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This invention relates to the recovery of hydrocarbon
materials from a subterrancan formation and relates more
particularly to the recovery of such materials by the
method involving combustion in place of a portion of
the hydrocarbons in the subterranean formation.

1t has been proposed to recover hydrocarbon materials
from a hydrocarbon-containing subterranean formation
by a method which involves combustion of a portion of
the hydrocarbons within the formation. In this method,

combustion supporting gas is injected into the formation'.

through an input well and combustion of hydrocarbon
within the formation is initiated by suitable means. The
formation is provided with a single output well, or is
provided with four output wells, each of the four
output wells spaced 90° from each other on a circle
having the input well -as its center, and, as the
flow of combustion supporting gas to the formation
is continued, a flame front migrates from the input well
to the output well or output wells. Combustion gases,
oil, and distillation and viscosity breaking products
of the hydrocarbon migrate in advance of the flame front
to the output well or cutput wells from which they are
removed to be treated for recovery of the desired valu-
able hydrocarbon material or other constituents. The
heat of the fluids migrating in advance of the flame front
strips the hydrocarbon-containing formation of water and
the greater portion of the hydrocarbon leaving behind a
carbonaceous deposit. This carbonaceous deposit is es-
sentially the fuel consumed in the process and the flame
front migrating from the input well to the output well
or wells is the zone of combustion progressively moving
through the carbonaceous deposit. In carrying out the
combustion process, it is often necessary or desirable to
determine the location of the flame front with respect to
its distance between the input well and the output well
or one or more of the output wells. Thus, to estimate
the yield of hydrocarbon materials, to estimate the time
of arrival of the flame front at an output well, to control
the rate of advance of the flame front, or to effect other
purposes, knowledge of the location of the flame front is
essential.

It is the principal object of this invention to provide
a method for determining the location of a flame front
in a subterranean formation wherein combustion has
been effected for the purpose of recovering hydrocarbon
materials. Other objects of the invention will become
apparent from the following detailed description thereot.

In accordance with the invention, there is provided a
method for the location of the flame front in a subter-
ranean formation between an input well leading to the
formation and an output well leading from: the formation
which comprises as essential steps thereof the determina-
tion both prior and subsequent to the initiation of com-
bustion within the formation of the time required for gas
to travel through the formation between the input well
and the output well and the determination of the porosity
of the formation. '
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time required for a gas to travel through the formation
between an. input well leading to the formation and an
otitput well leading from the formation is dependent upon
the gas saturation within the formation. By gas satura-
tion is meant the fraction of the pore volume of the
material -of the formation which is occupied by gas.
Passage of the flame front through the formation removes
the carbenaceous deposit and since the heat of the fluids
migrating in advance of the flame front strips the forma-
tion of the water and the greater portion of the hydro-
carbons, the gas saturation in the portion of the forma-
tion traversed by the flame fronmt is unity, i. e., the entire
pore volume of the material of the formation is occupied
by gas. Thus, the passage of the flame front through
the formation -changes the time required for a gas to
travel through the formation between the input well and
an output well, and from the change in time the location
of the flame front between the input well and the output
well can be determined.

The gas saturation in a subterranean formation prior
to ‘passage of the flame front therethrough can be ex-
pressed as follows:

2.339Q¢
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where

S=the gas saturation, fraction of the pore volume of the
. material of the formation occupied by gas

Q~=rate. at which gas is injected into the formation
_ through the input well, standard cubic feet per hour

- t=time required for gas to travel through the formation

between the input well and the output well, hours

¢==porosity, fraction of the bulk volume of the material
of the formation occupied by pore space

h=thickness of the formation, feet

L=distance between the input well and the output well,
feet .

Pw=pressure at which the gas is injected into the input
well, pounds per square inch

Po=pressure at which the gas leaves the output well,
pounds per square inch

¢—dimensionless time factor related to Pw and Po and
the well pattern

The time required for gas to travel through the forma-
tion between the input well and an output well, all other
factors being equal, will be a function of the ratio of
the pressure at which the gas is injected into the input well,
Py, and the pressure at which the gas leaves the output
well, Po. The time will also be a function of the output
well pattern since the number of the output wells and
their. spatial positions with respect to the input well will
govern the area of the formation swept by the gas travel-
ing through the formation from the input well, This fac-
tor representing the ratio of the pressure at which the gas
is injected into the input well and the pressure at which
the gas leaves the output well and the output well pat-
tern appears in the above equation as the dimensionless
time factor 6. Its value for various ratios of the pressure
at which the gas is injected into the input well and the
pressure at which the gas leaves the output well prior to
the initiation: of combustion has been 'mathematically
determined by me from basic equations of fluid flow in
porous media and ‘is given in the accompanying figure.
In the figure, the abscissa is the ratio, Pw/Po, of the
pressures and the ordinate is the dimensjonless time fac-
tor, 6.. Curve A gives the variation in- the value of ¢
with the variation in the value of Pw/Po for the case
where the formation contains one -output well, i. e., a
two-well pattern, and curve B gives the same information

_ for the case where the formation contains four output

The invention is based upon the discovery that the -

wells spaced 90° from each other on a circle having the
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input well as its center, 1. €., a five-well pattern. From
either curve A or B, depending upon the well pattern,
the value of 4 can be determined for each ratio Pw/Po
of the pressures. The values of the ratio Pw/Po given
in the figure are between 1 and 500 which includes all
values ordinarily encountered in practice. For  higher
values of the ratio Pw/Po greater than 500, the value of
¢ may be taken-as 0.113 for a two-well pattern and as
0.156 for a five-well pattern.

Subsequent to the initiation of combustion, the value
of the dimensionless time factor, 4, is obtained from Equa-
tion 1 and is expressed as follows: .

2.339Q¢

O=hI2(P.+ P8

(2)
In Equation 2, the value of S is the value prior to initiation
of combustion in the formation.

By the method of-the invention, the.location of the
flame front along a straight line between. the: input. well
and the output:well in‘a two-well: pattern’or any particu-
lar output well in a five-well. pattern .can. be determined
at any time during combustion within the formation. For
this ‘determination there is: measured, . prior to:initiation
of :combustion within the :formation, the time required
by gas to travel through the formation between the input
well and the particular output well. Measurement of this
time is effected by.injecting into.the formation through
the input well any 'gas which is capable of traveling
through the formation and from which a gas component
is obtained whose arrival at the particular output well will
be detectable and measuring the time between the entrance
of the gas into the formation and the first appearance
of the detectable gas component at the particular output
well. This gas may be air or other combustion support-
ing gas to be employed for maintaining combustion within
the formatien, if its-arrival at the output well is detectable,
or this gas may be some gas other than the combustion sup-
porting - gas. The 'detectable gas component may be
a component originally present in the gas or may be a
component produced - therefrom by reaction within the
formation. The time may be conveniently measured, if
detection of the arrival -at the- particular cutput well of
a detectable gas component obtained from the combustion
supporting gas is- difficult or undesired, involves by a
procedure which injecting into-the formation the com-
bustion supporting gas, adding to-the combustion “sup-
porting gas another gas which will accompany the com-
bustion supporting gas through the formation and from
which a gas component. is obtained whose arrival at the
particular. output well is detectable, -and measuring the
time between the injection of this gas, hereinafter termed
a tracer gas, and the first :appearance of the detectable
gas.component at the particular output well.

The. time, ¢, for.gas to travel through ‘the formation
between the input well and the particular output well
having been measured, its value is substituted in Equation
1. The rate at which the gas is injected into the forma-
tion through the input well and the pressures at the input
well and the particular output well will be known or
are readily measurable. These values are substituted in
Equation 1 for.Q, Py, and Po, respectively. From the
ratio Pw/Po, the value for ¢ is obtained from the -accom-
panying figure and this value is also substituted in the
equation. - .Additionally, the distance between the input
well and the particular output well, as well as the thick-
ness of the formation, will be known or is readily meas-
urable and  these values of L and ‘4, respectively, are
substituted in the .equation. The right hand side of
Equation 1, therefore, will be complete except for the
value of the porosity ¢.

_ Knowing the porosity of the formation, the gas satura-
tion may be calculated from:Equation 1. It is true that
knowing the gas saturation, the porosity may be calculated
from Equation 1 and that both the porosity and the gas
saturation may.be measured on-a core sample taken from
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- the formation. However, since gas saturation is expressed

as the fraction of the pore volume of the material of the
formation cccupied by gas, measurment of gas saturation
also involves measurement of pore volume, or porosity.
But of greater significance is the fact that the measurement
of gas saturation of a core sample is unreliable because
of difficulties in preventing loss of liquid from the core
sample, contamination of the core sample with liquids
within the bore hole during the sampling operation, and
loss of liquid from the core sample with change of pres-
sure upon removal from the formation. Therefore, from
the standpoint of accuracy the porosity of the core sample
is measured. For the same reasons, the time required
for gas to travel through the formation between the input
well and the particular output well before combustion is
initiated in the formation is measured, even though it
could be calculated from. Equation 1 by employing a
measured value of the gas saturation and the measured
value of the porosity.

The porosity of the core sample may be measured in
any known manner. Suitably, the core sample after being
cleaned and dried is placed in a chamber and subjected
to a known pressure of a gas. The gas pressure is there-
after reduced a known amount and the volume of gas
leaving the core sample as a result of the reduction in
pressure is measured.  Knowing the volume of gas leav-
ing the pore spaces of the core sample and the reduction

‘in pressure, the volume of the pore spaces, or the porosity,

" can be calculated employing the gas law.
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The value for each of the factors having been substi-
tuted in ‘Equation 1, the value of S is then calculated.
The value of S need be determined with respect to only
one output well where a five-spot well pattern is em-
ployed. However, in order to minimize errors in de-
termining the location of the flame front between the in-
put well and any of the other cutput wells arising from
possible differences in the value of the gas saturation, it is
preferred to determine the value of S with respect to each
of the output wells.

Following determination of the gas saturation, initia-
tion of combustion is effected within the formation.
Thereafter, combustion supporting gas is injected into
the formation to maintain the combustion and the flame
front migrates into the formation from the input well.
At any time subsequent to initiation of combustion within
the formation, measurement of the time required for gas
to travel through the formation between the input well
and any output well will locate the position of the flame
front on-a straight line between the input weil and the
particular output well. Measurement of the time re-
quired for gas to travel through the formation between
the input well and any output well subsequent to the
initiation of combustion is effected by adding to the com-
bustion supporting gas being injected into the input. well
any gas which will accompany the combustion supporting
gas .through the formation and from which.a gas com-
ponent: is obtained whose arrival at the output well will
be detectable, i. e., a tracer gas, and measuring the time
between the entrance of this gas inio thé formation and
the first appearance -of the detectable gas component at
the output well. The detectable gas component may be,
as before, a component present in the gas injected into
the input ‘well or may be a .component produced there-
irom by reaction within the formation.

Helium is preferred as the tracer gas.. However, radon
or neon may be employed. The tracer gas added to the
combustion supporting gas subsequent to initiation of
combustion may be the same or may be a different tracer
gas- than the one employed, if such is the case, prior
to initiation of combustion within the formation.

Addition of the tracer gas to the combustion supporting
gas, either prior or subsequent to the initiation of com-
bustion, may be -accomplished by any suitable means.
For example, the tracer gas may be admixed with com-
bustion:supporting gas. in-a tank, a pressure may be im-
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posed ori'the mixed gas in the tank above the pressure at

which combustion supporting gas is being- injected into
the formation, and the mixed gas may be bled into the
stream of combustion supporting gas. The rate at which
the mixed gas is bled into the stream of combustion sup-
porting gas may vary and will depend upon the concen-
tration of tracer gas in the mixed gas and. the rate of
flow of the combustion supporting gas. . Generally, the
tracer gas may be admixed in the tank with the combus-
tion supporting gas in a volume ratio of about 1 to 10 and
the rate at which the mixed gas is added to the stream
of combustion supporting. gas should be such.that the
concentration of the detectable gas component in the
mixture entering the input well will be sufficiently high
to render the component readily detectable when arriving
at the output well. The addition of about one standard
cubic ‘foot of tracer gas in admixture with about ten
standard cubic feet of combustion supporting gas to the
stream of combustion supporting gas over a period of
about 30 seconds has been found to be satisfactory.
Detection of the appearance of the detectable gas com-
ponent at the output well for the purpose of determining
the time required for travel of gas through the formation
may be made by any suitable procedure depending upon
the detectable gas component. - Where helium is em-
ployed, the detectable gas component will be helium and
periodic analysis of the gas entering the output well for
the presence of the added helium may be made. A suit-
able analytical procedure for helium comprises taking
at short time intervals samples of the gas entering the
output well from the formation, the time of taking each
sample being noted, and contacting the samples with
charcoal at liquid nitrogen temperatures whereby all gas
except helium is absorbed, and noting the volume of un-
absorbed gases. The presence of a volume of unabsorbed
gas in any sample greater than the volume of helium
that would be expected from the quantity naturally pres-
ent in the combustion supporting gas indicates the pres-
ence of the added helium. Analysis for neon at the output
well, where neon is used as the tracer gas, may be simi-
larly made. Where radon is employed, radon will be
the detectable gas component and its presence in the gas
entering the output well may be determined by measure-
ment of the radioactivity of this gas, a Geiger-Mueller
counter, a :scintillation counter, a proportional counter,
or other type of radioactivity measuring instrument be-
ing employed for this purpose. Knowing the time the
tracer gas enters the formation through the input well
and knowing the time that the detectable gas component
enters the output well from the formation, a value of #
subsequent to initiation of combustion becomes known.
The values for Q, Pw, and Po are also determined.
During the measurement of the time, ¢, for gas to travel
through the formation "between the input well and the
output well, it is contemplated that the values for Q,
Pw, and Po shall remain substantially constant. However,
variations in these values during the measurement of the
time, #, may occur. In such cases, the values for Q, Pw;
and Po to be employed in the equations should be in-
tegrated values taken over the period of time required
by the gas to travel between the input well and .the out-
put well.
The location of the flame front on a straight line be-
tween the input well and the particular output well is
given by the following equation:

FFL:—ZES (3)
1

where

FFL=—the flame front location expressed as the fraf:tion
of the total distance on a straight line from the input
L well to the particular output well-

g,=the dimensionless time parameter employed in"Equa- ;

“{icn'1 for determining S and obtained from the figure
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 for the ratio of Pw/Po employed prior to initiation of
combustion

9,~the dimensionless time parameter given by Equation
2, and ’

S=the gas saturation of the formation prior to initiation
of combustion as determined from Equation 1

The value of ¢, and S being known, the location of
the flame front is determinable from Equation 3 upon
determining 6,. 'This latter value is obtained from Equa-
tion 2 employing therein the same values for 8, A, and L
employed in Equation 1-for determining the value of S
and the values for Q, Pw, Po, and ¢ as determined subse-
quent to the ‘initiation of combustion. The ‘value of 6,
being known, this -value is substituted in Equation .3
whereby the location of the flame front becomes known.

The following example will be illustrative of :the .in-
vention.

An input well and four output wells spaced 90° from
each other on a circle having the.input well as its center,
i e., a five-spot well pattern, were drilled into a petroleum
oil formation. Each output well was at a distance of 100
feet from the input well. By logging methods employed
in the input well and the output wells, the average thick-
ness of the formation was determined to be 20 feet and
from - core samples taken during drilling of the wells,
the porosity of the material of the formation was deter-
mined to be 0.3, Air was injected into the formation
throuigh the input well at a constant rate of 10,000 stand-
ard cubic feet per hour and the pressure at the input
well was 600: pounds per square inch. Pressure at each
of ‘the output wells gradually increased but eventually
stabilized. At one of the output wells, identified as well
No. 1, the pressure stabilized at 100 pounds per square
inch. While air was being injected into. the input well,
the rate and pressure at the input well and the pressure
at the output well being as stated, helium was added to
the air by admixing one cubic foot of helinm with nine
cubic feet of air in a tank, pressuring to approximately
650 pounds per square inch, and bleeding within one-
half minute the mixed gas from.the tank into the-air
stream entering the formation. Samples of the gas leav-
ing the formation at well No. 1 were thereafter taken
at intervals of 15 minutes, the time of taking each sample
being noted, and the samples were analyzed for helium
by contacting with charcoal held in a chamber provided
with ‘a jacket through which liquid nitrogen was circu-
lated. Added helium appeared in the sample taken 20
hours after the helium and air mixture was bled into the
injected air stream. The value of ¢ was, accordingly, 20
hours. Erom the ratio of the pressures at the input well
to the pressure at well No. 1, the value of 0.145 was taken
from curve B of the figure. The values for Q, ¢, ¢, 5, L,
Pw, Po, and ¢ were substituted in Equation 1 as follows:

P (2.339)(10,000) (20)
=10.37(20) (100?) (600-100) (0.145)

The value of S was accordingly determined to be .0768.
Combustion was then initiated within the formation
and air was continuously injected into the formation
through the input well to maintain the combustion. After
a period of 150 days of continued combustion, it was.de-
sired to know the location of the flame front between the
input well and well No. 1 and helium was added to .the
air being injected through the input well, the method
of addition and the amount of helium being the same -
as described above. The pressure at the input well was
400 pounds per square inch at the time of the addition of
the helium. The pressure at well No. 1 was 100 pounds
per square inch and the rate of injection of air was
10,000 standard cubic feet per hour. Samples were there-
after taken of the gas leaving well No. 1 and were
analyzed for helium, the analysis procedure being the
same as described above.  The time of taking each sample
was noted and 70 hours after addition of the helium to
the air-injected into-the input.well, added helium ap-
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peared :in:the gas. leaving the:ontput .well. The value ;of
t, was, accordingly, 70 hours. The values for.Q,:2, ¢, &
L, Pw,_Po, and :S:being known,: the.value for: 6, was calcu-
lated from Equat1on 2 as follows:

(2.339)(10,000)(70)
=To. 3)(20)(100?) (400+100)(.0768)

The value of 6, was, accordingly, .0.711.. The values
of.4,,6,,-and S were substituted in Equation 3 as follows:

0.711
0.145

andthe value :of FEL-was.thus 0.376. "The flame front
accordingly - was located .:at a: distance from :the input
well .along -a -straight line :between the .input well and
well No, .1 equal :t0:0.376 :of  the total distance -along a
straight line between these two wells,

The invention.may be .employed .in.connection with
the combustion :process for.the :recovery of petroleum oil
from partially depleted subterranean: petroleum. oil reser-
voirs “where the reservoir energy .has decreased to the
point. that.oil is.no.longer naturally forced to the surface
and.particularly .to the point that:the rate of recovery. by
pumping is.so_low as to be uneconomical. The inven-
tion.may .also be.employed in connection with the com-
bustion .process .for the recovery of petroleum oil from
a subterranean reservoir wherein the oil has such high
viscosity that efficient recovery by water drive or other
conventional:means cannot be effected. Further, the in-
vention is :applicable in. connection with the combustion
process for the recovery .of hydrocarbon materials from
earth -formations: such .as tar sands, .for example, those
existing in the Athabasca region of Canada and elsewhere.

Having . thus ‘described my invention, it will be under-
stood .that -such .description has been given by way of
illustration. and example and not by way of limitation,
reference for :the latter .purpose being had to the ap-
pended claims.

I claim:

1. JIn the process ‘for the recovery of hydrocarbon
materials from .a ‘subterranean formation containing
hydrocarbons :and having.an input. well leading thereto
and :at:least: one output well leading therefrom by com-
bustion ‘within 'said - subterranean formation wherein a
flame front travels through said subterranean formation
from said input well to said output well, the steps com-
prising measuring ‘the -distance between said.input well
and said output ‘well .and the thickness .of said subter-

FFL=7"— 0768

ranean formation, .determining the porosity of said sub- ;

terranean formation, determining -prior to initiation of
combustion within said subterranean formation the gas
saturation of said subterranean formation, passing gas
priortoinitiation of combustion within said subterranean
formation through -said subterranean formation between
said input-well and-said output well at a known gas pres-
sure at said input-well and at said output well whereby the
value-of a first dimensionless time factor ¢ related to the
pressure at which said gas is injected into said input well
and the pressure at which gas reaches:said output well
may ‘be taken from the accompanying figure, initiating
combustion within said subterranean formation, .supply-
ing combustion supporting.gas to said subterranean forma-
tion ‘through said input well, and measuring at a time
subsequent to initiation of .combustion in .and following
supplying of combustion . supporting .gas . to .said sub-
terranean formation the time ‘required for .gas to.travel
through said -subterranean formation: between. said input
well-and said -output well at.a known rate: of injection of
said gas into-said input well and. at a known.gas.pressure
at-said input-well .and. at said .output -well whereby:a sec-
ond dimensionless time factor 6 may be.determined from
the equation: :

g 2:330Q¢
S hI2(Put+P,)8
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in which .equation S is - the .gas :saturation : of; said :sub-
terranean -formation prior to. initiation -of .combustion-
expressed :as the fraction-of the: pore volume of the mate-:
rial ;of : said .subterranean formation occupied by .gas;
Q is the-rate at which-said .gas is injected.into said.sub-:
terranean formation -through -said mput well - expressed -
as. standard cubic. feet per hour;. ¢ is the .time:required.
for:said.gas-to travel through said subterranean forma-
tion from -said: input .well .to said output. well expressed
as-hours;: ¢ is.the: poros1ty of isaid subterranean forma-
tion expressed as the fraction of the. bulk volume of the
material of said subterranean formation occupied by, pore.
space; ‘h.is the thickness of said subterranean formation.
expressed .as feet; L.is the distance between said mput
well and .said output well expressed as Teet; Pw :is.the-
pressure at which said. gas is injected into said input. well
expressed .as pounds per -square inch; Po is the pressure
at which said gas reaches .the output well expressed in
pounds.per square inch; and whereby -the location of the.
flame front within said subterranean formation may be
determined from the equation:

=&
—01S

in which-equation FFL is the location of. the flame front
expressed as-the fraction of the distance -between-the in- .
putwell :and ‘the -output: well; -4, is'said first dimensionless’
time - factor;- 9, is"said -second- dimensionless time factor;:
and ‘S'is the: gas saturation -of said -subterranean forma-
tion - prior to initiation -of combustion expressed as the
fraction of the pore volume of the material of said sub-
terranean formation occupied by gas. :

2. In the process for -the recovery of hydrocarbon
materials from - subterranean. formation containing
hydrocarbons and having an' input well leading - thereto
and at least .one .output well leading therefrom by .com-
bustion within said -subterranean formation wherein a
flame front -travels through said subterranean formation
from said input well to said output well, the :steps com-
prising ‘measuring the distance between -said:input- well
and:said output:well, the thickness. of said: subterranean
formation, and two of three terms, (a), (), and (&),
of which ‘three terms.(¢) is the time required prior to
initiation of combustion within said subterranean forma-
tion for gas to travel through said subterranean forma-:
tion-between said input well and said output ‘well at-a
known: rate of injection ‘of said gas into said input well
and at -a known gas pressure -at said input well and .at’
said-output well, (b) is the gas-saturation in said-subter--
ranean formation prior to initiation of combustion within
said subterranean formation, and. (c) is.the porosity. of
said subterranean formation, whereby the third term.may
be determined from the equation:

2.339Q¢

D S=GiTa(Po+ P36

in which.equation S is the gas saturation expressed as
the fraction of the pore volume of the material of said
subterranean formation occupied by gas; Q is the rate
at which .gas is injected into said subterranean’ formation
through the input well expressed as standard cubic feet
per hour; 7 is the time required for gas to travel through
said subterranean formation between the input well and
the output well expressed as hours; ¢ is the porosity -of
said subterranean formation expressed as the fraction-of
the -bulk volume of the material of said ‘subterranean
formation occupied by pore space; % -is the thickness of
said subterranean formation expressed as feet; L is the
distance between the input well and the output well ex-
pressed as feet; Pw is the pressure at which the gas is in-
jected into the input well expressed as pounds per square
inch; Po is:the -pressure at which the gas reaches the out-
put: well -expressed in pounds per square inch; and 6 is a
dimensionless time factor relatéd to Pw and Po and the
well pattern and has a value taken from the accompany-
1ng ﬁgure, 1n1t1atmg combusuon within sald subterranean
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| 9
formation, supplying combustion supporting gas to said
subterranean formation through said input well, and
measuring at a time subsequent to initiation of combus-
tion in and following supplying of combustion support-
ing gas to said subterranean formation the time required
for gas to travel through said subterranean formation be-
tween said input well and said output well at a known rate
of injection of said gas into said input well and at a
known gas pressure at said input well and at said output
well, whereby the term ¢ may be determined from the
equation: i
(2 e 2:3390Q¢.

" GhL*(Put+Po)S

in which equation each term has the definition as in
Equation 1 and S has the same value as in Equation 1,
and the location of the flame front within said subter-
ranean formation may be determined from the equation:

(3)

in which equation FFL is the location of the flame front
expressed as the fraction-of the distance between the in-
put well and the output well; 6, has the value of ‘¢ in

=%
FFL=;

Equation 1; 6, has the value of # in Equation 2; and S

has the value of S in Equations 1 and 2.

3. In the process for the recovery of hydrocarbon mate-
rials from a subterranean formation. containing hydro-
carbons and having an input well leading thereto and at
least one output well leading therefrom by combustion
within said subterranean formation wherein a flame front
travels through said subterranean formation from said
input well to said output well, the steps comprising
measuring the distance between said input well and said
output well, the thickness of said subterranean formation,
and the porosity of said subterranean formation, measur-
ing prior to initiation of combustion within said sub-
terranean formation one of two terms (a) and. (b), of
which two terms (&) is the time required for gas to travel
through said subterranean formation between said input
well and said output well at a known rate of injection of
said gas into said input well and at a known gas pressure
at said input well and at said output well, and (b) is the
gas saturation in said subterranean formation whereby the
second term may be determined from the equation:
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in which equation'S isthe gas saturation expressed as the
fraction of the pore volume of the material of said sub-
terranean formation occupied by gas; Q is the rate at
which gas is injected into said subterranean formation
through the input well expressed as standard cubic feet
per hour; ¢ is the time required for gas-to travel through
said subterranean formation between the input well and
the output well expressed as hours; ¢ is the porosity of
said subterranean formation expressed as the fraction of

(1) 8

the bulk volume of the material of said subterranean.
formation occupied by pore space; i is the thickness of

said subterranean formation expressed as. feet; L is the
distance between the input well and the output well ex-
pressed as feet; Pw is the pressure at which the gas is in-
jected into the input well expressed as pounds per square
inch; Po is the pressure at which the gas reaches the

output well expressed in pounds per square inch; and-
0 is a dimensionless time factor related to Pw and Po and

the well pattern and has a value taken from the accom-
panying figure; initiating combustion within said sub-
terranean formation, supplying combustion supporting
gas to said subterranean formation through said input
well, and measuring at a time subsequent to initiation of
combustion in and following supplying of combustion
supporting gas to said subterranean formation the time
required for gas to travel through said subterranean
formation between said input well and said output well
at a known rate of injection of said gas into said input
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well 'and at a known gas pressure at said input well and
at said output well, whereby the term ¢ may be determined
from the equation:
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in ‘which equation each term has the definition as in
Equation 1 and S has the same value as in  Equation 1,
and the location of the flame front within said subter-
ranean formation may be determined from the equation:

(3)

in which equation FFL is the location of the flame front
expressed as the fraction of the distance between ; the
input well and the output well; 8, has the value of ¢ in
Equation 1; 6, has the value of ¢ in Equation 2; and S
has the value of S in Equations 1 and 2. .

4. In the process for the recovery of hydrocarbon ma-
terials from a subterranean formation containing hydro-
carbons and having an input well leading thereto and at
least one output well leading therefrom by combustion
within said subterranean formation wherein a flame front
travels through said subterranean formation from said
input well to said output well, the steps comprising .
measuring the distance between said input well and said.
output well, the thickness of said subterranean formation,
and the porosity of said subterranean formation, measur-
ing prior to initiation of combustion within said sub-
terranean formation the time required for gas to travel
through said subterranean formation between said input
well and said output well at a known rate of injection of
said gas into said input well and at a known gas pressure at
said input well and at said output. well whereby the gas
saturation in said subterranean formation may be deter-
mined from the equation: .
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in which equation § is the gas saturation expressed as the
fraction of the pore volume of the material of said sub-
terranean formation occupied by gas; Q is the rate at
which gas is injected into said subterranean formation
through the input well expressed as standard cubic feet
per hour; ¢ is the time required for gas to travel through
said subterranean formation between the input well and
the output well expressed as hours; ¢ is the porosity of
said subterranean formation expressed as the fraction of
the bulk volume of the material of said subterranean
formation occupied by pore space; h is the thickness of
said subterranean formation expressed as feet; L is the
distance between the input well and the output well ex-.
pressed as feet; Pw is the pressure at. which the gas is in-
jected into the input well expressed as pounds per square
inch; Po is the pressure at which the. gas reaches the
output well expressed in pounds per square inch; and
¢'is a dimensionless time factor related to Pw and Po and
the well pattern and has a valne taken from the accom-
panying figure; initiating combustion within said sub-
terranean formation, supplying combustion supporting gas
to said subterranean formation through said input well,
and measuring at a time subsequent to initiation of com-
bustion in and following supplying of combustion sup-
porting gas to said subterranean formation the time re-
quired for gas to travel through said subterranean forma-
tion between said input well and said output well at a
known rate of injection of said gas into said input well
and at a known gas pressure at said input well and at said
output well, whereby the term ¢ may be determined from
the equation:

(2) 0

FPL=28
1

(1) S
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in which equation each term has the definition as in’
Equation 1 and S”Has-the same value as in Equation -1,.
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and..the. location : of. the flame. front within' said subter- .-

ranean-.formation .may. be-determined: from the.equation:
(3)

in which equation FFL is the IOCatioﬁ of the flame front
expressed . as- the fraction of the distance . between the.

FFL=%5
[

input well and the output well; ¢; has:the:value of: 4. in:

Equation 1; 62 has the value of: 4.in Equation 2; and:§S
has-the value:of S.in Equations 1.and 2. :
5. In the process for the recovery of hydrocarbon
materials from a subterraneam: formation containing hy-
drocarbons and having an input well leading thereto

and only one output well leading therefrom by combustion.

within said subterranean formation:wherein a flame front
travels. through said. subterranean formation from said
input.well to said output well, the steps comprising meas-
uring the distance between said.input well and said output
well,. the -thickness of said. subterranean formation, and
the. porosity. of said subterranean. formation, measuring

prior to initiation of combustion within said subterranean .

formation the time required for gas. to travel through
said. subterranean formation between said input well and
said output well at.a known rate of injection. of said gas

into said. input well and at a known gas pressure at said

input well and at said output well whereby-the gas satura-
tion in said subterranean formation may be. determined
from the equation:

‘ S= 2.339Q¢
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in which equation $ is the gas saturation expressed as the
fraction of the pore volume of the material of said sub-
terranean formation occupied by gas; Q is the rate at
which gas is injected into said subterranean formation
through the input well expressed as standard cubic féet
per hour; ¢ is the time required for gas to travel through
said subterranean formation between the input well and
the output well expressed as hours; ¢ is the porosity of
said subterranean formation expressed as the fraction of

the bulk volume of the material of said subterranean.

formation occupied by pore space; h is the thickness of
said subterranean formation expressed as feet; L is the
distance between the input well and the output well ex-
pressed as feet; Py is the pressure at which the gas is in-
jected into the input well expressed as pounds per square
inch; Po is the pressure at which the gas reaches the
output. well' expressed in pounds per square inch; and

6 is a dimensionless time factor related to Pw and Ps and

has a value taken from the curve A in the accompanying
figure;. initiating combustion within said subterranean
formation, supplying combuistion supporting gas to said
subterranean. formation - through  said input well, and
measuring at a time subsequent to initiation of combustion
in and following supplying of combustion supporting gas
to said subterranean formation the time required for: gas
to travel through said subterranean formation between
said input well and said output well at a known rate of
injection of said gas into said input well and at a known
gas pressure at said input well and at said output well,
whereby the term ¢ may be determined from the equation:
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in which equation each term has the definition as in
Equation 1 and' S has the same value as in- Equation 1,

and the location of the flame front within said subter--

ranean formation may be determined from the equation:
(3)

in which equation FFL is the location of the flame front
expressed as the fraction of the distance between the
input well and the output well; 6, has the value of ¢ in

rri="38
o

Equation 1; 6, has the value of ¢ in Equation 2; and S 7

has the value of S in Equations. 1 and 2.
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6. In the process for the. recovery, of hydrocarbon ma-.
terials from asubterranean formation containing hydro-
carbons .and having an-input well leading thereto and four
output. wells. leading therefrom, said . output wells being:

- spaced .90° from-each;other.on.a circle having the input

well as its center, by combustion within.said subterranean -
formation -wherein: a flame ' front travels. through said.
subterranean. formation from said- input well to- one.
of said :output- wells, the steps. comprising -measur-
ing:the. distance between-said.input.well and said one. of -
said output wells, the thickness of said subterranean forma-.
tion, and the porosity of said. subterranean formation,
measuring prior to initiation-of combustion within said
subterranean formation the time required for gas to travel
through -said’ subterranean formation between said input-
well and said one of ‘said output wells-at a known rate of-
injection of ‘said gas into said:input well and-at a known
gas pressure - at:said input well and: at said- one of ‘said-
output wells whereby the. gas_saturation in said subter-
ranean formation may be determined from the equation:

2.339Q¢
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in:which equation S is the gas saturation expressed-as the
fraction of the pore volume of the material of said sub-
terranean formation occupied’ by gas; Q is the rate at
which gas is injected into said subterranean formation
through the input well expressed as standard cubic feet
per hour; #is the time required for gas-to travel through

: said subterranean formation between the input well and’

said one of said output wells expressed: as hours; ¢ is the
porosity of said subterranean formation. expressed as the
fraction of the bulk volume of the material of said sub-
terranean formation occupied by pore space; 4 is the thick-

9:ness of said subterranean formation expressed as feet; L

is the distance between the input.well and said one of said
output wells expressed as feet; Pw is the pressure at
which the gas is injected into the input well expressed as
pounds per square inch; Po is the pressure at which the gas

per square inch; and ¢ is a dimensionless time factor
related to. Py and Po and has a value taken from the .
curve B'in the accompanying figure; initiating combustion
within said subterranean.formation, supplying combustion

* supporting gas to said subterranean formation: through

said input well, and measuring at a time subsequent to
initiation of combustion- in and following supplying of
combustion supporting gas to. said subterranean formation
the time required for gas to travel through said subter-
ranean formation between said input well and said one of
said output wells at a known rate of: injection of said gas
into said input well and at-a known gas pressure at said
input well and at said one of said output wells, whereby.
the term 6 may be. determined from the equation:

2.339Q¢
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in which equation each term has the definition as in
Equation 1 and S has the same value as in Equation 1,
and the location of the flame front within said subterranean
formation may be determined from the equation:

(3) rri=2g
01

in which equation FFL is the location of the flame front
expressed as the fraction: of the distance between the
input well and said one of said output wells; 6, has the
value of ¢ in Equation 1; 6, has the value of 4 in Equa-
tion 2; and S has the value of S in Equations 1 and 2.
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