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The: present’ inventionrelates::to: the: preduction= of” 10
petroléum hydrocarbons ffonr subsurface formations:by-
means of ‘a producing;well.and issmore specifically con-:
cerned” with~ hydrocarbon production from™a-subsurface
formation containing a non-wetting; phase-of liquid petro-
léum, and’a wetting;, phase"of ‘connate-formation water 15
which rises by capillary action above-the water-table.

Broadly, the present inyention contemplates excluding’
water production and’simultaneously effecting-a: substan-
tial increase in the rate-of -hydrocarbon p_roduction"by’ir}e
jecting into the férmation a:fiuent wetting phase which is. 20
readily miscible with formation-water-and’ which; after ‘a
predetermined .time,. sets up-as-a"solid or relatively im-
mobile. phase. The: settable wetting: phase-is caused to
substitute. itself ' for "the: wetting phase’ of ‘connate -forma-.
tion water without . blocking the passages or pores” oc: 26
cupied by the non-wetting; petroleum:hydrocarbon: In
short the:settable material ‘exclusively- occupies'the more-
minute capillaries previously occupied by:the formation
water ‘and, upon setting;; positively blocks  the capillary
flow of formation water:in the region. of ‘the" well. bore.. 30

It is particulatly ‘important-to distinguishthe: present
invention from prior proposals which have been:advanced
to inject into. the formation a.material ‘which-sets up-as’a’
solid to block the formation-or a portion thergof.’ Such.
proposals usually look toward the-creation of ‘a solid ‘dam 35
or dike through some predetermined section of ‘the forma--
tion for the purpose-of preventing all‘flow inr that region.:

The present invention; on:the-other-hand, contemplates:
sealing ‘the minuté-watér: capillariess without “blocking -or-
impairing the fiee flow of oil through the relatively larger: 40
oil conducting pores.. As a‘resnltoil fiow is unimpaired’
by capillary water migrating ifito’its path~of flow and the
substitute- wetting ‘phase-is;: in-efféct; immobilized ‘in- the
capillary interstices so-that it’ddes not ' move-into the path
of oil flow to-restrict oil permeability, and*to result-in’ 45
water production..

Therefore, blocking or-damming of” the formation as:
hitherto proposed: would*be fital 'to the present invention.
and it is important that"it be-avoided..

To~this -end the - substitite wetting phase- capable - of 50
setting up’ ina-condition* of ‘substantial immobility is in--
jected through the well bore-into-the:formation preferably”
as-a readily fluent liquid-and is caused’to radially flow a-
substantial distance outwardly-from the well bore. Asa
result a portion of the férmation-oil’is ‘displaced *and the* 55
substitute wetting phase; being, in” excess: of ‘normal wet:
ting phase saturation; téndsto dfain into the:wetted ‘capil
laries normally occupied ‘by the connaté-formation ‘water.

After thus-completing: injéction” of “the- substitute im--
mobilizable liquid ~into= apredetérmined section” of “the'; 60
formation aboutthe well ‘bore and before setting has com-.
menced, the excess of thie-immobilizable:liquid .over and.
above-that which" will.be*received by the water contain- -
ing-capillaries must be~displaced*and removed from the.
oil containing passages. A convenient way of accomplish: 65
ing-the-result is:to" positively ‘injéct:into the+formation
about the well bore a'substantial volume-of a nom-wetting ,
Hquid, preferably oil.". OiF'injection-is continued:to force:
the-substitute wetting: phase: into-the’ capillary interstices;
normally occupied: by the“comnate, water-of “the .forma- 70
tion; the' excess moving: akisad”of ; the oil flow :and-pro- -
gressively entering-the’ portions-of ‘the  formation radially -

2

outwardly-of that originally reached' and being ultimately

consumed ‘in' the-capillaries thus:encountered:- Oil injec:

tionis, therefore; continued: until the-originally -injected

immobilizable;; substitute ‘wetting phase -is completely dis-

sipated in-this'manner so that essentially: no settable phase-
remains- in- the -normally- oil- containing: passageways:"
Therefore ‘permeability--to -oil is- unimpaired.” Stated in
another “way oil - injection  restores the-oil saturation-of
the formation: treated; at least, to the same value prevail-
ing  prior-to treatment -so-that-the oil passages‘remain
free -and- open-after -setting ‘has -occurred. Therefore; it

is'manifestly important that the volume of oil injection:be.-
sufficient to restore-the-original‘and preferably-the maxi--
mum- oil saturation -throughout-the entire section of ‘thé

formation-which-is subjected to-treatment. -

Another important feature of ‘the present invention-in:
volves-treating- the -interface between substitute - wetting,
phase-and-‘the-oil with a surface active agent effective to
substantially reduce the interfacial tension between the-oil
and wetting phase and thereby materially reduce the water
saturation of the-formation under treatment.. Manifestly,
decreasing the water- saturation increases’ the effective
cross-section -of “the- passages-availablé for flow of the
non-wetting-oil phase thus-increasing oil saturation and
m;terially improving - permeability -of “the -formation to-
oil.

The-present ‘invention therefore -has the advantage not’
only of ‘selectively- and ‘exclusively blocking ‘water pro-
duction, but-of:materially facilitating oil produaction, by
increasing: oil permeability -of - the-formation. In_short;
the: flow of- oil -into thewell bore- is~substantially ‘in-
creased; either in“the-absence of ‘or-at: a-substantially de-
creased prodaction of water.

The nature-of the- present -invention may be better.
understood- by reference to" accompanying _drawing, of
which Figure-1 represents, in" diagrammatic or symbolic
form; a:cross:section;. highly magnified, taken through a
typical oil bearing formation. Thesolid grains. of. the
formation are represented by the numeral: 1 and
these; -as-indicated, Ieave between them- minute pores
of “irregular -cross-sectional ‘configuration. The wetting.
phase- of * connate* water occupies - the” more restricted
portions:-of ' thepores-at" 2, rising upwardly in these;
minute- capillaries - by, capillary attraction from the
water- table, more- or: less diagrammatically represented.
by the:line'marked “Water table” a distance #, The.non-.
wetting phase of ‘oil accordingly occupies the larger pas-
sages-of the pores-as indicated by the reference numeral 3.

Undeér normal, static conditions, the pressure. in. the.
water:at the interface between the oil ‘and .water is.neces-.
sarily less than:the pressure at the surface.of the. water-
table by anr amount equal to the head. of, water.above the .
water table.- This is in turn dependent upon the height.
of the: point of ‘reference above the water table and the-
density-of the formation water.

Likewise, at the oil-water interface, the oil..pressure. is .
less than the pressure at the water table by.an, amount
equal to the head of oil above the water table.. But, since..
the-density-of-the-water or wetting phase. is substantially
greater-than the density of ‘the oil phase, .the.oil.pressure -
at any point-of ‘reference is substantially, greater. than. the.
water pressure; This différential is the capillary pressure.,

If*the pressure-in the. well at the. point where it meets.
the- formation is lower than the normal .formation oil.
pressure;; then oil ‘will tend to flow- from:the formation.
into-the well. The différence in these two pressures. is:.
ca}l’ed ““draw-down.” " If the.draw-down. is. sufficient 10
bring the pressure in the well bore below. the. static water..
pressure, then both water and oil will: tend. to flow. into.-
the well. . .

Moreover; .as draw-down is. imposed :upon..the forma-..
tion, both the oil ‘and ‘water pressures in the vicinity of
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the well bore necessarily tend to approach the same pres-
sure, namely that resulting from the draw-down.

In any event, however, as draw-down is imposed upon
the well, the resultant release in pressure in the adjacent
oil phase permits the capillary wetting phase to move out-
wardly into the oil-bearing passages, for example, to a
point indicated by the dotted lines 4. This manifestly
tends to restrict the cross sectional area of the oil passages
and accordingly the flow of oil. Moreover, as the pres-
sure on the liquid phases in the formation becomes
further reduced due to an increase in draw-down, water
moves further out into the oil passages and ultimately
proceeds through the pores and is produced with the oii.

The resuits realized by the practice of the present in-
vention are represented on a similar diagrammatic scale
in Figure 2 of the present drawing wherein the capillary
wetting phase of water which normally occupies the rela-
tively restricted pores is substituted by an immobile wet-
ting phase which, after introduction into the capillaries
normally occupied by the water, sets up or immobilizes
to form a selective water barrier. By virtue of its wet-
ting character, the immobilizable liquid injected into the
formation moves into the region previously occupied by
the formation water to the position indicated diagram-
matically by the reference numeral 5.

If the formation is subjected to treatment with oil under
a pressure substantially in excess of normal formation oil
pressure, and before the wetting phase sets up, the excess
settable phase is not only forced out of the formation as
indicated above but the wetting phase tends to be forced
further into the minute capillary interstices. For ex-
ample, if the dotted line 6 in Figure 3 represents the oil-
water interface location in a typical formation under

normal conditions, the application of a substantial oil.

pressure following injection of a substitute wetting phase
may force the wetting phase back into the position indi-
cated by the reference numeral 7 with an interface at the
line §. Manifestly, if this condition is maintained till the
wetting phase sets up as an immobile solid then the avail-
able cross section of the oil passages and accordingly the
permeablhty to ‘oil is permanently increased. Moreover
water is prevented from flowing into the well bore.

' Essentially, the same effect, as the last mentioned, re-

sults from the inclusion of the surface active agent ef-
fective to materially lower the interfacial tension between
the wetting and noun-wetting phases. Inclusion of an ef-

fective portion of such an agent with the immobilizable’

wetting phase has the effect of lowering the capillary
force tending to cause water to rise in the formation.

This follows because of the fact that in any formation of °

fixed internal porosity the capillary force acting upon the
water is dependent upon the interfacial tension between
the welting and non-wetting phases and the angle at
which the wetting phase wets the solid surfaces of the
formation. Therefore, reduction of the oil-water surface
tension at this interface lowers the capillary lifting force
and results in a tendency for decreased saturation of the
formation by water as well as a correspondingly in-
creased saturation by oil wnh resulting improvement in
oil permeability.

As examples of a wetting phase miscible with formauon
water and capable of setting up to a condition of sub-
stantial immobility may be mentioned the Known. alka-
line metal ‘silicate-ammonium bicarbonate solutions which
are of desirably low initial viscosity, and after a ‘pericd
of time, subject to reasonable control, set up as a sol or
colloidal solution. Thus, a solution of sodium silicate
and ammonium bicarbonate, after a few hours, forms a
silicon hydroxide or silicic acid as a sol or colloidal solu-
tion with a water solution of sodium carbonate and am-
monium hydroxxde as the liquid phase. As the colloidal

solution forms, the viscosity increases rapidly until it.

becomes a semi-solid. On further standing, it becomes
an elastic gel of high molecular weight and subsequently
scomes ‘more rigid and increasingly inel_eis'tiq.
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Such cements are particularly advantageous in that
they remain fluid for the period of time required to effect
their injection into the subsurface formation, the selective
replacement of the formation water by the injected fluid,
and ultimate dissipation of the excess. They are also
compatible with many of the typical oil-water surface
active agents. Particularly important, however, is the
fact that the resulting immobilized product is substantially
insoluble to both oil and water and to any wetting or
non-wetting phases which may be encountered in under-
ground subsurface formations of the present character.

Many other settable compositions having these charac-
teristics may be employed instead of the foregoing, in
particular the class of inorganic gel-forming materials in
genéral such, for example, as the alumina-silica gels, the
iron, cobalt, nickel, tin and chromium gelatinous oxides,
and the copper ferrocyanide gels.

The mechanism of gel formation per se forms no part
of the present invention and accordingly will not be de-
scribed in detail. In general, however, a dilute solution
of the metal sol is hydrolyzed to effect a slow precipita-
tion of the gel. Preferably, as in the case of the first
illustrated example, hydrolysis takes place at a low rate
by the use of some slowly dissociating salt such as the
ammonium bicarbonate above mentioned.

In general, however, the immobilizable liquid may
comprise any settable material which: (1) wets the oil

~bearing formation and is miscible with the formation

water, (2) is preferably a relatively low viscosity liquid
prior to setting, (3) seis up after a reasonable length of
time to form a substantially immobile essentially oil in-
soluble and water insoluble’ material and, (4) is not
miscible with the non-setting oil phase prior to setting.
Therefore, any settable material or composition having
these physical characteristics manifestly meets the require-
ments of the present system.

Examples of surface active agents which materially
lower the interfacial tension between oil and water are
polyoxyethylene sorbitan monolaurate, polyoxyethylene
stearate and the well known class of alkyl-aryl sulfonates.
However, as above intimated, these are merely illus-
trative of the vast field of known oil-water interfacial

. tension depressants which, in the formation, lower the

capillary lifting force and result in substantial reduction
of water saturation in the formation.

Small effective quantities of these agents may advan-
tageously be dissolved in the settable phase prior to in-
troduction into the formation. By small, effective quan-
tities is meant that quantity of the selected surface active
agent which is effective to cause a material decrease in
the interfacial tension between the oil and water. This
is obviously dependent upon the agent selected and is a
characteristic thereof, which, per se, forms no part of the
present invention. It is important to note, however, that
the desired water desaturation takes place exclusively
as the result of the change effected at the interface between
the wetting and non-wetting phase. Therefore, it is only
necessary to effect the disposition of the surface active
agent at the interface and accordingly, instead of mixing
the surface active agent with the settable phase, a small
amount may bé injected following injection of the settable
phase, "Alternatively, the surface active agent may be
associated with the subsequently injected oil. Also a small
injection of surface active agent may precede the in-
jection of the séttable phase. In each mstance, the sur-
face active agent is preferably employed in solution and
in a quantity suﬁ”lclent to thoroughly permeate the inter-
face.’

Following is an illustrative example of the application
of the present invention to a producing oil well. The well
in question extends into the Oligocene Reservoir in the
Manvel Field, in Brazoria County, Texas. The well depth

. - is about 5,000 ft. and the physical properties of the pro-
" ducing formation involve a.porosity of about 25% and a

p_e?mgabilﬁtj: o‘f_v _é_ibput‘ IQQQ‘”mﬂl‘ida(cys.,’ The well, prior.



2,781,000

to treatment, produced about 60 barrels per day of oil and
40 barrels per day of water at a drawdown of about 10
p. s. i. in a production zone about 10 ft. thick.

In accordance with this practice of the present invention,
a settable fluid is prepared by mixing about 50 parts of
18% sodium silicate and 15 paris of 12% ammonia bi-
carbonate solution and adding about 35 parts of water.
Production from the well is stopped and about 150 barrels
of this solution is forced through the well bore out into
the formation. This injection is immediately followed by
the injection of 450 barrels of oil containing about 5%
of Atlas G-931 comprising a polyoxyethylene-cotton-
seed oil reaction product, 2 known surface-active agent
which is radically effective in reducing the interfacial ten-
sion between oil and water.

The oil injection forces the aqueous, substitute setting
phase into the smaller water bearing capillaries and si-
multaneously displaces any excess outwardly into the
formation, opening the larger and normally oil bearing
spaces for oil flow. The well is left shut in for approxi-
mately 24 hours to permit solidification or immobiliza-
tion of the settable phase.

Thereafter production from the well is resumed at a
substantially increased permeability. For example, at a
drawdown of 10 p. s. i., the well now produces about 90
barrels per day of oil with no water production. At a
drawdown of 15 p. s. i, the oil production rises to ap-
proximately 130 barrels per day with no water produc-
tion.

From the foregoing, it is apparent that the present
invention is effective for selective water exclusion by se-
lectively sealing off the water bearing capillaries about the
region of production. In addition the permeability of
the formation to oil may be materially increased. This
follows from the fact, intimated above, that the material
water desaturation, resulting from the action of the sur-
face active agent, and the pressuring of the formation
with non-wetting phase, opens a much greater portion
of the interior space to the flow of oil. Accordingly oil
production becomes strikingly greater and the pumping
of undesired water from the formation is obviated. As a
result difficulties such as corrosion, inherent in the han-
dling of ground waters, are obviated.

As above indicated, the shutting in of the well after
clearing excess settable phase from the oil bearing pas-
sages is held for a period of time sufficient to permit im-
mobilization of the setting phase. Manifestly this will
vary with the setting time of the composition selected.

As also intimated, it is advantageous during the setting
period to maintain upon the formation a pressure sub-
stantially in excess of normal formation pressure to posi-
tively force the wetting phase of settable material back
into the minute water wet capillaries, thereby corre-
spondingly increasing the effective cross sectional area of
the oil-bearing passages and materially improving oil per-
meability.

The present invention contemplates resort to any suit-
able formation pressuring practice in accomplishing this
result. Such technique forms, per se, no part of the in-
vention. However, it may involve, for example, pumping
of oil into the formation during the setting period at a
rate sufficient to maintain the desired increment in pres-
sure over that of the normal formation pressure.

It is important to note that the advantages of the pres-
ent invention may be fully realized even though the for-
mation is treated to only a relatively limited extent about
the well bore. This follows from the fact that in a porous
radial flow system the pressure drop at the central point
of withdrawal in the well bore is reflected materially only
a relatively short distance out into the formation. In
other words the pressure drop is concentrated close to the
well. Thus, for example, the pressure drop is greatest in
regions close to the well bore and radically decreases in
regions outwardly therefrom. As a result treatment for
a distance greater than 50-100 radial feet is seldom justi-
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fied. Actually treatment for as little as 10 radial feet is
normally of considerable advantage although radial treat-
ments to the extent of 25 radial feet are to be preferred.

Obviously many modifications and variations of the
invention, as hereinbefore set forth, may be made with-
out departing from the spirit and scope thereof and, there-
fore, only such limitations should be imposed as are in-
dicated in the appended claims.

I claim: o

1. A method of producing petroleum from a well bore
penetrating a porous subsurface petroleum-producing
formation which formation immediately overlies a water
table, the capillaries of said formation being occupied by
a non-wetting liquid oil phase and a liquid phase of con-
nate capillary formation water derived by capillary at-
traction from said water table, which formation water
wets the surfaces of the capillaries of said formation,
which comprises injecting from said well bore into the
capillaries of said formation a fluent aqueous liquid ca-
pable of setting up, per se, to a solid, said aqueous
liquid wetting the surfaces of the capillaries of said forma-
tion and being miscible with said capillary formation
water and immiscible with said liquid oil phase contained
in the capillaries of said formation, whereby said in-
jected aqueous liquid displaces said capillary formation
water from the capillaries of said formation and also
some of the liquid oil phase from the normally oil-occu-
pied portion of the capillaries for a substantial region
surrounding said well bore, thereafter displacing said in-
jected aqueous liquid out of the normally oil-occupied
portion of the capillaries of said formation in said region
surrounding said well bore by injecting into said forma-
tion from said well bore a second liquid which is non-
wetting with respect to the surfaces of the capillaries of
said formation in an amount sufficient at least to saturate
the normally oil-occupied portion of the capillaries of
said formation in said region undergoing treatment, said
second liquid being immiscible with said aqueous liquid
and miscible with said liquid oil phase contained in said
capillaries, discontinuing the injection of said second
liquid and permitting said injected aqueous liquid to set
up to a solid within said capillaries and thereafter pro-
ducing petroleum from said formation via said well bore.

2. A method in accordance with claim 1 wherein the
amount of said second liquid injected into said forma-
tion is substantially in excess of the amount of said
aqueous liquid injected into said formation.

3. A method in accordance with claim 1 wherein said
second liquid is injected into said formation at a pres-
sure sufficient to force said second liquid into the nor-
mally water-occupied portion of the capillaries in the
region undergoing treatment thereby increasing the oil
permeability of the thus-treated region of said forma-
tion.

4. A method according to claim 1 wherein the forma-
tion is treated for at least about 10 feet radially outwardly
from the well bore.

5. A method according to claim 1 wherein said forma-
tion in said region undergoing treatment is treated with
a surface active agent to materially lower in the inter-
facial tension at the interface between the aqueous liquid
and said second liquid.

6. A method according to claim 1 wherein said second
liquid is liquid oil.
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