 
be recognized by those skilled in the art, it is a conven 
tional practice during such drilling operations to main 
tain a hydrostatic head on the drilling fluid at the depth 
of the formation which is greater than the formation 
pressure. Thus, some of the water contained within the 
drilling fluid will pass from the well into the formation. 
It is particularly desirable to utilize water of such lower 
specific conductivity during the drilling process since the 
introduction of water into the formation at this time is 
largely irreversible by hydraulic methods. 
From the foregoing description, it will be recognized 

that the present invention provides a new and improved 
process for reducing the water content of a formation 
adjacent a point of production or injection. The applica 
tion of the invention will result in some electroosmotic 
transportation of oil which may be present within the 
formation in the zone of treatment. It is believed that in 
many cases the movement of such oil under electro 
osmosis will be in the direction of the cathode. However, 
the efficiency of the electroosmotic process with result 
to oil normally will be much less than with respect to 
water. Accordingly, the movement of oil under electro 
osmosis will be in the direction of the cathode. However, 
the invention is applied in an oil production well. 

Having described specific embodiments of the instant 
invention, it will be understood that further modifications 
thereof may be suggested to those skilled in the art, and 
it is intended to cover all such modifications as fall with 
in Scope of the appended claims. 
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What is claimed is: 
1. In the treatment of a hydrocarbon-bearing forma 

tion penetrated by a well, said well having an open flow 
interval in said formation and said formation containing 
water adjacent said open flow interval, the method of: 

establishing a unidirectional potential gradient be 
tween anode means in contact with the face of said 
formation in said well within said open flow inter 
val and cathode means spaced from said anode 
means and extending into said formation to a depth 
of at least six inches from said formation face 
whereby water within said formation is electro 
osmotically transported in the direction of said 
cathode means thus reducing the water content of 
the formation in the vicinity of said anode means. 

2. The method of claim 1 wherein said cathode means 
extends into said formation to a depth of at least three 
feet from said formation face. 

3. The method of claim 1 wherein said anode means 
is in contact with the face of the formation at points 
Subtending an angle from the axis of said well of at least 
180 and said cathode means is in contact with said 
formation at points subtending an angle from the axis of 
said well of at least 180. 

4. The method of claim 3 wherein said anode means 
contacts the face of said formation throughout at least 
50% of the periphery of said well. 

5. In the treatment of a hydrocarbon-bearing forma 
tion penetrated by a well, said well having an open flow 
interval in said formation and said formation containing 
water adjacent said open flow interval, the method of: 

establishing a unidirectional potential gradient be 
tween anode means disposed in contact with said 
formation within said open flow interval and cath 
Ode means spaced from said anode means and dis 
posed in contact with said formation above said 
anode means whereby water within said formation 
is electroosmotically transported in the direction 
of Said cathode means thus reducing the water cone 
tent of said formation in the vicinity of said anode 
calS. 

6. The method of claim 5 wherein said well is provided 
with a casing terminating short of the bottom of said well 
and defining the upper boundary of said open flow in 
terval, said casing comprising at least a portion of said 
cathode means. 

7. The method of claim 5 wherein said cathode means 
comprises at least two vertically spaced cathode elements 
and Said anode means comprises at least one anode ele 
ment interposed between said cathode elements. 

8. In the treatment of a hydrocarbon-bearing forma 
tion penetrated by a well, said well having an open flow 
interval in said formation and said formation containing 
Water adjacent said open flow interval and having an oil 
Zone and a gas Zone disposed above said oil zone, the 
method comprising: 

establishing a unidirectional potential gradient be 
tween anode means disposed in contact with said 
formation within said open flow interval and cathode 
means spaced from Said anode means and disposed 
in contact with said formation within said gas zone 
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10 
whereby water is electroosmotically transported in 
the direction of said cathode means to said gas zone 
thus reducing the water content of said formation 
in the vicinity of said anode means. 

9. In the treatment of a hydrocarbon-bearing forma 
tion penetrated by a well, said well having an open flow 
interval in said formation and said formation containing 
water adjacent said open flow interval, the method of: 

establishing a unidirectional potential gradient between 
Said anode means disposed in contact with said 
formation within said open flow interval and cathode 
means spaced from Said anode means and disposed 
in contact with a portion of said formation having 
a hydraulic permeability less than a portion of said 
formation in contact with said anode means where 
by water within said formation is electroosmotically 
transported in the direction of said cathode means 
into said less permeable portion of said formation 
thus reducing the water content of said formation 
in the vicinity of said anode means. 

10. The method of claim 9 wherein the hydraulic 
permeability of the portion of said formation contacted 
by said cathode means is less than the hydraulic permea 
bility of the portion of said formation contacted by said 
anode means by a factor of at least ten. 

11. In the treatment of a hydrocarbon-bearing forma 
tion penetrated by a well, said well having an open flow 
interval in said formation and said formation containing 
water adjacent said open flow interval, the method of: 

during the drilling of said well into said formation, 
employing a drilling fluid comprising water of a 
lower specific coductivity than that of water in 
nately within said formation and forcing said first 
named water into said formation; and 

establishing a unidirectional potential gradient between 
anode means disposed in contact with said forma 
tion within said open flow interval and cathode 
means spaced from said anode means and disposed 
in contact with said formation whereby water with 
in Said formation is electroosmotically transported 
in the direction of said cathode means thus reduc 
ing the water content of said formation in the vi 
cinity of Said anode means. 
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