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Abstract

The in-situ combustion method is the commonly used method for heavy oil production with high recovery rate and low cost. However, the
characteristics of the oil oxidation reaction during in-situ combustion are still not clearly understood so far. In this study, the thermal oxidation
experiment was carried out for the in-situ combustion process based on the heavy oil from Du 66 block. The results show that: the fired oil zone can
be divided into the combustion zone, the coking zone, the condensation zone, the movable oil zone, etc. When the combustion front is formed, the
CO2 and CO contents rise to 10% and 20%, respectively. In the expansion phase of the combustion front, the oxygen utilization rate is 83.93%, and
the H/C atomic ratio is 1.413, indicating that the high temperature oxidation reaction plays the leading role. Sustained gas injection with enough
intensity can ensure that the combustion front moves forward continuously, and the combustion front can drive the crude oil forward in the form of
snowballing due to the extremely high oil displacement efficiency. The pressure increases as the combustion front and the movable oil zone advance,
but the movable oil zone begins to decrease as it advances to the production well. Through this study, it is concluded that effective combustion front
and movement of combustion front are the foundation for the formation of movable oil zone. And the movable oil zone pressurization is an import-
ant mechanism for in-situ combustion. The findings of this study can help for better understanding of the in-situ combustion oxidation mechanism

and can improve the production design for heavy oil reservoirs.
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Introduction

The methods used in the in-situ combustion mainly include
dry combustion and wet combustion.!* A large number of
experimental and theoretical studies have been carried out on
these two combustion methods.>® Wilson and Root studied dry
forward combustion and forward wet combustion by using lab-
experiments. Based on the experiment results, they established
relevant calculation formulas and discussed the main influencing

factors.!® Chattopadhyay conducted a fire-fighting project on
the Santhal oil field. Results show that in-situ combustion can
greatly improve the recovery of crude oil, and its recovery is
higher than other methods in thermal recovery!® Rodriguez
studied the combustion characteristics of the fired oil layer and
the effect of oxygen concentration on the degree of combustion
through the indoor sand filling tube burning experiment.’? Chu
proposed the method to estimate the minimum air flow needed to

maintain combustion.’* Penberthy conducted indoor experiment
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of dry forward combustion.!* Based on the experimental
results, the relationship between temperature and crude oil
saturation distribution, material balance, air demand, and oxygen
concentration near the combustion front was proposed. Rodriguez
studied the advancement of the fire front and the oil displacement
characteristics of the fire drive during the fire flooding process.'®
Garon conducted an indoor reverse burning test and discussed
the influencing factors.'® Greaves proposed the toe-to-heel-air-
injection (THAI), a way to use gravity to assist combustion.!” Burger
proposed the oxygen demand calculation formula and the ignition
time equation and established mathematical models for dry
combustion and wet combustion processes.'® Crookston proposed
a formula to calculate the combustion reaction rate."

The combustion characteristics of oxygen-rich conditions were
also studied in the in-situ combustion experiments with oxygen-
enriched air,?>?* which showed many advantages under oxygen
enrichment. The use of thermogravimetric analysis of crude oil
cracking combustion theory is not only inexpensive, but also the
experimental cycle is short (about one hour).?*?¢ Many scholars
engaged in thermogravimetric analysis under normal and high
pressure. The Kkinetic parameters of crude oil were obtained.
The effects of pressure, heating rate, and crude oil properties on
reaction kinetics were qualitatively analyzed. Indrijars defined
a method of thermal analysis for measuring changes in chemical
or physical properties of a sample over time or temperature.?’
Although thermal analysis techniques have been widely used in
minerals, clays, polymer materials, food, and coal, they have not
been used extensively in the petroleum industry. Tadema carried
out burning experiments on crude oil and found two different
burning areas. These two regions were named as low temperature
oxidation and high temperature oxidation, which were carried out
at 250°C and 350°C, respectively. In addition, Tadema proposed a
method to calculate the air demand for the dry forward combustion
process model, and estimated the relationship between recovery
factor and the volume of combustion. Later, a large number
of scholars used thermal analysis methods to study crude oil
combustion. Kok?® analyzed the characteristics of the pyrolysis and
combustion properties of two heavy oils. In the cracking test, the
temperature range was identified when the viscosity reduction
occurred. In the combustion experiment, three different reaction
zones were observed, namely low temperature oxidation, crude oil
decomposition, high temperature oxidation.

Due to the complexity of the combustion process of the reservoir,
it is required to summarize the general rule of in-situ combustion
in the oil layer by studying the oxidation reaction mechanism
during the fire flooding process. In this paper, the characteristics
of oxidation reaction in the fired oil layer of Du 66 fault block in
Shuguang Oilfield were studied by combustion experiments. The
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crude oil and core required for the experiment were taken from
the Du 66 fault block in Shuguang Oilfield. The rest of the paper
is organized as follows: Section 2 presents the experimental
equipment and procedures; Section 3 shows the experimental
results; Section 4 is the analysis of most important factors; Section

5 summarizes the entire paper.

Experimental Equipment and Methods
Experimental setup

The physical experimental device for in-situ combustion consists
of an injection system, a model body, a measurement and control
system, and a production system. The injection system includes an
air compressor, an injection pump, an intermediate container, a gas
cylinder, and a tube valve member. The measurement and control
system collects and processes temperature, pressure and the flow
signal. The output system mainly completes the separation and
measurement of the produced fluid of the model. The schematic
diagram and real apparatus of the crude oil combustion pipe is
shown in Figure 1. The maximum working temperature of the
fireflood physics simulation experiment is 900°C, and the maximum
working pressure is 5MPa. The natural core used in the experiment
was taken from the Du 66 fault block in Shuguang Oilfield. The
porosity is 25% and the permeability is 2000mD. The oil density at
20°C is 0.9g/cm?. The oil viscosity is 2023mPa.s.
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Figure 1: Schematic diagram and real apparatus of the crude oil
combustion pipe. (a). Schematic diagram; (b). Real apparatus

Experimental procedure

The experiment process of in situ combustion includes four
parts: experimental preparation, model loading, ventilation test,
and fireflood experiment.

Trends in Petroleum Engineering | Trends Petro Eng
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1. Experimental preparation: The preparation work
of the fireflood experiment includes: a: designing the porosity,
permeability, saturation, and other characteristic parameters
according to the geological characteristics of the target reservoir;
b: conducting preparation for sensor calibration, simulated well
processing, igniter detection, etc.

2. Model loading: this procedure includes the installation
of simulated well, igniter, and sensor, pressure test of the model
system, core loading, saturate oil and water, and etc. For extra
heavy oils and super heavy oils, due to the lack of fluidity of the
crude oil under formation conditions, it is generally difficult to use
the intermediate vessel to directly saturate the oil into the model.
Instead, the oil, water and sand are mixed and filled into the model

according to the designed ratio.

3. Ventilation test: The premise of the fireflood experiment
is to pre-establish the flue in the formation to ensure that the
exhaust generated by the combustion can be discharged in time.
Therefore, before the ignition, nitrogen ventilation is conducted
to test the connectivity between the injection and the production
wells. During the ventilation test, the initial temperature field
inside the model should be established to be similar to the actual
conditions of the formation. At the same time of ventilation test,
the measurement and control system are debugged and the output

system is prepared for connection.

4.  Fireflood experiment: First, start the igniter to preheat.
In general, nitrogen is injected into the model instead of air. The
main purpose is to prevent oxidation coking before the oil layer is
ignited. Then, gradually increase the nitrogen injection rate until
the temperature of a certain area around the ignition well reaches
a certain value. Reinject the air to achieve the ignition of the target
layer. The whole fireflood experiment process generally includes
several stages such as low-speed gas injection ignition, step-by-step
speed-up fireflood, stable fireflood, and stop gas injection to end the
fire drive. During the experiment, the temperature, pressure, and
flow signals of each key node of the model system were monitored
by computer in real time. The 3D distribution of the leading edge of
the combustion zone was monitored in real time.

Experimental Results
Distribution characteristics of fire-burning zone

According to the temperature and post-experiment core
analysis, from the gas injection well to the production well, the fired
oil zone can be divided into the combustion zone, the combustion
front, the coking zone, the condensation zone, the movable oil
zone, and the original oil zone. The characteristics of each zone is
illustrated as follows:

Volume 3 - Issue 2

1.  Combustion zone: there is almost no crude oil in the core
and the oil saturation is less than 2%. The core pores is saturated
with the injected air. The sand temperature is high due to large
amount of combustion reaction heat retained. Since the seepage
resistance of air in the porous medium is very small, almost no
pressure drop is measured during the experiment. The pressure
in the air chamber in this area is basically consistent with the
pressure at the bottom of the gas injection well. Since no crude oil
participates in the oxidation reaction, the oxygen concentration in
this region is the injection concentration. The temperature gradient

is very small.

2. Combustion front: also called the combustion zone or
fire wall, which is the main area where high temperature oxidation
reactions (combustion) occur. The oxidation reaction is most severe
in this region, and the oxygen saturation decreases rapidly. The
temperature in the zone is the highest, generally above 400°C, and
reaches 900°C during the experiment. The temperature change is
the most intense at the boundary of the zone, and the temperature
gradient is the largest.

3.  Coking zone: a small area in the leading edge of the
combustion zone. In this zone, it can be found that solid lumps
present in the core after fire extinguishing and the oil saturation is
about 5% to 15%. This area provides fuel for the combustion front.
The temperature is second only to the fire wall. In this zone, the
cracking reaction dominates. The heavy hydrocarbons are cracked
into oil coke and gaseous hydrocarbons. The oil coke is deposited
on the sand particles to maintain the forward movement of the
combustion front. The movement of gaseous hydrocarbons and
superheated steam in front of the combustion front is one of the
major oil displacement mechanisms for the in-situ combustion.

4. Movable oil zone: the movable oil zone is before the
coke zone. The main components of the movable oil zone include:
the light crude oil produced by pyrolysis, the original formation
crude oil without obvious chemical changes, the water and carbon
dioxide produced after combustion, and nitrogen in the air. Due to
the high oil saturation in this region, the seepage resistance is large.
The temperature in this zone gradually approaches the original
formation temperature.

5.  Cold oil zone: this zone locates in the downstream of the
movable oil zone. The oil saturation is basically unchanged. Unlike
other methods of replenishing formation energy, flue is present
throughout the combustion process. The main function of the flue is
to discharge the carbon dioxide and other gases out of the stratum.
Otherwise, when the concentration of carbon dioxide reaches a
certain level, the fire will be extinguished. From this perspective,

the remaining oil zone is formed by the sweep of steam and flue gas.

Trends in Petroleum Engineering | Trends Petro Eng
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Kinematics and dynamics characteristics of oxidation
reaction

According to the relationship among thermogravimetry (TG),
derivative thermogravimetry (DTG), and oxidation rate of different
crude oils in air atmosphere, the crude oil temperature range
for low temperature oxidation, cracking, and high temperature
oxidation is divided. As shown in Figure 2, through the analysis of
TG, DTG curve and oxidation rate curve, the temperature range of
Du 66 crude oil is divided into low temperature oxidation (<245°C),
cracking (245°C ~ 350°C), high temperature oxidation (> 350°C).
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Figure 2: The TG and DTG curve of Du 66 crude oil.

In order to better understand the reaction characteristics of
the cracking reaction, an analytical experiment under an oxygen-
free (nitrogen atmosphere) condition was carried out for the Du
66 crude oil. The crude oil cannot undergo oxidation reaction in
the nitrogen atmosphere. As shown in Figure 3, the pressure rises
in accordance with the gas state equation when the temperature is
lower than 380°C. And the pressure is obviously increased when
the temperature is higher than 380°C. This is mainly because
there exists hydrocarbon gas generated by the cracking reaction,
which results in an increase of the total gas amount in the system.
Through the analysis of total hydrocarbon chromatography and
group components analysis, it can be found that the cracking leads
to the bond cleavage of the crude oil. The macromolecular chain
is decomposed into small molecular chains, and the quality of the
crude oil is obviously improved.
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Figure 3: Relationship between oxidation rate and temperature of
Du 66 crude oil.
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Analysis
Stability analysis of the in-situ combustion
1.  Characteristics of temperature field

Before starting the igniter, air is injected into the model at a low
speed to ensure good internal connectivity. The temperature of the
igniteris gradually increased so that the crude oil is fully distilled and
cracked at different temperatures and also provides sufficient fuel
for oxidative combustion. As shown in Figure 4, the crude oil near
the igniter is first ignited, the highest temperature reaches 700°C.
The combustion front is formed, and the intense high-temperature
oxidation reaction occurs mainly at the combustion front. Large
amount of heat is released to ensure the stable expansion of the
combustion front. It can be found from Figure 4 that the tendency
of the combustion front to expand upward is obvious during the
expansion process. This is mainly due to the low gravity of gas.
The gas advances faster in the upper part of the model, causing the
combustion to overburden.

Figure 4: Diagram of combustion front formation and temperature
field expansion.

From the temperature field of different stages Figure 4, the
temperature contour before and after the combustion zone is
the densest and the temperature gradient is the largest. The
temperature gradient is small in the area away from the combustion
zone. A large range of high temperature zones is formed between
the leading edge of the combustion zone and the production well
in the late stage of the fireflood. This is mainly due to the steam
generated during the evaporation of the original water in the oil
layer, which forms a certain degree of steam flooding.

2.  Components in the exhaust gas

During the experiment, the flue gas analyzer is used to monitor
the output of the gas components in the exhaust gas in real time.
As shown in Figure 5, when the combustion front is formed, the

Trends in Petroleum Engineering | Trends Petro Eng
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content of O, rapidly drops from 21% to about 3%. And the content
CO, and CO rises rapidly, reaching 10% and 2% respectively. During
the expansion period of the combustion front, the contents of O,,
CO,, and CO were always maintained at a substantially stable state.
By calculation, the oxygen utilization rate was 83.93%, and the
H/C atomic ratio was 1.413, indicating that the high temperature
oxidation reaction was always stable and dominated.

gas content ®o

1

Figure 5: Change of components in exhaust gas with time.

Analysis of movable oil zone formation conditions
1.  Effective combustion front

the threshold
temperature of high-temperature oxidation of Du 66 crude oil is

According to the experimental analysis,
357°C, and the ignition temperature should generally be higher
than the threshold temperature of 50°C or more. Therefore, the
ignition temperature should be about 407°C or above. Combined
with the differential scanning calorimetry (DSC) exothermic curve
of Du 66 crude oil Figure 6a, the ignition temperature is located
after the peak of the exothermic curve. Therefore, it can form a
violent high-temperature oxidation reaction. Large amount of heat
can be released and an effective combustion front (the temperature
of combustion front is about 500°C~ 600°C) can be formed. Also, it
can be found from Figure 6b, the viscosity of the crude oil is greatly
reduced by high temperature Figure 6b. It can be concluded that
effective combustion front provides a heat source for the formation
of movable oil zone.

If the ignition temperature is located before the peak of
the exothermic curve, that is, it is ignited under 250°C, the low
temperature oxidation reaction mainly occurs near the igniter
Figure 7. Due to the exothermicity of the low-temperature oxidation
reaction, the temperature in some areas is slightly higher than the
ignition temperature of 250°C. However, since the crude oil also
undergoes a cracking reaction under this temperature condition,
the temperature near the igniter is always lower than the threshold
temperature due to the endothermic cracking reaction. In the low
temperature range, normal high-temperature oxidation reaction
cannot be achieved, and this phenomenon continues under the

Volume 3 - Issue 2

joint action of low-temperature oxidation and cracking reaction
Figure 7. With the continuous injection of gas, it carries some heat
to the vicinity of the igniter. The temperature continues to expand,
but it cannot form an effective combustion front.
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Figure 6: (a) DSC curve of Du 66 crude oil; (b) Viscosity and tem-
perature of curve Du66 crude oil
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Figure 7: Temperature field change diagram when the ignition tem-
perature is before the peak of the exothermic curve.

2. The movement of combustion front

Sustained injection of a certain intensity can ensure that the
combustion front moves forward continuously, and the combustion
front will drive the crude oil forward in the form of snowballing
due to the extremely high oil displacement efficiency. As shown
in Figure 8, after the formation of combustion front, the high
temperature oxidation can be maintained under the gas injection
intensity of 20m3/(m?*h). Due to the formation and aggregation of
movable oil zone, the resistance is also increased. The existing gas
injection intensity is not sufficient to push the combustion front
forward. if the gas injection rate is lowered, the combustion front

Trends in Petroleum Engineering | Trends Petro Eng
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stops moving, the temperature drops, and the movable oil zone
cannot be displaced. Therefore, it is necessary to continuously
increase the gas injection intensity and finally the combustion
front can be completely advanced in the model direction Figure 9.
The experimental results show that the maximum of gas injection
intensity can reach 111m?3/(m2h), which is 5.5 times of the initial
ignition. The increased gas injection intensity can be considered
as the driving force to promote the migration of movable oil zone.
Figure 10 shows the temperature field diagram if the gas injection
intensity is decreased. As it can be found from Figure 8, when the
combustion front moves to the middle of the model, the gas injection
intensity is 96m?/(m%h). It indicates that the movable oil zone is
formed. At this time, the gas injection intensity is adjusted to 60m?/
(mZh). As it can be found from Figure 10, the combustion front can
maintain high temperature combustion. However, the maximum
temperature of combustion and the area of the combustion front
shrink constantly, and the move rate of combustion front also begin
to decrease. When the gas injection intensity is reduced to 36m3/
(m%h), the highest temperature of the combustion front drops to
about 473.15K. The oxidation stage is transfer to low-temperature
oxidation Figure 10. The experimental results show that if the gas
injection rate is reduced, the combustion front will stop moving
and the temperature will decrease. Thus, it will not be able to
displace the movable oil zone. It will be difficult to maintain high
temperature combustion eventually.
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Figure 8: Relationship between gas injection rate and fire-flooding
experiment.

Figure 9: Color of sand after fire flooding experiment.

0il saturation change

The distribution of oil saturation of movable oil zone in differ-

ent times is shown in Figure 11. As the combustion front moves (oil
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saturation is below 10%), the oil saturation gradually increases,
which can be up to 85%. The areas with oil saturation above 60%
(original oil saturation) gradually increase. As the movable oil zone
is constantly produced near the production well, the range of the
movable oil zone gradually decreases.

Gas injection intensity 96 m*/(m’h)

w w0
' / 250

Gas injection intensity 60 m .’(m!-h]

€ \i\30
8% /A
b !

.
Gas injection intensity 36 m {(m *h)

Figure 10: Temperature field diagram with reduced gas injection in-
tensity during the fireflood process.
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Figure 11: Oil saturation change with time.

Movable oil zone pressurization

The pressure change in the fire process is detected by arranging
differentpressure pointsinthe model Figure 12,and the pressurizing
mechanism for the movable oil zone can be summarized. During
the fireflood process, as the combustion front advances from
the injection well to the production well, the pressure gradually
decreases. The pressure change at different locations is shown in
Figure 13. In the process of fire flooding, the change of pressure and
oil production reflects the migration characteristics of removable

oil zone: the increase of pressure means that the removable oil

Trends in Petroleum Engineering | Trends Petro Eng
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zone gradually increases. When the front edge of removable oil
zone approaches to the production well, the pressure reaches the
peak value and the oil production rate begins to increase. And if the
removable oil zone gradually becomes smaller, the pressure also
begins to decline and the crude oil production also reaches the peak
value. This means that the oil production reaches the maximum
value. As it can be found from Figure 13, the overall trend is that
the pressure increases as the combustion front and the movable oil
zone advance, but the pressure begins to decrease as the movable
oil zone advances to the production well Figure 13. When the
combustion front is between two pressure measurement points,
the pressure difference is greatest. The highest pressure difference
is about 0.12MPa. When the combustion front is moving past
this point, the pressure difference gradually decreases. After the
movable oil zone breaks through the production well, the pressure
difference is constant at 0.01MPa. The relationship between oil
production and location of pressure measurement point is shown
in Figure 14. As it can be found from Figure 14, the pressure and
production increase simultaneously. Due to the well position, the
pressure peak is prior to the peak of production. The pressure
curve shows the peak when the front edge of the movable oil zone
is close to the production well. And the production curve shows the
peak when the combustion front is close to the production well.

E 12.5¢cm pn'"TiScm PDIH.T2
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Figure 12: Schematic diagram of pressure measurement point.
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Figure 13: Pressure change at different locations.

Summary and Conclusion

According to the study of this paper, following conclusions can
be obtained:

Volume 3 - Issue 2

20 0.6
18 | =0— stage oil production
ES .
w 16 F —C—measure point 1 pressure 1 0.5
E —omeasure point 2 pressure
= 14 q
- 04
I 12 |
]
=
E 10 LY
Pl =
§ 6 | 102
§  af
= 104
=] 2r
1] 1]
o 50 100 150 200 250 300

t, min

Figure 14: Change of oil production and pressure of the two mea-
surement points.

(1) According to the experimental analysis, the temperature
of the condensation zone is the upper temperature limit of the
movable oil zone during the fire drive process. And the temperature
of the viscosity inflection point is the lower temperature limit of
the movable oil zone. Therefore, the upper and lower temperature
limits of the movable oil zone can be used to determine the location
and thickness of the movable oil zone.

(2) According to the temperature fields of different stages
analysis results, the temperature contour before and after the
combustion zone is the densest (4 lines/0.3m) and the temperature
gradient is the largest (400°C/0.2m). The temperature gradient is
small in the area away from the combustion zone. In the analysis of
the exhaust components, when the combustion front is formed, the
content of O, decreases rapidly, and the CO, and CO contents rise to
10% and 20%, respectively.

(3) The effective combustion front and the movement of
combustion front are the foundation for the formation of movable
oil zone. The ignition temperature is located at the peak of the
exothermic curve, which can form a violent high-temperature
oxidation reaction. It releases a large amount of heat and forms an
effective hot line (combustion front temperature of 500°C~600°C).
In a certain intensity, sustained gas injection can ensure that the
combustion front moves forward continuously, and the combustion
front will drive the crude oil forward in the form of snowballing due

to the extremely high oil displacement efficiency.

(4) Through analysis, movable oil zone pressurization is an
important mechanism for in-situ combustion. As the combustion
front advances from the injection well to the production well,
the pressure gradually decreases. The pressure increases as the
combustion front and the movable oil zone advance, but the
movable oil zone begins to decrease as it advances to the production
well. When the front edge of the movable oil zone is close to the
production well, the pressure is the highest (0.56MPa) when the

Trends in Petroleum Engineering | Trends Petro Eng
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combustion front is close to the production well, the oil production
is the highest.
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