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This invention relates to the recovery of oil from the
underground strata in which it occurs, and is directed
particularly to improvements in those TECOVErY processes
in which a. portion of the oil in place is burned in order
to drive out the remainder of the .oil by the combined
effects of the heat of combustion and the pressure of the
combustion products. Specifically, the invention pertains
to improvements in-the measurement and control of the
"progress of a combustion recovery process in the under-
ground strata.

It is well known that the methods of oil recovery here-
tofore most commonly employed utilizing either or both
natural and artificially applied energy often leave behind
a part of the original oil in place which is as large as
or larger than the portion that is produced. Thus, at
the end of economic recovery by conventional methods
there is often known to'be present in many oil-producing
reservoirs extremely large amounts of oil which would be
highly valuable if any substantial parts of them could
‘be- recovered with reasonable additional expenditures.
The recovery of some of this oil by the combustion of
a portion of it has been proposed, but this process has so
‘far been tried only on an extremely limited scale. Among
the difficulties encountered are the determination of the
-proper rates of introduction and proper concentrition of
combustion-supporting gas, and the measurement of the
resulting progress of the underground combustion zone,
which is necessary for making a proper adjustment or
‘variation of:these rates and concentrations.

It is, accordingly, a primary object of our invention
-to provide a method of conducting an underground com-
bustion operation with increased efficiency, principally as
a result of being able at any desired time to locate the
-position of the zone of combustion so that the oxidant-
'injection rate and/or concentration can be accordingly ad-
‘justed or varied from time to time as needed. Another
object is to maintain the oxidant-injection rate at all times
at an optimum value within certain essential limits. . Still
another object is to maintdin the oxidant-injection rate
at an optimum value dependent upon the heat-transfer
characteristics ‘of the reservoir and the adjacent rocks.
Other and further objects, nses, and advantages of the
invention will become apparent as the description proceeds.

In accordance with our invention, the foregoing objects
are accomplished by a series of steps which may pref-
erably—but will not necessarily—include as a preliminary
step, prior to the beginning of the operation, the installa-
tion of most or all of the surface and well equipment to
be used in the injection and producing wells. Theére-
after, a detailed ‘geophysical survey of the surface area
overlying the reservoir to be subjected to combustion re-
covery is performed by a geophysical method which is
particularly adapted to investigate the depth of the stratum
to be subjected to combustion. Following this, combus-
tion is initiated at the base of the injection well or wells,
and by introduction of oxidizing gas at the proper rate
and concentration a combustion zone or front is caused to
propagate through the reservoir-away from -each injection
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2
well. " ‘Subsequently, at any- time during the operation,
and preferably whenever exact information on the loca-

‘tion of the underground combustion front is needed, the

geophysical survey-or a ‘portion of it is repeated, pref-
erably -occupying the same measurement points as in the

first survey, and the differential effects on the geophysical

response due to the passage -of the combustion front
through the underground strata are noted. Following the
determination of the location of the front in this manner,
a calculation is made of ‘the area of the burning face, and
appropriate adjustments are made in the rate of supply
of ‘oxidant and the rates of withdrawal from various out-
put wells in such a way as to cause the front to move
in the desired direction with the proper velocity. Sub-
sequently throughout-the combustion operation the geo-
physical survey is repeated, and the rate of oxidant supply
is- accordingly  readjusted until the recovery is substan-
tially completed.

This will be better understood by reference to the ac-
companying drawings forming a part of this application
and illustrating “certain steps in our process. In . these
drawings,

Figure 1.is a graph of a typical temperature profile and
correlative ‘graphs of fluid saturations found in a'stratum,
or core simulating a.stratum, being subjected to combus-
tion drive;

Figure 2 is a graph of saturation and porosity condi-
tions which must be satisfied to establish and move a
combustion front through a TeServoir;

Figures'3 and 4 are diagrammatic cross-sectional views
of part-of an oil-producing reservoir respectively illustrat-
ing the application of seismic and electrical geophysical
surveying methods' to the problem'of locating the under-
ground combustion front; and

Figure 4a'is a graph correlated in position with Figure

"4 and showing changes in- apparent resistivity due to

movement of the underground front of Figure 4.

Referring now to these drawings in detail, it is believed
that the significance of the invention and its various steps
will be more easily understood when the conditions exist-
ing in the various portions of a reservoir stratum being
subjected to. recovery by underground combustion are set
forth. Accordingly, Figure 1.illustrates the various dif-
ferent and distinct zones existing in a typical underground
combustion operation. In this figure, it is assumed that
the direction of motion of fluids is away from an oxidant
input well at the left of the figure and toward an output
well at the right of the figure. Input and output well
positions are not shown on this figure, for the reason that,
to the horizontal scale shown, they would ordinarily lie
considerably beyond the edges of the dizgram.

The upper portion of Figure 1is a temperature profile
through' the ‘combustion and.associated zones, while the
lower part shows.graphically the fluid saturations existing
in the. various zomes involved, both the temperatire and
fluid-saturation: diagrams being to the same horizontal
scale. :

Starting at the left of Figure 1, the first zone is the dry
zone 1¢ through which the combustion has already passed.
The temperature of this zone decreases toward the. left in
the. direction of the input well, since its initially high
temperature due:to the combustion declines due to heat
conduction through' the rocks and ‘due to heat transfer to
the -oxidizing gas passing through on the way to the
combustion zone. ‘

Next is the combustion zone 11 where the peak temper-.
ature is found, which is typically of the crder of 1,000°
F. 'This temperature is:generally high enough to insure
that all readily vaporizable liquids. are in the vapor state,
Accordingly, the liquid saturations at ‘the highest temper-
ature portion of this zone are zerc, and the gas saturation
is one hundred percent.
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It is this zome that the reaction between the oil and
The oil which is here
vaporized and serves as fuel is believed to be that trapped
and left behind by the water bank ahead of or down-

“stream from this front. : At the front or downstream edge
"of this combustion zone 11, the water which-trapped off

this oil is being vaporlzed and flows ahead in the form

of steam, along with- the- combustron products and the -

portion of vaponzed oil which is not reacted with oxygen,

~Although the temperature falls off rapidly from the maxi-
.mum- of about 1,000° F.-in the downstream direction

from the combustion zone 11, oxidation appears to oc-
cur over most of this zone. It is atthe forward edge of

- this zone, where_the temperature is lowest, that liquid
_saturations of 011 and water- begin to be found. .The oil
saturation here: is chleﬂy that- which has been trapped
“or bypassed by the dr1v1ng water and left behind for
“fuel, while the water is partly connate and partly that

- condensed from steam generated by the combustion. An

. joutstandmg charactenstlc of this zone is the fact that it

is ‘very. narrow, bemg from a fraction of an inch to

~only a few. inches in thickness in a typical case.

Downstream from or ahead of combustion zone 11.is

a transmon zone 13 in which the liquid saturations.are
“changing ‘tapidly due mostly fo the condensation of

vapors. .Accordingly, zone 13 is most appropriately

“called  a. “condensation” zone, which is the term that

“will be used hereafter.

The temperature across zone
13 falls off rapidly to.the normal bottom-hole tempera-

_ture ‘within the reservoir.

The exact boundary between zones 11 and 13 is not too
distinct, ds is indicated by the shaded section 12, since
there may be some condensation of heavy .0il components

" occurring while the last traces of oxygen are being con-

'sumed.  Condensation of most of the unburned vaporlzed

“oil to add to the oil. saturation due. to trapped oil in

place is to be expected here because of the declining tem-
perature across this zone. This is opposed, however, by
the vaporization of a large portion of the lighter oil com-

"ponents occurring upon the condensation of the steam,

which is evidenced by the very large increase in water
saturation. The result is a steam distillation of the
trapped and the condensed oil which moves the lighter
oil. components downstream where they condense; and
leaves the heavier components behind for fuel. Con-
sequently, the composition of the oil varies markedly
across zone 13, the flowing oil saturation which moves
ahead, containing a major proportion of the light com-
ponents of the oil in place, being what may be termed
a reduced crude.

Ahead of this declining-temperature condensation zone
13, the water from the steam accumulates in a cool-water
zone or bank 14. Gas and water and some of the oil
are flowing in this bank, and the relative saturations
throughout the bank are nearly constant. As more and
more steam condenses throughout the duration of a com-
bustion recovery project, this bank continues to grow in
length. The cool water here traps off some of the oil
in place; a considerable portion of which—particularly;

. the heavier components—is what is left behind as fuel

for the combustion zone 11.

That part of the oil which is not trapped is driven ahead
and forms an oil zone or bank 15, which moves ahead due
to the combination effect of the gas and water drive. In
this zone, normally only the oil and gas phases will be
flowing, the water saturation shown -here in Figure 1

_being simply the connate water eXisting in. the reservoir.

Like the cool-water zone 14, oil zone 15 also increases

in length as the combustion project progresses..

- To the right of oil zone 15, the oil and water satura-

‘tions of the zone 16 which extends to.the output well

are generally: the liquid saturations existing in the reser-
voir before the initiation of the combustion project. The

“gas phase, however, includes both reservoir gas and gase-
“ous products of combustion. .
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In the course of a recovery operation of this type it is
generally noted that the lengths of the water zone 14 and
of the oil zone 15 both increase as the combustion zone
moves, while condensation zone 13 remains approxrmately
constant in thickness. The combustion zone 11 also
tends to remain very small in thickness, and the reservoir
rock: behind it is observed to be almost completely dry of
any liquid.

This dry rock is generally also considerably-altered in
its mineral character due to the fact that the sedimentary
formations which are normally oil-bearing, having never
been subjected to the action of such temperatures as

1000° F., are accordmgly considerably affected by such -

temperatures It is in part because we have noted these
modifications and have been able to take advantage of
them that we are able to control and carry out a com-
bustion recovery operation with increased efficiency.
The temperature of 1000° F. mentioned as typical of
a combustion zone does not always occur in practice,
however, as it depends on a number of factors such as
adequacy of the supply of trapped oil for fuel and upon
the heat losses to the adjacent strata, which vary con-
siderably with combustion zone thickness and propaga-
tion velocity. It can be shown that for any given set

of reservoir conditions and oil- characteristics, of the
“total available heat, the fraction F which is lost to the

confining. strata above and below the reservoir stratum
is directly proportional to the-square root of the com-
bustion zone length or thickness L and inversely propor-
tional to the square root of the velocity V of propagation
of the combustion zone. In brief, the fractional heat
loss

r=rYL

Vv
where K is a constant.
It is believed immediately apparent from this relation

- that, in operations where heat loss is important as de-

termining whether or not the combustion zone can be
made to propagate, the velocity V is the most important
factor in determining the magnitude of this loss. In

" other words, where a combustion front is operating close
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- equilibrium - value of around 1000°

to the lower limit of operability, the maintenance of V
at or above a certain minimum value may be absolutely
essential to the successful operation of the project.
We have observed that the exothermic reactions within
the combustion front cannot ordinarily be made to begin

~until an ignition: temperature of at least about 400° F

is reached, by preheating the input gases or otherwise
supplying heat from an external source of supply. After

.ignition, the heat released in the reaction raises the tem-

perature of the rock at the zone of combustion to the
F. in the typical
case; but sometimes, due to lack of sufficient trapped fuel
or excessive losses of heat from the combustion Zone,
the temperature stabilizes at a value considerably under

-1000° F.

We have noticed that when air is used as the oxidant
supply, a temperature of 700 F.-is about as low a

“stabilized - combustion-zone temperature as will permit

the desired propagation of the combustion front. If the
temperature in the front drops much below this value of
700° F., the propagation of the front becomes erratic,

~and: the reaction may eventually die out either in-certain
areas or-entirely over the front, thus leaving behind much:
. by-passed-or unrecovered oil.

When, due to low porosity or to the presence of in-
suﬁicient trapped oil for fuel, the temperature stabilizes
at too low. a value, steps must be taken. to minimize
heat losses from the front by increasing V in the above
eq'uation,» or the oxygen concentration in ‘the oxidant gas
mixture must be increased, or both.  When pure oxy-
gen is used as the oxidant gas, a combustion front can
pe made to propagate in-a stable fashion even though
its temperature is considerably. below 700° F.
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Figure 2 accordingly, presents graphically certain: lim-
iting  conditions. we have observed. about . the under-
ground combustion process where- air is-used -as the oxi-
dant.gas. If heat losses. by conduction .to the adjacent
strata are. neglected—which .can be done as-long as rea-
sonable velocities of propagation of the front, for ex-
ample, one-foot per day and upwards.are maintained—
this graph shows, as-a function of the reservoir porosity,
the volume of . ¢il. which must be trapped and left be-
hind to be burned. as fuel merely for the purpose of
raising the temperature ‘of the rock.to the 700° F. level
of stable ‘operation. This  volume- of . oil is expressed
as a percentage: saturation, in.terms -of the percent of
available pore space which: it occupies. For Tow porosi-
ties in particular;. this graph:shows.that the percentage
of total oil available which must be trapped and burned
may sometimes be:so. large that (1) it is difficult to trap
and hold in-place: a.sufficient fraction.to provide the
necessary fuel, (2). the amount- of oil left for recovery
may be too small .to make:a’ project economically feas-
ible, or (3) the supplying of sufficient oxygen to main-
tain' V at-or above: the necessary value may be difficult
due to low permeability.

Figure- 2 thus: represents: an approximate boundary
between- operable and .non-operable ‘conditions; using air
as the oxidant: -'Conditions” of reservoir porosity -and
saturation of oil which can be trapped :for fuel which
lies well above and to-the right-of the 700° F. line in
this figure represent’ conditions where: equilibrium- temni-
peratures in the combustion front higher’ than 700° F.
can be- attained;: and- thus- represent stable . Sperations.
Conditions’ close’ to this . 700° F. line ‘become marginal
for the use of air as‘the oxidant medium; and it is then
hecessary fo: miniiize: heat losses™ to adjacent strata by
keeping ‘the propagation-velocity' V' of the front fairly
high. . Conditions’ to-the. left: and: below this' line are
either ‘unstable or inoperative, even though: heat losses
may. be neglected, and recovery ‘can ‘therefore be effected
ordinarily: only by using. an oxidant mixture with higher
oxygen concentration than normal air;

Figure 2 makes it ‘possible to’ estimate in. advance the
possible operability of a’ combustion project .whereé  the
reservoir: porosity -and: the oil characteristics importdnt
to the trapping: 'of an adequate fuel supply are known:
If, for example, the" oildn-place contains less’ than the
necessary percentage ‘of - heavy ‘components ‘which will
not be distilled "off- and moved ahead and which . will
remain- behind “the condensation zone 13 a3 fiel, then
the combustion recovery process may be feasible. Cn
the other hand, 'if the heavy oil comiponénts ‘ate pres-
ent in only 'a ' véry small percentage, it is unlikeély that a
combustion recovery process can be used.

These considerations ledd to an estimate of ‘a mini-
mum rate of oxygen supply. If, for example; a porosity
range of 12 to 25 percént be considered, then at least
about 1.7 standard' cubic: feet of oxygen, or- about 8
s.c. f. of air per hour should be supplied to each square
foot of ‘area of thé combustion zone in’ order to bring
about a propagation velocity V of abonut 1 foof per day.
For much smaller velocities than this the loss of heat
may become important; unless the: supply of fuel is so
large that excessive heat losses do not matfer.

In order to maintain the oxygen-supply Ttate to all
portions of the front above this stated minimum volume
per unit time per unit area of the fromt, it is necessary
to know or follow the location of the front in two ways.
The general position of the fiont must be known, so
that its total area can be calculated, to arrive at the
bulk rate of oxygen injection into the injection well.
The particular. position of each portion of the front with
reference to the injection and the producing wells must
be known, so that.all portions of the front can be caused
‘to propagate at .above the minimum velocity.. If, for
example, it is observed as a result of tests that the front
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is progressing: in .one direction' much more slowly than
in. others, - there is danger of the combustion dying out
in .the slow direction.. The reason is-that the continu-
ous loss of heat.from the slowest-moving portion. of the
front may reduce its temperature. in spots to -below the
700° F. stable level.

Accordingly, when uneven propagation of the under-
ground: front -is- noted, certain ‘measures: of  correction
can-be undertaken.. The producing well in the direction

.of most rapid propagation can be shut in- or produced

more slowly, or-a greater back. pressure held on these
wells so that a pressure differential is set-up in the res-
ervoir, tending:to force the-oxygen supply in the direc-
tion of the more slowly moving portion of the front.
Alternatively, or in addition to varying: the production
rate .or back pressure on .some of the producing” wells,
the total oxygen-injection rate into-the imput well can be
increased to insure- that- the slow-moving portion; of
the front receives an-adequate supply even though . other
portions are supplied.-at greater rates than necessary.

The rate of oxygen supply, and in any given case the
velocity of movement of the combustion front which-is
proportional to it, is important also for the reason that
it is related to: the distance. the front can be propagated
away from- any: one injection well. ~That is, whenever
the total amount: of - oxygen which must bé injected
through a given input well to maintain the supply above
the required minimum at all-locations on the front be-
ing propagated: away from that well- becomes greater
than: can economically be-supplied - through: the weli,
then- new- injection® wells nearer to the front position
must- be -provided.- In any-event, the supply . pressure
to maintaininjection through an input well cannot ordi-
narily exceed.-the- overburdent pressure’ at that depth.
Consequently, -knowledge: of the specific positions of
the underground front.-in each direction from each in-
put well-and with reference to each cutput well is neces-
sary, both.for determining’the proper total oXygen-sup-
ply rate through the well and for determining when to
change the injection location. ~ This information is also
needed to establish the proper input rtate into ‘each new
injection well as it is placed in service,

With regard: to the optimum’ concentration of oxygen
in the gas supplied to the combustion zone, we have found
that this depends-upon the fraction of the oil in place
which must be burned in order to carry-out the process.
In the engineering of any given project a calculation is
ordinarily made of the residual. oil in place, utilizing all
sources of available data.- For example, an estimate or
measurements may be made of the poresity and fluid sat-
urations from cores, cuttings, and well logs.. From these
and similar sources of information and data, such as the
producing history . of the Teservoir,:an estimate can be
made’ of the dapproximate  amount of  oil remaining 'in
place. ‘

For the purposes of combustion recovery-it is then as-
sumed that at least 1 and preferably about: 134 pounds of
this oil per 100 pounds of reservoir rock miust be burned
in order to furnish, with a ‘desirablé factor of safety, the
amount of heat required to raise the rock temperature,
make up unavoidable losses; and drive ouf the remaining
oil in the reservoir. = Then; utilizing the reservoir porosity
data, the gravity of the oil, and saturation data or esti-
mates thereof, it can be determined what ‘percentage of
the oil in place is required to make up the 1 to 134 pounds
of oil to be burned in each 100 pounds of reservoir rock.
Thus, if each 100 pounds of rock contains about 5 pounds
of oil in its pore structure, then 20 to 30 percent of this
oil must be consumed to provide the 1 to 114 pounds for
combustion. in recovering the-other 3% or 4 pounds, or
70 to-80 percent,

Generally speaking, it may be stated qualitatively that
the higher percentage of oil in place to be burned is; the
more concentrated should be the oxygen in-the oxidant
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“gas’ mixture. - It will be found that normal air is satisfac-
tory-for a large majomty of cases, but where the porosxty
‘or 'oil saturation is low, an oxygen-enriched oxidant mix-
ture may be needed. ~ A reason for this requirement ap-
pears to be that, where there is low saturation or a small
amount of oil in place which requires a larger portion
thereof to be burned, the gases with hlgher oXygen con-
tent produce less sweeping of the reservoir ahead of the
combustion front and correspondingly leave more of the
oil in place-for fuel Conversely, when a larger percent-
age of the. oil is to be recovered, and therefore less of it
is required for fuel, a greater sweeping effect is produced
by the larger proportion of inert gases in the oxidizing

.-mixture.- This tends to reduce the amount of oil trapped

and left behind for fuel.

: - ‘Before considering the manner of carrying out prelimi-

nary and subsequent . geophysical surveys according to

our invention, it should be pointed out that no essentlally
new or different géophysical method or technique is in-
volved. In this instance, however, there are present. at
least two factors which are different from the usual geo-
physical problem. In-this case both the depth and-the
thickness of the zone of interest are known. - Also, since
the combustion produces chemical and physical changes
or modifications of the underground stratum which are
sufﬁciently great to be detectable at the surface, assum-
mg that the depth is not-too great, what is therefore of
major importance is not the magnitude of the geophysical

10

15

20

data but the changes in the data between the initial and the - -

subsequent surveys. Consequently, the geophysical sur-
veys are particularly designed to provide data emphasizing
the change in values between the times of measurement.

30

Referring again to the drawings, and particularly now v
to Figure 3 which is a diagrammatic cross-section of the - -

earth, from. the ground surface 20 at least. one oxygen-
input well 21 and one producing well 22 extend to and
through an oil-bearing stratum 23 having an upper bound-
ary 24 and a lower boundary 25, which stratum 23 is to be
subjected: to a combustion oﬂ-recovery process. Under-
lying the lower boundary 25 at some depth which may
be known or unknown is a. distinct interface 26 which
normally produces a recognizable seismic reflection. Al
though only the two wells 21 and 22 are shown in thl$
figure, it will be understood that these are représentative
only, and that any number and arrangement of input wells
21 and producing wells 22 may be used simultaneocusly,
Further, any producing well 22 may subsequently be con-

verted to an oxygen-input well after the underground'

front 11, the water zone 14, and the oil zone 15 reach
appropriate locations.

This - figure illustrates the apphcation “of ‘the “seismic
method of geophysical surveymg to the problem of locat-
~ing the front 11. “Thus, a series of <ontiuous seismic
“"surveys along fairly closely-spaced lines, either parallel or

radiating from each well, is first run over the area around

input wells 21'and cutput wells 22.. - The locations of each
- shot point 30 and spread position 31 at the ground sur-

" face should be carefully marked so that both can sub-

sequently be reoccuipied. " It is further preferred, in con-
ducting both ‘the initial and subsequent surveys, to utilize
equipment - and techmques having known amplitude-re-
sponse charactenstlcs, so that changes in the amplitude of
the - seismic waves traveling through the dry zone 16,
through which the combustion front 11 has passed, can
be detected by comparison with the ‘waves transmitted
through the same zone before the passage of the front 11.

Although Figare 3 shows only one shot point 30 and
one spread . position -31, it is to be understood that the
preliminary ‘survey will have utilized all possible spread
positions which may subsequently be reoccupied.: In sub-
sequent surveys, it is cbviously necessary only to occupy
those positions which will show the exact position of the
underground front .10 when its approx1mate loca’aon is
already known. : -
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TEit happens, by chance, that a reflection of detachable
amplitude occurs. either at the upper boundary 24 or at
the lower- boundary 25 of stratum 23, the problem may be
considerably simplified. - In ‘such event; the reflection co-
efficient of the interface may be so modified by the com-
bustion temperature that it is necessary only to compare
the seismic waves received over the path 32, for exam-
ple; with,_those received over the path 36, before and-after
the passage of front 11 past the reflection point of path
32, to note the change in energy received over the path
32 after passage as compared with that before. Likewise,

if reflection occurs from interface 25, comparison of the

waves- received over path 33-before and after passage of

“front 11 relative to those received over the path 37 should
-reveal the location-of front 11-as bemg between the two

reflection ‘points of these paths.-

It has-been observed that the’ seismic-wave attenua'uon
characteristics ‘of earth strata are: strongly- affected by
their fluid content. - Accordingly, the change in physical
character of the stratum 23 from being fluid-filled ahead
of combustion” front 11 to béing. substantially. dry and
dehydrated behind the front makes it p0551b1e to utilize
the amplitude of reflections received from various points
of the interface 26. Depending on whether the reflections
received from this. interface have traveled “through the
burned: zone 10 or the unburned portlon of stratum 23
ahead of the front 11, small changes in the observed ams-
plitude should be detected Thus, it is to be expected
that the “seismic' energy traveling along paths. lying ‘be-

tween paths 34-and 35, which has been reflected from the

interface 26 below layer 23 will have been’ differently at-
tenuated from that received over paths lymg between 34
and. 39.

have been subjected to its’ corresponding  attenuation.
Waves ‘traveling paths 34 and 38 will have. traversed the
stratum-23 once through the dry zone 10 and once through
the unburned zone to the right ‘of interface 11 where the
attenuation is markedly different. Waves traveling paths
between 38 and 39 will have traversed only the portions
of stratum 23 which are fluid-filled ‘and have not been
subjected to the action of combustion front 11. - There-
fore, by utilizing. seismic teceiving and recording equip-
ment with known response characteristics, comparisons
made of the relative responses along the length. of spread
31 before and after the passage of combustion front-11
will reveal the position. of the combustion zone 11.

It is believed obvious that the spacing of the individual
seismic detectors in the spread 31 is chosen with a view to
the required precision with-which the positon of front 11
is to be ascertained. - The closer the spacing of the ‘in-

“dividual seismometers, the more exact can be’ the de-

termination of the underground front location.

An -alternative method, of determining the location-of
front 11 is shown-in Figure 4, which illustrates an applica-
tion of electrical resistivity prospecting to the problem.
This method is applicable particularly to operations where
the depth of stratum 23 is not excessively large. - -For both
the primary. and ‘subsequent surveys, it is preferred to use
identical electrode configurations and to-occupy the -same
electrode locatiofis on ‘the. earth’s- surface. - Thus, each
survey is carried out by introducing electrical current from
a source 41, such asa battery or generator, into the earth’s
surface 20 through electrodes 42 -and 43 spaced apart a
distance which is preferably approx1mately three times the
depth of the stratum 23. The potential resultmg from
current. flow. in the earth between electrodes 42 and 43
is detected by potential electrodes 44 and 45, preferably
spaced apart by a distance about equal to the depth of
stratum 23 and centered between the current input.elec-
trodes 42 and.43.. The detected voltage is indicated or
recorded by a potentlometer or meter 46.
~ In carrying out a survey, the spacmgs of all of the
electrodes -are preferably maintained constant, and-the
entire -configuration is moved across the prospect in the

In other words, energy traveling in the paths
betweeni:34 and 35 will have traversed layer 23 twice and. -
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direction of arrow 48, taking readings at points fairly
closely-spaced from each other. A resultant apparent
resistivity profile is shown in Figure 4a above Figure 4,
correlated in position with the diagram of Figure 4. The
solid line 51 is typical of the profile obtained on the
first or initial survey, the variations- on this curve being
due in part to the effects of casing and tubing in the
wells 21 and 22, or to surface pipelines or resistivity
variations in the near-surface strata. The specific varia-
tions on curve 51, however, are in themselves without par-
ticular significance here,

A subsequent survey to locate the position of under-
ground front 11, however, while it is subject to the same
lateral surface variations as the survey producing profile
51, is additionally subject to the high resistance of the
dry zone 10 left behind by the advancs of combustion zone
11.  Since it is well known that the resistivity . of rocks
and earth is largely affected by their fluid conient, the
dry zone 16 thus possesses an extremely high apparent
resistivity and results in distortion of the lines of current
flow 47 in a manner suggested by Figure 4. Since these
current lines tend to avoid or to take the shortest path
through the burned zone 18, the resultant apparent re-
sistivity recorded at the surface is increased, and the
profile 51 is modified as indicated by the dotted line 52
over an interval which corresponds approximately with the
extent of the dry zone 16 between the positions of the
front 11. Consequently, the progress of the front 11 in
any direction from the well 21 can be determined by re-
running a portion of the particular resistivity profile line
along which the information is desired.

In spite of the large percentage of oil content in the oil
bank 15, the presence of connate water in the reservoir
prevents the resistivity at that portion of the ‘stratum 23
from being anywhere nesr the same order of magnitude
as the very high resistivity of dry zone 18 surrounding
well 21.

In order to carry out electrical resistivity surveys with
the accuracy desirable, it is generally necessary that sur-
face pipelines connecting the equipment used in the com-
bustion project be both coated and wrapped with insulating
coverings. Also, a generous number of insulating flanges
between various sections of the system are desirable to
provide electrical separation of the various units. When
this is done, the adverse effects of surface pipelines on the
resistivity surveying method are minimized, and it is pos-
sible to carry out measurments with sufficient precision to
detect the change produced by the large increase in re-
sistivity of zone 10.

With such a large number of variables—injection rates,
OXygen concentration of the input gas, heat Joss, composi-
tion of the réservoir oil, saturation, porosity and porosity
distribution, back pressure on producing wells, and the
like—to mention some of them, it is not possible to
specify any single set of conditions which is optimum for
carrying on a combustion operation in a given reservoir,
In the foregoing, however, an attempt has been made to
indicate the interrelation of some of these variables so that
some idea can be gained as to how variation of each of
the variables may be expected to affect the progress of an
underground combustion operation, assuming that other
factors remain relatively constant or vary in some known
menner.  Accordingly, modifications of our process will
be apparent to those skilled in the art, and the scope of
the invention, therefore, should not be considered as
limited to the specific details set forth, but is properly to
be ascertained by reference to the appended claims,

We claim:

1. In the recovery of oil from an underground reser-
voir stratum of known depth and thickness and having
a porosity of from about 12 to about 25 percent, by a
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process involving combustion of a portion of the oil
in place, the steps of making at the earth’s surface over-
lying said stratum an initial set of measurements of a
seismic—wave-transmitting property of said stratum sus-
ceptible to being altered by the heat of the combustion
process, by generating seismic waves near the ground sur-
face and receiving said waves after reflection at a subsur-
face interface at least as deep as said stratum; initiating
a combustion front within said stratum and maintaining
said combustion front therein by supplying through an
oxygen input well penetrating said stratum at least about
1.7 standard cubic feet of oxygen per hour to each square
foot of area of said front, whereby said front is caused
to propagate through said stratum; remeasuring at inter-
vals said seismic-wave-transmitting property by repeating
at least part of said set of measurements, and determining
and plotting the differences between the initial and the re-
measured values of said property so as to show in several
directions around said input well the positions of sajd
front forming the boundary of the burned-out zone
wherein said property has been altered; noting said front
positions and varying the oxygen-injection rate through
said input well in accordance with said remeasuring step
to maintain the supply rate to all portions of said front
at at least about 1.7 standard cubic feet of oxygen per
hour per square foot of area of said front as shown by
the front positions located by said remeasuring step; and
recovering oil from a producing well laterally spaced from
said input well,

2. In the recovery of oil from an underground reser-
voir stratum of known depth and thickness and having a
porosity of from about 12 to about 25 percent, by a
process involving combustion of a portion of the oil in
place, the steps of making at the earth’s surface overlying
said stratum an initial set of measurements of an electri-
cal property of said stratum susceptible to being altered
by the heat of the combustion process, by passing electric
current through the ground between electrodes spaced
about three times the depth to said reservoir stratum and
detecting the resultant electric potential between points
spaced by a distance approximately equal to the depth of
said stratum; initiating a combustion front within said
Stratum and maintaining said combustion front therein
by supplying through an oxygen input well penetrating
said’ stratum - at least about 1.7 standard cubic feet of
Oxygen per hour to each square foot of area of said front,
whereby said front is caused to propagate through said
stratum; remeasuring at intervals said electrical property
by repeating at least part of said set of measurements,
and determining and plotting the differences between the
initial and remeasured values of said properties so as to
show in several directions around said input well the
positions of said front forming the boundary of the
burned-out zone wherein said property has been altered;
noting said front positions and varying the oxygen-in-
jection rate through said input well in accordance with
said remeasuring step to maintain the supply rate to all
portions of said front at at least about 1.7 standard cubic
feet of oxygen per hour per square foot of area of said
front as shown by the front positions lIocated by said
remeasuring step; and recovering oil from a producing
well laterally spaced from said input well,
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