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ABSTRACT

Enhanced oil recovery by dry forward in situ combustion has been studied
experimentally using a cylindrical sand stone core, having an adjacent surrounding
simulated fracture. A total of seven combustion tube experiments are reported, which
explore the effect of oxygen concentration, oxygen flux, and fracture width on the
recovery of heavy crude oil. A single test on a light crude oil is also included.

Combustion peak temperatures up to 830°C were achieved with air, but the oxygen
utilization was less efficient than with enriched air. The combustion front exhibited a
cone-shape as first reported by Schulte and de Vries. The length of the front tends to
increase with increasing combustion peak temperature.

Both air requirement and air to fuel ratio (AFR) were significantly lower using
35% oxygen, with an increasing effect at low oxygen flux. The effect of oxygen
enriched air on the air to oil ratio (AOR) depended upon the oxygen flux. Increasing
the fracture width increased the AFR but caused a reduction of the AOR. The air
requirement was dependent upon the oxygen mole fraction at particular fracture width,
which was selected to be either 1.0 or 1.5mm.
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Fuel consumption was observed to be higher with 35% oxygen, but there was no
significant effect when the fracture width was increased from 1.0 to 1.5mm. However,
an increase in the oxygen flux also caused the fuel consumption to increase at a particular
fracture width (1.0mm).

More than 75% of the total oil recovery was achieved during the first half of the
bum period, which tends to support the view that oil production occurs mainly by
expansion from the pores and evaporation into the fracture.

The rate of oil recovery was significantly higher for air combustion at high oxygen
flux. Increase of the fracture width caused an increased in both the oil recovery and
production rate.

The highest oil recovery, which was achieved with air combustion, was attributed
in part to the lower fuel consumption. Significant upgrading of the heavy Wolf Lake
crude occurred in the 35% oxygen tests, though this was partly at the expense of
increased fuel consumption.

The length of the combustion front developed during the present experiments in a
combustion tube apparatus was substantially overpredicted by Schulte and de Vries'
analytical model. This was mainly because the latter was originally developed for
planar parallel geometry as opposed to the cylindrical geometry of the combustion tube
apparatus.
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CHAPTER ONE

INTRODUCTION

INTRODUCTION

Enhanced oil recovery is generally considered as the third, or last, phase of useful
oil production. The first, or primary, phase of useful oil production begins with the
depletion of an oil field using the natural energy available in the reservoir to move the
oil to the wells. As the reservoir becomes depleted of its natural energy, large quantities
of residual hydrocarbons still remain in place, but cannot be produced due to the absence
of reservoir energy. As a result, secondary recovery of oil is practiced.

The secondary phase of oil production begins when supplemental energy is added
to the reservoir by injecting water or gas. The waterflood method has been successfully
applied to medium API (20 to 25°) and high API (greater than 25°) gravity crudes. In
the case of heavy or low API (less than 20°) gravity, viscous crudes, the secondary
recovery technique has not proved so successful due to unfavourable mobility ratios.
This is because of the high viscosities which are associated with crude oils in the 10
to 20 API gravity range. These oils range in viscosity from ten to several hundred
thousand centiposes. Heavy crudes comprise more than 85 percent of the world's
petroleum reserves (El-Mangosh, 1982). Since the viscosity of heavy oil decrease
rapidly with modest increases in temperature, development of these resources depends
particularly on the application of thermal processes (Poolen, 1982).
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Thermal recovery may be defined as any oil recovery process which depends upon
the application of heat or thermal energy to a petroleum reservoir to recover oil.
Thermal recovery processes fall into two main types: hot fluid injection and in situ
combustion. The former generally involve hot water or steam and are particularly
applicable to shallow (less than 1000m) reservoirs.

In situ combustion is a process in which a portion of the crude oil is coked and
burned in situ, in order to improve the flow of oil from the unbumt part to the production
wells. Combustion is supported by the continuous injection of oxidant (air, enriched
air oxygen or pure oxygen) into the reservoir at one or more wells. The heat generated
during combustion is sufficient to raise the reservoir rock to a high enough temperature
(approximately 350°C depending upon the nature of the reservoir) to enable the
combustion front to self-propagate following initial ignition.

There are two different processes of in situ combustion: forward combustion in
which the combustion front advances in the same direction as the oxidant flow and
reverse combustion which the combustion front advances in the direction opposite to
the flow of oxidant. Forward combustion can also be sub-divided into two further
categorises: dry forward combustion when only oxidant is injected into the reservoir;
wet forward combustion when both oxidant and water are injected into reservoir.

The combustion process cannot be sustained easily if there are fractures in the
reservoir (Craig and Parrish 1974). The fractures, or fissures are much more permeable
than the surrounding reservoir rock, therefore, the injected oxidant will only contact
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oil present in the fracture, or the immediate vicinity thereof (Ryan and Neale 1977).
In addition, low reaction rate can be a problem due to the small area of contact between
the oxidant and crude oil and this may limit the fuel availability.

There are enormous untapped resources of oil in reservoirs which are naturally
fractured (Nelson, 1985) containing up to 30% of the world's supply of oil (Saidi,
1988) and this presents a technological problem for recovery. The present study will
focus on an experimental investigation of ISC of heavy oil in a simulated fractured
reservoir. For this purpose a cylindrical consolidated core has contained in a thin-walled
combustion tube apparatus. The annular (1 or 1.5 mm) gap between the tube wall and
the core represents the fissure, with the fissure width determined by the diameter of
the core.

The main objectives of this study was to design and construct a thin-walled combustion
tube and core saturation apparatus to investigate the performance of qdry forward in
situ combustion in a simulated fractured medium.

The specific aspects of study were to:
i)

investigate the effect of enriched air (35% oxygen), oxygen flux and fracture
width on the combustion characteristics and oil recovery.

ii)

use the experimental results obtained to test the validity of Schulte and de Vries'
(1985) model.

3

CHAPTER TWO

LITERATURE SURVEY

LITERATURE SURVEY

The history of in situ combustion process can be traced back as early as 1923 to a
patent that was issued to Howard (1923) which was concerned with producing oil by
combustion in a central well and pumping the surrounding wells. Since then, numerous
subsequent patents have been issued concerning and modifying the in situ combustion
process. Kuhn and Koch in 1953 made the first major contribution regarding the
process in a paper presenting result of laboratory and field data.

There are

fundamentally two different process of in situ combustion, namely forward and reverse
combustion.

2.1 Forward Combustion:

In forward combustion process, air is injected into an injection well, the oil is
ignited and the combustion front propagates through the formation toward the producing
well in the direction of the air flow. This combustion front displace most of the reservoir
oil and consumes the least desirable fraction of the oil which frequently referred as
"coke". Ignition may be the result of electrical or gas operated heaters; or may result
from spontaneous ignition as a result of oxidation of the crude oil. Forward combustion
can be divided into two types, dry forward combustion and wet forward combustion.
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2.1.1 Dry Forward Combustion:

The process may be divided into five zones, when burning stabilises as shown in
Figure 2.1 (Latil, 1980).

Zone 1: The burned zone. Combustion has already taken place and formation in this
zone is completely clean.

The temperature of this region decreases mostly by

conduction, and also by conduction as the air passes through.

Zone 2: The combustion zone. Oxygen reacts with the hydrocarbons and the coke
on the rock surface. The temperature reaches to 315-650° C depending essentially on
the nature and quantity of the various solids, liquid and gases present in the formation.

Zone 3: The evaporation and coke forming zone. Light hydrocarbon and water
evaporate and pushed to the downstream, while heavy hydrocarbon or coke stay on
the rock surface.

Zone 4: The condensation zone. The temperature has fallen sufficiently and may be
reasonably constant if the pressure gradient is low. There are no significant chemical
changes and condensation of the light oil fraction and water take place.
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Zone 5: The water and oil bank zone. The temperature is lower than that of water
condensation, as a result a water and oil bank form. The water bank results because
water is formed by combustion of the hydrocarbon fuel, the oil bank results because
of condensation of the crude oil.

2.1.2 Wet Combustion:

Wet combustion involves injection of water simultaneously with the air. In situ
combustion with the additional of water combines the advantages of dry combustion
and those of steam injection. The injection of water during forward in situ combustion
significantly increase the amount of heat transported by the fluids from the bumed-out
zone to the region downward from the combustion front. Due to injection of water,
the steam zone ahead of the combustion become larger and, thus, the reservoir is swept
more efficiently than air alone. The improved displacement from the steam zone results
in lower fuel availability and consumption in the combustion zone, so that a greater
volume of the reservoir is burned for a given volume of air injected which in turn
increases oil recovery.

The process may be divided into five zones, when burning stabilises as shown in
Figure 2.2 (Latil, 1980).

Zone 1: The air and water zone. This zone has already been swept by the combustion
front. The temperature is lower than the boiling point of water as a result region
contains with liquid water and air.
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Zone 2: The saturation steam zone. The temperature is high enough to vaporise the
water; therefore the pores are saturated with air and steam.

Zone 3: The combustion zone. Oxygen reacts with hydrocarbon and the coke remained
on the rock surface.

Zone 4: The vaporization-condensation zone. The temperature in this zone is close
to that of the evaporation of water. Progressive condensation of steam and combustion
water take place in this zone. In this three phase flow region, some of the light oil are
vaporized and carried downstream, while the heavy fractions deposited on the rock
formation as coke.

Zone 5: The water and oil bank zone. The temperature is low, all the water condensed
and form a water bank, proceed by an oil bank. Further downstream the formation
gradually approaches to its original condition.

There are three distinct temperature and saturation profiles, which can be stabilised
during wet combustion process (Boberg 1988): normal wet, optimal wet and partially
quenched combustion.

Normal wet: When water in moderate amount is injected simultaneously with air, it
flashes into superheated steam at short distance from the injection well. The evaporation
front remains close to the injection well. Figure 2.3 A.
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Optimal wet: Water is injected in sufficient amounts in order to bring the evaporation
front as close as possible to the combustion front. This would result in transporting
nearly all the excess heat of the burnt zone to the steam zone and increase this zone in
size. Figure 2.3 B.

Partial quenched: When the water-air ratio is increased to a point at which the
evaporation front merges with the combustion front. Therefore the combustion is
partially quenched (Figure 2.3C).

2.2 Reverse Combustion:

The reverse combustion process first started as a forward combustion process by
injecting air through wells that will eventually become oil producing wells. After
burning out a short distance from the ignition well, air injection is switched to adjacent
wells. Continued injection of air in the adjacent wells drives the oil towards the
previously ignited well while the combustion front travels in the opposite direction.
The process may be divided into four zones, when burning stabilises as shown in
Figure 3 (Latil, 1980).

Zone 1: The virgin zone. The formation is at original condition except, it is being
swept by air.
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Zone 2: The temperature increases from the hot zone downstream by conduction,
which leads to low temperature oxidation. The liquid and vapour are displaced
downstream, while coke deposited on the matrix.

Zone 3: The combustion zone. The temperature reaches its maximum value. The
oxidation and combustion reaction consume all oxygen which is not used by the reaction
in the proceeding zone.

Zone 4: The unbumt coke remains deposited on the matrix while the vapour and liquid
phase flow downstream.

As the fuel of this process is not the coke but desirable fraction of the oil, reverse
combustion is not as efficient as the forward combustion (Reed, Reed and Tracht, 1960
and Mcketta and Cunningham ,1983). The process also produce crude oil which contain
more oxygenated compounds than the crude produced with forward combustion.
Because spontaneous ignition can occur, the process is difficult to control (Dietz and
Weijdema, 1968) and has scarcely been applied in the field.

2.3 Experimental and Field Studies of In Situ Combustion

A number of tests have been carried out in the area of in situ combustion to investigate
the effects of operating conditions in order to achieve successful propagation of the
combustion front.
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2.3.1 Fuel Consumption and Air Requirement:

The most important factor influencing the success of an in situ combustion project
is the fuel content or "coke", which is deposited on the rock surface as a result of
thermal cracking and distillation. If the fuel content is too low, combustion cannot be
sustained; however high fuel content requires more air, leading to high cost and low
oil production.

Martin, Alexander and Dew (1958) calculated that the minimum air flux to support
combustion is 1.22 Sm3/m2h and suggested a value between 1.22 and 3.05 m3/m2h to
be satisfactory even for heavy crude oils in unconsolidated reservoir.

However

Showalter (1963) indicated that the fuel consumption and air requirement increase
inversely with the API gravity of the crude oil and had a little effect by varying the
pressure. In another experiment by Alexander, Martin and Dew (1962), they found
that there is an excellent correlation between fuel burned and air consumed. They
concluded that, fuel availability decreases as the C/H ratio, viscosity and oil saturation
decrease and the API gravity increases.

Fuel availability increases when natural

reservoir rock was used and decreases when clean porous media was used. They
suggested that fuel content ranges from 0.8 to 2.8 lb/ft3 for straight air injection.
However, they suggested that the fuel availability be determined experimentally for
any specific field application using the actual reservoir crude and core material at the
process conditions expected during in situ combustion in the reservoir.

\

1

Martin et al (1958) and Johnson and Burwell (1968) indicated that high saturation
and low temperature would cause greater fuel deposition; while Wilson, Reed, Clay
and Harrison (1963) concluded that the fuel available for combustion is independent
of oil saturation but, rather depends on the residual oil saturation at steam plateau.

An equation has been developed by Chu (1976) which was based on data from 17
field project to calculate the fuel content.

F - - 0 .1 2 + 0 .0 0 2 6 2 h + 0 .0 0 0 1 1 4 K + 2.2 3 S 0
+ 0 . 0 0 0 2 4 2 kh/[X -

0 .0 0 0 1 8 9 z -

0.0000652 p

...

(2 .1 )

Where F = fuel content, Lb/ft3 burned volume, h = reservoir thickness, ft, k =
permeability, Md, S0 = oil saturation, fraction, p = viscosity, cp and z = depth, ft.

He showed by calculation of various terms in his equation that, the most influential
factor in determining the fuel content is initial oil saturation. Reservoir depth, comes
next importance but its influence is to a much less extent. He indicated also, the fuel
content is increased by 0.1 lb/ft3 burned volume with an increase in oil saturation of
4% or decrease in depth of 500 ft. Data from field projects show that the fuel content
varies within the 0.80 to 2.08 lb/ft3 burned volume, averaging 1.45 lb/ft3. It is found
to be a complex function of various reservoir and crude properties.
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A comparison of fuel content by laboratory experiment and field project by Gates
and Ramey (1980) showed that laboratory tests can provide reasonably good estimates
of the fuel content obtainable in the field.

The deposition of fuel can also be effected by the amount of clays in the reservoirs
due to their large surface area as well as potential catalytic properties (Grim, 1962).
Vossoughi et al (1982) concluded that the large surface of clays has a major contribution
to the fuel increased which in turn leads to a higher temperature in the combustion
zone. In an experiment by Petit et al (1989), it was observed that the air requirement
and coke laydown were cut by 1.5 in two runs using low clay consolidated sandstone.

In a kinetics experiment on fuel formation Abu-Khamsin, Brigham and Ramey
(1988) found that clay mineral had a catalytic effect on the cracking reaction especially
coking.

Another factor investigated which has an important effect on the fuel deposition is
low temperature oxidation (LTO). Alexander et al (1962) observed that the amount
of fuel burnt during in situ combustion increased as the extent of LTO increased for
particular 28.1 API gravity crude. Dabbous and Fulton (1974) and Babu and Cormack
(1983) supported this observation in their work.
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2.3.2 Effect of Water Injection:

Since injecting water in forward in situ combustion not only improves heat recovery
from the burnt zone, but also reduces the air requirement and fuel consumption which
lead to low cost and high oil recovery, several tests on both dry and wet forward in
situ combustion process have been carried out in the laboratory by a number of
investigators, in order to compare the effects of water injection on the characteristic
of the combustion process.

In an experiment on 3 different crude oils with 22.0,32.4 and 36.6 API by Greaves,
Field and Al-Shalabe (1987), a significant reduction in air requirement and fuel
consumption were noticed by water injection, while the combustion front temperature
was not reduced appreciably. Indeed, the run with WAR=3.75 m3/Mm3 on 32.4 API
crude the reduction in these parameters were as much as 69 %of that in dry combustion.
The API gravity of the production oil also increased to 45.8 while it was remained the
same in the case of dry combustion. During wet combustion on 36.6 API crude, the
recovery of the produced oil, as a percentage of the initial oil in place, achieved its
highest value of 79 %.

In a laboratory research with 5 dry and 15 wet forward combustion tests by Burger
and Sahuquet (1973) it was found that combustion front velocity was higher in wet
combustion than in dry, even at the lowest WAR (0.001 m3/m3). This velocity increased
as the WAR increased. When water was injected, the fuel content decreased and as a
result improved oil recovery. It was also found that the peak temperature was not
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significantly lower in wet than in dry combustion and a great amount of heat was
recovered by the fluid from behind the combustion zone.

Extinction of the

high-temperature zone was observed in some tests carried out with injection WAR
equal to 0.004 and 0.006 m3/m3.

In experiments by Adewusi and Greaves (1990), it was shown that rate of oil production
and overall recovery increased significantly with increasing water injection rate.

Parrish and Craig (1969) investigated wet forward combustion on nine different
crudes (18 to 40 API) with WAR from 0.002-0.005 m3/m3, also confirmed that the air
requirement and fuel consumption were significantly lower compared with dry forward
combustion.

Figure 2.5 by Prats (1982) gives experimental laboratory value of air requirement
verses the WAR injection which was based on four studies values reported by Dietz
and Weijdema (1968), Parrish and Craig (1969), Burger and Sahuquet (1973) and
Garon and Wygal (1974). As the reported air requirement are different the data of
Burger and Dietz, which are fairly close together have a curve drawn through them.
A dashed curve, steeper than the first has been drawn through the data of Parrish and
Craig.

A field comparison of wet and dry combustion by Joseph and Pusch (1980) showed
that wet combustion improved the volumetric sweep efficiency significantly and reduced
air volume by 63%.
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Smith and Perkins (1973), Ejogu, Moor, Bennson and Dannelly (1979), Bagci
(1987) and Adewusi (1986) also confirmed that the air requirement and fuel
consumption were significantly lower, compared with dry forward combustion.

According to Burger and Sahuquet (1973) the minimum value for WAR injection
to have an effect on dry combustion lies between 0.5 and 0.8 m3/Mm3.

2L2L3 Effects of Pressure;

As the operating pressure used in underground combustion are substantially in
excess of atmospheric, the effects of pressure on in situ combustion have been
investigated by some investigators.

In an experiment by Wilson, Reed, Reed, Clay and Harrison (1963) it was reported
that at low air flux, increasing the pressure increases the peak temperature and decreases
the velocity combustion front slightly; but this effect virtually disappears at high air
flux providing all oxygen is consumed. They stated that, oil recovery is not strongly
affected by air flux or pressure, while air requirement is substantially independent.

Dudley (1988) found that pressure had no effect on oil recovery, combustion time,
reaction rate, fuel consumption or stoichiometry. Showalter (1963) also found that
varying the pressure had little effect on air requirement and fuel consumption. Martin
et al (1958) stated too, that the effect of pressure particularly on forward combustion
is small, when oxygen utilisation is high.
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Adewusi (1986) found that, with increasing the pressure, the injected gas required
increases and oil production decreases.

In an experiment by Petit et al (1989) using a consolidated core, it was found that
when a self-sustained combustion process is obtained the influence of the injected air
flux and of the pressure on the main combustion parameter is very slight.

Moore, Bennion, Belgrave, Gie and Ursenbach (1987) stated that the effect of
pressure when using 95% oxygen is dramatic. Oxygen and fuel requirement increase
strongly with increasing pressure. They also stated, pressure effect with air is not
effected to the same extent as for oxygen.

2.4 Oxygen-Enriched Air;

In recent years oxygen-enriched air in situ combustion has received increase attention
in both pilot testing and laboratory combustion testing. This is a modifies technology
with potential economic advantages.

These advantages may include faster oil

production, reduce compression cost per unit of injected oxygen, ability to sustain
combustion under reservoir condition which are adverse for combustion with air,
increased C 02contain for combustion to reduce the viscosity, possibility of being used
in low permeability reservoirs due to decrease in amount of gas injection and increased
C 02 recovery for reinjection into the same or another reservoir.
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The use of oxygen or oxygen-enriched air was first suggested by Ramey (1954) to
provide a given oxygen flux at a lower injection rate and pressure.

Combustion tube tests with a range of oxygen concentration from 21 to 95 percent
carried out by Hansel, Benning and Fembacher (1984) using a 31°API crude oil at
constant total gas flux. Runs with 21 and 30 percent oxygen produced unsatisfactory
combustion. As oxygen concentration increased, C 02 content and combustion front
velocity increased where as produced gas flow and time to produce initial oil decreased.
The C 02 content of the produced gas increased substantially with enrichment, up to a
maximum of 62 % for 95 % oxygen concentration. Very small differences were observed
in the fuel consumption, combustion temperature, oxygen utilisation, H/C and C 02/C 0
ratios.

In another experiment by Shahani and Hansel (1984) with heavy crude oil using
21 to 95 percent oxygen, they noticed 100% oxygen utilization efficiency under a
variety of test condition. They suggested that oxygen enrichment that provided a higher
partial pressure of C 02 , may have served to reduced the coke loading in comparison
to air. In actual reservoir this reduction would not only reduce the oxygen requirement
but also provide for a potentially higher ultimate recovery oil.

The effect of total pressure, oxygen partial pressure and injected oxygen flux, using
two oils having different specific gravities (0.90 and 0.96) were studied by Petit (1987).
It was found that, when the total injection flux was constant and oxygen partial pressure
increased, there was a less than proportional increase in combustion front velocity no
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matter what pressure and oils were considered. Results obtained at low pressure (10
bar) at a constant oxygen flux show that the fuel availability and the air requirement
at the front are slightly affected by the oxygen partial pressure. With oxygen enrichment
for the heaviest oil a slight increase in these parameters were found, and opposite effect
for the lightest oil. Increase in oxygen concentration at highest pressure (70-100 bar)
and at constant oxygen flux, hardly affected the characteristics of combustion for the
heaviest oil, whereas a reduction of about 40% for the oxygen requirement at front
observed for the lightest oil.

In 3 experiments by Moss and Cady (1982) using air, oxygen (95 %) and oxygen-water
indicated that, peak burning temperatures, and oxygen utilisation were almost identical
for the three runs. In the second run when injection was changed from air to oxygen
at 0.5 hours, the C 02 content of produced gas rapidly increased from 14 to average
79% and oxygen utilization was 100%. In the third run, injection was changed from
air to oxygen at 2.5 hours which again caused a rapid increase on C 02 to an average
of 79%. By increasing water at 6.1 hours the CO content increased from 11 to an
average of 16.4%. The average peak temperature increased from 890 to 939° F and
H/C ratio was lowered. The apparent fuel laydown was 20 and 10 percent higher for
oxygen over air for dry and wet combustion respectively.

In an experiment by Moore et al (1987), using 95 %oxygen, they stated that, oxygen
and fuel requirement increase with increasing pressure.

The oxygen and fuel

requirements for dry enriched air combustion appears to be equal to or greater than
those observed for normal air combustion. Water injection reduces the enriched air
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oxygen and fuel requirement to the same range as would be observed for normal air.

A simplified calculation procedure presented by Kumar and Garon (1986) for
comparison between oxygen and air and also effects of gas saturation on the relative
permeability and of carbon dioxide on the crude oil viscosity. Results showed that use
of oxygen may substantially increase oil productivity due to the lower gas saturation
and the viscosity reduction caused by higher concentration of carbon dioxide compare
with air. For dry forward combustion, oxygen injection results in higher oxygen-oil
ratio because of higher oxygen storage in the burned region.

The first published oxygen fireflood field test was started in 1980 by Greenwhich
Oil Crop in the Forest Hill (with viscosity of 1000 cP and gravity of 10° API) in Texas
(Hvizdos, Howard and Robert, 1983). Since the project included oxygen and air
injection in different adjacent wells, comparison was difficult because all of the
production wells were affected by both the oxygen and air pattern. However, it was
concluded that the average specific productivity was significantly greater in the wells
more influenced by the oxygen injection. According to Howard (1983) the oxygen
injection was technically successful. The field production had declined from a peak
o f450 bopd in 1966 to 80 bopd before combustion. It is currently production at average
rate of 1000 bopd. Oxygen injection ceased in early 1989.

The BP Canada oxygen in situ combustion pilot is located in the Cold Lake oil sand
(with viscosity 100,000 cP and gravity of 11° API) in the eastern Alberta (Donnelly,
Hallam and Duckett, 1985). Enriched air injection began in one well in March 1983
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and was followed by high purity oxygen. This was believed to be a success and three
additional wells were later converted to oxygen injection. In spite of some operating
problems, the initial results of the pilot are reported to be sufficiently successful.

2.5 Reaction Kinetics of In Situ Combustion:

The reaction between fuel and oxygen in the forward in situ combustion process
is a heterogeneous flow reaction. As the burning front advances through the rock
matrix in an ISC process, four sequential transport processes occur in the combustion
zone (Greaves, Field and Adewusi, 1988 and Bagci, 1986).

1- Diffusion of oxygen from the bulk gas stream to the fuel interface;
2- Adsorption and reaction of oxygen with the fuel;
3- Desorption of the combustion products;
4- Transfer of the products into the bulk gas stream.

Since these steps occur successively, they can be considered to offer resistances in
series with the slowest step controlling the overall rate of the reaction. Dabbous et al
(1974) found that the role of diffusion in dry forward combustion is not significant
since change in air flux have very little effect on oxygen consumption. Therefore, in
absence of diffusion limiting effect, it can be assumed that chemical reaction is the
limiting step.

This assumption has been found to be adequate for dry forward

combustion (Fassihi et al 1980a).
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The combustion rate, Rc, of the crude oil in the porous medium can be expressed
generally as (Bousaid and Ramey, 1968, and Burger and Shahuquet, 1972):

dCc
R c = - ~ = K C ™ P 0nZ
at

where

...

(2.1)

K = Reaction rate constant
C = Carbon concentration
P = Oxygen partial pressure

and

m,n = Reaction order

The reaction rate constant, k, is expressed as an Arrhenius function

K -^exp^-^J

Where

A r = Arrhenius constant

E = Activation energy
R = Universal gas constant
T = Absolute temperature
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...

(2.2)

The Arrhenius constant is a function of the surface area of the rock. Equation 2.1
can be conveniently arranged to allow the estimation of the kinetics parameters. For
example, if the change in oxygen partial pressure is small during isothermal combustion,
Equation 2.1 can be transformed to:

+ mLogCc

...

(2.3)

where
K i = KPo2

•••

(2.4)

Thus, m can be computed from a plot of Log(dCc/dt) verses LogCc. The reaction
order with respect to oxygen partial pressure may be found in exactly the same manner,
by arranging Equation 2.1 in the form:

( - d C c/ d t \

L° 9 \ — C™-----/ = L° gA: + n L o 9 p o 2

•••

(2.5)

Which also allows determination of the heterogeneous rate constant, K. Note that it
is also possible to confirm the value of n obtained by arranging Equation 2.1 as follow:

A plot of the L.H.S of equation (2.6) versus LogCc should give a slope m, which is
numerically the same as that obtained from Equation 2.3.

It is essential to point out that in the above analysis, the combustion tube has been
treated as differential reactor data. This is contrary to understanding that a combustion
tube is actually an integral reactor, in which carbon concentration and oxygen partial
pressure are both functions of time and reaction path. However, Bousaid and Ramey
(1968) in fact consider that treating combustion tube data in differential form is a
reasonable basis for analysis.

In an in situ combustion process, three major reaction occurs, namely, coke
formation, coke combustion and low temperature oxidation as stated by: Bousaid and
Ramey ( 1968), Weijdema (1968) and Thomas, Buthod and Allag (1979).

2.5.1 Coke Formation;

Coke is the main fuel for the in situ combustion which is deposited on the rock
surface as a result of thermal cracking and distillation of the residual crude near the
combustion front. Amount of coke present per unit volume of a reservoir is an important
parameter which generally determines the air required to bum unit volume of reservoir.
Among the reservoir physical properties affecting coke formation, the initial oil
saturation, the specific surface area of the rock and its porosity and permeability are
of primary importance (Fassihi, Ramey and Brigham, (1980b). It has been reported
that low temperature oxidation can have a significant influence on the fuel deposition

(Alexander et al 1962, Babu and Cormack, 1983 and Fassihi et al 1984).

2.5.2 Coke Combustion;

Coke combustion which occurs at the burning front zone has the most crucial
influence on the overall process and yet the least understood zone of in situ combustion,
where the temperature can vary greatly, depending on fuel concentration, reservoir
geology and oxygen partial pressure, but generally it will be in the range of 625-875
K (Bousaid and Ramey, 1968).

2.5.3 Low Temperature Oxidation:

At temperatures more than about 650° F, reactions between oxygen and crude-derived
organic fuels result in the formation of C 02, CO and H20 as the principal reaction
products. At less than about 650 F, the fuel is being oxygenated rather than burned
and the reactions are known as Low Temperature Oxidation (LTO). LTO may result
from incomplete oxygen consumption in the combustion zone; air channelling around
the front; or tilted combustion front surface. LTO reactions are characterised by
decreased level of carbon oxides in the produced gas stream. In other words, more
oxygen reacts with the hydrocarbon than can be accounted for in the produced gas.
This partial oxygenation alters fluid properties critical to displacement process; the
viscosity is increased and the partial pressure is decreased (Lemer, Fleming and Lara,
1985). Water and oxygenated organic compounds such as carboxylic acids, aldehydes,
ketones, alcohols and hydroperoides are the principal reaction products of LTO.
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2.5.4 Reaction Kinetics Studies:

Reaction kinetics mechanism is a crucial process which can affect the performance
of combustion process which has been studied by some investigators.

Greaves et al (1988) presented experimental results on the combustion kinetics of
medium heavy crude in dry and wet forward combustion using enriched oxygen level
of 21-35%. They concluded that the combustion kinetics are dependent on fuel
concentration, oxygen partial pressure and combustion peak temperature. For dry
combustion, the reaction order on fuel concentration and oxygen partial pressure was
found to be m=0.51-0.60 and n=0.72 respectively. The values obtained for wet
combustion were lower, m =0.3-0.4 and n=0.45.

The activation energy for dry

combustion showed a significant increase with oxygen enrichment while it was opposite
for wet combustion.

In an experiment on the effect of water on combustion reaction kinetics by Bagci
and Okandan (1987) using five different crude oils, they noticed that the H/C ratio
decreased with increasing temperature and increased with injection of water. Water
injection reduced the rate of fuel consumption and rate of carbon burning. It was found
that the activation energies were almost independent of oil gravity. The activation
energies for the LTO reaction were almost twice that for fuel deposition and fuel
combustion reactions for each crude oil. The reaction order with respect to oxygen
partial pressure was found to lay between, m =0.29-0.82 for dry combustion and
m=0.33-0.90 for wet combustion by assuming that the fuel concentration reaction
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order is equal to 1. The Arrhenius constant was not effected by API gravity.

Dabbous and Fulton (1974) studied the reaction kinetics of LTO of crude oils in
porous media. Isothermal integral reactor data were analysed to obtain rate equations
for the overall rate of the partial oxidation reactions at temperatures below 500 F. The
reaction order with respect to oxygen concentration was found to be between 0.5 and
1.0 and dependent upon the crude but independent of the properties of the porous
medium. The activation energy of the reaction was insensitive to the type of crude oil
porous medium and was in the neighbourhood of 31,000 Btu/Lb mol. The measured
reaction rates indicated higher oxidation rates for the higher API gravity crude. Partial
oxidation reaction of crude during an in situ combustion process significantly affected
the behaviour of the crude oil/water system in zone proceeding the combustion zone.
A substantial decline in the recoverable oil from the evaporation and cracking zones,
an increase in fuel deposition, and drastic changes in the fuel characteristics and coked
sand properties were obtained when the crude was subjected to LTO.

A total of 48 runs experiment were studied by Bousaid and Ramey (1968) on the
oxidation reaction kinetics. Individual runs were made at various temperature level
to permit determination of the effect of temperature upon the reaction. They found
that, the carbon-burning rate of crude oil in porous media depends on carbon
concentration, oxygen partial pressure and combustion temperature.

Result of

combustion cell studies indicated a first order dependency with respect to both carbon
concentration and oxygen partial pressure. The activation energy appeared to be almost
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insensitive to the crude gravity. However, activation energy decreased from 26600 to
about 20800 Btu/Lb mole as 20 weight percent clay was added to the sand. The amount
of fuel deposited at a given temperature increased as clay was added to system.

In a study by Weijdema (1968) on determination of the oxidation kinetics of oils
retained in sands, he developed a measuring technique that consists in gradually raising
the temperature of an oil. Air under pressure was flowing through the sand sample
and the outflow gas phase composition were being analysed continuously. Three
successive stages in the oxidation of a hydrocarbon oil were identified: (1) at lower
temperatures, oxygen is taken up in the oil molecules, presumably withoutany particular
degradation of these molecules; (2) at increased temperatures, oxidative cracking
presumably occurs, which is accompanied by the production of C 02 and H20 , and
which leaves a coke residue; (3) at still higher temperature, the coke, which consists
of practically pure carbon, is burnt.

Bae (1977) studied the thermo-oxidative behaviour of crude oil using both differential
thermal analysis and thermogravimetric technique to gain some insight into the
combustion process. Fifteen crude oils ranging in gravity from 6 to 38 API were used
at pressure of 50, 500 and 1000 psig using air and nitrogen gas. The crude oils were
grouped into three types according to their thermo-oxidation characteristics. The
gravity of the crude oils, did not correlate well with these patterns. It was also shown
that the dependency of the fuel availability on temperature and pressure varies with
different crude oils. In addition, it was mentioned that the crude oil generally gain
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weight in an air atmosphere in relation to the evaporation curve obtained in a nitrogen
atmosphere at low and high temperature which shows, the availability of oxygen at
low temperature changes drastically the quality and quantity of available fuel.
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CHAPTER THREE

MODELLING ASPECTS OF FRACTURED RESERVOIRS

MODELLING ASPECTS OF FRACTURED RESERVOIRS

The conventional, or single porosity, reservoir formed by intergranular porosity
is studied under the simplified assumption that the reservoir is homogeneous and the
basic physical properties, such as porosity and permeability, are always associated with
a trend.

In non-conventional or fractured reservoirs, extreme discontinuities in porosity,
permeability, and saturation exist throughout the whole reservoir as a result of two
distinct porosities: that is primary and secondary porosity within the same formation.

Primary pores, which are formed during deposition of the reservoir material are
small but constitute approximately 30% of the volume of the reservoir. Secondary
pores ,or fractures, which are formed after deposition of the reservoir, are large widely
spaced conduits, comprising 1-3% of the volume of the reservoir.

Therefore, in fractured reservoirs, the fractures are typically assigned high effective
permeabilities and low effective porosity, which serve as a highly conductive flow
paths for the reservoir fluid. The matrix on the other hand is assigned low permeabilities
and high porosity which serve as the primary source of hydrocarbons.
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3.1 Total Porosity in a Fractured Reservoir

In a fractured reservoir the total porosity, <ht, is equal to the simple addition of
primary and secondary porosities (Van Golf-Racht, 1982)

=

+

•••

(3-D

The two porosities are expressed by the conventional definitions

j = matrix void volume/total bulk volume
<h2 = fracture void volume/total bulk volume

In the correlation of the matrix porosity $ mand the fracture porosity <J>y, the fact
that the matrix porosity refers only to the matrix bulk may be taken into consideration.
Figure 3.1 shows that the scale porosity of a reservoir with the bulk volume 1.

The matrix porosity can be written as:
<hm = volume voids of the matrix / matrix bulk volume,
while the fracture porosity 4>y ~ $ 2

The primary porosity as a function of matrix porosity is expressed by <t>m
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4>1 -

( l - * 2)

4>m

( 3 -2 )

-

and the effective primary porosity, containing the oil phase is:

♦

= U - * 2) 4>m (1 - S wi)

...

(3.3)

In this study porosity is always referred to matrix porosity, <£m.

3.2 Permeability of Idealised Fractured Rock

Fluid flow through individual fractures is assumed to be equal to laminar flow
between two infinite parallel smooth plates. Turbulent flow in a fractured reservoir
is unlikely. As with flow in circular pipes a Reynolds number can be defined to
characterize the flow regime ( 2 l / u p / p ) where W is the fracture width, v is the
velocity, p is the density and |i is the viscosity. For flow in channels values of this
dimensionless group at the onset of the transition to turbulent flow vary from 1800 to
4000 depending on references (Huitt 1956 and Baker 1955). Surface roughness on the
fracture faces lowers this number (Parrish 1963). The average velocity between two
parallel plates is given by (Huitt, 1956)

-

(

3

- 4

)

Where dp is the differential pressure and dl is the differential length.
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To develop the permeability expression Parsons (1965) considered a slab of rock
removed from a reservoir so that the slab face is vertical and perpendicular to the
pressure gradient. Flow was then considered for three separate cases (Figure 3.2):

1) Homogeneous permeable medium (Figure 3.2A). For this case the flow per unit
area perpendicular to the pressure gradient, referenced to a suitable datum, is given
by Darcy's equation:

Qrn = K m d p

Th

Where

(3 .5 )

\idl

is volume flow rate in the matrix, h is the vertical height and T is the horizontal

width of the medium and

is the matrix permeability.

2) Impermeable medium with a regular fracture set (Figure 3.2). The assumption here
is that every fracture has the same orientation and width with constant spacing between
them. The average flow per unit area perpendicular to the pressure gradient is derived
from the equation for flow between two parallel plates:

Qf

Th

_ t / 3c os2q d p
\Z\iAdl

1 ' ’

Where qf is volume flow rate in the fracture and a A are the angle and spacing between
fractures respectively.
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3) Composite of case 1 and 2 (Figure 3.2 A and B). This is a regularly fractured,
homogeneous permeable matrix. Two assumptions have been made for this case, firstly
the fracture width W is small in comparison with spacing A so the permeable medium
cross-sectional area is not changed from case 1; secondly the fluid flowing across a
fracture matrix surface does not alter the flow behaviour of the other system (either
the fracture or matrix in cases 1 and 2). In particular, the flow per unit cross-sectional
area perpendicular to the overall pressure gradient is directly proportional to pressure
gradient. This shows that the pressure field in the two systems are identical, and in
this situation the superimposition of the two systems will cause the flow in each to
behave as if the others were not present. The following equation defines an overall
permeability for the system by analogy with Darcy's law:

•••

<

- >

and substituting equation of case 1 and 2 in the above one

l / 3cos2a

*•=

+-n r -

-

(

3

- 8

)

Where A is the fracture spacing.

By adding other fracture sets, and the additional assumption that the effect of
deviations from the normal flow patterns occurring at fracture junctions is negligible,
the generalised regular fracture-matrix permeability equation is:
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K0

- K m + a c o s 2a + b c o s2(3 + ...

...

( 3 .9 )

where:

w\

a = — 12 A

b

w%

= —12 B

...

(3.10)

K

Where a and |3 are the angles between the fracture spacings of A and B.

In this study, since the permeability was measured without the simulated fracture
the value for the parameter is referred to case 1.

3.3 Flow in a Fractured Reservoir

The study of flow in fractured porous media was first developed in the petroleum
industry in the 1940's. This work stemmed from the observation that the production
of a well could be substantially increased by fracturing the medium near the well bore.
Since that time many investigators have added to the volume of literature that exist on
the fractured media (Duguid and Lee, 1977).

In the study by Warren and Root (1963) on the behaviour of naturally fractured
reservoirs, they used an idealised model to represented the fractured reservoir. The
model formed by identical rectangular parallelpipeds separated by an orthogonal
network of fractures (Figure 3.3). They suggested that two parameters were sufficient
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to characterise the deviation of the behaviour of a medium with double porosity from
that of a homogeneous porous. One of the parameters, \ is a function of the interflow
between the regions and the other, co, expresses the relative storage capacity of the
two regions.

3.3.1 Basic Characteristic Parameters:

As mentioned above,

, is the parameter (dimensionless) which represents the

00

relative storage capacity of the fracture and matrix and can be expressed as follow
(Warren and Root, 1962 and Van Golf-Racht, 1982):

4»,C, + * mC m

1 +

<t>/C/

1 + SCR

Where Cf, Cmand SCR are fracture compressibility, matrix compressibility and Storage
Capacity Ratio respectively.

It is evident that:

- I f <t>yC y » $ mCm ,

S C R -> 0 and

00

-> 1 this corresponds to a non-porous

fracture reservoir (single porosity fractured reservoir).

- If $ mCm»<l>yCy , S C R -> 00 and uo -* 0 this corresponds to a conventional
porous reservoir.
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- Between values 0 and 1, the parameter 00 indicates a reservoir with double porosity.

The values for 00 in the present study is 0.22 and 0.23 for 1 and 1.5mm fracture
width respectively with assumption that C, * C2.
The other parameter, A, (dimensionless) is a function of the interflow between
fracture and matrix depending on the permeability ration K J K f of the two domain and
of contact surface area per unit volume of rock and can be expressed as:

\

« a

Rl

...

( 3 .1 2 )

Kf

where a is a shape factor which reflects the geometry of the matrix elements, contact
surface area and R w is the well radius.

For a given a it is evident that;

- If K m ~ K y, the process will become similar to that of a single porosity reservoir.

- I f K m « K y, the process will behave similar to that of a double porosity system.

On the other hand if K J K f is constant then:
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- If a is high -> large contact surface - small matrix block, the result is a high fracture
density.

- If a is low -»reduced contact surface - large matrix block, this gives a low fracture
density.

3.4 ISC in a Fractured Reservoir

As mentioned previously, fractured systems are significantly different from
conventional or single-porosity system. In addition to matrix porosities and
permeabilities, one must also consider fracture porosities, fracture permeabilities, and
factors that control exchange rates between the two systems. Since the permeability of
fractures are many times greater than that of the matrix rock, in the ISC process the
injected oxidant may flow almost exclusively through the fractures, or the immediate
vicinity thereof (Ryan and Neale, 1977). In addition, low reaction rate can be a problem
due to the small area of contact between the oxidant and crude oil and this may limit
the fuel availability. As a consequence, in some field applications the burning front
cannot be sustained easily if there are fractures in the reservoir.

ISC in the fracture reservoir is a fairly new topic of research. In a recent experimental
study of in situ combustion in a fractured reservoir by Schulte and de Vries (1985),
their experiments showed that the burning process is governed by diffusion of oxygen
from the fracture into the matrix. The main oil production mechanism was found to
be thermal expansion and evaporation with subsequent condensation of oil from the
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matrix. From their experiments with a stacked length of 25mm cores in a thick walled
tube, utilising the peripheral annulus as a simulated fracture, the combustion front was
found to be cone-shaped (Figure 3.4). This was confirmed by prediction using a two
dimensional numerical model for two different fracture spacings of 0.05 and 0.5 m
(Figure 3.5). The model predicts that in situ combustion in a fractured reservoir is
feasible and will have a high recovery efficiency in the swept zone if the maximum
fracture spacing is 1 meter,or less. The model consists of fuel, oxygen, oil, hydrocarbon
gas and energy balances; heat losses to the cap or base rock and gravitational effects
are not included. The equations of the model for the above balances are given below.

3.5 Schulte and de Vries Numerical Simulation Model:

A semi-two-dimensional numerical simulator was constructed for modeling the
process. The model has a plane-parallel fissure of width d and occurring with a
frequency of cj>/ / d. Fuel is defined as oil present in a small zone of width dz adjacent
to the fissure (Figure 3.6). The evaporation rate of one volume of oil is expressed as:

liL
VdT

(3.13)

Where V is the volume of oil left at temperature T, p is the oil density , t is the time
and U is the unit-step function, defined as:

The liquid-phase reaction rate, expressed as mass of oxygen consumed per second and
per unit mass of oil participate in the reaction is assumed to be

R

= K ( T ) p02

...

(3.14)

Where p 0z is the oxygen mass concentration and K(T) is the Arrhenius function

K(T) = A exp (-E/T) ... (3.15)
with A and E constant.

The gas-phase reaction rate, expressed as mass of oxygen consumed per second and
per unit volume of gas is assumed to be

/?' = K ' m

Po2 Phc

(3.16)

where p hc is the mass concentration of hydrocarbons in the gas and K (T) is again
Arrhenius function.

3.5.1 Oil Balance:

Oil present in the matrix can evaporate, expand thermally, and react with oxygen,
which diffuses from the fissure into the matrix. The oil flow resulting from the thermal
expansion of the oil is described by means of oil pressure PD, defined as:
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P,

= £ ( S c- 1 ) £ / ( S 0- 1 )

...

(3.17)

The oil balance is:

a t ( * P o 5 0)

i^ P o L
a

$^0^2

— ( S 0- l ) t f ( S 0- l )
C d x \ \L d x

C d y \ \i d y

(3.18)

( S 0- 1 ) U ( S 0 - 1 )

The first term of the right side describes the evaporation of the oil; the second term
describes the liquid-phase oxidation, where a is the oxygen consumed per unit mass
of burnt oil (kg/kg). The last two terms describe the oil flow resulting from the thermal
expansion in the x and y directions respectively.

where <|) is the porosity, p 0and S 0 are the oil density and saturation, R is the reaction
rate, K and C are the permeability and compressibility and \i is the viscosity.

The boundary condition is as follows:
Fory= 0 (boundary between matrix and fuel zone), X = 0 orX=Lx (boundaries between
reservoir and injection and production well, respectively) the boundary condition is
taken as Sc= 1. For y=Ly (middle of the matrix block) a no-flow boundary condition
is imposed.
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3.5.2 Fuel Balance;

The fuel is supplied by thermal cracking and is assumed to be in contact with the
air in the fissure and can thus react with the oxygen there. The fuel balance takes the
following form:

(3.19)

The first term on the right side describes the liquid-phase oxidation, the second the
evaporation of the fuel and the third the replenishment of fuel from the matrix by
thermal expansion. The last term is a sink term, which describes the overflow of fuel
into the fissure if the fuel saturation is unity.
Where F is the ratio of air velocity to the velocity of the front.

3.5.3 Hydrocarbon Gas Balance:

Hydrocarbon gas is formed by evaporation of oil in the matrix or fuel in the fuel
zone and is assumed to be pushed instantaneously into the fissure. Therefore, the
hydrocarbon gas balance which is set up only for the fissure is:

( 3 .20 )
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The first term on the right side is evaporation from the matrix, and the second describes
evaporation from the fuel zone. The third is the convection term, the velocity, V0, of
the gas stream is constant and determined by air injection rate and p hc is the mass
concentration of hydrocarbon. The last term is the gas-phase reaction rate, where (3
converts the oxygen consumption rate R' into a hydrocarbon gas consumption rate.

3.5.4 Oxygen Balance:

Oxygen in the fissure can react with hydrocarbon gas present in the fissure and
with fuel in the fuel zone. Oxygen can diffuse from the fissure into the matrix where
it can react with oil there. This diffusion is counteracted by gas leaving the matrix
owing to evaporation of the oil. The balance on the fissure is:

(3.21)

-(J) D ( x , o )

Po2 - P o 2( * . 0 )
+ <J)Uy( x , o ) P o 2( x , o )
d

where p£2 and p™ are the oxygen mass concentration in the fracture and matrix
respectively.

The first term on the right side describes the convection of oxygen with the air stream,
the second term the reaction of oxygen with oil in the fuel zone, and the third term the
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reaction of oxygen with hydrocarbon gas present in the fissure. The fourth term
describes the diffusion of oxygen into the matrix and the last term the back flow of
oxygen into fissure, where:

M*.y> -

jjjL -

...

(3 .22)

is the velocity of the hydrocarbon gas stream in the matrix toward the fracture, and

0 ( * . y ) = D g ( 1 - S 0( x , y ) ) f / ( 1 - S 0( x , y ) )

...

(3.23)

is the effective diffusion coefficient with Dg being the open air diffusion coefficient for
oxygen.

And oxygen balance for the matrix is then:

(J)D

* 29 o

4)D

by2

°

2 m
Po
dx2

(3.24)

The first two terms on the right side describe diffusion of oxygen in y and x direction.
The second term describes convection of oxygen with hydrocarbon gas stream out of
the matrix and the third term is the oxygen-oil reaction,
with the boundary condition at y=L
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ay
and at Y =0 the flux over this boundary is equal to the flux calculated for the fissure.

3.5.5 Energy Balance:

Energy is transferred through the reservoir rock by conduction and in the fissure
by convection of air. Energy is liberated through the reaction of oxygen with fuel, oil
or hydrocarbon gas. The energy balance for the fissure is:

a2T
d zM +

= d *T'hT x * ” 2 u°alc( ( p c ) 'T / ) + d ^ f >os z')R h ,
T f - T m( x , o)

d
+ 2 R ' h '°* ~

-

(3.25)

The first term on the right side represents conduction through the fuel zone in the x
direction, the second term describes convection of heat in the fissure by air flow, the
third and fourth terms are the reaction rates for air-oil reaction in the fuel zone and
air-gas reaction in the fissure respectively. The last term describes conduction into
the matrix.

Where: Tf is the temperature in the fissure and fuel zone; M and (p c ) , are the heat
capacity of the rock and the air respectively;
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is the heat conduction coefficient; hoz

and h7^ are the amount of energy liberated per unit mass of oxygen consumed in the
liquid-phase and gas-phase reaction, respectively and Tm is the temperature in the
matrix..
The balance for the matrix is:

V

’ " * (&

* Tf

) * ' - 5 - ' " 1-

-

<3'2 6 )

The first two terms in the right side are the heat conduction in the matrix in x and y
direction respectively and last term is reaction rate for air-oil reaction,
with boundary conditions:

dT m
d y" V o =

T m{ x , o ) - T f

w -----

•••

( 3 -2 7 >

*Tm

These non-linear partial differential equations can be solved sequentially with an
iterative numerical solution. This was not attempted in this study. However, data on
process conditions from the present experimental study were inputted in their analytical
model which was reported to give satisfactory agreement with the numerical estimates
of the size of combustion front (A L), the injection rate at oxygen break through (V ^J,
minimum injection rate (V ^) and maximum fissure spacing (L ^ ).
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3.6 Analytical Estimation

Data from Run 4 was used in the analytical equations to estimate the AZ., Vm ,
and L ^ .

It should be noted that there is not an exact correspondence between the geometrical
parameters used by Schulte and de Vries and those applicable to the combustion tube
used in this study. Furthermore they made certain assumptions about heat losses whilst
the experiments reported herein were effectively isothermal.

Combustion front extent:
Assumption: diffusion of oxygen, D=1.0 * 106 m2/s.

(3.28)

Where v a is the air flux, 4>is the porosity and L is the half fracture spacing.
Substituting the data:

1752* 10"6

A L = 10/71
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( 3 3* 1 0 ' 3) 2

For the front condition at T=750°C and P=1724 kPa, the correct A Z = 2.0m. The
actual length of the combustion front in Run 4 was measured to be approximately
0.17m (photograph 6.1).

The maximum and minimum injection rates are:

...

1/mln = 2 . 5 ^ F

...

(3.29)

(3.30)

Substituting the data:

1/

„ =

.033

0 . 1 9 * 1 * 1 0 ' 6 * 1 * 1 0 ' 6 * 8 96

= 5 1 4ZT - 6 m 3 / m 2 s
V

1 0 '6
= 2.51 * --------- * 896
mm ^
0 .0 6 4

= 3 5 1 4 0 F - 6 m 3/ m 2s

The calculated minimum air injection value is infact greater than the maximum
one. By comparison the injection rate used in Run 4 was 0.0018 m3/m2 s. The air
flux in the present study was considerably higher than that used by Schulte and de
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Vries in their model, but less than that used in their experiment. Table 1 shows the
comparison of Schulte and de Vries model and experiment with the present study (Run
4).
Although Schulte and de Vries, in personal correspondence, did not question the
idea of setting h =0.064 m this is, in fact, a questionable hypothesis for the reason
given earlier. Thus the calculated value of V ^ is probably an invalid estimate.
Combining the two above equations (V ^ and V ^ ) in order to satisfy the condition
of V ^ < V ^ leads to a maximum value of fracture spacing (L ^):

Lm a x

(3.31)

(The above equation (3.31) was written incorrectly in Schulte and de Vries paper and
the corrected form has been written in here.)

According to Schulte and de Vries model, in situ combustion is feasible only if the
fissure spacing is less than this maximum value.

Substituting the data:

max

0.0012m

The fissure spacing in this study was 0.064m which is a lot greater than that
calculated above. Again the value of h can be questioned. Thus Schulte and de Vries
analytical model does not provide an accurate estimation for the cylindrical geometry
of the isothermal present tests.

Their numerical model, which was defined for

plane-parrallel geometry, is probably superior but also inaccurate.
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Table 3.1

Fissure

Comparison of Schulte and de Vries result
and present study

vmaxa

Vmina

Air Flux*5

Lmaxa

Schult and de

AZ“
m

Spacing
m

m^/m^ s

m^/m^s

0.05

150E-6

6E-6

1.25

0.31

0.5

15E-6

6E-6

1.25

9.4

0.027

350E-6

2400E-6

8240E-6

0.0047

0.08

0.064

514E-6

35140E-6

1800E-6

0.0012

2.0

m3/m2s

ALb
m

m

Vries Model
OS

Schule and de
Vries study
Present studyc

a- Calculated from analytical equations
b- Actual condition or result in experiment
c- Run 4

0.17

CHAPTER FOUR

EXPERIMENTAL EQUIPMENT AND PROCEDURE

EXPERIMENTAL EQUIPMENT AND PROCEDURE

In order to perform the experimental study of in situ combustion in a fractured
reservoir, two separate items of equipment were constructed, (i) A slim core assembly
for purpose of saturating a length of consolidated core with crude oil, and (ii) a
combustion tube apparatus in which the saturated core was placed, allowing combustion
to proceed from one end to the other.
A description of the design and purpose of each apparatus is given in the following
section, and further specific details are tabulated in Appendix A.

4.1 Saturation Tube Equipment:

Saturation of the core was the main preparation step prior to starting a combustion
tube test. In addition to saturating the core with water and oil at the desired levels,
determination of permeability, saturation levels, and porosity were also required. The
core-holder was designed with these requirement in mind, as shown in Figure 4.1. In
order to regulate the saturation process the control and instrumentation systems shown
in Figures 4.2 and 4.3 was developed.

57

4.1.1 Core-Holder Design:

The core-holder consists of a saturation tube, PVC sleeve and two removable flanges
(Figure 4.1).
The stainless steel saturation tube, which comprises a pipe and two end-fixed flanges
has an internal diameter of 100mm, wall thickness of 6mm and a length of 790mm.
The flange are of 160mm diameter and thickness of 13mm. A 1/4" BSP hole and a
thread connector were made and welded into the saturation tube wall for the connection
of a nitrogen inlet pipe. The PVC sleeve had an internal diameter of 58mm, thickness
of approximately 1.5mm and a length of 300mm. The maximum working temperature
of this flexible PVC sleeve was 130 °C. During the saturation process, oil and water
was prevented from passing through the space between the core and the sleeve by an
overburden pressure of nitrogen gas and this forced the sleeve into contact with the
core provided the necessary seal.
The removable stainless steel flanges were constructed with the overall dimensions
as shown in Figures 4.4A and 4.4B. The main design feature of the flanges were to
hold the consolidated core firmly inside the tube and direct the injected saturation fluid
into and from the core. The bottom flange (4.4B) comprises two parts. First part
which holds the core is able to slide through a stuffing box (which is welded to the
second part). This enables the saturation tube to be used for different core length. To
prevent any leakage of fluid through the flanges two pairs of O-rings were inserted.
The smaller pair was used to prevent oil and water leaking from the core whilst the
large O-rings were sealed against the nitrogen pressure.
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4.1.2 Control and Instrumentation Panel:

The instrumentation and control arrangement for the saturation system comprises
two parts, the fluid injection and temperature control, as shown in Figure 4.2.
Fluid injection was carried out in two stages. First gas injection from a high
pressure nitrogen cylinder (II) was used to pressurise the core holder (19) compressing
the PVC sleeve against the core and also the oil container (13) in order to drive oil
through the injection line. Two on-off valves (BV1 and BV2) were used to depressurise
the system at the end of each experiment and valves (VI and V2) were used to control
the nitrogen flow. The pressure gauge (PI) was used to monitor the overburden pressure
in the saturation tube. Water was fed from the glass container (12) to the metering
pump (14) for injection. The on-off valves (BV3 and BV4) were used to disconnect
the line for oil and water flow in case of emergency. Oil flow could be controlled by
means of valve (V3) while water rate could be adjusted by the pump (14) directly.
Pressure gauges (P2 and P3) were used to monitor the inlet and outlet pressure to/and
from the core. Pressure gauge (P4) was used to monitor the vacuum pressure in the
core. In order to obtain the required pressure inside the core holder a back pressure
regulator (BPR) was installed in the outlet line. In case of over-pressurisation of the
saturation tube, a relief valve (RV) was used to relieve any excess pressure.
The crude oil used for the experiments was heavy, and consequently of high
viscosities. Therefore, it would be virtually impossible to saturate the core without
first increasing the oil's mobility. This was achieved by heating the crude oil container,
core-holder and connection tube lines using heating tapes. The temperature was
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measured and controlled by three thermocouples and temperature controllers (15,16
and 17). A diagram and photograph of the control panel for the saturation tube are
shown in Figure 4.3 and photograph 4.1.

4.2 Combustion Tube Equipment:

The combustion tube equipment consists of four major components, combustion
tube assembly, fluid injection system, product separation and analysis, and control
system, as shown in Figure 4.5.

4.2.1 Combustion Tube Assembly:

Combustion tube assembly comprises two parts: Mechanical assembly and
Instrumentation system.

4.2.1.1 Mechanical Assembly:

The combustion tube assembly shown in Figure 4.6 comprises an inner thin-walled
tube which was mounted concentrically inside a pressure shell.
The combustion tube is a 66mm internal diameter stainless steel tube with a wall
thickness of 1.5mm, length of 756mm and is fitted with two end-fixed flanges (Figure
4.7). The pressure shell was constructed from mild steel pipe with an internal diameter
of 206mm and 10mm wall thickness. The overall length was 925mm and the shell
was pressure rated for 40 bar. A 10mm outside diameter stainless steel pipe was welded
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to the top removable flange of the combustion tube to serve as the air inlet to the
combustion tube (Figure 4.8). The two bottom removable flanges of the combustion
tube and pressure jacket were welded together by means of a 32mm outside diameter
stainless steel. This pipe works as the production line from combustion tube to exit
line as well as a support to hold the combustion tube inside the pressure shell (Figures
4.9A and 4.9B).
To secure the core inside the combustion tube, two special co-flanges were
manufactured. Since the co-flanges were located inside the combustion tube during
experiments, the following aspects had to be considered in their design (Figures 4 .10A
and 4.10B):
1)

Air needed to be injected through the top co-flange into the annular fracture;

2)

Produced effluent fluids have to pass through the bottom co-flange into the exit
line;

3)

The core thermocouple leads were to brought out through the bottom co-flange
and then out of the combustion tube.
The combustion tube and its two removable flanges were attached by six 8mm bolts

in order to secure them against a high temperature gasket. The outer pressure jacket
and its two removable flanges were secured by twelve 25mm bolts.
The pressure jacket was mounted in a cradle stand had a pivoted support at its
mid-length, allowing it to rotate from a vertical to horizontal position. Four trolley
wheels mounted on the cradle can enable it to be transported from preparation area to
instrumentation panel.
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4.2.1.2 Instrumentation System;

A set of eleven 1mm diameter Chromel-Alumel K type thermocouples were inserted
into the core material at 63mm intervals and 5mm depth. A similar set of thermocouples
but of 1.5mm diameter were also connected to the wall of the combustion tube. The
eleven wall thermocouples were aligned exactly on the same horizontal plane of as to
correspond to the positions of the eleven core thermocouples. All the thermocouple
extension leads were brought out through the compression glands in the bottom flange;
using socket connection to permit the leads to be disconnected when the combustion
assembly was taken apart.
In order to compensate for heat losses, and hence to approach adiabatic condition,
the combustion tube was surrounded by a stack of 12 band heaters. Each band heaters
was 50mm wide by 70mm ID with rating of 800W at 240V. An additional coilheater
(Nickel-Chrome) was specially made. This was placed inside the top co-flange for
preheating the top part of the core to the ignition temperature.

4.2.2 Fluid Ipjection System:

The fluid injection system comprises two parts: gas injection and water injection
(Figure 4.5).
The gas injection system delivers air and nitrogen to the combustion tube from high
pressure cylinders (II and 12) respectively.
Nitrogen was injected into the combustion tube during preheating of the inlet end
of the core up to the ignition temperature. This was necessary in order to prevent low

68

temperature oxidation of the crude oil. Nitrogen was also injected into the pressure
shell to pressurise the annular space between the combustion tube and the shell. A
differential pressure of about 10 Psig was maintained between them. Ignition was
achieved by switching off the nitrogen flow and admitting air by two on-off valves
(BV1 and BV2). A drier (15) was used to remove any moisture from the injected gas.
The air/nitrogen flow was controlled by means of a mass flow controller (16) having
a flow rate range of 0-1.2 lit/min. Ball valve BV3 was used to shut off the air supply
in the event of equipment malfunction, or other emergency situation.
The water injection system consisted of a storage tank (14) and metering pump (17)
which was connected to the inlet line of the combustion tube. Two non-return valves
(NV1 and NV2) were used to prevent back flow of gas from the combustion tube into
the gas or water cylinders .
Two 6mm (1/4") relief valves (RV1 and RV2 in Figure 4.5) with a cracking pressure
of 2069 kPa (300 Psig) were installed on the combustion tube and pressure shell to
relieve any excess pressure.

4.2.3 Production Separation and Analysis:

Product separation was achieved by means of high-low pressure separator together
with a condenser all manufactured from 316 stainless steel (114 and 115). A wet test
meter (19), gas chromatograph (117), integrator (118), were used for analysis of the
effluent gas stream. The produced fluid from the combustion process passed through
the high, and low pressure separators where heavy hydrocarbon components would be
condensed in the first-stage high pressure separator and lighter would be condensed in
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the second low pressure stage. The separators were maintained at a low temperature
by means of a water bath. The "Platon" back pressure control valve (BPCV) was
operated by an electronic PID controller (116) via a current to pneumatic convertor
(CPC). This maintained a constant pressure in the combustion tube. The pressure
upstream and downstream of the BPCV were monitored by two pressure gauges (P7
and P8).
A 3 way valve (3WV) was installed after the second stage separator to enable the
exit gas to be sent either to the wet test meter or gas chromatograph. The wet test
meter measured the cumulative gas volume of the produced gas. A 25" length and
1/8" diameter nylon tube (120) was installed before the wet test meter in order to reduce
the pressure to about 48 millibar. The Pye Unicam Series 104 gas chromatograph
(117) was used to analyse the composition of the produced gas. A new version CTR
column supplied by Alltech Associates Inc. enabled a complete analysis of oxygen,
nitrogen, carbon dioxide, carbon monoxide and methane in less than 6 min. The flow
rate of the helium carrier gas through the column was maintained at 65 ml/min as
recommended to obtain the best separation of the produced gas peaks. The integrator
(118) printed the retention times and percent area for every peak. The produced gases
were also monitored continuously for oxygen, carbon dioxide and carbon monoxide
content via 3 separate Servomex analysers (122,123 and 124).
All of the tubing and components in direct contact with the crude oil, and process
fluid were made of stainless steel.
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4.2.4 Data Acquisition and Control System;

The data acquisition and control system was a MACSYM 260 computer (112),
which was linked to an Epson AX40 PC (II1), Epson printer LQ-1050 (110), MACSYM
260 interface (113) and temperature controller (19).
In order to insure that the experiments were run adiabatically, the heat load to the
band heaters was controlled by the computer so as to minimise the temperature
difference between the core and wall. The power to each heater was controlled through
MACSYM 260 interface using switching relays. Data was printed out by the printer
or recorded on hard disk through the Epson PC. A temperature controller was used
to activate the ignite coilheater and the inlet temperature was continuously measured.
A diagram and photograph of the ISC control panel are shown in Figure 4.11 and
photograph 4.2.
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4.3 Saturation Experimental Procedure;

4.3.1 Preparation;

A cylindrical section of Greenbrae sandstone (quarry outcrop) core of length 720mm
was turned down on a lathe to a diameter of 63 or 64mm depending on the fracture
width. Eleven holes of 1mm diameter and 5mm depth were drilled into the core at
63mm intervals, starting at 43mm from the top end of the core. These were required
for inserting thermocouples to measure the core temperature. Another hole was drilled
20mm from the top end of the core to measure the ignition temperature. The top 10mm
section of each end of the core, were turned down to a diameter of 56mm and 46mm
so that the core could be placed into the two tops and bottoms co-flanges and flanges
of the combustion tube and saturation tube respectively. These were used to hold the
core firmly inside the two tubes. Prior to placing the core inside the core-holder, the
core was oven dried at 120 °C for 24 hours. Afterwards the core was allowed to cool
down to room temperature. A PVC sleeve (supplied by Flexiring Labels, Cowie) is
placed over the core to seal it (by overburden pressure of nitrogen). The core was
then placed into the core-holder and two flanges were bolted down.

4.3.2 Operation:

After placing the core in the core-holder, the whole assembly was weighed (Mj).
It was then connected to the saturation control and instrumentation panel to carry out
the fluid saturation process and absolute permeability measurement.
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4.3.2.1 Absolute Permeability:

When a Newtonian fluid of viscosity, \i, flows through a horizontal porous media
of cross sectional area, A, in laminar flow, the pressure differential, dP, across a
differential length, dL, depends upon the volumetric flow rate, Q. This situation is
described by Darcy's equation:

Q

k^dp

A

[i

(4.1)

dl

Where the proportionality constant k is known as the absolute permeability of the
porous medium. Absolute permeability is the flow resistance of the porous medium,
and depends entirely upon the pore structure. To determine the permeability, the core
was first put under vacuum for approximately 5 hours. An overburden pressure of
180 Psig was then applied and water injection started at very slow rate (50-60 ml/h).
20 pore volumes of distilled water were injected prior to starting the experiment. A
series of pressure drop measurements were made at various constant flow rates. The
absolute permeability was calculated from the gradient of best fit line of Q versa A P.

4.3.2.2 Porosity and Fluid Saturation:

Porosity is a measure of the void space within a porous medium expressed as a
fraction (or percentage) of the bulk volume of the media. In order to measure the
porosity of an experimental core, 4 small sections were cut from the core (two sections
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from each end). These sections were oven-dried for 24 hours and weighed (

)

and then placed in a flask. The flask was evacuated thoroughly. Once the air was
removed from the flask and the cores, the flask was filled with distilled water to a level
above the core sections. The flask was then evacuated again until no bubbles came to
the surface. The core sections were then quickly removed from the flask and weighed
(M ^ ). The porosity was calculated as follow:

Pore volume of a section Vp is:
Vf .

M wet

M w rv

—
—
Pw a te r

...

(4.2)

bulk volume of the section Vb is:
V b^ . l . d 2

...

(4.3)

Where 1 is the thickness and d is the diameter
and the porosity is:
* . _v£p

...

(4.4)

v b

The porosity of the experimental core was assumed to be equal to average porosity
of the 4 sections.
Before starting oil injection the core-holder was weighed again (Mj). Oil was then
injected into the core at a very low rate to provide a piston-like displacement of the
water and thus preventing fingering. In order to speed up the oil saturation process,
the oil container, core-holder and connection tube lines were heated to 70 °C, prior to
oil injection. After 30-40 hours of producing water from production line, oil started
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to be produced. Oil injection was continued for another 15-20 hours to reduce water
saturation as much as possible. Oil, water and gas saturation levels were then calculated
as:

Volume of the initial water in the core is:
(4.5)

Pw a ter
Volume of water displaced by oil = volume of the oil in the core = Vc
Volume of water left in the core is:

Vy = V, - Vo

(4.6)

Pore volume of the core is:
V P- V 6*<>

(4.7)

Therefore oil, water and gas saturation are:
Sg

1 S0

(4.8)

4.4 In Situ Combustion Experimental Procedure:

4.4.1 Preparation:

After removing the saturated core from the core-hoder, it was then fitted into the
bottom co-flange and located vertically on the bottom flange of the combustion tube.
The twelve core thermocouples were inserted into the core. A high temperature graphite
gasket was placed on the bottom flange and the combustion tube was placed slowly
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and carefully over the core, so as not to damage any of the thermocouples. In order
to ensure uniform and fast ignition 2-3 ml of linseed oil was poured onto the top face
of the core. The top co-flange and its coilheater were placed into the combustion tube
to secure the top end of the core . After bolting the two flanges on the combustion
tube the following parts had to be checked:
i)

the core thermocouples were still in working order;

ii)

no short circuit between the coilheater and combustion tube assembly;

iii)

no leakage from the combustion tube.

After connecting the band heaters and wall thermocouples to the combustion tube,
it was then wrapped with two layers of insulation ceramic "Kaowool". The combustion
tube was placed inside the pressure shell and filled with vermiculite powder for further
insulation and the two outer flanges were bolted down. The combustion shell assembly
was then connected to the inlet/outlet flow lines, and band heaters and thermocouples
were connected to the MACSYM 260 interface.

4.4.2 Operation:

The first three experiments were controlled manually and the other four by the
computer. Full details of operation are given in the Chapter 5. Before starting a
combustion experiment the thermal conductivity detector of the gas chromatograph
was activated for at least 3 hours, then it was calibrated by injecting samples of standard
gas mixture. After checking all the electrical connection between the combustion
assembly and MACSYM 260 the programmed was run.
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Nitrogen was injected to pressurise the combustion tube up to 1724 kPa (250 Psig).
The pressure shell was also pressurised step by step along with combustion tube up to
1793 kPa (260 Psig). The 79 kPa (10 Psig) differential pressure was always maintained
during the pressurising, in order to avoid bursting or any deformation into the
thin-walled combustion tube. While nitrogen was flowing through the annular gap,
the exit gases were monitored by oxygen analyser until no oxygen was detected. With
the nitrogen still flowing, the top end of the core was heated to 450°C by activating
the coilheater, while the rest of the core was kept at a temperature of 60°C using a low
heat load to the band heaters. As soon as the temperature of the top face had reached
approximately 450 °C, the nitrogen flow was switched to air, or a 35 %oxygen nitrogen
mixture, using the same flow rate and pressure. Ignition was confirmed by movement
of the high temperature combustion front and also increase in carbon dioxide
concentration in the exit line. When ignition was confirmed, the coilheater was switched
off, so that the combustion propagated along the core without external heating.
While the computer monitored and controlled the temperature profile and collected
the data, the PID pressure controller maintained the desired back pressure.

Gas

sampling, produced liquid collection and pressure monitoring were carried out
manually. At the end of each experiment, the band heaters were switched off and air
flow changed to nitrogen. Then the combustion tube and pressure shell were gradually
depressurised while still maintaining the differential pressure at 69 kPa. The nitrogen
flow was left on for several hours until the combustion tube had cooled down to room
temperature.
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4.4.3 Post-Operation Analysis;

After the completion of an experimental run, the combustion tube assembly was
released by decoupling the inlet/outlet and other relevant fittings, as well as electrical
wires. The combustion tube was completely removed from the pressure shell. Firstly
all the wire and thermocouples were released from the combustion tube; secondly the
combustion tube top flange, co-flange, and coilheater were removed and the bottom
flange was also unbolted; and then finally the combustion tube was pulled up from the
core very carefully. In all cases (except Run 6) clean burned core was left behind the
combustion front. The produced oil samples were analysed for density using a Paar
DMA 35 digital densitometer and for viscosity using a Brookfiled viscometer DV-II.

4.4.4 Core Recovery:

After removing the burnt core from the combustion tube, it was carefully examined.
If the core was still in a good condition, then steps were taken to recover it for the
next experiment. The procedure in recovery process was similar to in situ combustion
process itself. However, in the recovery operation the pressure was at atmospheric
level and the combustion tube acted as a furnace. By activating all of the band heaters
the tube was heated up to 500 °C and air injected through the annular gap. When there
was no more trace of carbon monoxide or carbon dioxide in the exit line from the core,
then all of the residual oil or carbon had been burnt off. After opening the combustion
tube if the core was not completely burned, the recovery procedure was repeated.
Burning the core over the full length, made the mass balance calculations more accurate,
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since there were no residual coke or oil left in the core. If the core was not in a good
condition for recovery, it was cut into sections along its central axis to examine the
propagation and extent of the combustion front.
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COMBUSTION TUBE AUTOMATION

During the in situ combustion process, the combustion front should not be "forced"
and to that effect the tube was equipped with a fully automated control system to
compensate for the heat losses, thereby achieve a close adiabatic condition. The control
system uses real-time data acquisition and control procedures.

5.1 Computer Facility:

The computer system comprises a "front end", Macsym 260 computer (112), for
the real-time data logging and control and an Epson AX40 PC (II1) host computer for
data storage/display and data handling. The "front end" computer uses the MACBASIC
language which is dedicated to data logging, data processing and control in real-time.
It can interact with the ISC process to read the various signals eg. temperature or
concentration of C 02, CO and 0 2 in the effluent gases. The software operates under
WOS260 system and has multitasking capability. This feature enables it to run several
data logging, processing and control routine simultaneously on a time sharing basis,
with up to 18 tasks. The host computer provides the means to communicate with the
"front end" using 2 serial RS232 communication ports.
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Figure 5.1 illustrates this arrangement and Table 5.1 shows the number and type
of channels for control and data acquisition.

Table 5.1 Channel Specification on Macsym 260

channel type

measured variables

number of
channels

analog input

11

wall thermocouples

analog input

11

core thermocouples

analog input

1

ignitor thermocouple

digital output

11

band heaters

analog input

3

0 2, C 02 and CO levels

5.2 Software Design:

The software operates under 2 systems: WOS260 (MACBASIC) communication
between the two computer; LABTECH Notebook (LTNB) for data display, processing
and storage on the Epson computer.
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CONFIGURATION OF THE COMPUTER WORKSTATION

5.2.1 WOS26Q Operating System:

Five tasks are defined and activated for ISC process automation as described below
(the program is given in Appendix C) and corresponding software algorithm is given
in Figure 5.2.
Task 1: Sets the initial combustion tube temperatures and is activated every 60
seconds.

The control routine is based on a time proportioning PID loop

(Proportional-Integral-Derivative) control.

This routine operates on the error

difference between the initial set temperature and the temperature generated by the
core thermocouples. The object is to time proportion the activation of the band heaters
to maintaining an initial combustion tube temperature of 60° C.
Tasks 2 and 3: The purpose of compensating for the heat losses from the combustion
front zone is to maintain an adiabatic condition. Heat loss will occur if the core
temperature is significantly greater than that of the tube wall. The band heaters most
immediate to the front zone are regulated so that the tube wall temperature is as close
as possible to that of the combustion front. This ensures that the "error" difference
between them is small and the front zone is not "forced", ie. heat is not significantly
inputted or lost from the system.
Two tasks are activated every 60 seconds for control of band heaters 1 to 8, and 9
to 11. This means that each individual heater is activated for a maximum of 7 seconds.
The reason for using two separate tasks is due to the time taken at the "ON" position
which would lead to the 60 seconds period being exceeded if all 1 to 11 were used in
one task. The temperature error between the core and the wall thermocouples is input
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to a PID equation which calculates a step response between 1 to 14. This value is then
used to set the activation time for band heaters. This procedure is similar to the work
done by Dudley (1988). Table 5.3 shows the PID algorithm for this adiabatic control.
Task 4: This task is activated every 60 seconds and monitors the oxygen, carbon
dioxide, and carbon monoxide levels of the combustion gases in the combustion tube
exit line.
Task 5: This task reads in data from the process and transmits it to the PC host
computer via an RS232 serial link, and is inputted to LTNB menu driven package.
LTNB display the data, stores them on the hard or soft discs and also could show the
data on the printer.

Table 5.2 Description of Adiabatic Control Routine

Read Tw>11and
Error=Te<m-TWJ,
Based on Tcore selected control parameters
Calculate total PID action
Set on the value from PID equation
Set band-heater (I) for on-off based on PID value
Next I
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5.2.2 LABTECH Notebook Software;

LTNB is a menu driven data acquisition and control package which is used to
transfer data from WOS260 operating system (under RS232 communication protocol)
to real-time data storage (hard or soft disks); It also allows graphical presentation of
certain data and real-time interaction with the process. LTNB for this study uses 11
channels for the following process parameters:
1)

Thermocouple position along the combustion tube (ie. Distance)

2)

Core thermocouples data

3)

Wall thermocouples data

4)

Oxygen level in the exit line

5)

Carbon dioxide level in the exit line

6)

Carbon monoxide level in the exit line

7)

Injection time

8)

Process control error between core and wall temperature data

9)

Process control derivative time

10)

Process control integral time

11)

Process control gain

The data sampling rate is set at lOhz for the total duration of process.
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5.3 Adaptive Temperature Control:

The PID algorithm for adiabatic control uses an adaptive temperature control
procedure which is based on the combustion front zone temperature. A subroutine is
entered which specifies the derivative, integral times and the process gain at that specific
front temperature, which is similar to the work done by Dudley (1988). The constants
are obtained as follows.

5.3.1 Calculation of Adiabatic Control Parameter:

The procedure adopted for estimating the optimum controller settings for controlling
the band heaters, is the open-loop step response method, as described by Rovira et al
(1969).
The control parameters Kc (system gain), x , (the integral time constant), and x D
(the derivative time constant) occur in the PID algorithm as follow:

(5.1)

Where M is the control action and e is the error. The open loop test system (ie.
without the controller) is set up as shown in Figure 5.3. The estimation was carried
out as follows. The combustion tube was filled with sand and a flow of N2 gas
established.

Using the Variac, the band heater power was set at 50 Watts and

temperature step response was recorded continuously until it reached final steady state
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value, as shown in Figure 5.4. Using this process reaction curve, the apparent dead
time x AD and apparent time constant x A are calculated by drawing the tangent to the
curve and using the Rovira method. The control parameter are calculated as below:

Case for 50 Watts:

_ s t e a d y s t a t e t e m p . _ 142 _ ^
power input
50
x AD= \ . 2 m \ n

;

x ^ -S S .S m in

K c * K r = 0 . 9 6 5 * { x AD/ x J ' 0'83

...

(5.3)

...

(5.4)

Therefore system gain is:
K c = 6 .2 6
x A/ x , ~ 0 . 7 9 6 - 0 A 4 6 5 ( x ad/ x a )

integral time constant is:
x, = 49.1 1
TD/ T il = 0 . 3 0 8 * ( T ytD/ T j1)°-,2!’

-

(5.5)

Derivative time constant is:
x D *=0.4 6

The procedure was repeated for 100, 150, 200, 250, 300, 350 and, 400 Watts power
inputs; Table 5.3 shows the results.
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5.4 Software Interaction:

The combination of the MACSYM 260 "front end" and PC "host computer" (the
workstation) with 2 serial communication links provides this interaction as follows.
Measured data from the combustion tube experiments is acquired by the MACSYM
260.

The data is then transmitted to port 2 of the Epson PC using WOS260

communications software via one of the RS232 serial ports. The data are transferred
into LTNB operating in the background mode. When it is required to change the set
points or manipulate the control parameters for PID routine, the background (ie LTNB)
is exited and the foreground (ie WOS260) is entered, then via the second RS232 serial
port a new value for a given set point or control parameter (derivative/integral or gain)
is assigned to the foreground program.

5.5 Data Handling and Processing:

During the ISC experiment raw data is stored on the hard disc and subsequently
processed using Lotus 1-2-3 spreadsheet. The latter could be used for data handling,
but Harvard graphics software provided better quality printing and was used instead.

5.6 Temperature Monitoring;

Temperatures along the combustion tube and core are measured by a total of
twenty-three thermocouples, eleven for the wall, eleven for the core, plus one for the
coilheater. The thermocouples were connected first to two STB AIM03 which include
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cold junction compensation (14 readings per block) and each block is then connected
to an analog input multiplexor card AIM003. The thermocouple signals (mv's), which
subsequent amplified by the AIM003 card, are converted to temperature in degree
Celsius by polynomial (Macsym 260 manual):

T = a 0 + c i i V * a 2v 2 + a 3v 3 + a 4v*

...

(S.6)

v is type K thermocouple reading in volts
with
80= 0 .0

a1=2.43832E-2
a2=9.78303E-9
a3=3.62770E-12
a4=-2.5756E-16
for temperature between 0 to 400 °C
and
ao=6.23007E0
a, =2.49554E-2
a2=-7.87883E-8
a3=1.32697E-12
a4=1.55805E-18
for temperature between 400 to 1370 °C
To obtain an average reading of temperature over a period of time, the MACSYM
AVG command was used which averaged 50 readings taken at 0.002 second intervals.
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Table 5.3

Max.T

T*0.632

tr*0.632

C

C

min

142

89.7

40

287

181.4

375

PZD set-points control parameters

Kp

*AD

^a

min

min

2.84

1.2

38.8

47

1.91

0.7

237.1

45

2.51

458

289.5

38

510

322.2

588

Power

Kc
min

min

W

6.26

49.1

0.46

50

46.3

16.38

58.6

0.28

100

0.7

44.3

12.07

56.1

0.29

150

2.29

0.7

37.3

11.42

47.1

0.29

200

32

2.04

0.7

31.3

11.08

39.6

0.28

250

371.6

36

1.96

0.7

35.3

12.75

44.5

0.28

300

624

394.3

35

1.78

0.7

34.3

13.71

43.4

0.29

350

684

432.2

32

1.71

0.7

31.3

13.23

39.5

0.28

400

CHAPTER SIX

COMBUSTION EXPERIMENTS

COMBUSTION EXPERIMENTS

A total of seven forward combustion experiments was made. Each run was targeted
at a particular study factor considered to be important in the combustion process. Three
factors were chosen for this purpose; namely, oxygen mole fraction of the injection
gas, oxygen flux and also the fracture width. The latter was set by the annular gap
between the solid core and the combustion tube and could only be varied by increasing
or decreasing the core diameter. A choice was available between using constant total
air flux or constant oxygen flux. Since the oxygen-consuming reaction essentially
'drive' the in situ combustion process, constant oxygen flux was chosen.
The factor level chosen were:
* Oxygen mole fraction:

21 and 35%

* Oxygen flux:

2.21 and 3.68 m3/m2.h

* Fracture width:

1 and 1.5mm

The experiments were conducted using heavy Wolf Lake crude, having an API
gravity of 10.95°. The properties are listed in Table 6.1.
In Run 1 light Maya Isthmus crude was used to provide an easier starting procedure
of the core and initiate trial combustion procedures as far as saturation were concerned.
In this Chapter, the general features of the combustion results, including temperature
profiles, air requirement, fuel consumption, produced gas composition, apparent H/C
ratio, CO/CO+C02 ratio, oxygen utilization, combustion front velocity, carbon
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combustion rate and combustion time are presented. A sample calculation for the air
requirement and fuel consumption for Run 4 is given in Appendix D . Table 6.2 show
the operating conditions for the combustion experiment.

6.1 Temperature Profiles

Figures 6.1 to 6.14 show the temperature measured along surface of the core.
These temperature profiles show the peak temperature of the combustion front, which
is fairly flat in a number of cases, as well as the gradient temperature of upstream and
downstream of the combustion front. The temperature profiles are almost flat in the
downstream of the core during the early period of each run. This small temperature
gradient is probably due to the flow of steam and hydrocarbon gases in the fracture
and causing the surface temperature downstream of the combustion front to increase.
It is important to note that no water or oil bank can form in matrix having fractures,
instead the vaporised lighter hydrocarbon and steam flows from the pores into the
fracture spaced and produced with little delay.
The temperature profiles, are not typical of a conventional dry combustion process
in a combustion tube experiment (without fracture) in which part of the heat in the
burnt zone is transported downstream in the bed by the oxidant gas. In the fractured
combustion tests, as the combustion front moves forward the temperature behind it
still remains high. As the injected oxidant gas flows through the most permeable route
(fracture space) to the combustion-front (or partly beyond it if not utilized completely)
it only makes contact with the outside surface of the core and consequently is capable
of only transporting a small fraction of the heat from the burnt section.
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Table 6.1 Physical and Chemical Properties of
Wolf Lake OiW>

API gravity

10.95

Density
- 15°C (kg/m3)
- 60°C (kg/m3)

992.9
995.0

Elemental analysis (wt%)
- carbon
- hydrogen
- nitrogen
- oxygen
- sulphur

83.90
10.5
0.5
0.6
4.3

H/C

1.5

Metals
- Nickel
- vanadium

62 PPM
178 PPM

+2PPM
+2PPM

Latroscan (wt%)
- Saturates

10.8 0.5
61.2 2.5

- Aromatics
- Resins A

23.5 2.7

- Resins B

4.6 0.3

a- Supplied by British Petroleum, Research Centre, Sunbury on Thames,
Middlesex.
b- Starr, J. and Prats, J.M (1979)
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Table 6.2

Run
No.

Injected
gas
(vol %)
02
N2

Dry combustion experiment operating condition

Tube
pressure

Total
gas
flux
m3/m2.hr

Total
oxygen
flux
m3/ra2.hr

Crude
oil

kPa

Total
gas
flowrate
/hr

1

21

79

483

0.036

10.52

2.21

Maya Isthmus

2

35

65

1724

0.036

10.52

3.68

Wolf Lake

3

21

79

1724

0.036

10.52

2.21

Wolf Lake

4

35

65

1724

0.022

6.31

2.21

Wolf Lake

5

21

79

1724

0.060

17.54

3.68

Wolf Lake

6

21

79

1724

0.060

10.52

2.21

Wolf Lake

7

35

65

1724

0.036

6.31

2.21

Wolf Lake

Wet combustion may improve heat scavenging effectiveness in a fracture system
although contact with the bulk matrix is still limited to penetration in the immediate
vicinity of the combustion front.
In their experimental study, Schulte and de Vries (1985) obtained more accentuated
temperature profiles peak. The steeper profiles they observed may have been caused
by (i) extra heat loss effect because of the smaller diameter core used (25 mm compared
to 64mm), and (ii) poor adiabatic temperature control achieved in their experiments,
accentuated by the axial heat conduction problem of a thick-walled reactor tube. They
did, however, attempt to partially correct the axial heat transfer by shock nitrogen
cooling at sections along the reactor.
It is surprising at first sight that the runs under manual control, using a single
heating tape, were so satisfactory. However, with a single heating tape any increase
in the heater load simultaneously increase the temperature downstream in the core
which would be advantageous in promoting combustion.

The use of narrow

band-heaters under computer control is obviously a more realistic control procedure.
The peak combustion temperatures for each run are reported in Table 6.3. The
lowest temperature was obtained with the light Maya Isthums crude. Substantially
higher temperature was observed for the heavy Wolf Lake crude. Interestingly the
enriched air tests for Runs 2, 4 and 7 achieved much lower maximum temperatures
compared to the air combustion Runs 3 ,5 and 7. Shahani and Hansel (1984) and Tuwil
(1991) also found a decrease in peak temperature with increasing 0 2 concentration for
heavy oil. The higher gas flux in Run 5 increased the peak temperature to 851°C. The
maximum combustion temperature obtained by Schulte and de Vries (1985) in their
experiment was significantly lower (approximately 600°C) than that achieved in the
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present tests, which is probably due to the heat loss problem referred to previously.
Photograph 6.1 shows the burnt core from Run 4. The core from this test was
sectioned every 1cm along its length. It shows clearly that the shape of the combustion
front is that of a cone shape, as first reported by Schulte and de Vries (1985). This is
because of the front inside of the core lags behind that in fracture owing to the greater
diffusion path for oxygen. Other sections (not shown in the photograph) taken upstream
from the combustion front exhibited a uniform reddish orange colour and were
completely burned clean. The length of the combustion front was measured to be
approximately 0.17m. The prediction value for the length of the combustion front
from simplified analytical model of the Schulte and de Vries was 10m or 2.0m corrected
to front condition (T=750°C and P=1724kPa). However, Schulte and de Vries model
was derived for planar-parallel geometry, and therefore cannot be expected to provide
an accurate value for the cylindrical geometry of the present tests (see Chapter 3).
Figures 6.15 to 6.21 show the temperature profile against time for both core and
wall positions. In the first 3 runs ( Figures 15 to 17) the adiabatic control was achieved
manually. The next 4 runs (Figures 18 to 21) were implemented with the band-heaters
under computer control. The adiabatic regulation obtained for the majority of the core
is within 20°C except during the early stages of the test. The wall temperature is
generally less than the core temperature, thus minimizing heat transfer into the tube
which is beneficial in not forcing the combustion process. However the resultant heat
loss will have retarded the process to some degree. In Run 6, failure of two band-heaters
due to repeated blowing of fuses caused the temperature difference to increase to about
45°C worsening the adiabatic control.
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PHOTOGRAPH 6 . 1

POST-MORTEM S E C T IO N OF BURNT CORE (RUN 4 )
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Post-examination of the burned core in Run 1 showed that a small narrow section
about 20cm long was left unbumt in the burnt section. This may have been caused by
slight distortion at the top end of the tube, resulting in an irregular flow pattern of the
gas in the annular gap. Infact the tube may probably have been in contact with the
core over this top section, thus restricting the oxygen flow to the surface of the core.
If so, oxygen must have diffused into the matrix and through the burnt section of the
core. This could have useful practical application, i.e. partial "blocking" of the fracture
in order to increase diffusion into the matrix, but further tests are needed to confirm
this and also how it would be possible to implement such a blocking mechanism in a
reservoir under the prevailing high temperatures.

6.2 Air Requirement

One of the main costs for the combustion process is that of air compression. The
air requirement (m3) to bum a unit volume of reservoir (m3) is therefore the most
important parameter determining the economics of a combustion project.

Other

parameters which are linked to the air requirement and are used to measure the economic
success of a project are the amount of air required to recover 1 m3 of oil, or air-to-oil
ratio (AOR) and the air consumed per kg of fuel, or air-to-fuel ratio (AFR).
In Table 6.3 the values of air requirement, AOR, AFR, oxygen requirement and
oxygen-to-oil ratio (OOR) are given for each experiment.
The effect of oxygen enrichment on air requirement is demonstrated by Runs 2, 4
and 7 (35 %Oj) comparing with the air test in Runs 5, 3 and 6 using a constant oxygen
flux of 3.68, 2.21 and 2.21 m3/m2h. The air requirement or strictly 'gas requirement'
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is significantly lower in all three cases using 35% oxygen. The respective reduction
in the gas requirement for Runs 2, 4 and 7 compared to Runs 5, 3 and 6 are 11.0,
19.7, and 53.2 percent, being greatest for the lowest oxygen flux.
Increasing the fracture width from 1 to 1.5mm caused an increase in the air
requirement when air was injected, but it had an opposite affect with 35% oxygen.
Runs 6 and 7 are repeats of Runs 3 and 4, respectively, except that fracture width was
increased from 1 to 1.5mm. As it can be seen from Table 6.3 the air requirement is
increased from 355 to 470 m3/m3 for air injection in Run 3 compared to Run 6 due to
increase in fracture width. However, the same increase in fracture width for 35%
oxygen injection decreased the air requirement from 285 in Run 4 to 210 m3/m3in Run
7. This is because of the combustion front velocity which was slower in 1.5mm fracture
width compered to 1.0mm fracture for air injection, but the velocity was faster for
1.5mm fracture width when 35% oxygen was used.
The trend of AFR when using enriched air was the same as that observed for the
air requirement but to an increasing extent. The respective percentage overall reduction
in the AFR for the same three pairs of runs with increasing oxygen enrichment (from
21% to 35%) was 30.3, 32.2 and 55.2. The increase of fracture width caused 53%
increase of AFR using air injection (comparing Runs 3 and 6), but there was only a
very weak increase using 35% 0 2 (comparing Runs 4 and 7).
The effect of oxygen enriched air on AOR depended on the oxygen flux. With a
low oxygen flux (2.21 m3/m2.h) the AOR decreased from 3025 to 2577 m3/m3
(comparing Runs 3 and 4) and from 2448 to 1421 m3/m3 (comparing Runs 6 and 7)
when 35 %0 2 was injected. At a high oxygen flux (3.68 m3/m2.h), however, the AOR
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increased from 3607 to 3938 m3/m3 (comparing Runs 2 and 5) with injection of 35%
0 2. Increasing the fracture width in Runs 6 and 7 reduced the AOR by 19.1 % and
44.8% respectively, compared to Runs 3 and 4.
The oxygen requirement and OOR in Runs 2 and 4 using 35 % 0 2 increased by an
average of 41.1% and 62.0% respectively compared to Runs 5 and 3 with air. The
higher oxygen flux in Runs 2 and 5 (3.68 m3/m3) increased both the oxygen requirement
and OOR by an average of 30.1 %and 36.0% (compared to Runs 4 and 3 respectively
at lower 0 2 flux). The higher oxygen requirement is due to the greater oxygen flux,
which is in agreement with results by Petit (1990). This is because part of the oxygen
does by-passes the combustion front without reacting and is therefore available to
participate in oxidation reactions with the oil in the downstream sections. This was
confirmed by high values of the H/C ratio in Run 2 (3.08) and Run 5 (2.50). Increasing
the fracture width for air in Run 6 resulted in an increase in the oxygen requirement
(32.2%) and reduced OOR (19.2%) compered to Run 3. However, increasing the
fracture width for 35 %0 2in Run 7 reduced the OOR as well as the oxygen requirement
by 44.9 and 22.8 percent respectively compered to Run 4.
The AOR was significantly lower in this study compared to previous conventional
combustion tube (no fracture) studies (Dudley, 1988 and Adewusi, 1986). The average
AOR for these experiments was 3086 m3/m3while the average AOR achieved by Dudley
and Adewusi was 8.4 %and 72.7% higher respectively. In addition, as shown in Table
7.2 the AOR can be reduced to an average o f2004 m3/m3if the duration of experiments
is limited to a 50% bum period when three-quarter of the oil has been recovered.
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6.3 Fuel Consumption

Fuel consumption is an extremely important parameter in the in situ combustion
process, since it generates the necessary energy to sustain the process as well as
determining amount of the air required to bum a unit bulk volume of a reservoir. It
is also a major factor which determinant in how much oil is eventually recovered.
Table 6.3 shows the fuel consumption (kg/m3) which was determined as:

Fuel

consumption

, 3x
(k g /m ) -

Fuel
volume

of

b ur ne d

combusted

(kg)
section

( m 3)

Fuel burned in the above equation is the total of carbon and estimated hydrogen
burned as fuel. This is calculated as (Nelson and McNeil, 1961):

Carbon

Hydrogen

burned(kg)

burned(kg)

«

-

V *
g

C 0 2+ C 0
12
------------ * ------100
2 2 .4

...

^ A^ - J y 0 2 *N 2/ N Zi- 0 2- C O z -]^CO^

(6.1)

...

(6.2)

Where Vg is the volume of gas produced, 0 2i and N2i are the respective fraction of
oxygen and nitrogen in the injection gas (volume %) and N2, C 02, 0 2 and CO are the
mole fraction of nitrogen, carbon dioxide, oxygen and carbon monoxide respectively.
Table 6.3 also gives the fuel consumption as a percentage of the original oil in
place (OOIP) and total oil recovery.
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All the enriched air tests (Runs 2, 4 and 7) gave an increase in fuel consumption
but not with any constant trend. There is some conjecture as to the precise effect of
oxygen enrichment on fuel consumption. Dudley (1988) and Shahani and Hansel (1984)
have reported an increase in fuel consumption for air combustion to oxygen. Moore
et al (1987) found that the fuel consumption was the same, or greater, than that with
air, as oxygen concentration increased. The results in the Table 6.3 appear to support
the observations of Moss and Cady (1982), Garon et al (1986), Petit (1987) and Tuwil
(1991) that fuel consumption generally increased with oxygen enrichment.
Fracture width also had a substantial effect on the fuel consumption. Comparing
Runs 7 and 4 shows that for the overall period, increasing the fracture width from 1
to 1.5mm reduced the fuel consumption by 24.3 %kg/m3. A reduction of 13.3 %kg/m3
on fuel consumption was found in Run 6 compared to Run 3. It is interesting to note
that the increase in fracture width in these two runs caused a drastic increase effect in
fuel consumption during the stabilised period. This increase was 48% for the first pair
and 138% for the second pair.
Using a higher oxygen flux (3.68 m3/m2.h) in Runs 2 and 5 compared to Runs 4
and 3 with a lower flux (2.21 m3/m2.h) increased the fuel consumption (kg/m3) by 13.4
and 3.0 percent respectively. The higher fuel consumption in this case is probably due
to LTO effect caused by oxygen channelling through the combustion front. This finding
agrees with Alexander et al (1962), Dabbous and Fulton (1974), Fassihi et al (1980)
and Babu and Cormack (1983).
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12% of the OOIP as consumed fuel for the combustion was at the lowest value
during Run 6 with a 1.5mm fracture width, 21% oxygen and 2.21 m3/m2.h oxygen
flux. This value is 2.3 times less than the value for Run 2 (28% OOIP) when 1mm
fracture width, 35% oxygen, and 3.68 m3/m2.h oxygen flux were employed.

6.4 Produced Gas Composition

Figures 6.22 to 6.28 show the composition of the exit gases (0 2, CO and CO^ as
a function of time. Table 6.3 summarizes the value for overall and stabilised periods
for the produced combustion gases and oxygen; the overall gas material balance is
given in Appendix D. GC analysis showed only traces of methane in some cases which
was not considered to be significant.
As can be seen from Table 6.3 there is a substantial increase in the produced C02
when the oxygen concentration increased from 21 to 35 % (Runs 2 ,4 and 7). Whether
this higher level C02 concentration had any beneficial effect on oil recovery depends
on the contact solubility of carbon dioxide with the oil, which is a function of pressure,
temperature, contact time and the oil composition (Petit, 1987). This will be discussed
in the Chapter 7.
In Run 2 with 35% oxygen, ignition started well enough, but the combustion
appeared to fail shortly afterwards, as evidenced by the rapid fall in C02 concentration
and the subsequent rise in the oxygen level. However, the temperature continued to
rise to over 450°C, probably because of the exothermic contribution of low temperature
oxidation reactions. Combustion recovered at about 10 hours and the C 02level climbed
continuously to a very high value of 28.7%. It is not completely clear why the
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combustion should fail so drastically during this period of the test, unless there was
an oil saturation deficiency in the core (unlikely), or the fuel produced by LTO reaction
was too unreactive at the low temperature prevailing, or there was a temporary blockage
(for short time) in the production line which inhibited the oxygen flow to reach freely
to the reaction zone.
Run 3 with air shows a reasonably stable profile for C 02, but with three regions
of operation: (1) a moderately high peak level of 12 %C 02, with high oxygen utilization
(98 %), (2) a lower, stable region with C 02values round 10%, but with correspondingly
much lower oxygen utilization down to 77%, and (3) a rising C 02 trend, levelling off
at 14.5% with essentially 100% oxygen utilization. The CO concentration is fairly
constant at 3.6%.
In the second test with 35% oxygen, the C02 mole fraction increased gradually
and had a much more stable profile than Run 2 as evidenced by very similar values
for both overall and stabilised C 02level. The overall oxygen utilization and C02 mole
fraction were considerably higher than in Run 2 due to lower oxygen flux which reduced
residence time for the oxygen in the reaction zone.
The second air combustion test with Wolf Lake oil in Run 5, at higher injection
rate of 0.06m3/h, the C 02 level is fairly stable at average of over 10%. The average
C 02production in Schulte and de Vries experiment was 12% which is nearly the same
as that achieved in the present air combustion tests with the heavy crude.
Run 6 which is a repeat of Run 3 but with a fracture width of 1.5mm instead of
1mm. After ignition, C02 increased to a maximum value of 12.9% at 5 hours with
100% oxygen utilization and then gradually fell to 2% after 12 hours. The same trend
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was achieved in Run 7 with 35 % 0 2. However, the C02 increased to a maximum
value of 29.2% with 100% oxygen utilization and then after 12 hours started to fall
rapidly with a corresponding rise in the oxygen level.
The early continuous fall in C02 concentration in these two runs (6 and 7) is due
to fast oil recovery which gradually reduced the oil saturation in the lower part of the
core (see Section 6.1.)

6.5 Apparent H 1C and CO/CO+ CO.

The atomic H/C ratio of the fuel burned is calculated by the equation (Nelson et
al, 1961):

0 Zi* N z / N z - C 0 z - 0 z - \ C 0
H / C = 4 * -------------- — ---- — -------- ----C 0 2+ C 0

...

(6 .3 )

This is done on the assumption that the unaccounted oxygen reacts to form water.
However, this is not entirely true, since some oxygen may be consumed by low
temperature oxidation (LTO). This would be evidenced by a low level of C 02 and
CO in the produced gases. For this reason the atomic H/C is often referred as the
apparent value rather than true value.
As can be seen from Figures 6.29 to 6.35 the ignition started with a high H/C for
all seven runs, indicating substantial LTO. This may have been due to slow development
of the combustion front, but as temperature increased and correspondingly the extent
of the combustion front increased, the H/C ratio reduced rapidly to 2 or less. However
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the fuel produced by LTO reaction in the initial period was probably important for
eventual stabilization of the combustion. Eventhough it may have slowed the advance
of the combustion front during this period, there was no deficiency in the combustion
characteristic.
Using oxygen enriched air caused an increase in the H/C when the fracture width
was 1mm. However, when the fracture width was 1.5mm the H/C decreased by 16.6%
compared to air (Runs 6 and 7). Generally there was no consistent trend between the
average peak temperature and H/C ratio which is not in agreement by other investigators
who investigated non-fractured system (Tadema 1959, Bousaid et al 1968, Fassihi et
al 1980, Tuwil 1991).
Run 2 with enriched air shows (Figure 6.30) a very high H/C ratio at the beginning
of the test reaching a maximum of 28 about 4 hours into the bum. Values of H/C > 2
are considered to be an indication of LTO occurring (Burgher and Sahuquent, 1972).
Therefore very substantial LTO effect must have occurred in this case. This coincides
with the period when extinction of the combustion front was threatened (as explained
in Section 6.4) but as the combustion re-stabilised, the H/C value reduced rapidly to
2 or less.
The lowest H/C (1.09) was achieved in Run 3 with air (Table 6.3), the H/C fell
rapidly and stabilised over 7 hours to a value of 1.2 and then decreased appreciably to
less than 0.5. In this case, the fuel is essentially coke. H/C in Run 4 is fairly constant
(Figure 6.31) after the initial period and similar values pertain for both the stabilised
and the overall period, though there is still some indication of LTO occurring. The
two highest H/Cs obtained in Runs 2 and 5 is attributed to the higher oxygen flux
employed, causing result in increase LTO.
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Increasing the fracture width from 1 to 1.5mm in Runs 6 and 7 was expected to
cause an increase in H/C. However the average H/C in Run 6 (2.23) and Run 7 (1.86)
was both significantly below the expected trend.
The lowest values of CO/CO+C02 were achieved in Runs 2, 4 and 7 for enriched
air, as shown in Table 6.3. This shows that the fuel combustion reaction was more
complete in these cases. Both the overall and stabilised values are considerably smaller
than those for the air tests. Similar findings have been reported by Petit (1990). The
lower gas flux used in Run 4 seems to indicate that increasing the residence time for
oxygen to react is important. The very low CO/CO+C02 values achieved in Runs 4
and 7 are consistent with 100 and 95% sustained oxygen utilization through the runs,
confirming high combustion efficiency.

6.6 Oxygen Utilization

Oxygen utilization is a measure of combustion efficiency. The instantaneous oxygen
utilisation profiles for all seven runs are shown in Figures 6.36 to 6.42.
Oxygen utilization for the stabilised period for the three runs with 35 % 0 2 (Runs
2, 4 and 7) achieved 100% (Table 6.3). The overall oxygen utilization for the oxygen
enriched air tests were also very high compare to those with air (except for Run 2
which was due to difficulties in initiating combustion). Experiments by Petit (1990)
have also shown that increasing the oxygen concentration leads to higher oxygen
utilization. In Run 4, in which the overall oxygen utilization was 100% for nearly 18
hours (the longest run) demonstrated the effectiveness of using enriched air at an
optimum flux. This is due to increase of gas residence time in the combustion zone
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and therefore increases the oxygen efficiency (Moss and Cady, 1982).
Increasing the fracture width from 1 to 1.5mm was expected to cause difficulty
with ignition. On the contrary, not only did the combustion start as well as the other
runs, these runs were also the only tests (excepting Run 4) for which combustion started
with 100% oxygen utilization. Also, in Run 7 with 35 % 0 2oxygen utilization remained
at 100% till a recovery of as high as 60% of OOIP.

6.7 Combustion Front Velocity

Combustion front velocities were determined from peak temperature location
(Vossoughi, 1982) and are summarized in Table 6.3.
Values for stabilised combustion period are higher than overall values for all the
seven runs. This reflects to somewhat inhibited or slow combustion front propagation
during the first few hours of the test, with faster combustion sustained during later
period. The slow movement of the combustion front during the early stage could be
problem due to time-taken for development of the front into a full cone-shape.
Subsequently, downstream in the bed, heat is gradually transferred (see Figures 6.1
to 6.7) by steam and hydrocarbon gases enhancing the velocity of the front at latter
stages.
In Run 3, there is a large difference between overall and stabilised values. The
combustion front velocity for the stabilised period in this case relates to an intermediate
period where vigorous combustion was achieved, yielding C 02 levels in the produced
gas up to 14.6%, significantly higher than the normal level of about 10%. Overall
combustion front velocities are similar, in the range of 0.023 to 0.031 m/h, except for
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Run 5 at a higher total flux, where the velocity is 0.041 m/h. The combustion velocity
achieved by Schulte and de Vries was 0.036 m/h with an air flux of just over 33
m3/m2.h. This velocity is 12% slower than that in Run 5 while their air flux was nearly
double.
It is reassuring to note that the velocity for the stabilised period for Run 2 and Run
5 are almost identical, respectively, 0.047 and 0.045 m/h. The total oxygen flux for
these two runs was the same at 3.68 m3/m3.h. The highest combustion front velocity
achieved during the stabilised period for Run 3 was 0.078 m/h, and this aligns with
the lowest fuel consumption during that period of 14.4 kg/m3.
The combustion front velocity was higher for air than 35 % 0 2 considering the first
5 runs with a 1mm fracture width which is due to higher total flux. However, in Runs
6 and 7 in which a 1.5mm fracture width was employed the combustion front was
faster with 35% 0 2.

6.8 Carbon Combustion Rate

The carbon combustion rate is determined from the slope of the graph of cumulative
carbon burned in the effluent gas verses time (Vousoughi, 1982). As shown in Figures
6.43 to 6.49 the carbon combustion rate has a linear trend for all of the runs after the
combustion front had developed. The carbon combustion rate found to be the same,
or greater with 35 %0 2concentration than with air. Increasing the oxygen flux however
caused a significant increase in the carbon bumoff rate, which was more significant
with 35% oxygen. Indeed, carbon bum off rate increased by nearly 100% in Run 2
when a higher oxygen flux was employed compare to Run 4.

145

Cumulative Carbon Burned Kgm
0 .0 5

0 .0 4

Experiment 1
02 f!ux=2.21 m 3/m 2.h
Fracture width=1 mm
Maya Crude Oil
21% Oxygen

0 .0 3

0.02

0.01

5

0

25

10

Time ( h )

Figure

6 .4 3

Cumulative Carbon Burned

0.08

Cumulative Carbon Burned Kgm

0.06

0.04

Experiment 2
02 flux 3.68 m 3/m 2 h
Fracture width=1 mm
Wolf Lake Crude
35% Oxygen

0.02

0
Figure

0.05

10

5

6 .4 4

15

20

25

Time (h)
Cum ulative Carbon burned

Cumulative Carbon Burned Kgm

0.04

0.03

0.02
02 flux 2^1 m 3/m 2 h
Fracture wktthelmm
Wolf Lake Crude
21% Oxygen

0.01

0

Figure 6.45

5

10

15

Time (h)
Cumulative Carbon Burned

147

20

0.06

Cumulative Carbon Burned Kgm
Experiment 4
02 flux=2J1 m3/m2.h
Fracture wfdth<=1mm
Wolf Lake Crude
39% Oxygen

0.05 p
0.04
0 .0 3 -

0.02 h
0.01

0

5

Figure 6 .4 6

0.05

15

10

20

Time (h)
Cum ulative Carbon Burned

Cumulative Carbon Burned Kgm

0.04
Experiment 5
02 flux=3.68 m3/m2.h
Fracture «1dfti«1mm
Wolf Lake Crude
21% Oxygen

0.03

0.02

0.01

0

2

Figure 6.47

4

6

8

10

12

Time (h)
Cumulative Carbon Burned

148

14

0.025

Cumulative Carbon Burned Kgm

0.02

0.015
Experiment 6
02 flux 2.21 m 3/m 2 h
Fracture Width 1.3mm
Wolf Lake Crude
21X oxygon

0.01

0.005

0

Figure 6 .4 8

0.03

6

4

2

12

10

8

14

Time (h)
C um ulative Carbon Burned

Cumulative Carbon Burned Kgm

0.025
0.02

0.015
Experiment 7
02 flux 241 m 3/m 2 h
Fracture widths 1.5mm
wolf Lake Crude
33% Oxygen

0.01

0.005

0
0

2

Figure 6.49

4

6

8

10

12

Time (h)
Cumulative Carbon Burned

149

14

16

Increasing of the fracture width reduced the carbon bum off rate substantially for
air but the effect was only very slight when 35% oxygen was used.
Experiments by Dudley (1988) showed that oxygen mole fraction did not have any
significant effect on carbon bum off rate, indeed the only factor which was found to
have a substantial effect was the oxygen flow rate. However, Adewusi (1986) and
Tuwil (1991) both found that there is a strong (direct) dependency between oxygen
enrichment and carbon combustion rate.

6.9 Combustion Time

The combustion duration times are tabulated in Table 6.3. Each experiments was
terminated after the combustion front had moved approximately 2/3 of the bed (except
in Run 6, due to failure of two band-heaters the experiment had to be terminated when
combustion front had moved about 1/2 of the core). Runs 2 and 3 were terminated
early due to excessive heat overloading causing by failure to the heating tape.
Runs 4 and 5 were ended prematures due to leakage of nitrogen from the shell into
the combustion tube via top gasket 'Unilion' which unable to stand the high temperature
(833°C) over a long period. A new graphite gasket was used for the next two runs (
6 and 7) with working temperatures of more than 1000°C. However Run 6 also had
to be terminated early due to problem with faulty fuses for the band heaters. Run 7
was actually terminated after 19.5 hours. In this case no oil production occurred after
12.3 hours (time reported in Table 6.3) and the run was allowed to be continue through
to 19.5 hours.
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Table 6.3

Summary of combustion tube parameters

Run no.

1

2

3

4

5

6

7

System pressure (kPa)

483

1724

1724

1724

1724

1724

1724

Fracture width (mm)

1

1

1

1

1

1.5

1.5

21

35

21

35

21

21

35

produced gas (vol %)
C02 overall
stablised
CO overall
stablised
0 2 overall
stablised
N2 overall
stablised

8.51
11.27
2.12
2.51
3.21
2.02
86.16
84.20

17.74
27.97
2.33
1.61
7.00
0.0
72.93
70.42

10.98
14.64
3.60
3.88
2.27
0.08
83.15
81.40

21.46
21.39
1.32
0.09
0.0
0.0
77.20
77.71

Peak temperature (C)
average
maximum

414
432

571

697

732

618

730

Air requirement (m3/m3)
overall

397

390

stablised

218

206

355
132

Injected gas (%
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10.18 9.81 22.8
10.11 11.91 27.4
1.84 1.54 3.04
1.69 1.90 3.55
2.69 3.99 0.90
3.48
1.60 0.04
85.29 84.66 73.26
84.72 84.59 69.01

715
762

623

748

833
851

285

438

470

210

259

390

376

255

656

Table 6.3

Continued

• ••

AFR (mVkg)
overall
stablised

12.73
10.60

8.46
5.90

10.21
8.92

6.92

AOR (m3/m3)
overall
stablized

4588 3938
11062 7031

3025
9119

2578
3353

Oxygen requirement
(m3/m3)
overall
stablised
Oxygen-oil ratio (m3/m3)
overall
stablised

6.76

12.13
10.93

15.67

7.02

10.93

5.42

3607

2448
1224

1421
848

7166

83.37 136.5 74.55 99.75 91.98 98.70 77.00
45.78 72.10 27.72 90.65 81.90 78.96 89.25

963
2323

1378
2461

635
1914

902
118

757
1504

514
257

497
451

Fuel consumption(kg/m3)
overall
stablised
Fuel consumption
% OOIP
% oil recovery

31.21 46.80 34.63 41.26 35.66 30.00 31.25
20.88 35.50 14.44 31.57 30.96 34.46 40.60

23
36

28
48
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21
31

25
38

21

12

14

31

16

20

Table 6.3

Atomic H/C ratio
overall

Continued...

3.08
1.72

1.09
0.55

2.26
2.16

2.50

stablised

3.23
2.71

C 0/C 0+ C 02 ratio
overall
stablised

0.23
0.17

0.11
0.05

0.24

84.7
90.4

80.0
100

2.39

2.23
1.89

1.86
0.82

0.20

0.06
0.04

0.19
0.13

0.14
0.14

0.09
0.06

89.2
99.6

100
100

87.2
83.4

81.0
92.4

95.7
99.8

0 2 utilization
overall
sablised
Front velocity(m/h)
overall
stablised

0.028 0.025 0.029 0.023 0.041 0.023 0.031
0.048 0.047 0.078 0.025 0.045 0.028 0.033

Oil recovery (%OOIP)

64.5

58.0

average gravity of
produced oil (API)

34.41

19.24 14.03

70.0

65.6

69.9

75.6

70.0

17.52 14.15

14.64 16.29

17.00 17.50 14.50 17.50 10.75
5.25 5.25 3.50 13.50 5.50

14.17 12.83
4.95 4.92

2.43

2.01

Total combustion time(h)
overall
stablised
Carbon combustion rate

5.56
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2.83

2.8

3.63

2.74

From Figure 6.14 in can be seen that the combustion front was barely advanced
during the last 6 hours of the run. From the mass balance it was noted that 84.0% of
the OOIP was recovered or burnt as fuel for the process. Thus the remaining oil
saturation in the unbumt part of the core was too low to sustain the combustion front.
As reported in the next Chapter, at least 84% of the OOIP was recovered or burned
as fuel during each run up to point when the experiment was terminated. In Run 7 the
oil saturation in the unbumt part of the core was estimated to be approximately 16.6%
which could be the reason that combustion front was not able to propagate further.

6.10 Conclusions

In situ combustion of heavy and also a light oil was successfully propagated in a
cylindrical sandstone core with an adjacent 1 and 1.5mm surrounding simulated fracture
space during a series of dry tests using air and 35% oxygen. The highest peak
combustion temperatures, exceeding 800°C, were achieved with air, but much greater
oxygen utilization resulted with enriched air.

The combustion front was cone-shaped, ie the front inside the core lagged behind
that in the fracture because of the greater diffusion path for oxygen. The extent of the
combustion front was over-estimated by Schulte and de Vries' simplified analytical
model.
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The air requirement and AFR were significantly lower with 35% oxygen. The
extent of this was greater when the oxygen flux was low. The effect of oxygen
enrichment on AOR depended upon the oxygen flux. At low oxygen flux, 35 %oxygen
reduced AOR and at high flux had an opposite effect.

Increasing the fracture width increased the AFR but caused a reduction of the AOR.
The effect of fracture width on air requirement depended upon the oxygen mole fraction.
At 35% oxygen concentration increase of fracture width cased a reduction of the air
requirement, but had an opposite effect with air.

Fuel consumption was highest with 35 %oxygen, but it was not significantly different
when the fracture width was increased. However, increasing the fracture width caused
the fuel consumption to increased substantially during the stabilised period. A higher
oxygen flux also increased the fuel consumption.

The combustion front velocity was dependent upon both fracture width and oxygen
mole fraction. The carbon combustion rate was fairly constant once the combustion
front became stabilised.

LTO reaction occurred in all of the tests, particularly during initial part of the runs,
as evidenced by high H/C ratio values. This effect was most severe for the enriched
air tests. The fuel produced by LTO reactions was, however, probably beneficial in
promoting the combustion process.
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CHAPTER SEVEN

PRODUCED OIL RECOVERY AND PROPERTIES

PRODUCED OIL RECOVERY AND PROPERTIES

This Chapter is concerned on the recovery of the produced oil under a range of
operating conditions and also how the produced oil is upgraded or modified by thermal
cracking and oxidation reactions.

7.1 Liquid Production

Table 7.1 gives a summary of oil recovery data. For each of the seven combustion
runs the cumulative liquid production profiles for the oil and water as a function of
combustion time is presented in Figures 7.1 to 7.7.

These exhibit distinctive

characteristics in each case which are the result of the particular condition of combustion
and displacement process. Liquid was produced from the very start of each run due
to expansion and evaporation resulting from the pre-heating of the top of the core to
achieve ignition. Thus the oil at the top of the core was raised to 450°C, while at the
base was still at 60°C. Experiments by Dudley (1988) showed that pre-heating the
combustion tube can significantly affect the oil saturation profile from the initial uniform
condition. In his experiment an oil bank was formed downstream of the ignition zone,
leading to the early production of oil. A different situation exists in the fractured
combustion tests because produced oil and water does not have to flow through the
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Table

7.1

In situ combustion oil recovery

Process Conditions
run
no

injected
gas

Oxygen
flux

Recovery Data

liquid
saturation

vol%
So

Sw

oil in

Total
oil

Overall
oil

Oil
consumed

palace
gm

recovered
gm

recovered
%OOIP

as fuel
gm

Original

O2

N2

m3/m2.h

1

21

79

2.21

48.2

37.2

211

139

64

49

2

35

65

3.68

54.7

33.1

239

139

58

67

3

21

79

2.21

52.4

36.9

221

154

70

47

4

35

65

2.21

54.5

32.5

236

155

66

60

5

21

79

3.68

53.2

33.2

239

167

70

51

6

21

79

2.21

57.8

32.6

255

193

76

30

7

35

65

2.21

59.2

31.4

263

184

70

37

bed to reach the production line. Thus no oil or water bank is formed ahead of the
combustion front and instead the production from any part of the core can flow
continuously into the fracture and be produced with little delay.
From Figures 7.1 to 7.7, this observed that more than three-quarters of the oil is
produced during the first half of the run. Schulte and de Vries (1985) stated that oil
production mainly occurs by expansion of the oil and evaporation at the surface of the
fracture. The tendency for most of the oil to be produced during the first half of the
bum supports this view, since the temperature profiles indicate very slow movement
of the combustion front during this period. However, some caution is required since
precise determination of the combustion front velocity is more complex than that
described here and also by Schulte and de Vries (1985), because the cone shape of the
combustion front takes some time to fully develop.
The oil recovery based on 50% of the total bum time are given in Table 7.2. It is
obvious that there would be little economic advantage in continuing production beyond
a 50% bum time. Correspondingly effective AOR values base on this approach would
appreciably reduced.
Oil recovery is closely interlinked with fuel consumption in the ISC process, and
is therefore a critical parameter to be optimised to maximise recovery efficiency. At
first sight, the oil recovery values appear to be moderately high, ranging from 58 to
76% OOIP. The highest recoveries were achieved with air combustion in Runs 3, 5
and 6 which aligns with the lower fuel consumption achieved compered to the runs
with 35% oxygen. Dudley (1988) and Adewusi (1986) did not find any consistent
trend of the oil recover with air enrichment.
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Table 7.2

Oil recoveries based on 50% total b u m tine

run
no

Oil
recovery
(% OOIP)

Oil
recovery
at 50%
burn time
% OOIP

Oil recovery
at 50% burn
time as fraction
of total oil
recoverd

Adjusted AOR
based on 50%
burn time
(overall
sm^/m^)

1

64.5

51.6

0.80

2234

2

58.0

46.6

0.80

2452

3

70.0

53.3

0.76

1990

4

65.6

50.5

0.77

1673

5

69.9

55.0

0.79

2282

6

75.6

50.4

66.71

1835

7

70.0

51.1

73.00

973

The rate of oil recovery was significantly higher for the air combustion runs
compared to that using 35 %0 2, in the high oxygen flux case (Runs 5 and 2). However
the opposite effect trend occurred (albeit less significant) when the oxygen flux was
low (Runs 3 and 4). One explanation for this, is that at lower oxygen flux the higher
C 02 production achieved with 35% 0 2 injection, commensurate with long enough
residence time, caused a swelling effect on the oil, resulting in the higher oil production
rate. On the other hand, at higher oxygen flux, the dominant effect was due to the
higher gas flux with air combustion rather than increased C 02 production with 35%
oxygen. The rate was very similar for air and 35% 0 2 with 1.5mm fracture width
(Runs 6 and 7).
Increasing the fracture width to 1.5mm caused an increase in the oil recovery,
8.6% for air and 6.1 % for 35% 0 2. There was also an increase in the oil production
rate, probably due to the larger cross sectional area for flow.
Increasing the oxygen flux had no effect on the total oil recovery when air injection
was used (Runs 3 and 5) but it was reduced by 12.1 % when using enriched air (Runs
2 and 4). Dudley (1988) reported that Increasing the oxygen flux had either no effect,
or reduced the oil recovery with air but caused an increased in the recovery for 35%

o2.
The highest oil recovery (76% of OOIP) was in Run 6 using air injection and a
1.5mm fracture width. However the fastest oil recovery was achieved in Run 5 which
used the highest gas flux.
Values of oil recovery obtained by Harding (1976) for Athabasca bitumen were
60.34 and 87.23%. Other conventional combustion tube tests by Al-shalabi (1985),
Adewusi (1986) and Dudley (1988) using mainly medium heavy crude oils was in range
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of 57 to 83%, 54 to 78%, and 63 to 77% of OOIP respectively. Using heavy Cold
Lake crude oil, Tuwil (1991) obtained recovery values ranging between 48.30 to
81.80% of OOIP in his 3-D combustion cell.

7.2 Liquid Material Balances

Table 7.3 summarising the liquid mass balances for each run. A sample calculation
of the mass balance for Run 4 is given in Appendix D. The oil and water balances are
determined from the original oil and water saturation in the sandstone core together
with the water formed by the combustion.
The error in the oil balances varies from 3.2% in Run 3 to 10.3% in Run 7 and
the error in the water balances varies from 9.4% in Run 6 to 17.1 % in Run 2. The
maximum overall error in liquid balance is 12.7%.
Discrepancies in the liquid mass balance are due to cumulative errors arising from
the measured data such as: original oil and water in the core. The saturation of oil
and water was done by injecting liquid into the core it was almost impossible to measure
the accurate injection value. Since amount of oil injected in the core was assumed to
be equal to amount of the water produced from the core which is not strictly true (see
Chapter 4 and Appendix B). Errors in the gas chromatograph analysis could lead to
inaccuracies in the amount of fuel burned. The water generated by combustion was
calculated from the oxygen balance, assuming that all of the oxygen which not appear
in the exit gases reacted to form water. This is not strictly true, since some oxygen
could be consumed by LTO reactions. Determination of the residual liquid saturation
in the burned core, was done either by the recovery method (explained in Chapter 3),
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Table 7.3

In situ combustion liquid mass balances
1

2

3

4

5

6

7

initial oil in the core,g

211

239

221

236

239

255

263

oil produced as liquid,g
oil consumed as fuel, g
residual oil, g

139

139
67

154

155

167

193

184

47

15

13

60
13

51
9

30
11

42
10

total

195

211

214

228

227

234

236

difference, g

16

18

7

8

12

21

27

percent error in balance

7.5

7.5

3.4

4.6

5.0

3.4

10.3

initial water in the core, g
volume of water injected, g
water formed by combustion

163
0

161
0
32

142

147

0
88

0
69

145
0
57

139
0

83

146
0
134

total, g

246

280

193

230

216

202

164

water produced, g

221

256

173

198

190

183

153

difference, g

25

24

20

32

26

19

11

Percent error in balance

10.2

8.6

10.4

13.9

12.0

9.4

6.7

Overall Percent Error

8.9

8.5

6.5

8.6

8.4

8.8

8.9

run no
Oil Balance

49
7

Water Blance
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25

or extraction method.
The material balances demonstrate a reasonable level of accuracy that is in line
with the other results reported by other investigators. The discrepancy in values
reported by Ejiogu (1978) were in the range of 2.67 to 14.03 %in the oil mass balances
and 1.97 to 3.62% in water mass balances. Values by Al-Shalabi were in the range
of 0.86 to 9.7% and 1.5 to 15.56% for oil and water balances. An overall discrepancy
for liquid mass balance in range of -2.08 to 10.42% and 3.6 to 11.3% were reported
by Adewusi (1986) and Tuwil (1991) respectively.

7.3 Properties of the Produced Oil

A summary of the physical properties of the original crude oil (taken from the
reference source Table 6.1) and produced oil are been presented in the Table 7.4.
A significant upgrading of the crude oil occurs in the enriched air test of Runs 2,
4 and 7. The upgrading of the crude is partly due to increased fuel consumption. For
example, in Run 2 with the highest fuel consumption (28% of OOIP) the crude was
upgraded by more than 7° API. In contrast, the upgrading in Run 7 is still high while
the fuel consumption is just 14% of the OOIP. The improvement obtained for the air
tests in Runs 3,5 and 6 are more modest, with gains of about 3° API. Normal combustion
tube tests usually show higher levels of upgrading than this; so less thermal cracking
is probably occurring during the fracture tests in which a major part of the oil is
produced by expansion and evaporation. Figures 7.8 to 7.14 shows that the API gravity
of the produced oil at the beginning of the run remains low and then gradually increases.
The low API gravity at the beginning is due to the fact that oil is produced mainly by
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Table 7.4

Os
00

Run

Fracture

no.

Width
mm

Physical properties of original and produced oil

02
Injection

02
flux

Original Crude Oil
API

%

Gravity
15°

Viscosity
15°

Produced Oil
API

Gravity viscosity
20°
20°

1

1

21

2.21

32.5

0.8649

14.0

34.41

0.8529

6

2

1

35

3.68

10.95

0.9929*

100,000b

19.24

0.9387

356

3

1

21

2.21

10.95

0.9929

100,000

14.03

0.9723

3820

4

1

35

2.21

10.95

0.9929

100,000

17.52

0.9495

651

5

1

21

3.68

10.95

0.9929

100,000

14.15

0.9715

3421

6

1.5

21

2.21

10.95

0.9929

100,000

14.64

0.9682

2821

7

1.5

35

2.21

10.95

0.9929

100.000

16.29

0.9574

1021

a- Supplied by British Petroleum, research Centre, Sunbury, Thames, Middlesex,
b- Starr,J. and Parts, J.M. (1979)
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evaporation and thermal expansion.

However, during later stage the crude oil

under-goes a more significant cracking reactions.

In addition, low temperature

oxidation reaction could also play a significant role in modifying the original oil
whenever oxygen by passing occurred.

7, ^Conclusions

More than 75 % of the total oil recovery was achieved during the first half of the
bum period, implying possible early economic advantage. This, together with the
observation that the combustion front was slow-moving during this period, supports
the view that oil production occurs mainly by expansion from the pores and evaporation
into the fracture.

In fractured reservoirs, the fractures serve to remove liquid production as soon as
it is produced from the matrix, so that no oil or water banks are formed ahead of
combustion front, or other downstream sections of the reservoir.

The rate of oil recovery was significantly higher for air combustion at a high oxygen
flux, but it had the opposite effect, but less significant, when the oxygen flux was low.

Increasing the fracture width increased oil recovery and production rate for both
air and 35% oxygen combustion. Increasing the oxygen flux did not affect the total
oil recovery for air, but did cause a reduction with 35% oxygen.
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Significant upgrading of the Wolf Lake oil occurred in the 35 % oxygen tests, though
partly at the expense of increased fuel consumption. The improvement for the air tests
was modest, with gains of only about 3°API.

Oil recovery was moderately high ranging from 58 to 76% of OOIP. The highest
recoveries were achieved with air combustion, attributed in part to the lower fuel
consumption.
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CHAPTER EIGHT

RECOMMENDATIONS FOR FUTURE WORK

RECOMMENDATIONS FOR FUTURE WORK

The present study focussed on detailed experimental work, involving the design
of new equipment for fractured tests and saturation of consolidated the core. Following
the clear experimental findings (for example, the conical combustion front and the flat
temperature profiles) it would be timely for this work to be supplemented with
theoretical modelling of the process.

Increasing the number of thermocouples by using radial (at the centre, surface and
midway of the core) as well as longitudinal placement can enhanced detail of the
temperature profile and permit observation of the combustion front in 3 dimensions.

Various fracture geometries should be explored for future investigations such as a
horizontal fracture and also different vertical ones as well as a combination of both.
Using sandpacks rather than consolidated cores (provided a means of packing which
retain a well defined fracture structure can be devised) could allow more flexibility to
create the different fractures as well as reducing the expense. Furthermore, a sandpack
experiment can be made far easier by using a thermowell instead of a large number of
individual thermocouples as details in other thesis (Adewusi, 1986 and Dudley, 1988).

Only narrow fracture width have been used for this study. Experiments with wider
fracture width needs to be studied. In addition, the effect of fracture spacing should
also be investigated with constant fracture width. The influence of each parameter can
then be investigated separately in order to contrast the most dominant factor in fractured
media in situ combustion operation.

Dry forward in situ combustion tests have been investigated in this study. Further
work on the effect of wet combustion on the performance of forward combustion
process in fractured media should be investigated for comparative purposes.

To more closely approach in situ combustion under actual reservoir conditions, it
is recommended to use a higher pressure combustion tube facility . Furthermore,
higher oxygen enrichment than employed in this study should be investigated in future
work in order to establish the dependency of oil recovery upon oxygen concentration.

Experiments were concentrated mainly on Wolf Cold Lake, which is a heavy oil.
The study should be extended for mainly comparative purpose to a wider range of
crude oils, especially medium and light oils.

Analysis of changes in the density and viscosity of the oil was conducted. More
comprehensive analysis, such as the molecular weight distribution, the oil elemental
analysis showing the percentage of carbon, oxygen, nitrogen, hydrogen and etc. and
compositional analysis such as SARA (Saturate, Aromatics, Resins and Asphaltenes)
fractions are recommended for future work.
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Since in situ combustion experiments take on average up to 15 hours, a fully
automated operation is desirable. This should be designed to operate as efficiently and
safely as possible, supervising all various operating, control and data logging.

In order to improve the adiabatic regulation of the combustion tube, narrower
band-heaters should be installed over the length of the combustion tube.

Thermogravimetric analysis (TGA) and differential calorimetry (DSC) techniques
are recommended to supplement in situ combustion experiments for purpose of
obtaining kinetics information which would be valuable for modelling.
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NOMENCLATURE

A
APR
AOR
API
b
C
e
D
DSC
E
F
h
K
K

Kc
L
^nux
LTO
m
M
n
OOIP
OOR
P

q
Q
R
Rw

s
t
T

Arrhenius constant
Air-Fuel-Ratio
Air-Oil-Ratio
American Petroleum Institute Gravity
Width
Compressibility
error
gas-gas diffusivity
differential scanning calorimetry
Activation Energy
ratio of air velocity by front velocity
vertical hight
permeability
process gain
controller gain
half fissure spacing
maximum fracture spacing
Low Temperature oxidation
reaction order on carbon concentration
control action
reaction order on oxygen partial pressure
Original Oil In Place
Oxygen-Oil-Ratio
pressure
volumetric flow rate
heat-producdon rate
reaction rate
well radius
saturation
time
temperature
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mVkg.s
m3/kg
m3/m3
m
Psi
m2/s
J/g mole
m
m2, md

m
m

m3/kg
Psi
m3/s
J/s
mVkg.s
m
%
s
K

T
TGA
U
v

horizontal width
thermogravimetric analysis
unit-step time
velocity
maximum air velocity
v^
minimum air velocity
W
fracture width
WAR Water-Air-Ratio
X
Distance along the fissure

m

m/s
m3/m2.s
m3/m2.s
m
m

Greek Symbols
a

oxygen consumed per unit burned oil

a

shape factor

kg/kg

a . P. ••angles between fractures A and B ...
AL

combustion front extent

m

Tlft

heat diffusivity

m2/s

X

function of interflow between fracture and matrix

H

viscosity

Pa.s, cP

p ftC

mass concentration of hydrocarbon

kg/m3

p

density

kg/m3

xA

xj

apparent dead time
apparent time constant
derivative time constant
integral time constant

min
min
min
min

<t>

porosity

%

co

relative storage capacity between the matrix and
fracture

x AD
xD
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Subscripts
1 =primary porosity
2 = secondary porosity
l,eff=effectiveprimary porosity
f=fissure
g -g a s
m=matrix
o=oil
s=saturation
T=total
x = x direction
y = y direction
w=water
z=zone
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APPENDIXES

APPENDIX A

Items of Equipment in Figures 4.2 & 4.4

A .l Saturation Tube (Figure 4.2)
Function

Model/Code no.

Supplier

11

Nitrogen Cylinder

N/A

BOCM

12

Water Storage

N/A

Pyrex glass

13

Oil Container

N/A

U. of Bath

14

Water Pump

E2A/SS8C

Metering Pump Ltd.

15-17

Temperature
Controller

N/A

U. of Bath

18

Vacuum Pump

Ed 50

Edwards

19

Core-holder

N/A

U. of Bath

BV1-BV6

Ball Valve

SS-43S4(l/4")

Swagelok

Flow Control Valve

SS-31RS4(l/4")

Swagelok

Relief Valve

SS-4R3A-A(l/4")

Swagelok

P1-P4

Pressure Gauge

Fig 18F

Budenberg

T/C

Thermocouple

K1K2B15

B/cc Pyrotemax Ltd.

H/T

Heating Tape

G450

Hot Foil Ltd.

Symbols

V1-V4
RV
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A.2

Combustion Tube (Figure 4.4)

Function

Model/Code no.

Supplier

11

Air Cylinder

N/A

BOC

12

Nitrogen
Cylinder

N/A

BOC

13

Hilum Cylinder

N/A

BOC

14

Water Storage

N/A

Pyrex Glass

15

Drier

N/A

U. of Bath

16

Mass Flow Meter

5850 TR

Brooks

17

Water Pump

E2A/SS8C

Mettering Pump Ltd.

18

Mass Flow
Controller

19

Temperature
Controller

N/A

U. of Bath

110

Epson Printer

LQ-1050

STC Electronic

111

Epson Pc

AX-40

STC Electronic

112

MACSYM 260

MAC 26-2-E

Analog Devices

113

MACSYM Interface

N/A

U. of Bath

114

H.P. Condensor

N/A

U. of Bath

115

L.P. Condensor

N/A

U. of Bath

116

H.P Liquid
Collector

N/A

U. of Bath

117

G.C

Pye Unicam, 104

Pye Unicam Ltd.

Symbols

Brooks
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A.2

Combustion Tube (Figure 4.4) Continued ...

118

Integrator

3390A

Hewlett Packard

119

Wet Test Meter

DM3D

Alexander Wright &
Co.

120

Nylon Tube

N/A

N/A

121

Air Filter

17-816-998

Norgren

122

02 Analyser

1400 series

Servomex

123

C02 Analyser

1400 series

Servomex

124

CO Analyser

1400 series

Servomex

125

C/T Assemly

N/A

Hodges Pain & Co.

126

PID Controller

53EL 4000

Fisher & Porter

BV1-12

Ball Valves

SS-43S4(l/4)

Swagelok

FV1-5

Metering Valve

SS-31RS4(l/4)

Swagelok

Pl-8

Pressure gauge

Fig 18F

Budenberg

Nl-3

Non-return Valve

SS-4C-10(l/4)

Swagelok

Relief Valve

SS-4R3A-A(l/4)

Swagelok

CPC

Current to Pneumatic
Convertor

100 T/P Convertor

Flowbits Ltd.

BPR

Back Pressure
Regulator

M type

G.A Platon

BH

Band-heater

MEJ2AP3

WATLOW-St Louis

T/C

Thermocuples

K1K2B15

B/CC Pyrotenax Ltd.

IG

Ignitor

N/A

U. of Bath

RV1&RV2
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A.3

Insulating Hatarial (not shown in Figuros)

No

Item

Model

Supplier

1

Triton kaowool
ceramic fiber blanket

Needled blanket type, 25mm
in thickness, working

MorganiteCeramic
Fibres pfLtd.

196

temperature 1260 C
2

Vermiculite powder

MICAFIL

DUPRE
Vermiculite

4

Gasket

Unilion

James Walker &
Co. Ltd.

3

Gasket

Graphide

James Walker &
Co. Ltd.

APPENDIX B

Results of Saturation Experiments

For each ISC experimental the consolidated core had to be saturated with the test
fluid. The procedure was to saturate the evacuated core completely with water. The
permeability was then measured after approximately after injection of twenty pore
volumes of distiled water had been injected. Figures B .l to B.7 show the absolute
permeability measurement for each run. The permeability for the Greenbrea cores
was evaluated to be between 583 to 770mD (see Table 1). The amount of water
accumulated in the core was obtained by two methods; (i) volume balance (injected
water -produced water = accumulated water), (ii) mass balance (weight of the saturated
core - weight of the dry core = weight of the accumulated water). Knowing the density
of water, the volume of the accumulated water in the pores was then obtained.

After obtaining the permeability, the water-saturated core was then subjected to
continuous oil injection until water production essentially ceased. The oil saturation
was calculated from the amount of water produced from the core. The oil saturation
process required heating of the oil and whole core assembly 60°C in order to reduce
the viscosity sufficiently. It was desirable in this study to saturate the core to the
highest value and to achieve essentially constant value for

for every experiment.

This was accomplished by injecting oil at a very low flowrate in order to provide a
piston-like displacement of the water. However, two difficulties was experienced:
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1) The consolidated cores were expensive, and so the used cores had to be reused as
many times as possible after each experiment. The high temperature experienced
during the experimental meant that each core could be recovered once). Some of
properties of the core such as porosity and permeability changed slightly as a result of
the high temperature process used to clean-off the residual oil. This in term leads to
some change in the saturation value from one experiment to the next.

2) Secondly, saturating the core with water and then with oil inevitably means that
there is a limit on how much water is displaced from the core. Generally means that
the matrix oil saturation achieved was 59%, since continued oil flooding beyond this
level required an excessive time to achieve any significantly higher value.

Phptograph B. 1 shows a typical saturated core in the opened PVC sleeve which is
ready for ISC experiment.
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Table B.l

run
no

Properties and initial saturation of Greenbrae Core at 60°C

Mass fractions
Core
Oil
Water

Porosity
%

Permea
bility
mD

Saturation
% pore volume
sO
SW
sg

Core
state

Core
density
Kg m“3

1

92.94

3.32

3.74

19.0

590

48.2

37.2

14.6

fresh

2.430

2

92.49

4.62

2.88

19.0

770

54.7

33.1

12.2

reused

2.480

3

92.23

4.50

3.27

18.5

648

52.4

36.9

10.7

fresh

2.430

4

92.05

4.91

3.02

19.0

672

54.5

32.5

12.6

reused

2.500

5

92.22

4.72

3.05

19.5

625

53.2

33.2

13.6

fresh

2.450

6

92.20

4.92

2.87

19.0

625

57.8

32.6

9.6

fresh

2.450

7

92.20

5.04

2.76

19.0

583

59.2

31.4

9.4

fresh

2.440

APPENDIX C

MacBasic Software Code for Data Acqusition Control

10 wait 10
20 OPENW:5"$QTO:2"
30 dim ERI(40),TA 1(40),IH(40),DH(40),ERH(40),XTA(40)
40 dim ERH1 (40),IH 1(40) ,MH 1(40),DH 1(40),TA6(40) ,TW4(40)
50 dim TA(40),MH(40),TA8(40),TA3(40),TW1(40),TA4(40),TT4(40)
60 dim DIST(40),TAP(40),TWP(40),XTW(40),TW(40),TTA(40)
70 rem enter linearisation constants for type K thermocouple
80 rem for 0 to 1372 Deg. C, according to BS 4937:part 4:1973
90 dim A(5),B(5)
100 A(1)=0.0
110 A(2) =2.43832E-2
120 A(3)=9.78303E-9
130 A(4)= 3 .62770E-12
140 A(5)=-2.5756E-16
150 B(1)=6.23007E0
160 B(2) =2.49554E-2
170 B(3)=-7.87883E-8
180 B(4) = 1.32697E-12
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190 B(5)=1.55805E-18
200 TTOL=10
210 MH=0

IH=0 DH=0

TH1=60

TH=60

220 TTH1 =49.1

TDH1 =0.46 GH1 =6.26

@ 50 W control set points

230 TIH2=58.6

TDH2=0.28 GH2=16.38 @ 100 W control set points

240 TIK3=56.1

TDH3=0.29 GH3 = 12.07 @ 150 W control set points

250 TIH4=47.03 TDH4=0.29 GH4=11.42 @ 200 W control set points
260 TIH5=39.6

TDH5=0.28 GH5 = 11.08 @ 250 W control set points

270 TIH6=44.5

TDH6=0.28 GH6=12.75 @ 300 W control set points

280 TIH7=43.4

TDH7=0.29 GH7= 13.71 @ 350 W control set points

290 TIH8=39.4

TDH8=0.28 GH8=13.23 @ 400 W control set points

300 DataNo=50
310 DataTm=0.002
320 ITSET=60
330 zero timer
340 task 1,430
350 task 2,1000
360 task 3,1330
370 task 4,1790
380 task 5,1900
390 act 1 per 60
400 act 4 per 60
410 act 5 per 60
411 act 2 per 60
412 act 3 per 60
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420 break
430 rem task#l setting initial tube temperature
440 for 11 = 1 to 12
450 GOSUB 710 (I1,TA1)
460 TA(12) =TA(11)
470 if TA(5)= > 60

GOSUB 1860

kill self

480 ERI(I1)=ITSET-TA(I1)
490 if ABS(ERI(U)) < TTOL goto 680
500 if ERI(I1)<0 goto 680
510 GOSUB 810 (I1,TA,T1HB,TDHB,GHB)
515 rem reset rate is 60/min; and TH1 is the update rate
520 UH1 =60/THl
525 rem adding integral control
526 rem ERI is the error and TIH is the reset rate
530 IH(I1)=IH(I1)+ERI(I1)*TIH/UH1
535 rem adding derivative control to the equation
536 rem GH is the gain, DH is the previous error
537 rem TDH is the pre-at time in minuts
540 MH(I1)=GH*(ERI(I1)+IH(I1)+(ERI(I1)-DH(I1))*TDH*UH1)
545 rem limiting the swing out put signal of MH between 1 and 8
550 if MH(I1) > 8

MH(I1)=8

560 if MH(U)< 1

MH(I1)=1

570 DH(U)=ERH(U)
580 D O T (l,Il-l)= l
590 if MH(I1)>0

if MH(U)< 1.05
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wait 0.5

600 if MH(I1)> 1.05 if MH(I1)<2.05

wait 1

610 if MH(I1) > 2.05 if MH(I1)<3.05

wait 1.5

620 if MH(I1)>3.05 if MH(I1)<4.05

wait 2

630 if MH(I1)>4.05 if MH(I1)<5.05

wait 2.5

640 if MH(I1)>5.05 if MH(I1)<6.05

wait 3

650 if MH(I1)>6.05 if MH(I1)<7.05

wait 3.5

660 if MH(I1)>7.05 if MH(I1)<8.05

wait 4

670 DOT(1,I1-1)=0
680 next II
690 dismiss
700 goto 430
710 DECLARE (I,TTA)
720 rem define channel and slot positions for core thermocouples
730 TCOLD1 = AVG(9,15,2,DataNo,DataTm)
740 TCOLD1 = (TCOLD1/ 5E-3)-273.15
750 KTYPE1 =TCOLD 1*40.01
760 XTA(I)=AVG(9,I,8,DataNo,DataTm)*lE6
770 XTA(I) = XTA (I)+ KTYPE1
780 if XTA(I) < = 16395
790 ifXTA(I)> 16395

TA(I) =POLY(XTA(I),A(l),5)
TA(I)=POLY(XTA(I),B(l),5)

800 return
810 DECLARE (I8,TA8,XTIH,XTDH,XGH)
820 rem this subroutine sets adaptive adiabatic control parameters
830 TIH=TIH1

TDH=TDH1

840 if TA8(I8) = > 0.00

GH=GH1

if TA8(I8) < 142
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goto 990

850 TIH=TIH2

TDH=TDH2

860ifT A 8(I8)= > 142
870 TIH=TIH3

ifTA8(I8)< 287

TDH=TDH3

880 if TA8(I8) = > 287
890 TIH=HH4

910 TIH=TIH5

920 if TA8(I8) = > 458
930 TIH=TIH6

940ifT A 8(I8)= > 510
950 TIH=TIH7

960 if TA8(I8) = > 587
970 TIH=TIH8

980ifT A 8(I8)= > 624

goto 990

GH=GH7

if TA8(I8) < 624

TDH=TDH8

goto 990

GH=GH6

ifTA8(I8)< 587

TDH=TDH7

goto 990

GH=GH5

if TA8(I8) < 5 1 0

TDH=TDH6

goto 990

GH=GH4

if TA8(I8) < 458

TDH=TDH5

goto 990

GH=GH3

if TA8(I8) < 375

TDH=TDH4

900 if TA8(I8) = > 375

GH=GH2

goto 990

GH=GH8

ifT A 8a8)< 684

goto 990

990 return
1000 rem task#2 for Band Heaters 1 to 8 adiabatic control
1010 for 13= 1 TO 8
1020 GOSUB 710 (I3.TA3)
1030 J1 =13
1040 GOSUB 1690 (Jl.TWl)
1050 if TW(J1) = > 825 goto 1300
1060 ERH(I3)=TA(I3)-TW(J1)
1070 if ABS(ERH(I3)) <TTOL goto 1300
1080 if ERH(I3) < 0 goto 1300
1090 GOSUB 810 (I3,TA3,TIHA,TDHA,GHA)
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1100 UH=60/TH
1110 IH(I3) =IH(I3)+ERH(I3)*TIH/UH
1120 MH(I3)=GH*(ERH(I3)+IH(I3)+(ERH(I3)-DH(I3))*TDH*UH)
1125 rem limiting the swing out put signal of MH between 1 and 14
1130 if MH(I3) > 14

MH(I3)=14

1140 if MH(I3) < 1

MH(I3) = 1

1150 DH(I3) =ERH(I3)
1160 D O T (l,I3-l)=l
1170 if MH(I3) > 0

if MH(I3) < 1.05

wait 0.5

1180 if MH(I3) > 1.05 if MH(I3)<2.05

wait 1

1190 if MH(I3)>2.05 if MH(I3)<3.05

wait 1.5

1200 if MH(I3)>3.05 if MH(I3)<4.05

wait 2

1210 if MH(I3)> 4.05 if MH(I3)<5.05

wait 2.5

1220 if MH(I3)>5.05 if MH(I3) < 6.05

wait 3

1230 if MH(I3) > 6.05 if MH(I3)<7.05

wait 3.5

1240 if MH(I3)>7.05 if MH(I3) < 8.05

wait 4

1250 if MH(I3)>8.05 if MH(I3)<9.05

wait 4.5

1260 if MH(I3)> 9.05 if MH(I3)< 10.05

wait 5

1263 if MH(I4)> 11.05 if MH(I4)< 12.05

wait 6

1266 if MH(I4)> 12.05 if MH(I4)< 13.05

wait 6.5

1270 if MH(I3)> 12.05 if MH(I3)< 13.05

wait 6.5

1280 if MH(I3)> 13.05 if MH(I3)< 14.05

wait 7

1290 DOT(1,I3-1)=0
1300 next 13
1310 dismiss
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1320 goto 1000
1330 rem task#3 for Band Heaters 9 to 11 adiabatic control
1340 for 14= 9 TO 12
1350 GOSUB 710 (I4,TA6)
1360 J2=14
1370 GOSUB 1690 (J2,TW4)
1380 if TW(J2) = > 825 goto 1660
1390 TA(12)=TA(11)
1400 ERH1(I4)=TA(I4)-TW(J2)
1410 if ABS(ERH1(I4)) <TTOL goto 1660
1420 if ERH1(I4) < 0 goto 1660
1430 GOSUB 810 (I4,TA6,TIHB,TDHB,GHB)
1440 UH1 = 60/TH
1450IH1(14) =IH 1(14) +ERH1 (I4)*TIH/UH
1460MH1(I4)=GH*(ERH1(I4)+IH1(I4)+(ERH1(I4)-DH1(I4))*TDH^UH1)
1465 rem limiting the swing out put signal of MH between 1 and 14
1470 if MH1(I4) > 14 MH1(I4) = 14
1480 if MH1(I4)< 1

MH1(I4) = 1

1490 DH1(I4)=ERH1(I4)
1500 DOT(l,I4-l) = l
1510 if MH1(I4)>0

if MH 1(14) < 1.05

wait 0.5

1520 if MH1(I4)> 1.05

if MH1(I4)<2.05

wait 1

1530ifM H 1(I4)>2.05

ifMH1(I4)<3.05

wait 1.5

1540 if MH1(I4)> 3.05

if MH1(I4)<4.05

wait 2

1550 ifMH1(I4)>4.05

ifMH1(I4)<5.05

wait 2.5
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1560 if MH 1(14) >5.05 if MH1(I4)<6.05

wait 3

1570 if MH1(I4)> 6.05 if MH1(I4)<7.05

wait 3.5

1580 if MH1(I4)> 7.05 if MH 1(14) <8.05

wait 4

1590 if MH1(I4)> 8.05 if MH 1(14) <9.05

wait 4.5

1600 if MH1(I4)> 9.05 if MH1 (14) <10.05

wait 5

1610 if MH1(I4)> 10.05 if MH 1(14) < 11.05

wait 5.5

1620 if MH1(I4)> 11.05 if MH 1(14) <12.05

wait 6

1630 if MH1(I4)> 12.05 if MH1(I4)< 13.05

wait 6.5

1640 if MH1(I4)> 13.05 if MH1(I4)< 14.05

wait 7

1650 DOT(1,I4-1)=0
1660 next 14
1670 dismiss
1680 goto 1330
1690 DECLARE (J,TW)
1700 rem subroutine to "read" wall thermocouples
1710 TCOLD4=AVG(10,15,2,DataNo,DataTm)
1720 TCOLD4= (TCOLD4/5E-3)-273.15
1730 KTYPE4 =TCOLD4 *40.01
1740 XTW(J)= AVG(10,J,8,DataNo,DataTm)*lE6
1750 XTW(J) =XTW(J) +KTYPE4
1760 if XTW(J)< =16395
1770 if XTW(J) > 16395

TW(J)=POLY(XTW(J),A(l),5)
TW(J) =POLY(XTW(J),B(l),5)

1780 return
1790 rem task#4 for oxygen,carbon dioxide & carbon monoxide data
1810 02=100*AIN(4,11)
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1820 C02=100*AIN(4,13)
1830 CO=25*AIN(4,12)
1840 dismiss
1850 goto 1790
1860 rem subroutine to activate tasks#2 & #3
1870 act 2 per 60
1880 act 3 per 60
1890 return
1900 rem task#5 for data display and presentation
1910 INJTM=timer
1920INJTM=INJTM/60
1930 for kn=l to 12
1940 GOSUB 710 (kn,TAP)
1950 GOSUB 1690 (kn,TWP)
1960 TA(12)=TA(11)
1970 next kn
1980 print using:5"+

1,TA(1),TW(1),0 2 ,INJTM,C02,CO

1990 FOR 1=2 to 11
2000 print using:5"+ +####.##",I,TA(I),TW(I)
2010 NEXT I
2020 print using:5" + + m # M \ 0,TA(12)
2030 dismiss
2040 goto 1900
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APPENDIX D

Material Balances

Sample Claculation Procedure

The procedure for calculating the air requirement, air-to-fuel ratio, air-to-oil ratio,
fuel consumption per unit volume of the core, and liquid mass balance is illustrated
with reference to Run 4.

Overall period of experiment=2.58 to 22.25 (h)
Stabilised period = 8.25 to 21.75 (h)
Ignition Time = 2.40 h

Test conditions:
crude oil

Wolf Lake

porous media

Greenbrea consolidated core

length of the core

0.71 m

cross-sectional area
of the core

0.003217 m2
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Calculation of air requirement per unit volume of core:
Overall
Total air consumed

= 0.415 m3

Length of combusted section of core

= 0.452 m

Volume of combusted section

= 0.001454 m3

Therefore air requirement

= 285 m3/m3

Stabilised

Air consumed

= 0.285 m3

Length of the burned section

= 0.335 m

Volume of combusted section

= 0.0011 m3

Therefore stabilised
air requirement

= 259 m3/m3

Calculation of air-to-fuel ratio (AFR);
Overall
Total fuel consumed

= 0.060 Kg

Therefore AFR

= 6.92 m3/Kg

Stabilised
Total fuel consumed

= 0.042 Kg

Therefore AFR

= 6.76 m3/kg
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Calculation of air-to-oil ratio (APR);
Overall
Total air consumed

0.415 m3

Total oil produced

0.000161m3

Therefore AOR

2578 m3/m3

Stabilised
Air consumed

0.285 m3

Oil produced

0.000085 m3

Therefore AOR

3353 m3/m3

Fuel consumption per unit volume of the core:
Overall
Total fuel consumed

= 0.060 Kg

Volume of combusted section

= 0.001454 m3

Therefore fuel consumption/
=41.26 Kg/m3

volume of core
Stabilised

Fuel consumed

= 0.042 Kg

Volume of combusted section

= 0.00133 m3

Therefore fuel consumption/
volume of the core

=31.57 Kg/m3
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Liquid mass balance:

1) Oil
Initial oil content of the core...(l)

= 236 g

Oil produced

= 155 g

Fuel consumed as fuel

= 60 g

Residual oil

= 13 g

Total

(2)

Difference

= 228 g
(1-2)

Difference (%)

= 8 g
= 3.4

2) Water
Initial water content of the core

= 142 g

Water formed by combustion

= 88 g

Total

= 230 g

(1)

Water produced (separator)...(2)

= 198 g

Difference.... (1-2)

= 32 g

Difference (%)

= 13.9

Overall Liquid Balance:
Input
Oil

= 236 g

water

= 230 g

Total

= 466 g
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Output
Oil

228 g

Water

198 g*

Total

426 g

Difference

40 g

Percent Error %

8.6

Gas Material Balance:

Table D. 1 shows the overall difference between the cumulative air injected and the
total gas produced (moles). It also shows the oxygen balance.

The difference in the overall gas balances vary from 2.9 to 10.8%. The variation
of the oxygen balances ranges from 0.7 to 15.6%. The main factor responsible for
these errors is thought to be mainly due to analysis of the produced gas components,
ie. C02, CO, 0 2, and N2. The need to bleed-off gas for sampling purpose from the
separator had also an effect on the gas balance.

Example 1 provide a sample calculation of the gas and oxygen material balance
with reference to Run 3.
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Example Calculation (Run 3)

Volume of air injected = 522 Lit
To find the no. of moles in the injected air use Equation:

PV=nRT ... (D .l)

Where P is the pressure (bar), V is the volume of gas (Lit), n no. of moles, R gas
constant (Lit. Bar/k. mol), T temperature (K).

n = (1.01 * 522) / (0.0821 * 293)

Therefore, No. of moles in the injected air = 21.70

And no. of 0 2 moles = 0.21 * 21.70 = 4.56

Volume of the produced gas = 481
Produced gas composition:
N2

=83.15%

02

=2.27 %

CO

= 3.60 %

C 02

= 10.98 %

Amount of water formed by combustion = 32g
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Using Equation E. 1 again for the produced gas gives:
No. Of moles in the produced gas = 20.00

No. Of moles of 0 2 in 0 2

= 0.45

No. Of moles of 0 2 in C 02 = 2.20
No. Of moles of 0 2 in CO

= 0.36

No. Of moles of 0 2 in H20

= 0.88

Total no. Of moles of 0 2 = 3.90

Therefore: error in the overall balance is:
(21.70 - 20.00) / 21.70 = 7.8%

Error in 0 2 balance = (4.56 - 3.90) / 4.56 = 14.5%
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Table 0.1

Gas Material Balance

Run

Cumulative

Original

Cumulative

Produced

Oxygen

Overall

No.

air

02

gas

injection

(mol)

produced

02
(mol)

balance
difference

balance
difference

%

%

(mol)

(mol)

1

21.70

4.56

20.00

4.00

12.3

7.8

2

26.22

9.18

23.60

9.15

0.3

10.0

3

21.70

4.56

20.00

3.90

14.5

7.8

4

18.01

6.31

17.25

6.25

1.0

4.2

5

26.72

5.61

25.94

5.50

2.0

2.9

6

21.23

4.46

19.56

4.43

0.7

7.0

7

11.29

3.95

10.82

3.30

15.6

4.2
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ABSTRACT
In situ combustion of heavy and also light
crude oil was successfully propagated in a
cylindrical sandstone core, with an adjacent
1mm surrounding simulated fracture, during a
series of dry combustion testing using air and
35% oxygen. Combustion peak temperatures
up to 830 *C were achieved with air, but
oxygen utilisation was less efficient than with
enriched air. The combustion front was cone
shaped as first observed by Schulte and de
Vries. The extent of the front tended to
increase with increasing combustion peak
temperature.
Most of the oil was recovered during the first
half of the tests, which tends to support the
view that the main mechanism is thermal
expansion and evaporation in the fracture.
Measured AORs are significantly reduced on
this basis. Appreciable low temperature
oxidation occurred in all runs, particularly
during the early part of the tests. This was
most severe in those tests which used
enriched air. The 'fuel' produced by LTO
reactions was probably beneficial in promoting
combustion. Substantial upgrading of the
heavy Wolf Lake oil occurred in the enriched
air tests, but at the expense of increased fuel
consumption.
INTRODUCTION
Thermal recovery may be defined as any oil
recovery process which involves the
application of heat or thermal energy to a
petroleum reservoir. There are two main
types of processes: hot fluid injection,

involving hot water or steam, and in situ
combustion (ISC). In situ combustion is a
process in which the least desirable. portion of
the crude oil is coked and burned in situ.
In this way the temperature in the regions
downstream of the combustion front are
raised, causing viscosity reduction and
enhanced mobility of the oil. The
combustion is sustained by injection of air,
enriched air, or oxygen. Susceptibility to low
temperature oxidation (LTO) of the oil
generally increases with oxygen partial
pressure, and is an important fuel formation
stepl* ].
In some field trials of the ISC process, the
combustion could not be sustained if there
were fractures in the reservoir^]. Fractures
are much more permeable than the
surrounding reservoir rock, and consequently
the injected air will flow almost exclusively in
the fractures, contacting only the oil present
in these fractures, or in the immediately
adjacent pores [3], However, in a more
recent study by Schulte and de Vriesl^l, their
experiments showed that the burning process
is governed by diffusion of oxygen from the
fractures into the matrix. The main oil
production mechanisms were found to be
thermal expansion and evaporation with
subsequent condensation of the oil from the
matrix. From their experiment with a
stacked length of 25 mm cores in a thick
walled tube, utilising the peripheral annulus as
a simulated fracture, the combustion front was
found to be cone-shaped. This was
confirmed by predictions using a 2-D
numerical model, which enabled such
quantities as the extent of the combustion
849
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front (AL), the injection rate at which
breakthrough occurs (vmax), the minimum
necessary local air flow (vmjn), and, most
importantly, the maximum fracture spacing
(*-max) 10 ** determined. This latter
quantity is important when considering an ISC
project in a fractured reservoir. Their
numerical simulations indicated that for
particular conditions, a reservoir height of
10m would allow ISC only if the fracture
spacing were less than 1.25m.

injection/saturation tube assembly to 60 *C.
Twenty pore volumes of distilled water were
injected into the core prior to making
permeability tests at different constant
flowrates. Oil was then injected into the
core at a low flowrate to achieve the desired
saturation. The properties of Wolf Lake
crude oil are given in Table 1. The
measured core permeabilities and initial
saturations of oil, water and gas are given in
Table 3.

The main aim of the present study was to
carry out a more comprehensive experimental
investigaton of ISC in fractured core systems,
including improved adiabatic regulation of the
process and extension to include enriched air
injection.

Combustion tube
The combustion tube assembly to
accommodate the saturated Greenbrae core is
shown in Figure 3. The thin-walled
combustion tube was constructed of 321
stainless steel with a wall thickness of 1.5mm,
ID of 66mm and length of 756mm. It was
placed inside a mild steel pressure shell,
tested to 40 bar. The combustion tube was
surrounded by a stack of 11 bandheaters
(500W) which were used to regulate the wall
temperature. Two special co-flanges were
designed to hold the core inside the
combustion tube. An electrical element was
placed close to the top of the core to act as
an ignitor.

EXPERIMENTAL
The ISC experiments were designed so that
the fracture geometry was similar to that used
by Schulte and de Vriesl^l, allowing fracture
widths of 1 to 2mm. It was also partly
determined by the availability of core material
and the desire to achieve improved adiabatic
control of the process. The two main items
of equipment were a core holder for
saturating the Greenbrae core and a
conventional low pressure combustion tube.

After connecting all of the wall thermocouples
in position, the combustion tube was placed
in the pressure jacket and the annulus filled
with vermiculite insulation powder. It was
then connected to the injection-flow system
of the combustion tube facility shown in
Figure 4. The range of conditions employed
for the tests is shown in Table 2. A test
was commenced by first injecting nitrogen
into the core, maintaining a 10 to 15psig
over-pressure in the annulus. The ignitor
was switched on, and when the temperature
of the top of the core had reached about
350*C, air injection was commenced.
Produced oil was collected from the low
pressure separator (LPS) and combustion gases
were measured with a wet test meter. The
produced gas was analysed every 15 minutes
by a gas chromatograph, but instantaneous
measurements were taken of C O z, CO and
0 2. Regulation of the bandheaters to control
the combustion tube wall temperatures was
done by using a Macsym 260 computer
system. The computer set the initial
combustion tube temperature, maintained the
adiabatic temperature condition of the
combustion tube (keeping the wall temperature
lower than the core so as not to force the
process), monitored the oxygen, carbon
monoxide and carbon dioxide levels, and

Core holder
The oil-water saturation system is shown in
Figure 1 and the detailed assembly of thecore holder is shown in Figure 2. The
t saturation tube was constructed of stainless
' steel with an internal diameter of 100mm, a
I wall thickness of 6mm and a length of .
| 760mm. The Greenbrae core was turned
* down to 64mm and 720mm length. Eleven
I 1mm holes were drilled to a 6mm depth at
■63mm intervals along the length, starting
43mm from the top. These were used for
inserting thermocuples to measure the core
temperature. One further hole was drilled
20mm from the top to monitor the ignition
temperature.
The core was first dried in an oven at 120*C
for 24 hours. After cooling, a PVC sleeve
was placed over the core which was then *
sealed by connecting it to the flanges of the
core holder. After sealing the saturation
tube, an overburden pressure of 180psig was
applied to the sleeve. Since the mobility of
the heavy Wolf Lake crude oil was very low
at room temperature, it was necessary to
raise the temperature of the whole
850
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have much lower maximum temperatures
compared to the air combustion tests in Runs
3 and 5. The higher gas flux for Run 5
increased the temperature to 851 *C, but with
reduced oxygen utilisation, Schulte and de
Vries' maximum temperatures achieved were
also much lower generally, around 600 *C,
than in the present experiments, even though
their initial oil saturation was appreciably
higher (M00%). However, as mentioned
previously, this is probably due to the heat
loss problem.

transmitted the data to a host personal
computer.
RESULTS AND DISCUSSION
Temperature profiles
As shown in Figs 5 to 12, all of the
measured core surface temperature profiles
exhibit a broad-flattish characteristic, rather
than the more accentuated peaks obtained by
Schulte and de Vries in their experimental.
The steeper profiles they observed may have
been due to a two-fold heat loss effect;
firstly, because of the smaller diameter core
used (25mm compared to 64mm), and
secondly, the poor adiabatic temperature
control achieved in their experiment,
combined with the axial heat conduction
problem of a thick-walled reactor tube.
Although they employed a higher initial oil
saturation, their maximum combustion
temperature was significantly lower (~600*C)
than achieved in the present tests for the
same simulated fracture width. An example
of the computer controlled wall temperature
(Runs 4 and 5 only) for the present series of
tests is shown in Figure 13. The adiabatic
regulation achieved between the wall
temperature and surface temperature of the
core is, for the most part, within about 20 *C,
except during the early stages of the tests.
Care was taken not to 'force* the process.

Combustion front velocities, determined from
peak temperature locations are summarised in
Table 4. Values for stabilised combustion
periods are higher than overall values. This
reflects the somewhat inhibited or slow
combustion front propagation during the first
few hours of the tests, with faster combustion
sustained during later periods. In Run 3,
there is a large difference between overall
and stabilised values. The combustion front
velocity for the stabilised period in this case
relates to an intermediate period where
virogous combustion was achieved, yielding
C 0 2 levels in the produced gas up to 14.6%,
significantly higher than the normal level of
about 10%.
Following the combustion test in Run 4, the
core was removed from the combustion tube
and sectioned every 1cm along its length.
Figure 14 shows the cone shape of the
combustion front, as first reported by Schulte
and de Vriesl^l. The cone profile was
essentially symmetrical about the mid-axis of
the core. Upstream of the front the core
was completely burnt clean. The colour
graded from grey at the front to a dark oil
colour in the regions furthest downstream.
The length of the combustion front was
measured to be approximately 0.17m. This
compares with the predicted value (AL) from
Schulte and de Vries'HJ simplified analytical
model:

During the ignition period, care was taken
not to cause any undue heating of the core,
which may have been unnecessarily
advantageous in promoting combustion in
Schulte and de Vries* experiment. The
example in Figure 9 shows that the
temperature of the core is below 100*C just
beyond 200mm distance from the inlet.
Consequently, combustion development after
the ignition period was considerably slower
than that indicated by Schulte and de Vries'
experiment. If we take Run 3 for
comparison (similar maximum combustion
temperature of around 600 *C), the combustion
front is barely advancing, whereas their
combustion front velocity was 0.037m/hr for
an air flux 3.3 times greater. Nevertheless,
oil production was significant during this
period, as will be discussed later.

AL =

V>D

L 2 = - 752x10 * (33x10- 3 ) 2
0.19x10” 6

AL = 10m

(or 2 m, corrected to
front condition, T =
750*C, P = 17.24 bar)

There is an order of magnitude difference
between the experimental and predicted
value. If a longitudinal scaling factor were
applied between the field (numerical model)
and experimental cases, choosing a factor of
ten would coincide the result.

Peak combustion temperatures are reported in
Table 4. The lowest temperatures were
obtained with the light Maya Isthmus crude
(API = 32.4), but were substantially higher
for the Wolf Lake runs. Interestingly, the
enriched air tests for Runs 2 and 4 both
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The second test with 35% oxygen, shown in
Figure 17, is much more stable than Run 2,
as evidenced by the very similar values for
both overall and stabilised C 0 2 levels (Table
4). The stabilised C 0 2 value is about 6%
lower than Run 2, even though the oxygen
flux is over 30% lower. Again, the oxygen
flux is 100%, emphasising the superiority of
enriched air in achieving high combustion
efficiency. The second air combustion test
with Wolf Lake oil in Run 5, at a higher
injection rate of 0.06m 3/hr, is fairly stable in
terms of the produced C 0 2 level (Figure
18). The high combustion temperature
achieved O p ^ > 830*C) produces lower
CO 2 levels than Run 3. After an initial
period where the oxygen utilisation is 100%,
it begins to fall, averaging only 87.2% overall.

Schulte and de Vries' model was derived for
planar-parallel geometry, and therefore cannot
be expected to provide an accurate estimate
for the cylindrical geometry of the present
tests. The total gas flux (va) for the
experiment was more than ten times that
quoted by Schulte and de Vries for numerical
predictions based on a fissure spacing of 5cm
(c f the core diameter of 64mm for the
present experiments). Run 4 with 35%
oxygen and Run 5 with air (highest flux)
have virtually flat 'peak' temperature profiles,
with very little tendency to decay behind the
front. This is a characteristic of the
extended cone-shaped profile of the
combustion front, which tends to maintain the
surface temperature of the core against the
convective cooling loss caused by incoming air
in the fracture.

Fuel consumption and oil recovery
Produced gases
After each test, the core was removed from
the combustion tube for examination. The
burnt section of the core had a clean light
colour, somewhat redder than the original
pale sandstone, indicating that the deposited
fuel had been completely burnt. The
boundary between the burnt and unbumt
sections of the core had a grey colouration,
which gradually darkened to a black oil
colour further downstream. It was noticed
that the length of this boundary, or transition
region, was different for each run, and
increased for higher average peak temperatures.

Table 4 summarises the overall and stabilised
period values for the produced combustion
gases and oxygen. GC analysis showed only
traces of methane in some cases, which was
not significant. The instantaneous composition
profiles are more revealing concerning the
history of the combustion as shown in Figures
15 to 18. In Run 2 with 35% oxygen,
ignition started well enough, but the
combustion appears to fall shortly arfterwards,
as evidenced by the rapid fall in C 0 2
concentration and subsequent rise in the
oxygen level. Oxygen utilisation falls to 24%
during this period (Figure 19), but the
temperature continued to rise to over 450*C,
probably because of the exothermic effect of
low temperature oxidation (LTO) reactions.
Combustion recovers at about 10 hours and
the CO 2 level climbs continuously to a very
high value of 28%. It is not completely
clear why the combustion should have failed
so drastically during this period of the test,
unless either there was an oil saturation
deficiency in the core (unlikely) or the fuel
produced by LTO reactions was too
unreactive at the low temperatures prevailing.

Fuel consumption was lowest with air,
achieving 14.4 kg/m3 for the stabilised period
of Run 3, though, overall, the lowest value
was for Run 1 at 31.2 kg/m3 with the light
Maya Isthmus crude. The fuel consumption
figures for the two oxygen runs are all quite
high, especially for Run 2. There is some
conjecture as to the precise effect of oxygen
enrichment on fuel consumption. D u d le y P ]
and Shahani and Hansel^] report an increase
in fuel consumption for air combustion
compared to oxygen. Moore et <z/PI found
that the fuel consumption was the same, or
greater, than that with air, as oxygen
concentration increased. The results in Table
4 appear to support the observations of
PetitL?] that fuel consumption increases with
oxygen enrichment.

Run 3 (Figure 16) with air shows a
reasonably stable profile for C 0 2, but with
three regions of operation: (1) a moderately
high peak level of 12% C 0 2, with high
oxygen utilisation (98%), (2) a lower, stable
region with C 0 2 values around 10%, but with
correspondingly much lower oxygen utilisation
down to 77%, and (3) a rising C 0 2 trend,
levelling off at 14.5% with essentially 100%
oxygen utilisation.
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Overall combustion front velocities are similar,
in the range 0.023 to 0.029 m/hr, except for
Run 5 at a higher total gas flux, where the
velocity is 0.041 m/hr. It is interesting to
note, however, that the velocity for the
stabilised periods for Run 2 and Run 5 are
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used in Run 4 seems to indicate that
increased residence time for oxygen to react
is important. Similar findings have been
reported by Petit!?], when the oxygen flux
and total flux were the lowest for a series of
tests. The very low CO/CO+C02 values
achieved in Run 4 are consistent with
sustained 100% oxygen utilisation through the
run, confirming high combustion efficiency.

almost the same, respectively, 0.047 and
0.045 m/hr. The total oxygen flux for these
two runs was identical at 3.68 m 3/m 2hr
(Table 2). The highest combustion front
velocity achieved during the stabilised period
for Run 3 was 0.078 m/hr, and this aligns
with the lowest fuel consumption during that
period of 14.4 kg/m3.
Oil recovery is closely interlinked with fuel
consumption in the ISC process, and is
therefore a critical parameter to be optimised
to maximise recovery efficiency. At first
sight, the oil recovery values appear to be
moderately high, ranging from 58 to 70%
OOIP (original oil in place). The highest
recoveries were achieved with air combustion
in Runs 3 and 5. Figure 20 shows that
more than three-quarters of the produced oil
is achieved in the first half of the run, and
this is a characteristic of all of the
experiments. The oil recoveries based on
50% of the total burn time are given in
Table 5.

With the exception of Run 3, the apparent
H/C ratios, overall and stabilised, in Table 4,
are high relative to H/C = 1.5 for the
original Wolf Lake oil. Figures 21 to 24
show the H/C trends during Runs 2 to 5.
High H/Cs in Runs 1 and 2 could have been
caused by the difficulties experienced with the
manual control procedure employed, when
extinction of the combustion front was
threatened during these tests. Only Runs 4
and 5 employed computer control of the wall
temperature. The manual control procedure
employed in Runs 1 and 2 (and 3) was
essentially as good as the computer control
procedure, though the highest H/C values
were achieved in these runs.

Thus there would be little economic advantage
necessarily in continuing production beyond a
50% bum time. Correspondingly, the AOR
values are appreciably reduced.

Run 2 with enriched air (Figure 21) shows
very high H/Cs initially, peaking at 28 about
4 hours into the bum. Values of H/C > 2
are considered to be an indication of LTO
reactions occurring, and therefore very
substantial LTO effect must have occurred in
this case. This may have been due to slow
development of the combustion front, but as
temperature increased and correspondingly the
extent of the combustion front increased, the
H/C value reduces rapidly to 2 or less. Run
3 (Figure 22) with air is very normal, in that
H/C falls rapidly post-ignition to stabilise over
7 hours at a value of 1.2, and then decreases
appreciably to less than 0.5. In this case,
the fuel is essentially coke. Run 4 (Figure
23) indicates fairly severe LTO reactions
occurring during the first four hours of the
test. Thereafter H/C falls rapidly to less
than 1, but then rises again to stabilise
around 2. The fuel produced by LTO
reactions in the initial period was probably
important for eventual stabilisation of the
combustion. Even though it may have slowed
the advance of the combustion front during
this period, there was no deficiency in the
combustion characteristic. Figure 24 for Run
5 shows a reasonably normal H/C trend for
this air combustion test. The higher total gas
flux used is probably responsible for the
initial peak of H/C = 4, though it is less
severe than the previous enriched air test.
However, as the H/C ratio decreases rapidly

Very significant upgrading of the Wolf Lake
oil occurs in the enriched air tests of Runs 2
and 4, but at the expense of fuel
consumption. The improvement for the air
tests in Runs 3 and 5 are more modest, with
gains of about 3*API. Normal combustion
tube tests usually show higher levels of
upgrading than this, so less thermal cracking
is probably occurring in the fracture tests.
As described by Schulte and de Vries, oil
production mainly occurs by expansion of the
oil and evaporation at the surface of the
fracture. The tendency to produce most of
the oil during the first half of the bum
supports this view, since the temperature
profiles indicate very slow movement of the
combustion front during this period.
However, precise determination of the
combustion front velocity is probably more
complex than that described in this paper and
by Schulte and de VriesM, since the cone
shape takes some time to fully develop.
Apparent CO/CO+CQ2 and H/C ratios
The lowest values of CO/CO+C02 were
achieved in Runs 2 and 4 for enriched air,
as shown in Table 4. Both overall and
stabilised values are considerably smaller than
those for the air tests. The lower gas flux
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to a value of 1, oxygen utilisation also begins
to fall progressively to lower values,
eventually reaching 80%. Thereafter the
rising H/C value reflects increasing LTO
reaction, but this fuel contribution is not
limiting in any way in view of the high peak
temperatures achieved (Figure 12). Dry
combustion tube tests with Maya Isthmus
crude oil[®*9] showed H/C = 0.88 for a
sandpack matrix containing 5% wt kaolin,
compared to a stablised value of 2.71 for the
present tests.
CONCLUSIONS
1

In situ combustion of heavy and also
light crude oil was successfully
propagated in a cylindrical sandstone
core with an adjacent 1mm surrounding
simulated fracture during a series of dry
tests using air and 35% oxygen. The
highest peak combustion temperatures,
exceeding 800 *C, were achieved with air,
but much greater oxygen utilisation
resulted with enriched air.

2

The combustion front was cone-shaped,
ie the front inside the core lagged
behind that in the fracture because of
the greater diffusion path for oxygen.

3

More than 75% of the total oil recovery
was achieved in the first half of the
burn period, which implies possible early
economic advantage. This, together with
the observation that the combustion front
was slow-moving during this period,
supports the view that oil production
occurs mainly by expansion from the
pores and evaporation in the fracture.

NOMENCLATURE
D
L

gas-gas diffusivity (m 2/s)
half fissure spacing (parallel-planar
model) (m)
AL length of combustion front (m)
T
temperature (*C)
va air velocity at front conditions
rock porosity
9
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