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This invention relates to a method of treating un-
consolidated subsurface formations, and more particu-
larly to a method of bonding particles of such formations
into a permeable unitary mass to prevent movement of
the particles into the boreholl of a well penetrating the
unconsolidated formation.

Many subsurface formations from which oil or gas
is produced are unconsolidated formations in which the
individual sand particles of the formation are weakly
bonded to one another. When formation fluids are pro-
duced from such formations, sand particles are carried
by the fluids into the borehole of the well where they
may plug the well or production tubing and prevent pro-
duction of oil from the well. If the oil-bearing forma-
tion is under a high pressure, the sand carried into the
well frequently flows at a high velocity through borehole
equipment and causes serious erosion of the equipment.
Both plugging and erosion of the well equipment make
expensive shutdown and workover of the well necessary
to allow further production from the well.

Several methods have been used to combat the flow
of sands into the well from unconsolidated formations.
One of the techniques is to install a slotted liner in the
borehole of the well through the pay zone. The slots
of the liner are narrow enough to prevent flow of sand
through them. Slotted liners frequently fail to accomplish
the desired purpose because the movement of the sand
around the liner may block the passages in the liner and
prevent flow into the well.

Another technique that is employed is to pack fine
gravel around a liner to produce a filter bed with small
openings through which the sand particles cannot move.
The gravel packing technique has the advantage of pro-
viding some support to the unconsolidated formation, but
suffers the same disadvantage as the unconsolidated for-
mation that the sand particles are not bonded together
and may move to plug passages through which oil flows
into the well.

It has also been suggested that the particles in the
gravel pack be treated by displacing a resin-forming
liquid into the gravel pack to coat the particles and there-
after setting the resin-forming liquid by condensation or
polymerization to bond the particles into a unitary mass.
Care must be taken to insure preservation of the permea-
bility of the formation after the resin treatment. One
of the difficulties with such a method is finding a suitabie
resin which can be made to set at condition existing in
the pay zone to form a resin of adequate strength and
insolubility in formation fluids to produce a bond which
will hold the particles together for long periods. One
problem encountered in forming a mass of adequate
strength is in obtaining satisfactory adhesion of the resin
to the particles which are ordinarily covered with oil and
water, or both, when the resin-forming liquid is displaced
through the gravel pack. Because of these difficulties,
and the relatively high cost of the large amount of resin
required, the use of resins to consolidate formations has
not been widely adopted.

This invention resides in a method for bonding un-
consolidated sands info a strong, permeable, unitary mass
by coking oil place in the formation switounding the
borehole of a well. In the process of this invention the
coke formed in the unconsolidated formation is of high
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strength and is highly resistant to dissolution of weaken-
ing by the formation fluids. The coke is formed by the
displacement of an oxygen-containing gas, preferably air,
at low temperatures and at relatively high flow rates from
the borehole through the unconsolidated formation, and
thereafter gradually increasing the temperature of such
air to a temperature at which the air reacts with the oil
to form a strong coke highly insoluble in oil. The con-
tinued flow of gases through the formation during the
creation of the coke bonding the particles together pre-
serves the permeability of the bonded structure around the
borehole of the well.

Although this invention is not restricted to any particu-
lar theory, it is believed that the extended contact of the
oil in the formation around the borehole with air at
relatively low, but gradually increasing, temperatures re-
sults in consumption of a substantial part of the capacity
of oil to react with oxygen at conditions at which the
reaction is slow and the heat liberated by such re-
action can readily be carried away by the gasses pass-
ing through the formation. Then, when the severity of
the oxidizing conditions to which the oil is exposed is
increased by increasing the temperature of the oxygen-
containing gas passing through the formation to a level
at which a strong oil-insoluble coke is formed, the oil
is not sufficiently reactive with oxygen to support reverse
combustion close to the borehole of the well. In this
connection, the residual hydrocarbons are the most readily
oxidized hydrocarbons. Removal of volatile hydrocar-
bons from the formation adjacent the borehole by the
injected gases of gradually increasing temperature has
little effect in reducing the reactivity of the oil in the
formation with oxygen.

In the process of this invention, ignition of oil in the
unconsclidated formation usually occurs at some distance
from the borehole after the temperature of the oxygen-
containing gas injected into the formation has been raised
to a level at which a strong oil-insoluble coke is formed.
The combustion may initially be either forward or reverse.
The term “forward burning” refers to combustion in
which the direction of movement of the combustion front
is the same as the direction of flow of the oxygen-con-
taining gases. The term “reverse burning” refers to
combustion in which the direction of movement of the
combustion front is opposite to the direction of movement
of the oxygen-containing gases.

1t is a characteristic of reverse combustion in permeable
oil-bearing formations that after reverse combustion has
proceeded to a point at which the rate of heat liberation
at the combustion front is less than the rate of heat loss,
upon continued injection of an oxygen-containing gas the
combustion is converted to forward burning. The forward
combustion burns the coke left behind the combustion
front during reverse burning and thereby destroys any
bonding of the sand particles. It is the forward combus-
tion near the borehole, which may occur directly or fol-
lowing reverse combustion which moves the combustion
front to the vicinity of the borehole, that constitutes the
detrimental combustion that must be avoided. In the
process of this invention, such detrimental combustion is
avoided by careful control of the temperature and flux of
the oxygen-containing gas in accordance with a schedule
providing for a gradual increase in the temperature of
the injected gas.

The minimum permissible distance from the borehole
wall to the closest combustion depends upon the thickness
of the sleeve of coke-bonded formation necessary to sup-
port the formation. The strength of the formation and
the pressure to which the formation is subjected are im-
portant in determining the thickness of the coke sleeve
necessary to prevent movement of sand into the well.
Usually, it is desirable to form a sleeve of the formation
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bonded with coke at least one foot, and preferably at least
two feet, in wall thickness. In some instances a thickness
of as little as six inches is adequate.

In the process of this invention, an oxygen-containing
eas, which may be air or air diluted with inert fluids, is
displaced from the borehole of a well outwardly through
the unconsolidated pay zone containing oil. If the pay
zone surrounding the borehole of a well has been depleted
of oil for any reason, or if the formation contains a very
high gravity oil or condensate, a readily cokable oil such
as a crude oil or a residual oil can be placed in the bore-
hole and displaced from the borehole into the unconsoli-
dated formation before injection of the oxygen-containing
gas. The oxygen-containing gas is initially displaced into
the formation at a temperature below about 225° F. Itis
the usual practice to begin the operation by the displace-
ment of the oxygen-containing gas at substantially the
temperature of the unconsolidated formation and raise
the oxygen-containing gas temperature rather quickly to
225° F. Further increases in temperature are made more
slowly. A period of at least four hours should be used
to raise the temperature of the oxygen-containing gas to
250° F. The period for increasing the temperature from
the initial temperature to the final temperature at which
the oxygen-containing gas is displaced into the formation
is preferably at least about 48 hours. The particular time-
temperature schedule of the injected gas below 250° F. is
not highly critical, but it is preferred that the rate of tem-
perature increase be substantially uniform. For example,
if the temperature increase is stepwise, three or more sub-
stantially equal steps should be used. It will be desirable
to run preliminary tests on oil from the unconsolidated
sands whenever a coking operation is to be performed to
aid in selection of the desired time-temperature schedule,
but the schedule of four hours to 250° F. and 48 hours
to the final temperature has an adequate margin of safety
to permit its use on virtually all crude oils without danger
of initiating combustion, either too close to, or which
would move too close to, the borehole wall, which would
destroy coke formed adjacent the borehole wall.

The temperatore and pressure of the unconsolidated
formation will also influence the rate at which the tem-
perature of the injected gas can be raised. Increases in
temperature or increases in pressure of the unconsolidated
formation increase the reaction rate and make necessary
slower initial raising of the temperature of the injected
oxygen-containing gas, however, the effect of pressure is
relatively minor compared to the effect of temperature on
the rate of reaction between the oil and the oxygen-con-
taining gas. If the process is used in a deep formation
initially at a high temperature, the formation can be
cooled, for example, by injection of a cool inert gas or
liquid, such as water, before displacing an oxygen-con-
taining gas into the formation.

The temperature of the oxygen-containing gas displaced
into the formation is gradually increased at a substan-
tially uniform rate in either a continuous or stepwise
mamnner to a final temperature in the range of 350° to
500° F. adapted fo produce a coke having adequate
strength and a low solubility in oil. Suitable means for
obtaining the desired temperature of the injected gas are,
for example, downhole burners and electric heaters. Tests
on cores of unconsolidated sands saturated with a readily
cokable oil in which air is displaced through the uncon-
solidated sand at a temperature of approximately 300° F.
have resulted in the formation of little, if any, coke, and
bave not produced the desired consolidation of the sand.
In those experimental runs at air injection temperatures
less than 350° F. in which coke was formed, the coke was
soluble in hydrocarbon solvents. The temperature of the
air displaced from the borchole into the formation should
not exceed 500° to 600° F. It has been found that
oxygen-containing gas temperatures in excess of 600° F.
cause a marked decrease in the strength of the coked mass
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adjacent the borehole. The following examples illustrate
the process of this invention.

EXAMPLE 1

A thin-walled stainless steel tube, 5 inches in diameter
and 5 feet long, was packed with sand and saturated with
a crude oil having a gravity of 15.8° API from the Fruit-
vale field in California. A jacket around the tube pro-
vided an annular space surrcunding the tube into which
nitfrogen was introduced to permit maintenance of the
desired pressure within the tube without exposing the
thin-walled tube to high pressure differences. Thermo-
couples were located at regular intervals through the
packed sand. After air flow through the tube was estab-
lished, the air was heated prior to displacement into the
sand in accordance with the schedule set forth in Table 1.
The run was ended when temperatures within the 5-inch
tube indicated that combustion was occurring. The air
flux through the tubing was maintained at approximately
29,000 std. cu. ft./sq. ft./hr. and the outlet pressure of the
tubing was maintained at approximately 750 1bs./sq. in.

EXAMPLE 2

A S-inch tube, 5 feet long, was packed with sand which
was then saturated with a Fruitvale crude oil having a
gravity of 15.8° API. Thermocouples were positioned
at regular intervals along the length of the tubing and
the tubing provided with a jacket suitably connected
with a source of nifrogen for maintaining the desired
pressure on the outer surface of the tube. Air was
passed through the tube to establish premeability and
thereafter adjusted to maintain an air fiux of approxi-
mately 30,600 std. cu. ft./sq. ft./hr. The pressure at the
outlet of the tube was maintained at approximately 400
ibs./sq. in. gauge. The temperature of the air intro-
duced into the tube was gradually increased in accord-
ance with the schedule set forth in Table I and the tem-
peratures indicated by the thermocouples recorded. The
results of the tests of Examples 1 and 2 are presented in

Table 1.
Table I
Example 1 Example 2
i T.,°F,, | T, max,, T.,°¥., | T,max,
Time, min, | Injected °F, Time, min. | Injected °F,
Air Air

<65 180 180

165 210 210

166 230 230

300 250 240

385 280 280

395 310 310

400 320 335

300 420

395 410

390 400

380 390

It will be noted from Table 1 that the rapid increase
to an air inlet temperature of 395° F. in 2 hours and
40 minutes resulted in the initiation of combustion within
the tubing, as indicated by a maximum temperature of
1700° F. The maximum temperature was indicated at
a thermocouple located at a point about two-thirds of
the distance to the outlet end of the tube. Similar tests
have shown that if the injection of oxygen-containing
gases is continued, reverse combustion occurs and the
peak temperature moves toward the inlet end of the
tube. When the temperature of the inlet air was in-
creased more slowly, as in Example 2, in which approxi-
mately 8 hours were required to reach a temperature of
390° F., combustion was not initiated in the tube and a
strong unitary mass of sand particles bonded with coke
was produced.

The rates of raising the temperature of the injected air
set forth in Table T are somewhat higher than are possible
in subsurface formations. The radial fiew pattern of
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gases displaced from a well into a formation causes a
rapid reduction in the flux as the distance into the forma-
tion increases and prevents maintenance of the high air
flux used in the experimental tubes. Feld tests have
indicated that slower rates of increasing the temperature
of the injected oxygen-containing gas are required in the
field than in the experimental cores. For example, in a
test in the Fruitvale field, air injection was commenced
at the bottom hole temperature of 128° F. Four days
later, propane was displaced down the well and burned
in a borehcle burner at a rate which gave a calculated
temperature of the mixture of combustion products and
air of approximately 330° ¥. Four hours later, the rate
of fuel supplied to the burner was reduced to give a cal-
culated temperature of 234° F. Analysis of gas produced
the same day at an offset well 500 feet away indicated, by
an increase in CO, and the appearance of nitrogen, that
combustion had occurred. Effective consolidation of
the sand was not obtained.

In the Santiago field in California, air was injected into
the underground oil-bearing formation for 24 hours at
the reservoir temperature. The temperature of the air
was then increased to 150° F. by control of the rate of
supplying propane gas to a burner in the borehole. The
temperature of the injected gas was increased to 200°
F. over an 8-hour period by increasing the rate of fuel
supply to the burner and then held for 16 hours at 200°
F. The temperature of the injected gas was then in-
creased to 250° F. over an 8-hour period and held for
16 hours at 250° F. The sequence of raising the tempera-
ture and then holding the temperature was continued un-
til the temperature of the gases displaced into the forma-
tion reached 400° F. No detrimental combustion of the
oil in the formation surrounding the borehole was ex-
perienced, and subsequent production of oil from the
well indicated that the sands were consolidated ade-
quately to prevent flow of sand into the well. The pro-
cedure in the Santiago fleld was conservatively designed
to prevent detrimental combustion. Subsequent labora-
tory tests show that more rapid increases in the tempera-
ture of the air displaced into the formation can be used
without causing destructive combustion of coke formed
adjacent the borehole wall.

Suitable consolidation of the formation and prevention

of forward burning which destroys coke formed adjacent
to the borehole of the well cannot be obtained merely
by maintaining a low temperature of oxygen-containing
gas displaced into the formation. A number of field
tests of in-situ combustion processes have shown that
continued injection or oxygen-containing gases at the
formation temperature into the formation will eventually
cause combustion to be initiated at some distance from
the injection well. Once the combustion is initiated, the
temperature will build up to excessive levels and eventual-
ly reverse combustion occurs causing the combustion
front to move to the injection well. Continued displace-
ment of oxygen-containing gas after the combustion front
reaches or approaches the injection well causes a second
reversal in the direction of movement of the combus-
tion front to forward combustion which completely con-
sumes any coke deposited adjacent the injection well.
It is necessary to raise the temperature of the injected
gas to condition the oil in the formation adjacent the
injection borehole, whereby the subsequent combustion
will not travel by reverse combustion to destroy coke
reaching the desired thickness of the sleeve of coke bonded
particles surrounding the borehole.

The permissible rate of raising the temperature of the
oxygen-containing gases displaced into the formation is
dependent upon the rate of injection of the oxygen-con-
taining gases. Higher rates of injection of the oxygen-
containing gas result in more rapid removal of the heat
of reaction of the oil with the oxygen-containing gas,
and thereby reduce the maximum temperature in the oil-
bearing formation. Experimental runs similar to those
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described in Examples 1 and 2 were conducted with dif-
ferent rates of air flow through sample tubes one inch in
diameter, The results are shown in Table II.

Table II
Air Flug, { T,°F,| T, Outlet
Example |std.cu. it./| Injected | max., | Pressure, Coke
sq. ft./hr. Air °F. p.si.
F: S 3,180 | 300-360 1,020 260-300 | Sand
Rurnped
Clean.
8,750 | 320-370 460 225-270 | Firm.
27,000 | 390-410 730 440-545 | Firm.
4,350 { 290-306 310 590-600 | None.
4,600 | 280-315 320 760 | None.

It will be noted from Exzample 3 in Table II that a
maximum temperature of 1020° F. was reached and the
sand was burned clean when the air flux was 3180 std. cu.
ft./sq. ft./hr. An increase in the air flux to 8750 std.
cu. ft./sq. ft./hr. resulted in a maximum temperature
of 460° F. and the formation of firm coke as shown
in Example 4. Example 5 presents results of a run in
which the temperature of the injected air was increased
more rapidly to a higher temperature. By increasing the
air flux to 27,000 std. cu. ft./sq. ft./hr., it was possible
to produce a core that was firmly bonded by coke. It
has been found that an air flux of 500 cu. ft./sq. ft./hr.
is not high enough to prevent destructive combustion even
where the temperature of the injected air is as low as
200° F. A flux in excess of 1000 std. cu. ft./sq. ft./hr.
should be used. The minimum flux of the oxygen-con-
taining gas is the minimum flux at the outer boundary of
the coked zone. Suitable regulation of the flux at the
borehole wall will be required to insure at least the min-
imum flux at the outer boundary of a coked zone of the
desired thickness. :

Although control of the rate of injection of the oxygen-
containing gas allows some modification of the rate of
increasing the temperature of the injected air, control of
the temperature is the most effective way to prevent de-
structive combustion of the coke. Extremely large com-
pressor capacity would be required to maintain the very
high air flux of Example 5 along the borehole wall of
the entire thickness of an oil-bearing formation. More-
over, the radial flow pattern of the injected gases results
in low air fluxes a short distance from the borehole wall.
The radial flow pattern has the advantage, however, of
higher fluxes near the borehole wall which cause increas-
ing opposition near the borehole to movement of the com-
bustion front toward the borehole. The use of very high
flow rates to prevent ignition is effective when production
is through a window or perforations in casing and it is
only necessary to consolidate with coke around such open-
ings in the casing.

Dilution of the oxygen-containing gas with inert gases
such as flue gases or with water is effective in delaying
ignition, compared with injection of air alone, primarily
in providing a larger amount of fiuid to carry heat of re-
action from the formation immediately adjacent the bore-
hole of the injection well. Apparently an excess of oxy-
gen is usually present and the rate of reaction of the oil
with the oxygen is substantially independent of the con-
centration of oxygen in the injected gases except at very
high dilution rates. Dilution of the oxygen-containing
gas with an inert gas and increasing the rate of injection
of the oxygen-containing gas are possible techniques al-
lowing a more rapid increase in the temperature of the
injected oxygen-containing gas, but are inferior to tem-
perature control of the injected oxygen-containing gas as
a means of insuring the creation of a strong coke bonding
the sand particles together.

The injection into the formation of oxygen-containing
gases at a temperature in excess of about 500° F., and
particularly at a temperature in excess of about 600° F.,
impairs the strength of the coke bonding the particles
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together. Although temperatures higher than 500° F.
are reached at some distance from the borehole wall when
the temperature of the injected gas is below 500° F.,
those higher temperatures do not occur adjacent the bore-
hole wall in the process of this invention. As a resuit,
ignition and forward burning in the formation at some
distance in the formation do not destroy the bonding of
the sand particles near the borehole.

The impairment of the strength of masses of sand
bonded with coke in accordance with the process of this
invention is illustrated by the effect of heating cores of
sand, in which oil present therein had been coked by air
at a maximum injection temperature of 400° F., in a
muffie furnace. Heating the cores to a temperature of
500° F. for a period of four hours resulted in a marked
increase in the compressive strength of the cores. How-
ever, heating the cores in a muffle furnace at a tempera-
ture of 700° F. for a period of four hours caused a re-
duction of the compressive strength of the cores to about
30 percent of the strength of the cores heated to 500° F.
Heating to a temperature of 800° F. resulted in substan-
tially complete destruction of the strength of the core.
The results of the several tests indicated that heating in
a muffle furnace to a temperature of 600° F. would reduce
the strength of the cores to approximately 50-60 percent
of the strength they possessed after heating to 500° F.
Only natural convection of air occurred in the muffle fur-
nace; hence, it could be expected that passing air at tem-
peratures of 600° F. or more through the cores would
cause an even more drastic reduction of the strength of
cores than the treatment in the muffle furnace.

It is a unique characteristic of this invention that the
gases displaced through the oil-bearing formation to form
the strong coke bond contain oxygen. The diffculties with
initiation of combustion, and consequently destruction of
the coke bond, can readily be prevented by passing a com-
pletely inert gas at a high temperature through the oil-
bearing formation. The inert gas will heat the formation,
by giving up some of its sensible heat, to a temperature
at which coking occurs. However, inert gases are not
ordinarily available at the well site and can be provided
only at substantial expense. Downhole burners must be
operated with excess air to operate efficiently; hence, usu-
ally are not saisfactory sources of an inert gas.

We claim:

i. A method of consolidating an unconsolidated for-
mation containing a cokable oil, comprising displacing an
oxygen-containing gas at a temperature less than about
225° F. into the formation, continuing to displace the
oxygen-containing gas into the formation while raising
the temperatuer of the gas to about 250° F. over a period
of at least about four hours, and continuing to displace
an oxygen-containing gas into the formation while raising
the temperature of the gas from 250° F. to a maximum
temperature of 350° F. to 600° F. over a period of at
least about 48 hours whereby oil in the formation is coked
to bond particles thereof into a strong mass, the flux of
the oxygen-containing gas being in excess of 1,000 std.
cu. ft./sq. ft./hr. as said gas enters the formation and
the rate of raising the temperature being adapted to avoid
combustion of oil adjacent the borehole.

2. A method as set forth in claim 1 in which the oxygen-
containing gas is air.

3. A method as set forth in claim 1 in which the oxygen-
containing gas is a mixture of combustion products and
air.

4. A method of consolidating an unconsolidated for-
mation penetrated by the borehole of a well, said un-
consolidated formation containing a cckable oil, compris-
ing displacing an oxygen-containing gas down the bore-
hole of the well and into the formation at a temperature
below 225° F. and flux adapted to avoid combustion of
oil in the formation immediately adjacent the borehole,
and continuing to displace the oxygen-containing gas
down the borehoie of the well and into the formation
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while raising the temperature of the gas to 350° to 600°
F., the rate of raising the temperature of the oxygen-
containing gas displaced into the formation being adjusted
to avoid combustion of oil in the formation adjacent the
borehole wall whereby oil in the formation is coked to
bond particles thereof into a strong mass.

5. A method as set forth in claim 4 in which casing
is set through the unconsolidated formation, a notch is
cut in the casing, and the oxygen-containing gas is dis-
placed into the unconsolidated formation through the
notch in the casing.

6. A method of consolidating an unconsolidated for-
mation penetrated by the borehole of a well, comprising
displacing a cokable oil down the borehole of the well
and into said unconsolidated formation, displacing an oxy-
gen-containing gas down the borehole of the well and into
the formation at a temperature and flux adapted to avoid
combustion of oil in the formation immediately adjacent
the borehole, continuing to displace the oxygen-containing
gas down the borehole of the well and into the formation
while raising the temperature of the gas to 350° to 600°
F., the rate of raising the temperature of the oxygen-
containing gas displaced into the formation being ad-
justed to avoid combustion of oil in the formation ad-
jacent the borehole wall whereby oil in the formation is
coked to bond particles thereof into a strong mass, the
flux of the oxygen-containing gas being in excess of 1,000
std. cu. ft./sq. ft./hr. at the borehole wall and the rate
of raising the temperature being adapted to avoid combus-
tion of oil adjacent the borehole.

7. A method of consolidating an unconsolidated for-
mation containing cokable oil, comprising displacing an
oxygen-containing gas mixed with a diluent down the
borehole of a well and into the unconsolidated formation
at a temperature less than 225° F., continuing to displace
the mixture of oxygen-containing gas and diluent into the
unconsolidated formation at a temperature and flux
adapted to avoid combustion of oil adjacent the borehole
wall while raising the temperature of the oxygen-contain-
ing gas and diluent injected into the formation to a
temperature in the range of 350° to 600° F., whereby oil
in the formation is coked to bond particles thereof into
a strong mass.

8. A method of consolidating an unconsolidated for-
mation for a desired distance from the borehole of a well
penetrating the unconsolidated formation, said unconsoli-
dated formation containing a cokable oil, comprising dis-
placing an oxygen-containing gas down the borehole of
the well and into the unconsolidated formation at a tem-
perature less than 225° F., continuing to displace the
oxygen-containing gas into the unconsolidated formation
while raising the temperature of the oxygen-containing gas
at a substantially uniform rate adapted to avoid combus-
tion of oil adjacent the borehole of the well to a temper-
ature in the range of 350° to 600° F., the flux of the oxy-
gen-containing gas at said desired distance from the bore-
hole being in excess of 1000 std. cu. ft./sq. ft./hr.

9. A method as set forth in claim 8 in which the
desired distance from the borehole is at least one foot.

10. A method of consolidating an unconsolidated for-
mation penetrated by the borehole of a well, said uncon-
solidated formation containing cokable oil, comprising dis-
placing a hydrocarbon fuel and air down the well and
burning said fuel in the well, the rate of injection of the
air being such as to maintain the temperature of the com-
bustion preducts below 225° F., increasing the ratio of
fuel to air to raise the temperature of the combustion
products to 350° to 600° F. whereby oil in the formation
is coked to bond particles thereof into a strong permeable
mass, the rate of increasing the fuel to air ratio being
substantially uniform and adapted to avoid combustion of
oil adjacent the borehole wall.

11. A method of consolidating an unconsolidated for-
mation penetrated by the borehole of a well, said un-
consolidated formation containing a cokable oil, compris-

-
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ing displacing air down the well and into the formation
at a temperature below 225° F., continuing to displace
air down the well and into the formation while heating the
air to raise the temperature of the air displaced into the
formation to the range of 350° to 600° F., the rate of &
increasing the temperature of the air being substantially
uniform and adapted to avoid combustion of oil in the
formation adjacent the well, whereby oil in the forma-

10

tion is coked to bond particles thereof into a strong per-
meable mass.

References Cited in the file of this patent
UNITED STATES PATENTS

3,003,555 Freemanetal. .__._______ Oct. 10, 1961
3,044,546 DiXon oo July 17, 1962
3,072,188 MoOrse e Jan. 8, 1963



