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hydrocarbon fuel with an atomic hydrogen-to- 
carbon ratio of n: m is the molar ratio of carbon- 
dioxide-to-carbon- monoxide: and Y is the oxy- 
gen utilization efficiency (fraction of 02 con- 
sumed). 

Starting with the stoichiometrical equation, 
equations can be derived relating air require- 
ments to fuel content, oil-in-place, and the para- 
meters of Eq. 1. To this end, the following terms 
are defined: 

OIP - oil-in-place, bbl/acre-ft 

UOD - unit oil displacement, bbl,/acre-ft of 
burned reservoir 

OP - oil produced, total bbl 

R AR - reservoir air requirements, scf ‘ft” of 
reservoir burned 

AOR - air-oil ratio, scf/bbl 

T AR = tctz! 21r requirements, scf 

z - fuel content, lb/fts 

PO - desity of the oil, lb/ftg 

B - porosity of reservoir, fraction 

so = oil saturation, fraction of pore volume 

F,, = volumetric conformance factor for res- 
ervoir, fraction 

VR = reservior volume, acre-ft 

with these terms defined, the following relation- 
ships hold: 

OIP= 7762 #So PI 

UOD=OIP- 
7762 Z 

PO 
II31 

OP=VR*UOD*F,, r41 

Eqs. 2, 3, and 4 show the relationship between 
oil-in-place, fuel content, and ultimate oil pro- 
duction. 

Define 
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Then, the following equations defining air 
requirements are derived: 

RAR - 
1805 F&, z 

Y 

TAR ‘VR .- l R A R l Fvc 

AOR - 
10,124 Fmn Z 

Y 

or 

AOR = 
(78.58 X 106) Fm, Z 

Y (UOD) 
t&i 

Eqs. 6, 8, and 8a apply only to the burned por- 
tion of a reservoir. The air-oil ratio determined 
from air injection rates and produced oil rates 
defined by Eq. 8. but the cumulative airloil ratios 
defined by Eq 8, but the cumulative air-oil ratio 
for a project should ultimately approach that de- 
fined by Eq. 8 Eq. 7 defines the total air re- 
quirements for a reservoir. 

Now let’s consider in situ combustion in a 
“light oil” reservoir in terms of Eqs. 2 through 
8. Fuel content is a most important parameter, 
and in a light oil reservoir, it is usually less than 
for a heavy oil reservoir. Although attempts to 
correlate fuel content with API gravity have 
not been very successful, generally speaking, 
fuel content can be expected to decrease as API 
gra\vity increases. This is illustrated by Alexan- 
der. Martin. and DcwG. Woith ananticipated 
lower fuel content in light oil reservoirs, the unit- 
oil-displacement is higher than for a heavy oil re- 
servoir, assuming the same oil-in-place. But, a- 
gain, in light oil reservoirs, the oil-in-place is gen- 
erally lower than for heavy oil reservoirs at the 
time secondary recovery operations are consid- 
ered. By Eq. 3. unit-oil-displacement decreases as 
oil-in-place decreases and fuel content increases. 

Economically, the air-oil ratio is the most im- 
portant variable. As shown by Eq. 8, the air-oil 
ratio is directly proportional to fuel content and 
inversely proportional to the unit-oil-displace- 
ment and oxygen utilization efficiency. Thus, 
the lower fuel content likely to be encountered 
in a “light oil” reservoir indicates a lower air-oil 
ratio with lower air injection costs per bbl of oil 
produced. However, a low oil-in-place figure 
means an increased air-oil ratio. 

The preceding discussion shows how difficult 
it is to generalize as to what kind of reservoir is a 
good in situ combustion prospect. Each case pre- 
sented must be evaluated individually. Using 
Eqs. 2 through 8, it is possible to evaluate the 

246 



c,ombustion potential of any reservoir, assuming 
the parameters in these equations c-an be estimat- 
ccl or measured. 

The really critical variables are fuel content 
and oil-in-place, and t.hese must be known quite 
accurately if good evaluation is to be made. Fuel 
content can be estimated in the laboratory, pre- 
ferably using oil and rot+ samples from the res- 
ervoir in question. Alexander, Martin, and Dew” 
have presented results using different techni- 
ques. Fortunately, the other variables, m. n, and 
Y, ha1.e heen shown by experience to be less cri- 
tical. Generally speaking, in a reservoir in which 
combustion is technically feasible. Y usually ex- 
ceeds 0.80 and (‘an be nearI?, 1 .O. E’ \‘a rics be- 
tween 0.086 and 0.102, where 0.5 n 1.5 and 
m 15. 

As mentioned above. a generally lower fuel 
content is 1ikel.v to he encountered in light oil res- 
ervoirs. Other things beiilg eclual, this means rel- 
atively low air requirements. I Ir)we\.er. ;I fuel 
content too low to support combustion is a real 
likelihood in many lig;-it oil reser\,oil,s. This i)r’oh- 
lem is discussed in papers by H. R. Ilailel~ amI 
13. I<. I,arkin; and also 1)y H. J. Rzmey. Jr.‘. l)ot h 
papers presenting ;I theoretical i:~vestigation of 
the heat conduction problem assoc,iated with in 

situ combustion. A simple equation defining the 
minimum fuel content is: 

where 

pr = the bulk tlensit>~ of the I.eser\roir r0c.k 

Cr = the heat capacity of reservoir rock 

T cm 
= the minimum temperature requit-ec1 

to support combustion 

Ti = the temperature of reser\roir rock b+ 
fore cbmhustion 

Z, = the mil:lmum fuel content 

AH= the heat of reaction 

This equation desc.ril)es the aclial~~~ic~ tc~mpcra- 

ture rise as the result of burning the quantity OT 
fuel. Z, in a w ft r)f J.eser\,oiJ- p,II is the 

heat of reaction per pound of fuel hut.netl. ITeat 
losses \t-ill necessitate a fuel c3>ntcnt grcaater than 
indicateti Iby 1’31. !). \?‘hen he:~t. Io~xc~s ;II’~’ taken 
into consiciel.ation, it appears lhc‘ mlniii~iini fuel 
necessary to support c.ombustion ma>. I)cA bct\\~cen 

0.~; ;1n11 0.S Ibs per (‘II ft of reservoir’. depending 
on man?~ thin::s. such as the thickness oi the res- 
er\,oii.. the rate of front propagation, and the 
heat losses. This assumes T is about 600°F. 

It is C;IS~ to (1educ.e from the above discussions 
that it is \vzv.?~ important to know fuel content. 
i-?ist, it has a clirecat Ijearing on air requirements, 
a ma,ior ccknnomic parameter. Secondly, it is im- 
portant to know if at least “minimum fuel” is 
prrscnl ill ;I “light oil” reservoir. 

Sonic factors in fa\,oJ- of c.omhustion in light oil 
rescr\,oirs lvill now he discussed. Since the light- 
CJ’ oi!s ha\~c !ower \~is<,osities, a higher air injec- 
ti\.,lt\’ IS p~‘:)l);\hle. w1~ic.h in turn, means a lowei. 
unit ;~ir itljec.tion cwt. V’ith a greater air injec- 
ti\.ity. hi~het~ air injec,tion rates are possible with 
:I c,otisecluent greater well spacing. In fact, in 
some liglil oil reser\.oirs. it is possible to utilize 
\~~eIl sp;“*ing c~olnp;t~~;thle to any other oil field op- 
cr;jt ion. This mea tm that the o\Ver-all investment 
i n t hc I)lu)jec,t (‘ati t,c lower, or alternatively, the 
li:‘e 01’ t!lc p~‘o.ject C’;III bc shortened. Another fat- 
to1’ in f;l\.cb,. of c~om))usticn in light oil reservoirs 
is t 11~~ S;I!C Ijric.e of produced crude. The price of 
c.rude oil generallv increases as API gravity in- 
cwasc~~. Tl~us. for ;I gi\.en’air requirement per bbl 
of oil pt’o(luc.ed, the profit per bhl increases as the 
.Il’l cl,;t\.it>. of the crude increases. This definite- 
1). slir~\\rs tip in an economic analysis of in situ 
combustion on light oil reserl.oirs as compared 
\vit h hea\,,v oil reservoirs. 

Operating problems associated with combus- 
tion in light oil rc>ser\‘oirs will not be much dif- 
ferent than for he:\\.y oil reservoirs. Whereas. in 
he;~\,?’ oil reser\,oirs. ignition can take place spon- 
t~aneoiislv \vit Ii the injection of air, ignition must 
invarial)ly 1~ ac~c~omplished in light oil reservoirs 
by artific.ial means. usually an electrical or gas 
igniter. 

‘I’hrrc~ is no information published nor is there 
:~n,vthi t:x ii, t 11~ csperience of field operations to 
il~c!i~~,ltr’ t Ii;11 -s\\‘(v’I) c~fic~ic~nc~ies and \~olumetric~ 
(,onfot.Jn;ltlc,(’ ;II’C’ an>. tlifl’ct~cnt than for hea1.y oil 
r(\se1,\,oirs. l’hc~> is less likely to be a pronounced 
011 b:1nking effcc.t ;Ihcad of the c*ombustion zone 
with :t l~ctct~ surge in oil production. An example 
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is the Fry Combustion Project. Here, the oil 
banking ahead of the front was rather small and 
the oil production rate from the beginning teas 
comparable to the rate at which oil was displaced 
by the combustion zone. The advantage here is 
that the oil production rate load on production 
wells remains relatively constant. 

SITMMARY 

In summary, it is recommended that in situ 

combustion be considered as a tool in the arsenal 

of oil recovery tools for any type of reservoir. In 
the case of light oil reservoirs, if the oil-in-place 
is sufficient and there is sufficient fuel to support 
combustion, it may be that in situ combustion 
will prove to be the hest oil recovery tool. When 
it is, the profits for combustion in light oil reser- 
voirs can be verv attractive. V’here in situ com- 
bustion is considered as a tertiary recovery tool 
following water flooding in light oil reservoirs, 
the chances for economic success are likely to be 
handicapped by too little oil-in-place. This is also 
tru‘e of any process considered for tertiary re- 
covery; the ideal procedure is to select the best 
process for secondary recovery so that the clues-. 
toin of tertiary recovery need not arise. 
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