' ranean reservoirs.

" producing oil from subterranean Teservoirs.
mques 1mprove thé fluid" distribution by. increasing the
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“This invention is'. concerned w1th increasing ' the
efficiency. of secondary recovery methods employed in
* producing: petroleum: oil from ‘partially *depleted subter-
It more specifically 'relates to ‘modi-
fying the wettability of a:formation reservoir in contiol-

ling the movernent of a water mjectlon fluid through the'

‘openings of an oil-containing reservoir. -
:The phenomena of capillarity and’ surface tensxon and
their application in. petroleum production have been ex-
- tensively: studied. ‘It is well known that these phenomena
influence the efficiency of processes employed in the pro-
duction of “petrolenm oils: from' 'subterranean- reservoirs

pA .
controlling the wetting characteristics of the injection -
fluid. From a wettability standpoint, formations are en-
countered . which are oil-wet,. or water-wet.. -While ‘most
reservoirs are’ considered preferentlally water-wet, it is:
possible to-have reservoirs which are intermediate in wet-

_ tability, being on a borderline between oil-wet.and water-

* wet.

C10

A number of procedures have been used to change
the characteristics of the formation. from water-wét: to
oil-wet in ofder to avoid the loss in mobility of a fluid
which will wet the formation reservoir surfaces and there-

. by adhere thereto. In a water-wet formation the water is”
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distributed in the finer capillaries, and in a more or less
thin layer over the entire surface accessible to fluid con-
tact. Because the water is restricted to the smaller inter-'
stitjal passageways and"is spread out. over a large solid
surface, ‘its moblhty is ‘not as great as that ‘of the oil

" which is located in the larger interstitial passageways and
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by- so-called ‘secondary recovery methods wherein: the, '

residual 6il ‘is flushed or driven from the rock reservoir
by mJectmg into ‘the reservoir by means of an injection
well a’drive fluid such as’water or gas. The produced

" fluidstare recovered- for further processing by ‘means of-

. @ recovery well or wells. In facilitating the use of water
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asia drive fluid in the treatment of oil sands, a number of -

expedients have been employed to complement the efféct

of the-drive fluid. ‘Surface-active agents have been uised’
to induce the preferential wettmg ‘of ‘the: sand by -the"

water:flood rather: than by the -reservoir oil in order to

permit the oil to be more readily driven ount by the water--
flooding. However, it'is an object of the instant invention,

to' employ the opposite approach and’ facilitate reservoir
drainage in secondary recovery operatxons by making the
formation preferentially cil-wettable in a’ peripheral zone
immediately adjacent the well bore. " This and other ob-

jeets: will become more apparent from the following- de-

tailed description. of the instant invention.

‘In-'the - water-flooding of depleted or’ partlally de-
pleted - subterranean oil-bearing reservoirs to recover the\
residual oil, the initial flow of water into the formatlon'
“From a

openings is controlled by a number of factors.
geometrical standpoint, considerable flow resistance i is en-
countered due-to the limited ‘access prov1ded by the
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is spread out over a water surface. Thus"if the water

-is to move it must overcome the resistance of the solid-’

water interface and the oil-water’ interface; while the: oil
has only to overcome the resistance offered’ by the ‘oil-.
water interface. = Furthermore," the oil, - occupying - the.
larger interstitial passageways, has larger channels avail-
able to flow through than does the water. - From ‘his
it is evident that if two fluids are present in"a rock, the

- non-wetting fluid: should find less resistance to flow.

In water injection ‘wells two fluids, ¢il and . water, ‘are
present’ in the surrounding formatlon After a relatively
short injection period, most of the ‘recoverable oil will
have been ‘flushed from the area unmedlately surroundmg
the well bore to a radius of about 10-20 feet.  "If the
formation is water-wet, as is the more common case, the
water passing through the flooded-out section of 10 feet
radius will meet the resistance to flow of a ‘Wwater-wet
system which, is-higher than would be the case of an oii-

-, wet system. Therefore, according to this. invention thé
~ introduction of water into a partially depleted oil-bearing.
- reservoir is facilitated by modifying the characteristics:
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small amount of area of rock face which is exposed by

a traversmg bore hole of rélatively small dlameter Limi-

tations'in -the size of the formation openings du‘ectly en-
téring:into. the bore hole can be overcome by the use of

formation penetrators, such as acidizing media.- or hy-
The function of these’ processes |

draulic: fracturing fluids,
is*to.increase the size of the interstitial openings which
channel - out in a radial, horizontal direction from' the

bore hole, thereby i mcreasmg the porosity and permeabll- .

© ity of the formation in an area near the bore hole.  The
use ‘of “these ‘expedients: involves spec1a1 equipment; the
use -of which can greatly add to the expense- entailed in

size ‘of -the’ interstitial openings, thereby reducing the. re-

sistance. to the flow of fluids ‘therethrough. = The fluid dis- -
trlbuuon can also.be influenced by- modifying the eﬁ“ec-'
nve permeablhty charactensncs of the formatlon without -
m fact 1ncreasmg the dlameter of the mterstmal open- .

These tech-
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change in effectlve permeablllty is. eﬁected by -

of this substantially oil-free, circumambient zone immedi- '
ately adjacent the bore hole, which is servmg as the in-
jection well, to make the formation- surfaces in this’ zone
preferentrally oil-wettable. . This.change in wettablllty is
efiected inthe instant invention by coating the foria-
tion ‘surfaces in this c1rcumamb1ent zone with a mono-
molecular silicone coating. In the prior art, a number
of expedients have been” described . for' treating forma-
tions with silicones. In U. 'S. Patents 2,469,354 and .
2,633,919 silicone coatings have been, provided ‘on ‘the
formation reservoir surfaces by treatlng the formation
with a:silicon halide, such as methy! dichlorosilané, which ,
is subsequently hydrolyzed to form a silicone polymer
which-is adsorbed on the surfaces of ‘the formation.  In’
employing . silicon halides it is necessary. that the- forma-
tion be dried by the use of heating and/or solvent wash-
ing in order to prepare the reservoir surfaces prepara-
tory to coating them  with the silicone polymer. Such’
preliminary treatment requlres ‘the use of auxiliary equ1p- .
ment and frequently, in splte of the efficiency of . this
equipment, complete drylng is not always effected; which
influences the efficacy ‘of the treat. In U. S. Patent
2,614,635 ‘this d1sadvantage is:-overcome in the: treating..
of subterranean formations by employing an. oil : solu-
tion contammg a small amount of a. liquid. silicone. poly-:
mer, To be effective, the sﬂlcone solution must be ‘heated -
to a‘temperature of at least about, 500° F, While i in- this -
instarice it is unnecessary. to employ a dehydratmg sstep, s
it is necessary to provide -heating means:to heat the! ‘treatss
ing agent. . Also, this-method: entails-the- -introdrction’
of substantlal arnounts of - oil. inito the ‘formation i in’ order’
to prowde the desired coating of the: reservoir. surfac' &
This, of ‘course, requires that in order that the Pprocessibg”
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conducted econornically it is necessary that this oil, or at
least a substantial amount of it, be recovereved. This,
however, is not always possible because the irreducible
minimum saturation of formation areas with this ¢il may
occur, preventing its recovery. - In practicing the instant
invention these disadvantages are overcome by the use
of water-soluble salts of esters of siliconic acids as the
silicone-forming agents. Such materials, because of their
water-solubility, may be readily introduced directly into
the water flood and injected into the formation whereby
a silicone coating is formed. on the reservoir surfaces
without the need for dehydrating the formation or using
oil solutions of silicone-forming agents. The silicone-
forming substances which may be employed in the in-
stant invention are those water-soluble salts of esters
of siliconic acid which decompose and precipitate a
silicone when centacted with a weakly acidic solution.
Examples of suitable siliconates for use in carrying
out the invention include the water-soluble alkyl, aryl,
and alkaryl derivatives of the siliconic acid salts
or mixtures thereof. Specific metal siliconates include
sodium methyl siliconate, potassium ethyl siliconate,
calcium phenyl siliconate, barium benzyl siliconate, lithi-
um propyl siliconate. Although only alkali metal and
alkaline earth metal siliconates are specifically illus-
trated, other cationic substituents may be employed.

Other suitable salts include aluminum, zine, copper, etc.,

as well as the substituted ammonia salts. The preferred
salts are the alkali metal and substituted ammonia salts
because of their excellent water-solubility which prevents
any deleterious precipitates from forming within the for-
mation due to the presence of cations which may react to
form water- and oil-insoluble products. The siliconic
acids which are utilized in preparing the salts of this
invention may be formed by hydrolyzing alkyl trichloro-
silanes to form a hydrolyzate which then is neutralized
with aqueous sodium hydroxide according to conventional
neutralization techniques. Metheds of preparing metal
organic siliconates are described in detail in U. S. Patents
2,438,055, 2,441,422, and 2,441,423, 1If alkyl siliconates
are dried, free-flowing water-soluble powders can be pro-
duced. One suitable water-soluble alkyl siliconate, sodi-
um methyl siliconate, is commercially available and may
be purchased from the General Electric Company under
the mark “SC-50.”

In employing the silicone-forming solutions of this
invention, dilute solutions of the metal organic siliconate
are employed. Satisfactory results can be obtained using
solutions containing .01 to 10% of the silicone-forming
agents of this invention, although amounts outside this
range may be employed. The siliconate is introduced
direcily into the flood water and pumped into the sub-
terranean reservoir. The siliconate solution is then con-
tacted within the formation interstices with an acidic
solution. On mixing, the siliconate reacts with the acid
to form a silicone polymer which «coats the sand surface
and makes it preferentially oil-wettable. Solutions of
acids, especially weak acids such as carbon dioxide,
phenol, acetic acid, low concentrations of hydrochloric
acid and nitric acid, etc., are especially suitable for pro-
ducing silicone polymer coatings.

In the practice of the instant invention a water injec-
tion well, having a ten ft. thick injection zone, is treated
using conventional flooding apparatus by adding sodium
methyl siliconate to the injection water at the well head
in sufficient amount.to provide approximately 10,000 gals.
This volume is sufficient to fill half of the pore volume
within a 20 ft. radius of the well bore with a 0.5% solu-
tion of sodium methyl siliconate. After all of this solu-
tion has been injected into the well (in the course of
normal water injection operations), the injection of
10,000 gals. of an aqueous 5% HCI solution is started
(after first flushing the sodium methyl siliconate solution
from- the well bore with water). After the HCI injection,
normal. water injection  is again started. As the HCl

4
solution is pushed out into the formation it mixes and
reacts with the sodium methyl siliconate solution and
thereby renders the formation, preferentially oil-wet, for
a radius around the well bore of approximately 20 or
more feet.

The foregoing example is only illustrative in that the
treatment may effectively be carried out in either siliceous
or calcareous formations. In treating either type of

" formation care must be taken in the selection of the

10

20

25

30

35

40

50

55

60

65

70

75

acidic reagent employed to avoid using an acidic substance
that would spend. itself by reacting with the formation
constituents and become ineffective. For example, hydro-
chioric acid should not be employed in treating calcareous
formations. The amount of siliconate solution which is
initially introduced into the formation will depend, of
course, upon the extent and structural characteristics of
the formation. Porosity, which may be readily deter-
mined by standard procedures (Vide Elements of Oil
Reservoir Engineering, Pirson, McGraw-Hill, 1950 at p.
20 et seq.), is a convenient criterion. Accordingly, a
volume of siliconate solution equal to 25 to 75% of the
pore volume. of a circumambient section of formation
having a radius of about 10-20 feet should be used, and
preferably about 50% of said. pore volume. Amounts
outside this range may also be employed. However,
maximum benefits are obtained by facilitating the flow
through that section of formation adjacent to the injection
well bore. In forming the silicone coating the amount of
acidic reagent which is introduced into. the formation will
depend upon the amount of siliconate which is employed
because the neutralization reaction proceeds stoichiomet-
rically and requires an equivalent amount of acid solution.
In order to insure complete precipitation of the silicone
coating an amount of acidic reagent in excess of the
stoichiometric amount should be used.

Thus, by treating 'a circumambient section of the oil-
containing reservoir in order to make it oil-wet by means
of the. invention, the resistance to water flow is lowered,
thereby decreasing the pumping cost and expediting the
water flood. Conventional water-flooding equipment can
be employed without substantial modification. No sig-
nificant amounts of oil are lost because the section treated
has already been water flooded and no additional amounts
of oil are introduced into the formation.

Therefore, we claim as our invention:

1. In a secondary recovery process employing a water
drive to facilitate the drainage of residual petroleum oil
from a partially depleted, subterranean oil-bearing nor-
mally water-wettable reservoir, traversed by a water in-
jection well.and a recovery well, a method for minimizing
the resistance of said reservoir to the flow of said water
drive through a circumambient zone immediately adjacent
said injection well which comprise forcing into said reser-
voir through said injection well an aqueous solution con-
taining about 0.1-10% by weight of a water-soluble metal
salt of an organic siliconic acid into a circumambient zone
immediately adjacent the injection bore hole and. having
a radius not greater than about 20 feet, in a volume equal
to about 25-75% of said zone, contacting the aqueous
salt-containing solution while in said circumambient zone
with an acidic sclution whereby a silicone polymer is
precipitated to form an oil-wettable coating on the mineral
surfaces of said circumambient zone without deleteriously
affecting the specific permeability of said zone, and in-
jecting a water injection fluid into said reservoir through
said zone to force said residual oil therefrom.

2. In a secondary recovery process employing a water
drive to facilitate the drainage of residual petroleum oil
from a partially depleted, subterranean oil-bearing nor-
mally water-wettable reservoir, traversed by a water in-
Jection well and a recovery well, a method for minimizing
the resistance of said reservoir to the flow of said water
drive through a circumambient zone immediately adjacent
said injection well which comprise forcing into said reser-
voir through said injection well an aqueous solution con-
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taining about 0.01-10% by weight of a water-soluble metal
- salt of an organic siliconic acid into a circumambient zone
immediately adjacent the injection bore hole and having
a radius within the range of about 10-20 feet, in a volume
equal to about 25-75% of the pore volume of said zone,
contacting the. aqueous salt-containing solution while in
- said circumambient zone with an acidic solution whereby
a silicone polymer is precipitated to form an oil-wettable
coating on the mineral surfaces of said circumambient
zone without deleteriously affecting the specific perme-
ability of said zone, and thereafter injecting a water in-
jection fluid into said reservoir through said zone to
force said residual oil therefrom.
3. A 'method in accordance with claim 2 in which the
-salt is an alkali metal alkyl siliconate.
4. A method in accordance with claim 3 in which the
siliconate is sodium methyl siliconate.
5. A method in accordance with claim 2 in which the
acidic solution is a solution of a weak acid selected from
~the ‘group «consisting of aqueous solutions of carbon di-
oxide, phenol, and acetic acid.
6. A method for recovering oil from partially depleted
normally water-wettable oil-containing subterranean for-
- mation by employing a water injection well and a recovery
well, which comprises introducing a first water injection
fluid from said injection well into said formation until a
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circumambient zone having- a radius not greater than

. about 20 feet adjacent the water injection well is substan-

tially free of oil, introducing into the injection water
0.01-10% by weight of a water-soluble metal salt of an
organic siliconic acid, forcing the salt-containing water
in a volume equal to about 25-75% of the pore volume
of said circumambient zone into said formation, contact-
ing the salt-contdining injection water while in said cir-
cumambient zone with an acidic solution whereby :a sili-
cone polymer is precipitated to form an oil-wettable coat-
ing on the mineral surfaces of said circumambient zone,
without deleteriously affecting the specific permeability of
said zone, and thereafter continuing the injection of said
first, water injection fluid into said formation." .

7. A method in accordance with claim 6 in which the
salt is an alkali metal alkyl siliconate. -

8. A method in accordance with claim 7 in which
the siliconate is sodium methyl siliconate: R

9. A method in accordance with claim 6 in -which the
acidic solution is a solution of a weak acid.
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