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Abstract

The exploration and drilling operations for oil in the Wadi Rajil region of the Azraq Basin in northeast Jordan confirmed
the existence of quantities of asphalt and heavy oil in several formations of limestone and dolomite within layers of
sandstone. The estimated area was 1200 km? (120000 hectare) and possibly contained 800 million m3 (five billion barrels)
of original oil. The aim of this study is to obtain in-situ combustion and to suggest the application of the drilling of two
wells by an in-situ combustion process called Toe-to-Heel Air Injection In-situ Combustion in the Wadi Rajil-Hamzeh
field. This approach proposes a pilot project of drilling two wells. One vertical injection well in the upper production
zone and another horizontal production well at the bottom of the reservoir. Through this technique, the productivity will
increase, the viscosity of the oil will decrease, and consequently the sweep efficiency will be higher. This pilot project’s
potential production reaches 212.94 m3/d of oil. The total time for the project to be completed is around 450 days. The
efficiency of recovery in this study reached around 65 to 69%. This result can lead to the possible expansion of the

approach applied in this project throughout the Wadi Rajil-Hamzeh region.
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1. Introduction

The demand for oil and the increase in the difficulty
of discovering large oil reservoirs, the decrease in reser-
voirs reserves, and the decrease in oil conventional re-
serves, have led to an increased interest in heavy oil and
tar sands. The predominant factor limiting the economic
recovery in such reserves is the high viscosity of the oil
in the reservoir. Any decrease in the oil viscosity will
lead to an increase in oil movement, thereby improving
oil production.

This can be achieved by one of the most effective pro-
duction methods, which is thermal application in the res-
ervoir.

The fire flooding method is another way to improve
oil production and is called Enhanced Oil Recovery
(EOR).

The heat can be supplied to the reservoir in the form
of hot water, gases, or steam. Heat might be generated
in-situ by burning a portion of the oil in the reservoir
known as in-situ combustion (ISC). This generated heat
ignites oil in formations, leading to the spread of the
propagation combustion front through the porous media
that contains the oil.
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The fuel needed for the continuity of combustion can
be supplied from residual materials or from the coke de-
posited from the combustion zone in process, thermal
cracking, pyrolysis, or the combustion front of the oil.

Most in-situ thermal processes use vertical wells for
short distances of penetration of the formation, while in
horizontal wells, large distances are penetrated. Over the
past decade, great progress is achieved in drilling hori-
zontal wells over large distances of around 1000 m.

Horizontal wells provide improved performance over
conventional vertical wells, this is primarily due to the
expansion of the contact area between the layers of the
upper and bottom formation and the horizontal well.
This is especially true for thinly stratified formations in
which the reservoir is in contact with a larger area of the
horizontal well than with the fully penetrated vertical
well (Giger et al., 1984). Horizontal wells are strategi-
cally placed away from contact with liquids to reduce
water/gas coning by causing a decreased displacement
and consequent improvement in cumulative oil recovery
(Chaperon et al., 1986).

Sweep efficiency during the combustion process is an
important factor in the recovery process. Steam drive
and cyclic steam stimulation was successfully used in
the horizontal wells with the help of steam-assisted
gravity drainage to produce heavy oil and oil sands from
the reservoir.
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A model was created and various experiments were
conducted to verify the effectiveness of the group of a
horizontal and a vertical well by steam flooding on the
Athabasca sand field, and it was concluded that continu-
ous steam circulation through the perforated horizontal
well was effective for producing heavy oil (Greaves et
al., 2005).

The Azraq Basin (see Figure 1) is located in the
northeast region of the Hashemite Kingdom of Jordan,
which includes the region Wadi Rajil-Hamzeh and con-
tains probable reserves of asphalt and heavy oil estimat-
ed to be around 800 million m? (five billion barrels). Fig-
ure 1 shows the study area.
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Figure 1: The Hashemite Kingdom of Jordan map,
the study area

ISC is a thermal EOR method in which a small frac-
tion of the oil (coke) in the oil layer is burned to mobilise
the unburned fraction. Due to the strong exothermic oxi-
dation reactions between hydrocarbon (coke) and oxy-
gen, the temperature of the oil-bearing matrix in the
combustion zone reaches 500 to 700°C, which is much
higher than that in steam flood processes (150 to 250°C).
Higher temperatures are very favourable for tar sands
and heavy oil reservoirs because not only is the oil vis-
cosity reduced by several orders of magnitude, but the
heavy residue is also thermally cracked to lighter com-
pounds (Xia and Greaves, 2002).

In the conventional ISC process which uses vertical
wells for injection and production, the size of the sweep
is limited because of the presence of challenges in the

layers and excessive work. The toe-to-heel air injection
in-situ combustion (ISC) process is a new technology
that uses the horizontal wells at the bottom of the reser-
voir, developed to recover the oil from the heavy oil res-
ervoir, to increase the productivity as well as the sweep
efficiency.

2. Geological settings

The widespread distribution of bitumen- and asphalt-
bearing rocks of the Maastrichtian Age in the Azraq re-
gion has been clearly established through the drilling of
22 oil wells for exploration in the Wadi Rajil-Hamzeh
area. Although bitumen, asphalt and heavy oil are spo-
radically present through the lithostratigraphy column as
shown in Figure 2, the richest occurrences of heavy re-
sidual hydrocarbons are found in the Ghareb Formation
of Late Cretaceous Age.
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Figure 2: Lithostratigraphy cross-section
of the Hamzeh-Wadi Rajil area
(Qteishat and Mahasneh, 2018)

Using petrophysical logs, descriptions of well site
cuttings and core sample analysis indicated that the
Ghareb Formation contained dolomite and limestone,
described as a light grey fine crystalline, medium hard,
with patchy distributions of asphalt and heavy oil.

Figure 3 shows the structure map of the Wadi Rajil-
Hamzeh in the Azraq Basin, Table 1 shows the physical
and chemical properties of the oil field.

The porosity was described as vuggy to cavernous
with fractures and vugs filled with heavy oil. The aver-
age thickness of the centre zone of the Ghareb Forma-
tion was estimated to be about 29 m.

Accordingly, the drill stem test (DST) was conducted
in the bituminous-asphaltic region in the upper zone of
the Ghareb Formation. However, the analysis of the core
sample taken from a depth of 962 m in Hamzeh well 4
indicated 24% water saturation and 76% residual oil
saturation. Thereafter, a second (DST) was conducted in
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Figure 3: Structure map of Wadi Rajil- Hamzeh in Azraq Basin (Qteishat and Mahasneh, 2018)

the lower Ghareb Formation, which recovered 4 liters of
heavy oil from the drill stem.

Table 1: Physical and chemical properties of reservoir

Properties Unit Value
Average depth m 845-1112
Gravity of asphalt API 9-10°
Gravity heavy oil API 17°
Density heavy oil gr/em’ 0.95
Density of asphalt gr/cm? 1.0071-1
Porosity % 18
Permeability pm? 592.15
Average thickness m 29-40
Viscosity mPa-s 400-1000
Oil saturation % 45-75
Reservoir temperature ‘C 40
C/H ratio % 2.58
Hydrocarbons types
Saturates wt % 4.5
Aromatics wt % 25.2
Sulfur wt % 9.9-11.65
Melting point of Asphalt °C 79
Conradson Carbon wt % 6.1
Metals
Nickel ppm 80
Vanadium ppm 155

From the logs, the average porosity for these zones
was 13 to 19%. The total thickness of the formation to-
wards the Fuluk Fault zone was in the northeast region.
However, the Ghareb Formation found in the northeast
of the Wadi Rajil wells WR1, WR2, WR3 and directly to
the south of the Hamzeh oil field.

3. Materials and methods of examination

3.1. Device for studying oil oxidation
in porous media

The experimental device for studying oil oxidation in
porous media is used to measure the reactivity of differ-
ent oils in a porous medium. The sample is packed into
the cell to be provided with the necessary temperature,
pressure, and flow control as shown in Figure 4. The
shape of the cell is designed so that the temperature and
composition of the reactants is as uniform as possible.

3.2. Oxidation procedure

The original core sample containing asphalt and heavy
oil was grinded and sieved, thereafter it was packed in
the cell and heated to 500°C according to the linear pro-
gram of the time function. The volume of the sample
was 32 cm?, and the amount of air flow ranged between
23 and 44 cm’/m? per hour.

The device was programmed at a linear heating tem-
perature of 80°C/hour, while the average heating tem-
perature of the sample was around 68 to 78°C/hour. The

Rudarsko-geolosko-naftni zbornik i autori (The Mining-Geology-Petroleum Engineering Bulletin and the authors) ©, 2020,

pp. 77-84, DOI: 10.17794/rgn.2020.3.8



Al-Mahasneh, M.

8o

TEMPERATURE]

RECORDER

\g
fi—= ? <+—— AIR FLOW
I =
I 1
L i
FURNACE <% ]
CELL < =>SAMPLE

ANALYZER
FLOWMETER OZ_FO’CIOZ
RECORDER

| —

HEATING
SCHEDULE

+COOLER

Figure 4: Experimental device for studying oil oxidation
in porous media (Burger et al., 1985)

difference between the temperature of the device and
average heating temperature of the sample indicates the
presence of an interaction within the sample materials
with varying temperatures. This provides evidence that
the heavy flow of oil under this condition is possible.
Figure 5 shows the results of the heavy oil sample
oxidation in the cell and the gases formed as the opera-
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tion progressed. The non-linear heating temperature of
the sample was changing because of the significant in-
teraction within hydrocarbon mixtures in the sample.
The oxygen combustion temperature was between 50
and 190°C, which was suitable for the continued burn-
ing of the oxygen consumed to complete the process
successfully. The plateau temperature was 190 to 220°C.
The amount of CO, formed after oxidation of the
sample at the beginning of the test was very low due to
the primary reactions before initiating the combustion
which is called low-temperature oxidation (LTO). Due
to the continuity reactions to complete the process of

Table 2: Results of the oxidation test.

The initial temperature of the sample |22°C

Final temperature of a sample 500°C
Average temperature/hour 68-78°C
et e 50 190C
The temperature to form carbon .
monoxide 65C

;‘il:)i itg;nperature to form carbon 225°C
carbon dioxide formed 8.5 vol %
Carbon monoxide formed 4.25 vol %
Oxygen not consumed 4.1 vol %
Fuel consumption 47 kg/m®

air requirement per m* of rock 524 Sm*/m?
Air-to-fuel ratio 11.15 m%/kg rock
Air-to-oil ratio 2428 Sm*/m’
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Figure 5: Oxidation of asphalt and heavy oil from the Ghareb Formation
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combustion, the amount of CO, increased, which is
called high-temperature combustion (HTC).

The CO evaluation showed that the average percent-
age of CO was less than CO,, which implies that the
combustion process is going forward and will be com-
pleted successfully (Mahasneh, 2012).

Table 2 shows the rate of fuel consumption (available
fuel) through laboratory tests to be 47 kg/m?®, and this
rate might exceed as in the Shannon field with 49 kg/m°.
Moreover, CO, formed at 225°C. Experimental data Ta-
ble 2 shows that the required average air is 524 Sm?*/m?
for burning rocks, and the heating value of the fuel is
high.

3.3. Toe-to-heel air injection in-situ
combustion process

The benefits of this modern method are as follows
(Turta, 2018):

* Increased control over the ISC front propagation

compared to conventional ISC process; ISC front

4. Injection
Well

breakthrough always at the toe and progressive ad-
vancement towards the heel;

« Easier to implement when heavy oil has some mo-
bility at reservoir conditions, otherwise initial hot
communication is needed;

 Easy to implement using existing facilities and hor-
izontal wells (HWs), especially if HWs are placed
near the bottom of the oil layer.

4. Pilot project for ISC from toe-to-heel by
air injection (THAI)

The pilot project includes drilling a vertical well for
air injection in the upper reservoir, and a horizontal well
for production at the bottom of the reservoir. The appli-
cation of this technology in-situ, involves the process of
combustion in the stable location of the HTC interface
from the top to the bottom of the heavy reservoir.

This depends on the vertical and horizontal permea-
bility and porosity of the reservoir for helping the propa-

Well i

[ Combustion
zone

Mobile oil
zone

B Ccold heavy
oil zone

— .
1 ]Upper Amman
L Formation

1

1

Figure 6: Schematic diagram of the THAI process

Table 3: Design criteria for the pilot project

Volume of air
injected for the

6.877x10° Sm*

Volume of air
injected for the

17.7x10% Sm?

Volume of air injected
for the third stage

13.74x10° Sm*

first stage second stage

Time required Time required Time required

for the first stage 137 days for the second stage 176 days for the third stage 137 days
Airrequirement | o), s | Air flux 78.6 Sm¥/m? day | COMPressor horsepower | 39,5 15y
per m’® of rock requirement

Maximum air ] ] 5 Oil displaced per 5
P 4091.349 kPa |Maximum air rate | 100379.2 Sm’/day ’ 7560 m
injection pressure unburned reservoir

Total time for pilot| 5, ;. ¢ Total air for pilot /3, 1) 100 s Oil displaced per burned | 8208 m’
project project

Air oil ratio

2428 Sm*/m?

Overall recovery
efficiency

65% to 69%
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gation of the combustion front direction to the horizontal
well to provide displacement of the oil from the reser-
voir. Figure 6 shows a schematic diagram of the THAI
process.

Based on the results obtained from the laboratory ex-
periment as shown on Table 2, and the criteria that must
be found in the field such as depth, viscosity, porosity,
thickness, area, oil saturation, water saturation, fuel de-
posit, air requirements and the hydrocarbons all lead to
the possibility of applying this THAI technology in the
formations of the Ghareb in the Wadi Rajil-Hamzeh area
in the Azraq Basin.

The amount of fuel produced from the burning zone
ranged from medium to high. The amount of fuel con-
sumed increases with the increasing viscosity of oil and
saturation of rocks. Based on the results obtained in the
field tests globally, the thermal methods can be used to
produce heavy oil. Table 3 shows that it is possible to
stimulate the reservoir with methods of thermal recov-
ery, such as the ISC process in the Wadi Rajil-Hamzeh
area in the Azraq Basin. Table 3 shows the parameters of
the design of the THAI ISC process. Several authors
have provided procedures for designing the ISC process
(Nelson and McNeil, 1961; Parrish et al., 1962; Gates
and Ramey, 1980; Fassihi et al., 1981; Sarathi, 1998).

The THAI process burns some oil in the underground
sediments in such a way that the residual oil flows to the
surface on its own through production wells. The oil dis-
placed for each volume might be produced from the
combustion reservoir, heavy oil reservoir, and some un-
guided areas of the fire front through a combination of
gravity and hot gas movement (Tverberg, 2007). Tver-
berg (2007) indicated that it is expected that THAT will
recover 70%—-80% of oil originally in the pilot project.

It has been shown that the THAI process can still op-
erate stably for a wide range of reservoir permeabilities
and types and degrees of geological heterogeneity. How-
ever, the degree of heterogeneity affects the pattern of
oxygen utilization, and geological heterogeneity affects
fuel concentration and thereby the progression of the
combustion front (Ado et al., 2019).

In this study it is possible that THAI will recover 65
to 69% of the oil originally in the pilot project. This find-
ing coincides with that of (Tverberg, 2007).

5. Results and discussion

The experimental laboratory tests helped to obtain the
primary in-situ combustion parameters such as fuel re-
quirements, air requirements, reaction peak temperature,
oxygen utilization and effluent gas analysis of combus-
tion. These parameters provide the possibility to apply
ISC from toe-to-heel air injection (THAI) in the Wadi
Rajil-Hamzeh field. The concept of injection through
the THAI combustion process involves the production

of heavy oil by drilling a vertical injection well at the top
of the reservoir and a horizontal production well located
along the bottom of the reservoir.

Air is pumped in through the vertical injection well
and the combustion front zone is formed which propa-
gates from the injection well towards the horizontal pro-
duction well from the THAI. The air injection is contin-
ued in such a manner that it moves towards the combus-
tion front. The oxygen reacts chemically with oil to
provide the coke for combustion. In the beginning of this
process, the temperature is low and involves LTO. It in-
creases gradually until it reaches high-temperature oxi-
dation (HTO) in which the combustion reaction is be-
tween oxygen and oil in a porous media. The combus-
tion gases that are produced lead to the mobility of fluids
downstream until they reach the horizontal production
well. A small area of mobile oil is formed ahead of the
combustion front. The heavy oil reservoir has a high vis-
cosity of oil in the area far from the combustion front
which is called the cold heavy oil zone as shown in Fig-
ure 6. The combustion front process continues to pro-
gress while maintaining the rate of air injection for the
continuity of the process. Table 3 shows that the re-
quired air for the project is 31.44 x 10° m®, and the mini-
mum air flow required to sustain combustion is 78.6
Sm*/m? day from the front.

The volume of oil removed per burning is 8208 m?,
and the amount of oil produced from the non-combusted
reservoir area is 7560 m®. Total oil extraction from the
burned and non-burned area is 15768 m? as we know the
productivity of HWs is four to five times more than ver-
tical wells. Furthermore, the air-oil ratio is 2428 Sm*/m?.
Considering that the productivity of HWs is between
four to five times that of vertical wells, the productivity
per day becomes 212.94 m?®. Based on these results of
the laboratory experiment, they can lead us to apply the
project in the future to produce oil from the study area.

6. Conclusion

» Through exploratory wells, the presence of heavy
and asphalt oil was demonstrated in Wadi Rajil-
Hamzeh-Wadi Al Ghadaf area in the formations of
the Ghareb (Maastrichtian) and Upper Amman,
(Campanian-Santonian) region.

» Formations of these deposits of hydrocarbons range
from 680 to 1650 m in the Ghareb and from 1310 to
2040 m in Upper Amman Formation.

* Accumulation of hydrocarbons showed an uneven
distribution, from small spots to cracks and cavities
filled with asphalt and heavy oil and were directly
connected with the porosity and cracks of the col-
lected rocks. Reservoir rock limestone, dolomite,
and sandstone interferences were found because of
the repeated number of core samples extracted from
different wells which showed hydrocarbons.
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 The analysis of oil and asphalt showed that the as-
phalt contained a sulphur content in the range from
9.92% to 11.65% with a melting point of 79°C.

* The amount of the original hydrocarbons present is

probably 800 million m? (five billion barrels).

Based on laboratory experiments with the oxidation

cell device, the design criteria were obtained for a

pilot project with thermal conditions THAI, which

can be applied when drilling a vertical well for in-
jection and another horizontal well for production.

* The productivity of HWs is four to five times more
than in vertical wells; furthermore, the air oil ratio
is 2428 Sm®*/m>.

* The production rate of oil is 47.32 m3/day. Given
that the productivity of HWs is between four to five
times that of vertical wells, it implies that produc-
tivity per day becomes 212.94 m?.
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SAZETAK

Proces Toe-to-Heel utiskivanja zraka za in-situ spaljivanje nafte u lezistu:
primjer iz bazena Azraq, Jordan

Tijekom istrazivackih i busaéih aktivnosti u regiji Wadi Rajil (bazen Azraq) na sjeveroistoku Jordana utvrdeno je posto-
janje odredenih akumulacija asfalta i teske sirove nafte u nekoliko litotipova vapnenca i dolomita unutar slojeva pje$ce-
njaka. Potencijalne rezerve nafte iznose 8oo milijuna m3 (pet milijardi barela) te zahvacaju povr$inu od pribliZno 1200
km? (120 0ooo hektara). Cilj ove studije bio je istraziti mogucnost primjene procesa Toe-to-Heel utiskivanja zraka za in-
situ spaljivanje nafte u lezistu na polju Wadi Rajil-Hamzeh, za ¢ije je provodenje predvidena izrada dviju novih busotina.
U sklopu pokusnoga projekta izradile bi se dvije nove bu$otine, odnosno jedna okomita (utisna) busotina kojom bi se
zahvatilo podrudje blize krovini leZi$ta te vodoravna (eksploatacijska) busotina koja bi bila poloZena bliZe podini leZista.
Primjenom ove tehnologije povecala bi se proizvodnost iz spomenutoga leZista, smanjila bi se viskoznost nafte te bi se
povecao koeficijent obuhvata lezista istiskivanjem. Pokusnim projektom predvideno je pridobivanje i do 212,94 m3 nafte
na dan. Ukupno je predvideno vrijeme za provedbu pokusnoga projekta priblizno 450 dana, a procijenjeno je da se nje-
govom primjenom mozZe ostvariti iscrpak od 65 do 69 %. Dobiveni rezultati upucuju na mogucnost prosirenja primjene
iste tehnologije na cijelo podru¢je Wadi Rajil-Hamzeh.

Kljuéne rijedi:
Toe-to-Heel, utiskivanje zraka, teska sirova nafta, in-situ spaljivanje, horizontalna busotina
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