INVESTIGATION OF PRODUCTIVITY OF HEAVY OIL CARBONATE
RESERVOIRS AND OIL SHALES USING ELECTRICAL HEATING METHODS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BERNA HASCAKIR

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY
IN
PETROLEUM AND NATURAL GAS ENGINEERING

AUGUST 2008



Approval of the thesis:

INVESTIGATION OF PRODUCTIVITY OF HEAVY OIL CARBONATE
RESERVOIRS AND OIL SHALES USING ELECTRICAL HEATING METHODS

submitted by BERNA HASCAKIR in partial fulfilment of the requirements for the
degree of Doctor of Philosophy in Petroleum and Natural Gas Engineering
Department, Middle East Technical University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Mahmut Parlaktuna

Head of Department, Petroleum & Natural Gas Engineering

Prof. Dr. Serhat Akin
Supervisor, Petroleum & Natural Gas Engineering Dept., METU

Examining Committee Members:

Prof. Dr. Nurkan Karahanoglu
Geological Engineering Dept., METU

Prof. Dr. Serhat Akin
Petroleum and Natural Gas Engineering Dept., METU

Prof. Dr. Birol Demiral
Geoscience and Petroleum Engineering Dept., UTP

Prof. Dr. Mahmut Parlaktuna
Petroleum and Natural Gas Engineering Dept., METU

Prof. Dr. Mustafa Versan Kok
Petroleum and Natural Gas Engineering Dept., METU

Date: 29.08.2008



I hereby declare that all information in this document has been obtained
and presented in accordance with academic rules and ethical conduct. |
also declare that, as required by these rules and conduct, | have fully cited
and referenced all material and results that are not original to this work.

Name, Last name: Berna Hasgakir

Signature:



ABSTRACT

INVESTIGATION OF PRODUCTIVITY OF HEAVY OIL CARBONATE
RESERVOIRS AND OIL SHALES USING ELECTRICAL HEATING METHODS

Hascakir, Berna
Ph.D., Department of Petroleum and Natural Gas Engineering
Supervisor: Prof. Dr. Serhat Akin

August 2008, 229 pages

The recovery characteristics of Bolu-Himmetoglu, Bolu-Hatildag, Kitahya-
Seyitémer, and Nigde-Ulukisla oil shale samples and Bati Raman, Camurlu, and
Garzan crude oil samples were tested experimentally using retort and microwave
heating techniques. Many parameters like heating time, porosity, water saturation
were studied. To enhance the efficiency of the processes three different iron
powders (i.e.; Fe, Fe,Os, and FeCls) were added to the samples and the doses of
the iron powders were optimized. While crude oil viscosities were measured to
explain the fluid rheologies, since it is impossible to measure the shale oil
viscosity at the laboratory conditions due to its very high viscosity, shale oil
viscosities were obtained numerically by using the electrical heating option of a
reservoir simulator (CMG, STARS 2007) by matching between the laboratory and
numerical oil production and temperature distribution results. Then the field scale
simulations for retorting of oil shale and crude oil fields were conducted. Since
the microwave heating cannot be simulated by CMG, STARS, microwave heating
was modeled analytically. In order to explain the feasibility of heating processes,
an economic evaluation was carried out. The experimental, numerical, and
analytical results show that field scale oil recovery from oil shales and heavy
crude oils by electrical and electromagnetic heating could be economically viable.



While microwave heating is advantageous from an operational point of view,

retorting is advantageous if the technically feasibility of the study is considered.

Keywords: Oil Shale, Crude Oil, Thermal EOR Methods, Crude Oil Rheology,
Numerical and Analytical Models.



0z

AGIR PETROL IGEREN KARBONAT REZERVUARLARININ VE BITUMLU
SISTLERIN ELEKTRIKSEL ISITMA YONTEMLERIYLE URETILEBILIRLIGININ
ARASTIRILMASI

Hascakir, Berna
Doktora, Petrol ve Dogal Gaz Miihendisligi BoIim(U
Tez Yoneticisi: Prof. Dr. Serhat Akin

Agustos 2008, 229 sayfa

Retort ve mikrodalga teknikleri kullanilarak, Bolu-Himmetoglu, Bolu-Hatildag,
Kitahya-Seyitdmer, ve Nigde-Ulukisla bitimli sist 6rneklerinin ve Bati Raman,
Gamurlu, ve Garzan petrol érneklerinin Gretilebilirligi, retort ve mikrodalga 1sitma
teknikleri kullanilarak, deneysel olarak test edilmistir. Isitma siresi, gézenekililik,
su doygunlugu gibi bircok parametre calisiimistir. Streglerin verimliligini arttirma
amaciyla U¢ degisik demir tozu (Fe, Fe.Os, and FeCls;) 6rneklere eklenmis ve
demir tozlarinin dozlari optimize edilmistir. Ham petrol numunelerinin
akiskanlklari, akis 6zelliklerini belirleyebilmek i¢in élgllebilirken, bitimli sistten
elde edilen petrolin viskozitesinin, ¢ok agir 6zellk tasmasindan dolayi,
laboratuvar kosullarinda élgilmesi mimkiin olmadigindan, viskozite degerleri bir
sayisal rezervuar modeli olan CMG, STARS 2007 modelinin elektiriksel 1sitma
opsiyonu kullanilarak, petrol Gretim ve sicaklik dagilim sonuglarini laboratuvar ve
numerik model degerleri ile ¢akistirarak elde edilmistir. Daha sonra bitimli sist
ve ham petrol sahalarinin retort islemi, saha Olgeginde modellenmistir.
Mikrodalga ile 1sitma, CMG, STARS modeli ile modellenemediginden, mikrodalga
Isitma analitik olarak modellenmistir. Isitma slreclerinin uygulanabilirligini ortaya
koyabilmek igin, ¢alismanin ekonomik degerlendiriimesi yapilmistir. Deneysel,
sayisal ve analitik sonuclar, bitimll sist ve ham petrolden, petrol kurtariminin,

Vi



elektrik ve elektromagnetik I1sitma ydntemleri ile ekonomik olarak
uygulanabilirligini gdstermektedir. isletimsel bakis acisiyla, mikrodalga isitma
avantajli iken, retort teknik olarak uygulanabilirligi distnlildiginde avantajlidir.

Anahtar Kelimeler: Bitimli Sist, Ham Petrol, Termal ileri Petrol Kurtarim

Ydntemleri, Ham Petrol Reolojisi, Sayisal ve Analitik Modeller.
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NOMENCLATURE

Roman Symbols

AB
A, B,C

D

h

Ny, i
I, 10, 1

Diffusive Energy

Heat generation

Reactants, the concentration of a given A, B in mol/liter (molarity)
Continuous heating periods

Energy used in internal evaporation

Represents the catalyst,

Concentration of component i

Sum of all the ¢

Specific heat of the medium at constant pressure, J/kg. K
Specific heat capacity of the fluid phase

Rate of energy accumulation

Particle diameter, (m)

Convective energy flow

Magnitude of the electric field.

Electric field

Activation energy (J/mol™)

Microwave frequency,

Distance between the two parallel faces that are experiencing the
shear

Height of a cylinder

Latent heat of vaporization, J/kg,
Soaking periods

Experimental Studies Results.
Numerical Studies Results

Thermal conductivity, W/mK,

Reaction rate coefficient or rate constant
Permeability (m?).

XX



K Consistency index, Pa,s"

n Flow behavior index, dimensionless

nand m Reaction orders

P Electromagnetic dissipated power per unit of volume
P4 Power density

P(r) Total power radiated across the radius r

Pres Reservoir pressure

q Electrical source term

; Rate of energy generation per unit volume, W/m?
R Universal gas constant (8.314 x 10° kJ mol'K™)
R Resistance

Sw Water saturation

Sui Initial Water Saturation

S, Oil saturation

Sor Residual oil saturation

T Temperature, °C

Tres Reservoir temperature

u Velocity, m/s,

u, v Velocity of the fluid along the fluid boundary, m/s
; ; Superficial velocity of the fluid phase

Y Height of the fluid boundary.

Wi Water mole fraction

1 Dead Crude Oil.

2 Crude oil containing 0.5% Fe
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CHAPTER 1

INTRODUCTION

Increased levels of human comfort generally encourage increasing the
dependence on external energy sources. Therefore, energy development needs
the ongoing effort to provide sufficient primary energy sources and secondary
energy forms to power the world economy. It involves both installation of
established technologies and research and development to create new energy-
related technologies [1, 2].

Since the beginning of the industrial revolution, the worldwide energy
consumption has been growing steadily. In 1890 the consumption of fossil fuels
roughly equaled the amount of biomass fuel burned by households and industry.
In 1900, global energy consumption equaled 0.7 TW (0.7x10'? watts) [3]. In
2005, total worldwide energy consumption was 500 EJ (= 5 x 1020 J) (or 138,900
TWh) with 86.5% derived from the combustion of fossil fuels. This is equivalent to
an average energy consumption rate of 15 TW (= 1.5 x 1013 W) [3].

As Turkey is a developing country, the need for energy is much higher than the
developed countries, so, the rapid growth of energy consumption is predicted to
continue for the next 15 years. The national conventional energy sources of
Turkey cover 51% of the energy need for Turkey and remaining part is provided
by importing. Because the oil and natural gas reserves in Turkey are of minor
scale, the big portion of the importing energy belongs to petroleum with 80% [4,
5]. Oil shale and heavy oil resources are the second largest fossil fuel potential of
Turkey after coal [6].

Oil shale is a general term used for the fine-grained sedimentary rocks that yield
significant amounts of oil through pyrolysis and the oil has API gravity between
10 to 25 is defined as heavy oil [7, 8]. It is predicted that there are 1.6 billion tons



oil shale reserves and 30 oil fields produced heavy oil in Turkey [9, 10]., it is
important to investigate alternative fossil fuel reserves which become
economically reasonable because of the strong and steadily increase need for
petroleum and in order to reduce the dependency to the energy exporting
countries [11].

In order to produce oil from these resources, oil viscosity reduction should be
accomplished. This can be best achieved by heating these resources up to
500°C which is known as the pyrolysis temperature [8, 12]. According to the
characteristics of oil shale resources, oil retorting can be said as the most
effective method for the recovery of oil from oil shale [13]. However, oil retorting
can be also used for the recovery of heavy oil [8, 14]. Electromagnetic heating
method is also used as a new and an alternative method for the recovery of
unconventional reserves due to low processing times [15]. Microwave irradiation
has been proposed to reduce the viscosity of heavy oil and for the recovery of oil
shales and oil sands [16, 17].

To enhance the efficiency of the processes some chemicals can be used, so
while the oil production is increased, also, the process time can be decreased.
Some metallic additives are used for this purpose by considering the thermal and
catalytic properties of these additives. Because of the composition of the fossil
fuels, various crude oils are affected differently by different additives [15].

Thus, in this study, the recovery characteristics of four different oil shales and
three different crude oil samples were tested experimentally by using retort and
microwave techniques. In order to enhance the oil production by reducing oil
viscosity and achieving the effective temperature distribution, three different iron
powders (i.e.; Fe, Fe,03, and FeCl;) and their three different doses (i.e.; 0.1 wi%,
0.5 wt%, and 1 wt%) were used. The retort experimental results were simulated
for oil shale samples by using electrical heating option of a commercial reservoir
simulator; STARS (Steam Thermal and Advanced Processes Reservoir
Simulator) (CMG, 2007), coupling with optimization of parameters such as
viscosity-temperature variation, molecular weight, and relative permeabilities of

the oil shales needed in the simulation of the oil recovery from oil shales by



matching temperature and oil production. The accuracy of the simulation results,
however, strongly depends on these parameters. These parameters are highly
difficult to obtain (or not practically measurable) at the laboratory conditions,
unlike conventional reservoirs. Experimental verifications and supports are critical
in this regard and a new approach in the field scale simulation of the process
based on the lab scale modeling of the process experimentally and numerically
was introduced. This would provide realistic data needed for simulation and
therefore, increase the accuracy of modeling studies. The same parameters apart
from viscosity variations with temperature, which were measured experimentally,

are easy to obtain by using literature data for crude oil samples.

Finally, field scale application of electrical heating was simulated for both oil shale
and crude oil samples and a technical and economic evaluation of the

applicability of the method was presented.



CHAPTER 2

LITERATURE REVIEW

2.1. Enhanced Oil Recovery Methods

According to American Petroleum Institute, approximately two-thirds of the oil
discovered will remain in an average reservoir after primary and secondary
production. This inefficiency of oil recovery processes has long been known and
the knowledge has stimulated laboratory and field testing of new processes for
more than 50 years. Processes that inject fluids other than natural gas and water
to augment a reservoir’s ability to produce oil have been designated “improved,”
“tertiary,” and “enhanced” oil recovery processes. The term used in this
assessment is enhanced oil recovery (EOR) [18].

The target of EOR varies considerably for different types of hydrocarbons. Figure
2.1 shows the fluid saturations and the target of EOR for typical light and heavy
oil reservoirs and tar sands. For light oil reservoirs, EOR is usually applicable
after secondary recovery operations, and the EOR target is ~45% original oil in
place (OOIP). Heavy oils and tar sands respond poorly to primary and secondary
recovery methods, and the bulk of the production from such reservoirs come from
EOR methods [19].
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Figure 2.1 EOR target for different hydrocarbons [19]

EOR implies a reduction in oil saturation below the residual oil saturation (S,).
Recovery of oils retained due to capillary forces (after a waterflood in light oil
reservoirs), and oils that are immobile or nearly immobile due to high viscosity
(heavy oils and tar sands) can be achieved only by lowering the oil saturation
below S,.. Miscible processes, chemical floods and steam based methods are
effective in reducing residual oil saturation [19].

2.1.1. Current Status of EOR

The total world oil production today (including condensate and natural gas
liquids) is 84.5 million bbl/day. EOR production worldwide is about 2.5x10°
bbl/day, and almost all of it comes from USA, Mexico, Venezuela, Canada,
Indonesia and China, as seen in Figure 2.2. Figure 2.3 shows the breakdown of
the production from the contributing countries [19].



Other

17,800 B/D USA
China 649,300 B/D
166,900 B/D

Indonesia
220,000 B/D

Mexico
500,000 B/D

Canada
325,500 B/D

Venezuela
365,600 B/D

Figure 2.2 Current EOR production from contributing countries [19].
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Thermal methods are dominant in five countries. Chemical floods are active in
China, the total production being 200,000 bbl / day in 2006. Most of the EOR
activity took place in USA in the past, and the bulk of the production came from
that country [19].

Recent advancements in technology and the current economic climate have
resulted in a renewed interest in EOR. Future growth of EOR will depend on both
technology and oil price. Long term commitments in capital and human resources
are essential for success in EOR practice. While EOR screening methods are
useful tools, recovery methods that are considered unattractive in most reservoirs
can be applicable in specific situations. Also, proven EOR methods may be
adapted to adverse conditions, as experienced in Canada. Considering the
widening gap between demand and supply of energy, EOR will continue to play a
significant role in improving recovery factors [20].

2.1.2. EOR Methods

Many EOR methods have been used in the past, with varying degrees of
success, for the recovery of light and heavy oils, as well as tar sands. A general
classification of these methods is shown in Figure 2.4. Thermal methods are
primarily intended for heavy oils and tar sands, although they are applicable to
light oils in special cases. Non-thermal methods are normally used for light oils.
Some of these methods have been tested for heavy oils, however, have had
limited success in the field. Above all, reservoir geology and fluid properties
determine the suitability of a process for a given reservoir. Among thermal
methods, steam-based methods have been more successful commercially than
others [19].

Among non-thermal methods, miscible flooding has been remarkably successful,
however applicability is limited by the availability and cost of solvents on a
commercial scale. Chemical methods have generally been uneconomic in the
past, but they hold promise for the future. Among immiscible gas injection



methods, CO. floods have been relatively more successful than others for heavy
oils [19].

Since two of the thermal methods were used in this study, from now on, detailed
information about the thermal methods, electrical heating and electromagnetic
heating methods will be given.

Thermal methods have been tested since 1950’s, and they are the most
advanced among EOR methods, as far as field experience and technology are
concerned. They are best suited for heavy oils (10-20° API) and tar sands (<10°
API). Thermal methods supply heat to the reservoir, and vaporize some of the oil.
The major mechanisms include a large reduction in viscosity, and hence mobility
ratio. Other mechanisms, such as rock and fluid expansion, compaction, steam
distillation and visbreaking (viscosity reduction or breaking) may also be present.
Thermal methods have been highly successful in Canada, USA, Venezuela,
Indonesia and other countries [19].

Cyclic Steam Stimulation (CSS), steam flooding (Steam Assisted Gravity
Drainage (SAGD)), and in situ combustion are the most widely used methods
among the thermal methods [19].

Electrical heating and electromagnetic heating are the alternative methods and
they are still seemed marginal applications. Due to the increasing oil prices, oil
production from alternative resources by using these methods can be considered

reasonable.

Hereafter, the topic will be concentrated on the electrical heating method; retort
and electromagneting heating method; microwave which are also used in this

study.
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2.1.2.1. Retort Method

Retort technology is divided into two major categories as surface retorting and in-
situ methods. The basic retorting sequence for both groups is the same, where
kerogen undergoes a chemical conversion (pyrolysis) after the application of heat
and the unconventional fossil fuel resources are converted into crude oil, gas,
carbon, water and waste portions.

2.1.2.1.1. Surface Retorting Technologies

In its simplest explanation, a surface retort is a closed, large metal vessel in the
form of a closed reactor. Surface retorting is mostly a continuous process in
which the raw unconventional oil source; such as oil shale or tar sand, undergoes
pyrolysis under the effect of heating and oil and waste products are obtained. In
these processes, heat can be applied directly (e.g. burning of residual carbon
within oil shale inside the retort), indirectly (i.e. carbon or gas is burned outside
and injected into the retort) or as their combination. The way of heat application
affects the retorting results. Less oil is obtained with direct heating, as the
process may result in further combustion of crude part, too. However, direct
heating is economically advantageous. The most important surface retorting
technologies developed are NTU Retorting Process, Lurgi Process, TOSCO I
Process, UNION B Process, and Paraho Process, although there are other
methods of minor importance [21].

2.1.2.1.2. In-Situ Retorting Technologies

Unlike surface retorting techniques, in-situ retorting requires no or very little
extraction of the unconventional oil resources. The process uses the natural
strata of the reserve as the reaction zone to yield crude oil. In other words,
reserve is heated within the ore body and the produced crude oil is transported to
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the surface by different means. Thus, the whole ore body acts like a huge, natural

retort, including all the reaction zones in a logical sequence (Figure 2.5).
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Figure 2.5 Schematic Form of In-Situ Oil Retorting from QOil Shales [22]

Once the oil shale formation in an underground retort is sufficiently fragmented,
some part of the retort is initially ignited. Then, the combustion process, which
supplies heat for pyrolysis in the adjacent zones, is maintained by the burning of
the carbon residue on the oil shale fragments. Combustion continues from one
end towards the other and pyrolysis occurs just ahead of the zone in which
residual carbon burns. Water condenses and oil flow takes place at the furthest
part from the burning zone. Also, spent shale behind, which remains hot, heats
the injected combustion-supporting air. In a favorable in-situ retorting process,
combustion and pyrolysis zones should be distinctively separated. The
interference of the combustion into pyrolysis zone will result in the consumption
of the valuable gas and oil. Compared to surface retorting, in-situ processes are
less controlled and less advanced. Most important in-situ retorting processes are
LETC (Laramie Energy Technology Center) Process, Geokinetics In-Situ and
OXY Modified In-Situ processes [21, 22].
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2.1.2.2. Microwave Method

The microwave region of the electromagnetic spectrum covers the wavelengths
between 1 cm to 1 m (300 GHz to 300 MHz) and the frequencies between 2.45
GHz (12.2 cm) to 900 MHz (33.3 cm) are only for dielectric heating [23].

While the energy is transferred by conduction, convection and radiation in
conventional thermal processing, molecular interactions with an electromagnetic
field are the main energy transfer mechanism of microwave energy. The internal
temperature distribution of a material subject to conventional heating is limited by
its thermal conductivity, whereas microwave heating results in all individual
elements of the material being heated individually. Accordingly, heating times
using microwaves can often be reduced to less than 1% of those required using
conventional heating methods (Figure 2.6) [24].
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Figure 2.6 Differences in the temperature-time profiles for conventional and
microwave dielectric heating [23].

12



There are three general classifications for the behavior of materials upon

interaction with a microwave field:

1. Transparent (low-dielectric-loss materials)—microwaves pass through the
material with little absorption.

2. Opaque (conductors)—microwaves are reflected by the material and do not
penetrate.

3. Absorbing (high-dielectric-loss materials)—microwave energy is absorbed
based on the electric field strength and the dielectric loss factor.

Microwave processing has distinct advantages in the treatment of materials
which contain a mixture of absorbers and transparent components. Microwave
energy is absorbed by the substances with a high dielectric loss even as passing
through the low-loss transparent material, resulting in selective heating. In this
case, significant energy savings are possible since the dielectric material can be
heated without heating the entire matrix [25].

The power absorbed per unit volume of material, known as power density (Py), is
dependent on the dielectric properties of the material and can be represented by

Pd=2ﬂf£0£"|E|27 (2.1)

where f is the microwave frequency, €, the permittivity of free space (8.85x107'2
F/m), €" the relative dielectric loss factor and |E| the magnitude of the electric
field. A number of heating mechanisms may occur depending on the dipolar
nature of the material and whether any free electrons or ions are present. From
Equation (2.1) it is evident that the microwave energy absorbed by a dielectric
material is proportional to the square of the electric field strength. The design of
the microwave cavity is critical in that it can allow very well-defined electric fields
in a relatively small volume (single-mode cavity), or can permit the electric fields
to encompass a much larger volume, albeit with a compromise in the field
definition (multimode cavity). With single-mode cavities the high electric field

13



strength results from superposition of reflected waves, hence the geometry of the
cavity is dependent on the microwave frequency [25].

The conversion of the electromagnetic radiation to thermal energy can be
explained at the molecular level. There are two principle mechanisms proposed
for microwave interaction with matter: dipolar polarization and ionic conduction
[25].

Polar molecules tend to align them and oscillate in step with the oscillating
electric field of the microwaves and during this realignment energy is lost in the
form of heat through molecular friction and dielectric loss. The more polar a
molecule, the more effectively the molecule will couple with the microwave field.
On the other hand, ions are charged species that can couple with the oscillating
electrical field of the microwaves. The effectiveness or rate of microwave heating
of an ionic solution is a function of the concentration of ions in solution.
Therefore, rapid heating in a microwave field is caused by the ability of
absorption of the radiation by a material that is placed in the field. The frequency
of the applied field affects the amount of heat generated which is directly related
to the ability of the matrix to align. If the dipole does not have enough time to
realign, or reorients too quickly with the applied field, no heating occurs. But for
the commercial systems where 2.45 GHz frequency is applied, such extreme
cases have not been seen and it provides the molecular dipole time to align in the
field [26].

In the gas phase, the interaction of the small molecules with permanent dipole
moments with microwave energy shows a well-defined spectrum that may be
used to define the moment of inertia of the molecule. As long as the molecule has
a permanent dipole moment, in this phase the rotation of molecules is quantized
and the transition between the energy levels may be observed as sharp lines in
the microwave spectrum. In liquids, the continuum of rotational states resulted in
frequently interacting molecules and so the phenomenon loses its identity as a
quantum mechanical description and rotational motions become less
distinguishable from translational processes. The rotations at one center will

influence the translational and rotational motions of neighboring molecules via
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intermolecular interactions. The intermolecular perturbations will be greatest
when the intermolecular forces arise from hydrogen bonding and strong dipole-
dipole interactions. It is important to emphasize that microwave dielectric heating
is not a quantum mechanical phenomenon localized at one molecular center, but
is a collective property that occurs in a semi-classical manner and involves

aggregates of molecules [23].

There are several important parameters related to microwave heating, such as
dielectric loss, dielectric constant and penetration depth. The conversion
capabilities for electromagnetic energy into heat of the materials at a given
frequency and temperature are determined by their loss factors (loss tangent,
tand). Also an important parameter in deciding the extent of interaction between
microwave radiation and a particular solvent is the average rotational frequency
or its inverse, the average relaxation time. This relaxation time depends on the
size of the molecule and the nature of the intermolecular forces. A dielectric
material is one that contains permanent or induced dipoles, which when placed
between two electrodes the whole assembly acts as a capacitor, that is if the
electrodes are connected by a circuit the material allows charge to be stored and
after the charging no D.C. conductivity is observed. The polarization of dielectrics
results from the finite displacement of charges or rotation of dipoles in an electric
field and must not be confused with conduction, which results from the
translational motion of electric charges when a field is applied. At the molecular
level, polarization may be associated either with a distortion of the distribution of
the electron cloud of the molecule or the physical rotation dipoles. Dielectric
heating in microwave region is strongly connected with the latter case. The
permittivity of a material, €', is the property that defines the charge-storing ability
of that material irrespective of the sample’s dimensions. The dielectric constant or
relative permittivity of a material is the permittivity of the material relative to free
space. The angle & represents the angle between the vector for the magnitude of
the total current and the charging current. In other words loss tangent represents
the phase difference between the electric field and the polarization of the
material. The loss tangent can be given by the equation as follows:

tan o= €'/¢’ (2.2)
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where € and € represents the loss factor and dielectric constant, respectively
[27]. The higher the loss tangent is the better the conversion of electromagnetic
energy into heat.

2.2. Unconventional Fossil Fuel Sources

2.2.1. Oil Shales

The term “oil shale” does not have a definite geological definition nor a specific
chemical formula, but is a general expression usually used for a fine-grained
sedimentary rock, containing significant amounts of kerogen (a solid mixture of
organic chemical compounds), from which liquid hydrocarbons can be
manufactured [7, 28].

Oil shale can also be described as any compact laminated sedimentary rock with
more than 33% ash, which is capable of yielding significant amount of oil under a
suitable process [29]. The average oil that can be extracted from oil shale
deposits vary from 4% up to 50 % of the weight of the source rock [22].

Oil shales usually deposit in a wide variety of environments such as freshwater to
saline ponds and lakes, epicontinental marine basins and subdial shelves,
shallow ponds or lakes and coastal swamp depositional environments. Because
of the wide range of depositional environments, oil shales spread many regions
of the world. The oil shales are classified according to the depositional
environments and the differentiation of organic components with the aid of
ultraviolet / blue fluorescent microscopy [28].

Lithologically, oil shale covers a broad range of rocks from shales to marl and
carbonates, which forms a mixture of tightly bound organic and inorganic
materials. The general composition of oil shales is given in Figure 2.7 [22].
According to the depositional conditions and the characteristics of the host rock,
the composition and the amount of the inorganic materials differ. For example,
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true shales contain primarily clay minerals, while the well-known Green River
shale is mainly carbonate associated with quartz and feldspars. Therefore,
inorganic associations can be said as one of the most important criteria to
classify oil shales lithologically, so based on mineral composition, oil shales can

be categorized as carbonate-rich shale, siliceous shale and cannel shale.

OIL SHALE
Inorganic Matrix Bitumens Kerogens
* Quartz ¢ Soluble in CS; ¢ Insoluble in CS;
¢ Feldspars ¢ Containing U,
e Clays Fe.V, Ni, Mo

(mainly illite and

chlorite)

Carbonates
(calcite and dolomite)

¢ Pyrite and others

Figure 2.7 General compositions of oil shales [22]

Kerogen is a mixture of organic chemical compounds that make up a portion of
the organic matter in sedimentary rocks. Because kerogen has huge molecular
weight of its component compounds; upwards of 1000, it is insoluble in normal
organic solvents. Bitumen and/or prebitumen which are known as soluble portion
of kerogen may also exist but in relatively lower amounts. If it is heated to the
right temperatures in the Earth's crust, some types of kerogen release oil or gas,
collectively known as hydrocarbons (fossil fuels). If such kerogens are present in
high concentration in rocks such as shale, and have not been heated to a
sufficient temperature to release their hydrocarbons, they may form oil shale

deposits [21].
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According to ultimate production kerogen can be categorized into three. While
labile kerogen breaks down to form heavy hydrocarbons (i.e. oils), refractory
kerogen breaks down to form light hydrocarbons (i.e. gases), and inert kerogen
forms graphite. Kerogen types are summarized in Table 2.1.

Table 2.1 General property of kerogen types [30]

Kerogen | we | o Chemical Structure
ypes

mainly proteins and lipids, few cyclic or
Type | >1.25 <0.15 aromatic
Type Il <1.25 | 0.03-0.18 naphtenic rings, aliphatic chains
Type lll <1 0.03-0.3 extensive ring and aromatic
Type IV <0.5 polycyclic aromatic hydrocarbons

Type 1 oil shales yield larger amount of volatile or extractable compounds than
other types upon pyrolysis. Hence, from the theoretical view, Type 1 kerogen oll
shales provide the highest yield of oil and are the most promising deposits in

terms of conventional oil retorting [7].

Type Il kerogen is common in many oil shale deposits. It is based on marine
organic materials, which are formed in reducing environments. Sulphur is found
in substantial amounts in the associated bitumen and generally higher than the
sulphur content of Type | or lll. Although pyrolysis of Type Il kerogen yields less
oil than Type |, the amount acquired is still sufficient to consider Type |l bearing
rocks as potential oil sources [7].

Type Il kerogen involving rocks are found to be the least productive upon
pyrolysis and probably the least favorable deposits for oil generation [7].

Type IV kerogen contains mostly decomposed organic matter in the form of
polycyclic aromatic hydrocarbons. They have no potential to produce
hydrocarbons [31].
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2.2.1.1. Qil Shale History in the World

Oil shale has been used since ancient times. In 1596, the personal physician of
Duke Frederick of Wirttemburg noted that a mineral oil distilled from oil shale
could be used in healing [32]. In 1637, Swedish alum shale of Cambrian and

Ordovician age was used for extracting potassium aluminum sulfate [33].

The modern industrial use of oil shale for oil extraction dates to the mid-19th
century. In 1837 oil shale mining began in Autun, France. In 1847 the Scottish
chemist James Young prepared "lighting oil," lubricating oil and wax from
torbanite. In 1850 he patented the process of cracking oil [34]. The commercial oil
extraction in Scotland started in 1857, and approximately at the same time the
development of oil shale industry took-off in Germany. At the second half of the
19th century the shale oil extraction started also in Sweden, Australia, Brazil,
New Zealand, Canada and the United States [35]. The first oil shale retort was
constructed in the United States in 1855, but because of crude oil discovery in
Pennsylvania, the Unites States' and Canada's oils shale industries were shut
down by 1861 [33].

The second wave of oil shale industry started just before the World War I. The
Office of Naval Petroleum and Oil Shale Reserves of the United States were
established in 1912. The reserves were seen as a possible emergency source of
fuel for the military, particularly the Navy [33]. In 1915 the oil shale industry
started in Switzerland and in 1918 in Estonia. Between the World Wars oil shale
industry also took off in Spain, China, Russia and South Africa, and restarted in
Brazil and for a short period in Canada [33, 36].

After the World War I, the oil shale industry was phased-out in several countries
because of high processing costs and the discovery of large supplies of easily
accessible crude oil. The low cost of conventional oil made shale oil production
uneconomic. In 1950s-1960s, the industry was closed in France, Australia, New
Zealand, Spain, Scotland and South Africa, while in Germany only Rohrbach
Zement in Dotternhausen continued using oil shale for cement, power and

thermal energy production, and in Sweden the extraction of alum shale for
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uranium and vanadium production remained until 1989 [33, 34, 37]. At the same
time, the oil shale production in Estonia, Russia and China continued to grow.
After World War II, Estonian-produced oil shale gas was used in Leningrad and
the cities in North Estonia as a substitute for natural gas. The world’s two largest
oil shale-fired power stations were opened correspondingly in 1965 and in 1973.
Estonian oil shale production peaked in 1980 at 31.35 million tones [35, 38, 39,
40, 41]. The United States Bureau of Mines opened a demonstration mine at
Anvils Point, just west of Rifle, Colorado, which operated at a small-scale. In the
early sixties, TOSCO (The Qil Shale Corporation) opened an underground mine
and built an experimental plant near Parachute, Colorado. It was closed in 1972
because the price of production exceeded the cost of imported crude oil [35, 42,
43].

After the 1973 oil crisis, oil shale industry restarted in several countries. In 1974
the United States Department of the Interior announced an oil shale leasing
program in the oil shale regions of Colorado and Utah on. By the early 1980s,
almost all of the major oil companies had established oil shale pilot projects. The
United States oil shale industry collapsed, when on 2 May 1982, known as "Black
Sunday", Exxon announced the termination of its Colony Qil Shale Project near
Parachute [44]. In 1980s the oil shale production decreased also in Estonia due
the reduced oil shale demand by power generation industry. Most of Russian oil
shale mines were closed on 1990s and the production continued only on a small-
scale basis [33].

The global oil shale industry started to increase slightly in mid of 1990s. In 1992
the commercial shale oil production started in Brazil using Petrosix technology.
Estonian oil shale production has continuously increased since 1995 [33]. In
Australia, a demonstration-scale processing plant at the Stuart Deposit near
Gladstone, Queensland produced over 1.5 million barrels of oil in 2000-2004. The
facility is now on care-and-maintenance in an operable condition and the operator
of the plant—Queensland Energy Resources—is conducting research and design
studies for the next phase of its oil shale operations [45]. The Energy Policy Act
of 2005 introduced a commercial leasing program for oil shale and tar sands
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resources on public lands with an emphasis on the most geologically prospective
lands within each of the states of Colorado, Utah, and Wyoming [46].

2.2.1.2. Oil Shale Potential in the World

Though information about many oil shale deposits is rudimentary and much
exploratory drilling and analytical work needs to be done, the potential resources

of oil shale in the world are enormous.

Some deposits have been fairly well explored by drilling and analyses. The Green
River oil shale in western United States, the Tertiary deposits in Queensland,
Australia, the deposits in Sweden and Estonia, the El-Lajjun deposit in Jordan,
perhaps those in France, Germany and Brazil, and possibly several in Russia are
the examples of fairly well explored deposits. It can be assumed that the deposits
will yield at least 40 liters of shale oil per tone of shale by Fischer assay. The
remaining deposits are poorly known and further study and analysis are needed
to adequately determine their resource potential [33]. Table 2.2 presents some
characteristics of several well-known oil shale deposits in the world [47].

The United States has the largest oil shale resources in the world. The total
amount is 3340 billion tons, which accounts for 62 % of the world’s known oil
shale potential [43, 48]. The largest known deposit is the Green River oil shale in
the western United States, which contains a total estimated resource of nearly
1.5 trillion barrels. In Colorado alone, the total resource reaches 1 trillion barrels
of oil. The Devonian black shales of the eastern United States are estimated at
189 billion barrels [33].

Brazil follows United States, having the world’s second largest oil shale resource,
the Irati shale in Sao Mateus do Sul, Parana. According to the reports of the
Brazilian Ministry of Mines and Energy in 1999, the amount of proven oil shale
reserves was 445.1 milion m® whereas the probable reserve potential was
around 9402 m® [47].
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China has an important oil shale potential, in Manchuria and particularly near
Fushun, a city which is also known as the coal capital of the country. The oil
shale reserves in Fushun region were reported to be around 3.6 billion tons and
the total oil shale potential of the country approximates to 4.4 billion tons. The oil
yield from the deposits varies between 79-89 liters per ton of shale, depending on
the ore quality [47].

Oil shale reserves in the Kukersite deposit in Estonia are estimated to be 21
billion tons, which would yield a total of 3.5 billion tons of shale oil [47].

Other important deposits include those of Australia, Jordan, and Morocco. The
total world resource of shale oil is estimated at 2.8 trillion barrels. This figure is
considered to be conservative in view of the fact that oil shale resources of some
countries are not reported and other deposits have not been fully investigated.
On the other hand, several deposits, such as those of the Heath and Phosphoria
Formations and portions of the Swedish alum oil shale, have been degraded by
geothermal heating. Therefore, the resources reported for such deposits are
probably too high and somewhat misleading [33].
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Table 2.2 Properties of Some Important Oil Shale Deposits [7]

Oil Shale Retorting Shale Qil

Location | OC’ . - | oy Po .| N S

() | VO 9C | @) | (@eo) | 7O | ) | ()
GlenDavis 40 1.6 0.03 31 0.89 1.7 0.5 0.6
Tasmania 81 1.5 0.09 75.0
Irati 1.2 0.05 |74 0.94 0.8 1.0 — 1.7
Tremembe- | 13— | 1.6 6.8— 45— 1.7 1.1 0.7
Taubate 16.5 115 59
NovaScotia | 8-26 | 1.2 3.6— 40—

19.0 60

Fushun 7.9 3 33 0.92
Estonia 77 14— |0.160- | 22 0.97 1.4 0.1 1.1
Deposit 1.5 0.20
Autun, 8-22 | 1.4— |0.03 5-10 | 0.89- | 1.6 0.6— | 0.5—
St.Hilarie 1.5 0.93 0.9 0.6
Crevenay, 5-10 | 1.3 0.08- | 4-5 091- |14 |0.5- | 3.0-
Severac 0.10 0.95 1.5 1.0 3.5
Ermelo 44— | 135 |18-35 | 34— 1.6 0.6

52 60
Puertollano | 26 1.4 18 57 0.7 0.4
Kvarntop 19 6 26 098 |0.7 1.7
Scotland 12 1.5 0.05 8 0.88 0.8 0.4
Alaska 25— | 1.6 0.10 0.4- 1]0.80

55 0.5
Colorado 11— (155 |0.05~ |9-13 |0.90- |1.65 |1.8— | 0.6—

16 0.10 0.94 2.1 0.8

*p, at 15 °C, H/C and O/C are the atomic ratios, OC: Organic Carbon, OY: Oil yield

2.2.1.3. Qil Shale in Turkey

The oil shale resources in Turkey are distributed mainly in middle and western
Anatolia. Generally, marl, clay and carbonates are the host rocks and organic
matter is found in disseminated form [47].

Main oil shale deposits in Turkey are shown in Table 2.3 and Figure 2.8 with their
geological and possible reserve amounts [49, 50].
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Table 2.3 Main oil shale reserves in Turkey [50].

Name of the | Proven Probable Minable Total
Deposit Reserve Reserve Reserve Reserve
(x 10%tons) | (x 10%tons) | (x 10° tons) (x 10° tons)
Beypazari 327684 - 205970 327.684
Burhaniye - 15600 - 15600
Himmetoglu | 65968 - - 65968
Mengen - 50000 - 50000
Hatildag 78372 281587 - 359959
Bahgecik - 42000 - 42000
Seyitémer 83320 38850 63292 122170
Ulukisla - 130000 - 130000
Saricakaya - 300000 - 300000
Dodurga - 138000 - 138000
Celtek - 90000 - 90000
TOTAL 555344 1086037 269262 1641381

Among the potential resources, Beypazari (Ankara), Seyitdémer (Kitahya),
Himmetoglu (Bolu) and Hatildag (Bolu) deposits are of major importance in terms
of quality, amount and exploitability. The characteristics of these four deposits,
which constitute around 50 % of the total oil shale potential of Turkey, are given
in Table 2.4 [51, 52].
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Figure 2.8 Location of main oil shale reserves [53]

Table 2.4 Characteristics of the Major Oil Shale Deposits in Turkey [51, 54, 55,

56, 57]
Deposit Upper Total Qill Qil Total Kerogen
Calorific | Organic | Content | Content | Sulphur | Type
Value Carbon | (%) (liter) (%)
(kcal/kg) | (%)
Beypazari 812 4.8 54 60.0 1.4 Il
Seyitdmer | 847 6.9 5.0 54.3 0.9 I-11
Himmetoglu | 4991 30.9 43.0 482.0 2.5 I
Hatildag 773 5.6 5.3 58.0 1.3 1

Other potential resources are in Mengen (Bolu), Ulukisla (Nigde), Bahgecik
(Izmit), Burhaniye (Balikesir), Beydili (Ankara), Dodurga (Gorum) and Demirci
(Manisa) [47].
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2.2.1.3.1. Himmetoglu Deposit

Himmetogdlu oil shale deposit is located in the southwestern part of Bolu province.
Its location is shown as 5 in Figure 2.8. It occurs in the form of a successive,
predominantly brown and brownish grey oil layers between pyroclastic outcrops.
Himmetogdlu oil shale basin is of Neogene age. Volcanism and tectonic activities
had considerable influences on the environmental conditions during the
deposition period [58]. The deposition of the organic matter was controlled by the
volcanism and the initial characteristics have been preserved without further
improvement in the maturity of the organic matter. The drill-hole data shows three
main zones. From top to bottom are bituminous marl (BLM), bituminous banded
marl (BBM) and the major oil shale formation of Himmetoglu (HOS) seam.
Himmetoglu Oil Shale strata overlie a lignite zone and extend throughout the
deposit. The amount of the organic matter decreases from the outermost layer
towards the bottom parts while the amount of zeolites increases. Himmetoglu oil
shale seam consists of more than 50 % liptinite, 20 — 50 % huminite and 0 — 20
% inertinite maceral groups and is characterized by its high organic content [58].
The origin of the organic matter is mainly algae and plants [59]. The major
inorganic constituents in the organic rich zones are calcite, dolomite, silica and
considerable amounts of pyrite. Economic Grade Qil Shale (EGOS) over an oil
shale deposit was defined by 5 m minimum seam thickness, 750 kcal/kg
minimum upper calorific value and 4 % minimum oil content [60]. The average
calorific value of the EGOS zone is around 4900 kcal/kg. The in-place oil content
of Himmetoglu oil shale is 43 % by weight or approximately 482 I/ton shale.
However, the average total sulphur content is high (2.5 %) due to considerable
amount of pyrite. Himmetoglu oil shale is the highest quality oil shale deposit in
Turkey. Himmetoglu oil shale zone is being excavated to exploit an underlying
high quality lignite seam, utilized for domestic heating. On accounts of its high
thermal quality, Himmetoglu oil shale is an attractive alternative for thermal power
generation in Turkey, which relies mostly on poor quality lignites [55, 60].
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2.2.1.3.2.  Seyitémer Deposit

Seyitdmer oil shale deposit is found in the northwest of Kiitahya province. Its
location is shown as 7 in Figure 2.8. The deposit overlies Seyitémer lignite basin,
which supplies a 300 MW thermal power plant at the mine site. The amount of
Seyitdmer oil shale is around 122 million tons and more than 75% is in the form
of geologically proven reserves. Seyitbmer oil shale is rich in quartz, dolomite,
calcite and clay minerals such as muscovite, illite and smectite [52, 57, 61].
Geochemical analysis revealed that organic content of Seyitémer oil shale was
mainly derived from algae, pollen and planktonic algae as well as bacteria. Also
traces of liptodetrinite and humic organic material were observed [57, 59].
Specifically, Seyitdbmer oil shale is characterized with its grey to green colored
organic-rich zones. The EGOS in Seyitdmer oil shale basin varies widely in terms
of thickness and quality. The thickness ranges between 3 to 29.5 m, with an
average of 12.4 m. The average upper calorific value of the EGOS is around 850
kcal / kg. The average oil content of the seam is around 5 %, corresponding to an
approximate shale oil yield potential of 54 I/ton of shale. It contains a relatively
high amount of ash (=70 %); however the total sulphur content seldom exceeds
1.5 %, with an average of less than 1 % [52, 59]. Since the oil shale seam
extends over Seyitémer lignite, it is being excavated during the open-pit mining of
Seyitémer lignite and stockpiled. This serves as an opportunity for the utilization
of Seyitdmer oil shale [47].

2.2.1.3.8. Hatildag Deposit

Hatildag oil shale field is located in Hatildag-Bolu lacustrine basin at the south-
eastern part of Géyniik in Bolu province. lts location is shown as 6 in Figure 2.8.
The deposit is of Paleocene- Eocene age, is in a 50 to 75 m thick limic series of
calcareous bituminous rocks. The series consists of two zones, an economic
grade oil shale and bituminous marl [56]. It contains around 80 % liptinite, 5 — 10
% bituminite and 5 — 10 % huminite. The high liptinitic content shows that the
organic matter originated mainly from hydrogen-rich organic remains of algae and

27



pollen. Calcite, dolomite, quartz and smectite are the major inorganic
constituents. Analcime, feldspar, chlorite and mica-illite are found in lesser
amounts (5 — 10 %). The EGOS zone is in the lower part of the bituminous
sequence. Average thickness and average upper calorific value of EGOS are
30.5 m and 774 kcal / kg, respectively. Hatildag oil shale is characterized as a
poor quality deposit with a shale oil yield of 5.3 %, similar to Seyitdbmer deposits
[47].

2.2.1.3.4.  Ulukigla Deposit

Ulukisla oil shale field location is shown as 8 in Figure 2.8. Ulukisla oil shale
deposit underlies conglomeratic rocks and the average thickness of the oil shale
bed is 13 m. The calorific value and oil content of the deposit averages 2790
kcal’lkg and 13.7 %, respectively [47]. While reserves having a calorific value
below 1000 kcal/kg are estimated as 600-650 million tons, calorific value above
1000 kcal’kg is estimated as 70-80 million tons or contains more than 10 %
asphaltite [62].

2.2.1.3.5.  Other Potential Reserves in Turkey

The other potential oil shale deposits at Mengen, Beypazari, Bahcgecik,
Burhaniye, Beydili, Dodurga, Demirci, Saricakaya and Celtik have not been
investigated in detail yet. The information about these deposits is derived from
the preliminary geological borehole data and analysis. Among these deposits,
Beydili and Saricakaya are distinguished by their huge resources. Mengen
deposit is of Eocene age and located near Hatildag and Himmetoglu deposits.
Mengen deposit overlies a lignite seam and is 24 m thick. Bahgecik oil shale bed
lies between two tuffs. The average thickness of the oil shale is 4.30 m and the
shale oil yield ranges between 2 and 19 %. Demirci oil shale field is of Miocene
age. The thickness of the oil shale ranges between 3 and 15.60 m. Total organic
carbon content ranges from 10.40 to 22.50 % [47].

28



2.2.1.4. Potential Use of Oil Shales

Processes for shale oil retorting mostly proved to be non-favorable due to
noncompetitive cost of shale oil production. Today, large scale shale oil retorting
is performed only in countries which have high-quality and big quantity oil shale
reserves and lacking of petroleum and/or coal resources like Brazil, China and
Estonia [47].

The vast and wide spread oil shale resources in the world offer opportunities for
burning the resources as a solid fuel. Qil shale utilization is shifting towards its
use as a fuel with novel combustion technologies such as fluidized beds.
Carbonate minerals, which commonly dominate the inorganic content of high-ash
oil shale reserves, provide a natural SO, adsorption medium during burning. This
condition eliminates the cost of limestone used as a SO, retardant during
combustion in fluidized beds and provides an important advantage for the
utilization of low-quality oil shales over high-sulphur lignites in these systems [52,
60, 63]. Studies of pilot-scale testing of low-quality oil shale fines (-8mm, < 1158
kcal/kg) are currently continuing in Maoming, China [43, 47].

It should also be noted that most of these processes were developed in oil crisis
periods and suggested as alternative oil solutions. Therefore, oil shale industry is
leaning towards utilization as a direct source of energy and the recovery of by-
products. This trend is predicted to continue during the near future. However, the
bottom line for re-awakening of large-scale shale oil production is governed by
the crude oil prices. For the long term, stimulation of shale oil production to fill the
gap between demand and supply of crude oil becomes greater because of the
depleting petroleum resources. If the price of petroleum remains as high as it is
today, economics of shale oil production begins to look competitive. However, it
will be necessary to develop more advanced and cost-effective processes to
produce shale oil at affordable and competitive prices.
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2.2.2.  Heavy Qil

2.2.2.1. Definition and Origin of Heavy Oil

Heavy oil, sometimes referred to as low-gravity oil, is defined as oil with API
gravity of 10° to 25°. Physical and chemical properties, which differentiate it from
higher gravity or light oil, include viscosity, pour point, and chemical composition.
They affect the producibility and the products that can be refined from it [64].

There are several hypotheses for the origin of heavy oil. According to one
hypothesis, some characteristics of oil are derived from the source of the organic
material and some from the physiochemistry of the aquatic basin of deposition,
including the activity of microorganisms in the young sediment [7]. Heavy oil
sometimes begins as high or higher gravity liquids and is altered to low-gravity
material. Low-gravity oil may also be the result of generation from thermally
immature source rocks [7]. The 5 percent of oil generated is immature, i.e., low
gravity, while the remaining 95 percent is conventional, high-gravity petroleum
that is expelled from source rocks and migrates into a trap [65]. After entrapment,
a transformation from conventional to heavy oil may take place. Alteration can be
affected during migration between source rock and reservoir, such as a loss of
varying degrees of API gravity due to contact with formation water.

Bacteria introduced into the petroleum reservoir by infiltration of bacteria-laden
circulating or connate water can be deleterious to hydrocarbon accumulations.
Bacteria are the principal agent of oxidation for petroleum still in the ground [66].
Aerobic bacteria are known to survive at some shallower reservoir conditions but
apparently cannot live at temperatures higher than about 80°C (176°F).
Degradation by bacteria requires three conditions to be most effective: dissolved
oxygen in the water to support the bacteria, geologic formation temperatures up
to 80°C to permit growth of the bacteria, and an absence of H,S, which is
detrimental to these bacteria. Shallow accumulations often show evidence of
oxidation, either from atmospheric oxygen penetrating to the reservoir or from
oxygen dissolved in surface waters that contact the oil [67]. Basal tar mats are
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layers of heavy oil or asphaltic tar at or just below the water/oil contacts of
producing fields and are often taken as direct evidence for bacterial or water
attack. Bacterial and water caused degradation of petroleum can commence,
theoretically, at any stage of maturation of the oil. A number of hydrocarbon
compounds and their preferential order of removal during biodegradation are
listed. The end products of alteration are partially dependent on the initial
composition of the petroleum and also heavily degraded oils often are difficult or

impossible to produce [68].

Geological conditions for recoverability of heavy oil are comparable to those for
lighter conventional oil and include: depth, presence of faults, hydrologic
continuity of the reservoir rocks, clay content, trap configuration, size of the
reservoir, and whether the reservoir is a single layer or lens or a set of stacked

bodies.

The geologic setting for much of the production of heavy oil is within fault zones,
usually at the up-dip limits of strata within a hydrocarbon province.

The majority of all heavy oil fields occur at depths of less than 5,000 ft, although
deposits are exploited at depths as deep as 10,000 ft [69].

2.2.2.2. Physical and Chemical Composition of Heavy Oil

The difference between heavy, low-gravity oil and light, high-gravity oil is largely
a matter of chemistry; low-gravity oil is comprised of molecules with more than 15
carbon atoms (>C15; 15 is the number of carbon atoms), whereas high-gravity oil

is comprised of lighter weight organic molecules (<C15) [64].

Heavy and light oil differ in viscosity and density. By definition heavy oil has a
viscosity between 100 and 10,000 centipoises or a density in the range of 934-
1000 kg/m?® at 15.6°C (60°F) [64]. Density is influenced by chemical composition
and is used to give rough estimations of the nature of petroleum and petroleum
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products. Heavier, more complex molecules require more complex refining to

produce gasoline, diesel, and heating oil.

Low-gravity oils contain heavy molecular components, such as asphaltenes and
aromatics, and NSO (nitrogen, sulfur, and oxygen) compounds, primarily due to
the selective removal of lighter compounds such as straight-chain compounds,
such as normal alkanes and isoprenoids, early in the degradation process.

2.2.2.3. Heavy Oil Potential and Utilization in the World

World heavy oil reserves exceed those of light oil, and interestingly are
concentrated in the Western Hemisphere. Yet heavy oil contributes a small
fraction of world oil production. The challenge is that heavy oil is difficult and
expensive to produce. Heavy oil requires massive amounts of heat to make it
mobile/less viscous and able to be produced [33].

Heavy oil =@ Bitumen (oil sands)

8.3 United Kingdom
9.2 Mexico
29.3 -@ Nigeria

314 —® United States
322 —8 Equador

34 .4 Kuwait

40.5 Irag

238.5 Venezuela

358.9 @ Former Soviet Bloc
406.0 ® Canada

Figure 2.9 World oil sands (bitumen) and heavy oil resources, in billions of cubic
meters [33].
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Considerable potential heavy oil reserves are changed 500 to 1000 Gb (OIP).
This amount is equivalent to 50-100% of worldwide conventional oil reserves.
These heavy oil fields are mainly (80%) in North and South America (Figure 2.9).

The world's largest heavy oil and tar accumulations are the Orinoco Heavy Oil
Belt of Eastern Venezuela (Tertiary/Cretaceous reservoirs) and the Athabasca
and Cold Lake deposits of Alberta (Cretaceous reservoirs). These two
accumulations contain 2.4 trillion barrels of oil in place which account for more
than 80% of the world's heavy oil reserves [33].

2.2.2.4. Heavy Oil in Turkey

There are not huge and well-known resources of heavy oil, and extra-heavy oil in
Turkey. But medium and heavy oils are produced about 80 % of total oil fields in
Turkey [70]. Some heavy oil fields and their characterization are given in Table
2.5.
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Table 2.5 Field characterization of heavy oil reserves in Turkey [71, 72, 73, 74]

E| 3
S lo| @ ~| = | & £
n o -
g 3 e 2 £ < o -~ 818 T
L z [ 1% s ~ 3 o 3 ¥ I
= - o x n n et
LL O
pod L | 120| 1750 | 18 | 58 | 21 | 14.95 | 097 | 52000 | 4-16 | 1850
aman
Raman | L | 140 | 1300 | & | 2 | M- 14519 | 094 | 2235 | 1-7 | 600
22 | 50 | 19 :
Magrip | L [179 | 2820 | 6 | 3 | 81 | 185 [094| 33 | °F | 53
Camurlu | L | 115 1700 | 21 | 40 | 18 | 122 |o098 | 700 | 10° | 378
Bati 16-
oAt | L [1s2 | 1990 | | 100 | 28 | 126 098 | 500 | 7 | 99
Glney
Sineey | DL | 145 | 2140 | 14 | 50 | 27 | 155 |o0%6| 58 | 25 | 54
o 15- | 50- | 12- | 1o-
Ikiztepe L 120 | 1840 3 400 30 12 0.99 936 4.5 53
Sinan | L | 124 | 2085 | 25 | 10 | 25 | 157 |096 | 300 | 3% | 53
Germik | L | 160 | 2415 | 15 | 9 | 22 | 188 |094| 26 | J | 24
1405- | 10.8- | 4.7- 0.3-
Garzan | L | 160 | 120 11981 &7 | 2030 | 26 | 094 | 33 1 53

*L: Limestone, DL: Dolomitic Limestone, FWS: Formation Water Salinity, OOIP: Original Qil

Place

22241,

Bati Raman QOil Field

Bati Raman field is the largest oil field in Turkey with estimated original oil in
place of 1.75 billion STB [75]. It is located in southeast Turkey (Figure 2.10) and
contains low-pressure, low-gravity (10 to 13°API) oil at an average depth of 4,300

ft. The producing formation is the Garzan Limestone, a very heterogeneous

carbonate of Cretaceous age. The reservoir fluid is a very heavy crude oil, having

an API gravity ranging from 9.7 to 15.1 and a viscosity ranging from 450 to 1000

centipoises at reservoir conditions [71]. Average matrix porosity is 18 %, with
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mainly vugs and fissures, and secondary porosity is 1 to 2%. The typical matrix
permeability by core analysis is 10 to 100 md; however, well tests show effective
permeabilities in the range of 200 to 500 md, confirming the contribution of

secondary porosity [72].
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Figure 2.10 Location of crude oil fields used in this study.

The main (primary) production mechanism is rock and fluid expansion. Water
drive appears to be insignificant except for a very weak aquifer influence at the
central north flank wells. The solution GOR is 18 scf/STB (3.24 stb m® /stock-tank
m?), resulting in a low bubble point pressure of 160 psi (1103.1 kPa). Before EOR
application, the reservoir pressure did not decrease below the bubble point
pressure; therefore, in practice, there had been no solution gas-drive mechanism.
The original reservoir pressure was - 1,800 psi (- 12411 kPa), which dropped to
an average pressure of 400 psi (2758 kPa) after cumulative production of 30
million STB (4.77 x 10 stock-tank m?) before CO, production of 30 million STB
(4.77 x 10 stock-tank m®) before CO, application [73].

35



The field originally was developed on 62-acre/well (25-ha/well) spacing. Before
the project began, 65 active producers were pumping, with a total production rate
of 1,600 STB/D [254.4 stock-tank m® /d] compared with the 1969 peak rate of -
9,000 STB/D (1431 stock-tank m®/d). Initially, well production rates were up to
400 STB/D (63.6 stock-tank m® /d); this decreased to an average of 25 STB/D
(3.97 stock-tank m® /d] before treatment. Table2.5 summarizes reservoir and fluid
characteristics [73].

Primary recovery prospects were low because of unfavorable oil properties (such
as low API gravity, low solution gas, and high viscosity), low reservoir energy,
and the type of driving mechanism. It was estimated that ultimately 1.5% OOIP
could be produced without an EOR application [73].

The reservoir history and unfavorable properties caused rapid declines in
reservoir pressure and production which suggested the need for a suitable EOR
method to increase ultimate recovery from this vast reservoir. Since 1968,
several EOR pilot tests have been conducted, including steam huff 'n' puff,
steamdrive, air injection, and waterflooding [73].

The results of extensive laboratory, modeling, and engineering studies; the
presence of a CO, reservoir 55 miles (89 km) from Bati Raman; and economic
considerations led Turkish Petroleum Cooperation (TPAO) to apply an immiscible
CO, huff-'n"-puff-type EOR method to the field [73].

Through 2003, 5 % of the reserves had been produced, which is still an
unexpectedly low value. Production rate has declined drastically since 2000.
TPAO is seeking the most applicable methods to impede or reverse the decline
[72].

2.2.2.4.2. Camurlu Oil Field

The Camurlu Qil field located in the South East of Turkey close to the Syrian
border has been discovered in 1975 (Figure 2.10) [76].
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The producing formations are located in three separate layers:

- the shallowest one, which is about 1250 m deep, is the light-brown limestone
formation of Alt Sinan. The total formation thickness is approximately 150 m
including 60 m which contain a heavy viscous oil (10-12 °API) below the gas cap,

- under the Alt Sinan formation, at a depth of about 1400 m, is a dolomitic
formation showing local producing capacities of heavy oil (10-12 °API) with a high
watercut: Beloka,

- the deepest layer, known as Mus formation, around 2200 m deep, in the Trias,
is a gas-condensate reservoir which contains 73 % CO,, it is also limestone
having a good producing potential [76].

The gas cap at the top of Alt Sinan formation covers a large area. Wells
producing in the oil zone of this formation have had to be shut-in due to their low
oil productivity (oil viscosity is 284 cp under reservoir condition) or to the
breakthrough of gas attributed to gas coning [76].

Wells completed and produced in the Beloka formation were shut in as well on
account of their high watercut. For this reason the development of an EOR
process has been restricted to the Alt Sinan formation [76].

Oil production started in May 1976, with average initial rate of 100 STB/day for
most wells. Production rates gradualy dropped to 15-20 STB/day within 2 years

with a small watercut. At the end of December 1986 the cumulative oil production
was 689,546 STB [74].

2.2.2.4.3. Garzan Oil Field

The Garzan oil field is located in southeast-central Turkey Figure 2.10. The
structure is a double plunging anticline bordered by a major reverse fault
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extending along the southern flank. The age of the Garzan formation is
cretaceous, comprised of carbonates of a rudist build-up complex. Oil field
contains 24 degree API (0.91 g/cm®) oil with a reservoir viscosity of 6.75 cp.
Reservoir was initially highly undersaturated lists basic reservoir data for Garzan
[77].
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CHAPTER 3

STATEMENT OF THE PROBLEM

The world’s heavy oil and oil shale resources are about 1500 billions of cubic
meters [33]. When the depletion of conventional petroleum reserves and increase
of hydrocarbon fuel demands are considered together, the essential of the
investigation of these reserves recovery can be understood easily.

The most effective way to recover oil shale and heavy oil resources is to reduce
the viscosity. Thermal methods are the best methods to achieve the viscosity
reduction.

Therefore, in this study, two different thermal methods were used; retort and
microwave, for the recovery of 4 different oil shale (Bolu-Himmetoglu, Bolu-
Hatildag, Kitahya-Seyitémer, and Nigde-Ulukigla) and 3 different crude oil (Bati
Raman, Gamurlu, and Garzan) samples. While retort is a well-known heating
method its applicability is restricted due to the economic reasons. Microwave is a
new and quick technology.

The main objectives of this thesis are listed below:

- To determine the microwave heating efficiency both for the crude oil and
oil shale samples by considering the effect of porosity, water saturation,
wettability, and operation time.

- To define the retort heating efficiency for the oil shale samples by
optimizing process times, heat and soak periods existing and durations.

- To investigate the rheology and oil production enhancement effects of 3
different iron powders (Fe, Fe-Os, and FeCls) at 3 different doses (0.1%,
0.5%, and 1%) by discussing the catalytic and magnetic effects of iron
powders.
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To obtain shale oil viscosities, that are believed to be impossible to obtain
at the laboratory conditions, by using a reservoir simulator, CMG, STARS.
To model the retort process for oil shale and crude oil samples for field
scales by using the electrical heating option of CMG, STARS conducted
with experimental techniques.

To model microwave results analytically in order to derive the temperature
distribution, that occurs during the microwave heating process.

To evaluate the feasibility of electrical and electromagnetic heating
methods.
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CHAPTER 4

MATERIALS & METHODS

In this study, the recovery characteristics of 4 different oil shale and 3 different
crude oil samples were examined, experimentally and numerically. For this
purpose, the efficiency of two of the alternative thermal heating methods was
compared. As oil shale samples, Bolu-Himmetoglu (OS1), Bolu-Hatildag (0S2),
Kitahya-Seyitémer (OS3), and Nigde-Ulukigla (OS4) oil shales and as crude oil
samples Bati Raman, Camurlu and Garzan crude oils, and as thermal methods

electrical heating and electromagnetic heating methods were used.

4.1. Oil shale and crude oil samples

The physical and chemical properties of the oil shale and crude oil samples used

in this study are given in details in Table 4.1 and Table 4.2.

Table 4.1 Oil shale properties used in this study [63]

Calorific Average Total Oil shale Shale oil
Deposit (Province) value oil yield Sulfur resource resource

(kcal/cal) Wit % *10° tons
Himmetoglu (Bolu) 1390 4,6 0,9 2500 115
Hatildag (Bolu) 774 5,3 1,3 547 29
Seyitémer (Kitahya) 860 5,0 0,9 1000 50
Ulukigla (Nigde) 851 - - 130 6
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Both retort and microwave heating methods were applied to the crushed form of

oil shale samples.

Table 4.2 Reservoir properties of crude oils used in this thesis [8, 73, 76]

Field Units Bati Raman | Camurlu Garzan
Lithology - Limestone Limestone | Limestone
Tres °F 129 115 179

Pres psia 1750 1700 337
Rock Compressibility kPa" 5.44*10" 5.44*107 5.44*10°
RHC Jim°.°C 2315 2198 2226
RTC J/m.day.°C | 111888 111888 111888
Depth m 1310 800 700

MW g/mole 1342 1000 1000
BHP psia 400 400 290
Porosity % 18 14 6
Permeability md 58 40 3

Swi % 21 23 31

API Gravity - 13 12.2 18.5
Specific Gravity - 0,9772 0,985 0.9433
Viscosity cp 592 700 33

FWS (*10%) ppm 4-16 10 0.3-1
OQIP *10° STB | 1850 377,437 53

RHC: Rock Heat Capacity RTC: Rock Thermal Conductivity, BHP: Bottom Hole

Pressure S,,;: Initial Water Saturation

Crude oil samples were prepared differently for viscosity determination
experiments and the experiments conducted with microwave oven. Viscosity
measurements were carried out for dead crude oil samples and crude oil samples
after the addition of iron powders. Sample preparation for the microwave
experiments conducted with crude oils was different. Crude oil samples were
mixed with crushed limestone samples at different porosities (25.86%, 34.10%,
and 38.95%). In these set of experiments, different wettabilities (water wet, oil
wet, and mixed wet) and water saturation values (20%, 40%, and 60%) were
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tested. Water salinities were prepared according to the values given in Table 4.2
by using NaCl.

While preparing water wet conditions, limestone samples were mixed with water
first, then the oil was added at predetermined saturation values. During the
preparation of oil wet conditions, firstly, oil added to the limestone samples and
samples were waited for one day, then water was added to the samples. Mixed

wet condition is the combination of water and oil wet conditions.

Both oil shale and crude oil samples were kept at room temperature during the

experimental studies.

4.2. Experimental Setup and Procedure

4.2.1. Viscosity Experiments

Viscosities of crude oil samples were determined by using Haake viscometer.
Haake viscometer is a rotational type viscometer (Figure 4.1) which consists of
three different sensors (NV, MV, and SV) for the determination of different oil
viscosities. The sensor system is classified as a coaxial cylinder sensor system
with two gaps for shearing the sample on the inside and on the outside of the
rotor. These sensor systems inherit a temperature vessel, which is connected to
an accurate thermal liquid circulator. The selection of the sensor is made
according to the viscosity of the crude oil.
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Figure 4.1 Haake viscometer

4.2.2. Retort Experiments

Retort experiments were conducted only for oil shale samples. This set-up
consists of stainless steel cylindrical body that houses the samples with inner
diameter of 10 cm and height of 20 cm. The cylindrical body is wrapped with a
band heater and this heater is connected to a temperature controller. A
thermocouple is placed at the center of the sample holder and it is connected to
the temperature controller. The sample holder is placed in another cylindrical cell
which has 20 cm inner diameter and 25 cm height. In order to minimize the heat
losses, the space between two cylinders is filled by a heat insulator called perlite
(Figure 4.2).
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Figure 4.2 Retort set-up

A commercial software was used to record the temperature values continuously.
By the help of this software and a band heater, temperature of the system could
be increased to any desired temperature value.

The performance of oil shale retorting is affected by heating period, soaking
period and the duration of these periods [78, 79]. Therefore, firstly, heating and
soaking periods were optimized. Optimization processes were carried out only for
Nigde-Ulukigla oil shale (OS4) by using eight different operation durations. The
optimum operation conditions determined for Nigde-Ulukigla oil shale were used

for the other oil shale samples.

During the experiments, production data in terms of oil and water production, and
temperature at the center of the cell were recorded continuously. Produced oil
and water are collected in a graduated cylinder. Furthermore, gas emissions
were detected with a multi gas monitor (Q-RAE, Multi-Gas Monitor) in terms of
0., CO, H,S, and CH, .

45



4.2.3. Microwave Experiment

Microwave experiments were conducted by using two conventional kitchen
microwave ovens; BOSCH HMT 72G420 and VESTEL MD-GDX23A.
Experimental set-up is shown in Figure 4.3. The input and output powers of the
ovens are 1400 W and 900 W, respectively. The frequency of both ovens is 2450
MHz. Two different sample holders were used during the microwave heating
experiments; a glass beaker and a graphite cell. The oil shale samples were
placed into 500ml beakers, and limestone-crude oil mixtures were placed into
graphite cell to create a porous medium. Sample holders were put inside the
oven under a glass funnel. A special thermocouple which is capable of measuring
high temperatures (= 1500 °C) was placed at the center of the samples through
glass funnel. Glass funnel enabled proper collection of emitted gases by moving
them to the inlet of the gas detector. This setup enabled more accurate
measurements of the gas concentrations and prevented direct contact of toxic
gases with magnetron of the ovens. Experimental setup was controlled with the
same software that was used in retort process, such that the temperature values
detected with the thermocouple could be recorded continuously.

Thetmocouple -

m iFaz Detector

Computer
===
o0
VAN 200
—ie = = Q
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Temperature Mér‘?gﬂave =+ Jample
Controller

Figure 4.3 Microwave set-up
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4.2.4. Enhancement of the Processes

In order to enhance the efficiency of retort and microwave heating methods,
some metallic additives were used. As metallic additives iron powders (i.e.; Fe,
Fe,Os, and FeCl;) were used. These metallic additives were added to the
samples as powdered form. Optimization of iron powders types and doses for
each sample by considering oil production or viscosity reduction were conducted.

The role of iron powders to increase the oil production in microwave and retort
methods are different [80, 81]. While iron powders are used to increase the
thermal conductivity of the samples and to achieve catalytic cracking in retort

process, they are used as microwave receptors in microwave experiments [80].

4.2.5. Numerical Simulation

Numerical simulation studies were carried out for retorting of crude oil and oil
shale samples. These simulation studies were performed using the electrical
heating option of the commercial simulator; Steam, Thermal, and Advanced
Processes Reservoir Simulator (STARS; CMG, 2007). The domain was
discretized into 20x1x10, 3-D radial blocks of varying size in the radial direction
and constant in the vertical direction. The dimensions of the reservoir for the
laboratory and field cases are given in Figure 4.4.
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Figure 4.4 Scales used for the simulation of laboratory results and fields

In order to obtain oil production and temperature distribution data numerically,
some input data are required. These input data are porosity, permeability,
thermal conductivity, rock heat capacity, rock compressibility, viscosity and

relative permeability values of the porous medium.

The output data in the simulation were temperature distributribution and oil
production. These data were also obtained experimentally at the laboratory
conditions for oil shale samples. For oil shale and crude oil samples all the
required input data, except from viscosity variation with temperature, were taken
from literature. At the laboratory conditions, while the determination of viscosity
variations with temperature is very easy for the heavy oil samples, because of
high viscous characteristics of shale oils, it is very difficult to determine the
viscosity of the shale oil experimentally.

In the numerical studies conducted with conceptual oil shale samples, since the
output data were obtained experimentally, the temperature and oil production
data were matched with the laboratory results by using the literature data and
assumed viscosity-temperature data. By using the verified viscosity data, field
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cases for oil shale samples were simulated to obtain oil production data. Since all
input data were obtained experimentally and by the help of literature data, heavy
oil reservoir data were directly simulated for field cases. During the simulation of
field cases, power of the system and the number of heaters were optimized by
considering both oil production and economics of the study. The calculation
method is explained in detail in Chapter 5 for numerical simulation studies.

49



CHAPTER 5

THEORY

5.1. Heat Transfer Mechanisms

While heating principles of these two processes have some similarities primarily,
they do differ in some aspects. In order to explain the heating mechanisms of
these methods, one should start with the basic heat transfer equation which can
be written as [82];

[A]+[B]+[c]=[D]+[E] (5.1)
Where;

A is diffusive energy, B is heat generation, C is energy used in internal

evaporation, D is rate of energy accumulation, and E is convective energy flow.

For cylindrical coordinates, Equation 5.1 can be written as;

19 9T, 19T T q By,
A=——(r—)+— + B=-— C=—%
For o) e Yo k k
(5.2)
o ot al or rd@ 9oz
a=_r_ (5.3)
ec, '
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Where;

*

g is the rate of energy generation per unit volume, W/m?, o is the thermal

diffusivity, W/m.K, T is temperature, K, hy, iis latent heat of vaporization, J/kg, k
is thermal conductivity, W/mK, u is velocity, m/s, p is mass density, kg/m®, and ¢,
is specific heat at constant pressure, J/kg. K

Heating mechanism for all of the thermal processes can be explained by
Equation 5.1. The only parameter different from process to process is rate of
energy generation. The rate of energy generation can be explained as
combustion for retort experiments and microwave heat generation for microwave
experiments [83, 84, 85]. Combustion can be explained by enthalpy [83].
Microwave heat generation can be explained by Maxwell equation [84].

Heat transfer from a microwave source to a porous medium can be described
with the Equations 5.4 to 5.14. Temperature distribution as a result of microwave
irradiation can be then obtained by the heat equation with the following

modification.

oT L= = =
pcp§+pfcpfvaT:V~(lcVT)+P 4

where p, ¢, and A, are the density, specific heat capacity and thermal conductivity
of the medium, respectively; p, Cyr and v, are the density, specific heat capacity
and superficial velocity of the fluid phase and P is the electromagnetic dissipated
power per unit of volume (P), based in Maxwell's equations, is a function of the

electric field Eand the effective conductivity (o) of the medium and it is

represented by the following expression [84]:

Ol=
_ O'+a);‘tan ‘E‘Z

P
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The energy efficiency of microwave heating is affected by the medium dielectric
properties and their variations while heating. The electromagnetic heating
process is directly related with the frequency employed (w=2xf). For the low
frequencies (o >> we tan ¢ ), ionic heating is dominant. For high frequency cases
(o0 << we tan ), dielectric heating is the main thermal process. In both cases the
dissipated power distribution and consequently the temperature behavior, depend
directly on the electric field distribution that in turn depends on the
electromagnetic applicator used. For practical reasons the applicator must radiate
in all directions of the hydrocarbon medium surrounding the wellbore [84].

Assuming symmetry in radial homogeneous conducting medium, no heat losses
to the adjacent formations and strictly radial pressure distribution electromagnetic
radiation propagation will be absorbed following Equation 5.6 [84].

(5.6)

Where &(r) is power density (watts/cm?) and «is the power absorption coefficient
(cm™) that depends on the physical properties of the absorbing medium in the
following manner [84].

) VA
=002 [MJ (H(ij J 1 (5.7)
2 wE

Where o is conductivity (mho/meter), i is permeability (H/meter), € is permittivity

(F/meter) and w is angular frequency (2r x frequency). The total power radiated

across the radius rfor a cylinder of height h can be defined as Equation 5.8.

P(r)=2mrhd(r) (5.8)

Differentiating above equation by r and solving it gives
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P(r)= P (5.9)

Combining this equation with mass balance equation due to oil moving in and out
of a cylindrical element at temperature T{(r) gives the following equation.

-a(r-ry)
r 1 [OzPoe aTj (5.10

_ = + S —
o 2mhps | 418 Pl
Steady state temperature distribution due to microwave radiation is then obtained

as:

~a(r-r)
T(r):To+P°e— (5.11)
4.18p,q,S,

Transient temperature in the case of steady flow to the wellbore is given by

P ary 3
T(r,t)=T, +L(e_” —e +2A’) (5.12)
4.180,9,5,
Where
A= LeoSo (5.13)
27hp,S,

Finally for the no flow case taking the limit of equation 5.12 as the flow rate goes

to zero gives the following result.

—a(r-n)
T(rf)=T +—%h¢

+
* " 2mh(4.18p,S.,) (5.14)

5.2. Numerical Simulation

In theory, the full form of Maxwell’s equations, along with appropriate boundary
conditions, may be solved to find the electric field for any physical configuration at
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any frequency. The following simplifying assumptions are used in the CMG-
STARS model to make the computations more tractable [86]:

1. For anisotropic electrical conductivity, the principal axes of the conductivity
tensor are parallel to the coordinate axes. Anisotropic conductivities arise when
thin silts or shales are intermixed with oil-bearing matrix. With horizontal bedding,
for example, current flows through the different materials in parallel in each
horizontal direction but in series in the vertical direction. The conductivity tensor
assumption above is usually preferable to the expense of modeling each
individual material bed with a separate grid block layer [86].

2. The electrical properties (conductivity, permittivity and magnetic permeability)
do not depend on the strengths of the electric or magnetic fields [86].

3. The quasi-static approximation is used, whereby the smallest wavelength
resulting from application of a single-frequency potential is much larger than the
largest physical length in the reservoir. This allows us to neglect electric fields
that are produced by changing magnetic fields. The wavelength of a 60 Hz field
will depend on the electrical conductivity of the formations surrounding the

electrodes [86].

4. Displacement current can be neglected if the potential frequency used is low
enough. This allows expressing the electric field in terms of a scalar electrical
potential. For oil sand this assumption is well justified below a potential frequency
of 1 MHz, and so is valid at 60 Hz. In general the electrical potential may be a
phasor, with real and imaginary parts [86].

5.1.1. Current Continuity Equation

With the above assumptions and Ohm’s Law, the electric potential may be solved

from the current conservation equation [86].
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Ve(oVy)=¢ (5.15)

The electric potential phasor v is yr + jy; where yr and y; vary in space and
j° = -1. The electrical source term phasor q is g + ja. The electrical conductivity
G is a diagonal tensor, with no imaginary components since the formation has no
capacitance or inductance. The differential operator is real, so equation 5.15 can
be decoupled into two separate equations [86].

Ve(oVw,)=q, (5.16)
Ve(oVy,)=q, (5.17)

In the case of a three-dimensional Cartesian grid, the equation for real

components is;

i{ax ay/"}+i_{ay %}+i_{og %}z% (5.18)
T PR B N R

There is a similar equation for the imaginary components. Note that ¢ depends
on temperature and phase saturations, so that ¢ and y may vary slowly with
time. This dependence couples the current equations and hence the electrical
potential to the fluid and reservoir conditions [86].

If all source terms have q, = 0 the result is y, = 0 everywhere, in which case
equation 5.17 does not need to be solved. This applies to non-alternating as well
as single-phase alternating cases. For alternating current cases vy is the rms
(root-mean-square) potential, allowing the same formulas to be used for both
direct and alternating cases [86].
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5.1.2. Heat Generation from Ohmic Losses

The heating rate due to electrical conduction is

2 2 2 2 2 2
Q = O.X % +O—V % .i,.o-7 % +O—X al/ll +O—v % +O.W |:al/,1:| (519)
ox dy L oz ox dy L 9z

This heating rate couples the fluid and reservoir conditions to the electrical
potential [86].

5.1.3. Mathematical Model Used by STARS
5.1.3.1.  Electrical Conductivity

Electrical conductivities should be defined as o.,(T) for water phase, c,,(T) for
oil phase, o,(T) for solid phase and o,,(T) for rock/matrix for each grid block in
three directions (p=l, j, k). The water phase value has possible composition
dependence, which is expressed as;

Gy o (T) =3, w0y, ,(T) (5.20)

Where w; is water mole fraction and o.,,(T) is electrical conductivity, both of
aqueous component i. The water phase value has an additional dependence on

fluid porosity ¢r and water saturation S,, from Archie equation for example,

2

S ..
o,,T.9.5)=0,,T) -[(p}” 088 gg}p =i, ).k (5.21)

The solid phase value has possible composition dependence
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o5 p (M) =2,(c;/c,)og, ,(T) (5.22)

Where c; is concentration and o,,(T) is electrical conductivity, both of solid

component |, and ¢ is the sum of all the c¢;.

The bulk electrical conductivity is obtained from volume-weighted averaging
o,=0,,T.¢,8)+0,, D) 1-¢)+0 [T)(p,-¢,)+0,,T)¢,-S, (523

where ¢, fluid porosity, ¢,, void porosity, S,, water saturation and , S,, oil
saturation [86].

5.1.3.2.  Current Conservation Equation

Current flow between block i and block i+1 is separated electrically by two
resistances in series. From block center | to common block face i+(1/2) the
geometric factor (separation divided by cross-sectional area) is T; and the bulk
conductivity is o), so the resistance is Ri=T/c,. Similarly for block i+1, Ri,1=T;,1 /
o1.1- The current flow from block center | to block center i+1 is potential drop over

resistance in series [86].
Ly =V, =Vo)I(R, = R,,) (5.24)

Therefore, application of equation 5.15 to a grid block amounts to constraining to
zero the sum of the current flow terms like equation 5.24 between that block and
all its neighbors. The current equations for all the blocks are solved
simultaneously along with the fluid flow conservation equations. Therefore, when
the time step is converged the resulting potential field reflects the newest
reservoir conditions. The error in current material balance usually is very small
[86].
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The calculations explained above are only applied to internal block faces, that is,
faces between two grid blocks. For external block faces there is no current flow
other than specified electric boundaries [86].

5.1.3.3.  Boundary Conditions

An electrical boundary is a collection of block faces that are assumed to be at the
same potential, and through which current flows into and out of the reservoir.
Since a grid block’s potential is referenced to the geometrical center of the block,
there is a potential drop between a segment of electrical boundary and its host
grid block. A boundary face may be external or internal to the grid [86].

Each host block has an additional current term similar to equation 5.24,
corresponding to the electrical boundary, with a similar definition for geometric
term and resistance. The (real or imaginary) current flow from block center | to
boundary b is

(Vi _vh)

I, =it (5.25)

i

The current of each boundary segment is saved for purposes of reporting as well

as detection and control of a maximum-current type constraint [86].

5.1.3.3.1. Phase Modes

There are two possible simulation modes with respect to alternating current (AC)
phasing. When at least one boundary has an imaginary (j component) source
term, both the real and imaginary components of potential and current are
calculated. In this case the model is in multi-phase mode since the imaginary

components can model boundaries of different phases. On the other hand, when
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there are no imaginary source terms then the j component equation 5.17 is not
solved and the run is in single-phase mode. A case containing only real potentials
of both signs together can be handled by single-phase mode [86].

5.1.3.3.2. Heat Generation

The heat generation rate in a grid block is the sum of the rates for all the currents
flowing in that block. The real current obtained in equation 5.24 for inter-block
flow contributes to the heating rate Q in two grid blocks

Q= (Ii,i+l)2 *R, Oy = (Ii,i+l)2 "R (5.26)
And the boundary-block flow in Egn. 5.25 also contributes to the heating rate
0, =) *R, (5.27)

There are similar contributions for imaginary current components [86].

To maximize convergence stability, the electrical heating rate is kept constant
after a specified Newton iteration. Typically this means that a time step’s heating
rate is based on the potential field resulting from the previous time step.
However, when a boundary constraint is changed the new value is felt
immediately in the heating rate after one fluid/heat flow iteration that establishes
the new voltage field [86].

5.1.3.3.3. Electrical Operating Constraints

There are four types of operating constraint: maximum potential, maximum
current, maximum total heating rate and maximum no-flash heating rate. Each
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boundary must have an initial potential assigned to it, but current, total heat rate
and no-flash heat rate constraints are optional [86].

All boundaries start operating with their (mandatory) potential constraints,
providing after one iteration a base potential field against which all other
constraints types are tested. This constraint type treats V,, in equation 5.27 as
known and calculates the resulting I;.

Before it becomes the operating constraint, a current-type constraint is tested by
comparing its value against the magnitude of the boundary’s summed l,; when the
value exceeds the specified maximum, that boundary is switched to operate on its
current type constraint. A current constraint distributes the specified current
amongst the boundary’s faces according to weighting factors (V—V)/R; and then
treats I, in equation 5.27 as known. These weighting factors depend on the last
updated (and possibly lagged) resistances and potential field, but the specified total
current magnitude for that boundary is honoured. When a current constraint is in
effect, the calculated V, is tested against that boundary’s potential constraint. Since
a current type constraint operates by adjusting V,, as a ratio of its initial value and
phase, this constraint type cannot be applied to a boundary with V, = 0. Also, a
boundary’s current type constraint operates best when most or all of the layers
contribute current of the same sign, that is, the boundary’s potential is either higher
or lower than surrounding values [86].

The total heat rate (power) and no-flash constraints are global constraint types
which can over-ride any other constraint. Each global constraint operates by
adjusting the entire potential field by a scalar factor. This technique is possible
because equation 5.15 lacks an accumulation term and resistances do not depend
upon potentials, so multiplying all potentials by factor x results in local (and hence
total) heating rates multiplied by x?. This adjustment is done at the end of a time
step as well as whenever the heating rate is updated. Before a global constraint
becomes the operating constraint, heating rates are calculated from the existing
potential field and scale factors are obtained. If the scale factor is less than one,
that is, the global constraint is more restrictive, operation is switched to that
constraint and the scale factor is applied to the entire potential field. A boundary
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with zero potential can be used as a reference (ground) since its potential does not
change when the factor is applied [86].

Combining the algorithms described above results in automatic switching between
constraints depending on changing conditions, so that the most restrictive
constraint is used. For example, it is common to specify maximum potentials and
total heating rate. At the start the process may be running on maximum potentials,
but the heating rate increases as the reservoir heats and conductivity increases.
When the maximum total heating rate is reached, non-zero boundary potentials are

decreased so that the total heating rate is equal to the maximum specified [86].

5.3. Catalytic Cracking

Cracking is the process whereby complex organic molecules such as kerogens or
heavy hydrocarbons are broken down into simpler molecules (e.g. light
hydrocarbons) by the breaking of carbon-carbon bonds. Cracking is also referred
to as pyrolysis. Pyrolysis can also be defined as the chemical decomposition of
organic materials by heating in the absence of oxygen or any other reagents,
except possibly steam [87, 88]. Pyrolysis is a special case of thermolysis which is
also known as thermal decomposition. Extreme pyrolysis, which leaves only
carbon as the residue, is called carbonization. Anhydrous Pyrolysis (occurs
whenever solid organic material is heated strongly in absence of oxygen, under
pressure and at operating temperatures above 430 °C [806 °F]), Hydrous
Pyrolysis (occurs in the presence of water, such as steam cracking of oil),
Vacuum Pyrolysis (organic material is heated in a vacuum in order to decrease
boiling point and avoid adverse chemical reactions), and Biomass Pyrolysis
(accomplished by the biomass particles) are the types of pyrolysis [87, 88].

The rate of cracking or pyrolysis and the end products are strongly dependent on
the temperature and presence of any catalysts. Oil refinery cracking processes
allow the production of "light" products such as LPG and gasoline from heavier
crude oil distillation fractions such as gas oils and residues. Fluid Catalytic
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Cracking (FCC) produces a high yield of gasoline and LPG while hydrocracking is
a major source of jet fuel, diesel, naphtha and LPG. Thermal cracking is currently
used to "upgrade" very heavy fractions ("upgrading", "visbreaking"), or to produce
light fractions or distillates, burner fuel and/or petroleum coke. A diagrammatic
example of the catalytic cracking of petroleum hydrocarbons is shown in Figure
5.1.

long chain alkanes

s N

smaller alkanes branched alkenes and
and cycloalkanes branched alkanes

N

aromatics JTM’

smaller alkenes and

b hed alk
ranched alkenes An Example of the

AN Catalytic Cracking
2 of Petroleum Hydrocarbons

Figure 5.1 Diagrammatic example of the catalytic cracking of petroleum

hydrocarbons [87]

The major elements in unconventional oil resources (oil shale and heavy oil) are
C, H, N, O, S and possibly Fe from pyrite [87]. The molecular structures of the
hydrocarbons make the decomposition of the compounds or changing the
structures of the bonds hard.

62



Catalytic graphitization is one of these methods to change the structures of the
bonds by addition of certain inorganic and organic additives to the carbonaceous
matrix. The overall effect is to lower the temperature needed to achieve a certain
degree of graphitization [88]. Although many data are available on the influence
of inorganic catalysts like iron oxide and nickel oxide on the graphitizability of
various forms of carbon, like needle cokes, binder pitch and coal tar pitch etc.
[88] very little is known about the influence of such additives in the matrix phase
during processing of C/C composites. The effect of addition of SiC and TiO,
powders to non-graphitizable carbonaceous matrices such as furfuryl alcohol and
furan resin, during the development carbon/carbon composites have been
studied [89]. Boron has been used as catalyst in the non-graphitizable matrix, i.e.
polyarylacetylene (PAA) to form PAN fiber based C/C composites. It seems that
the catalysts are used to enhance the degree of graphitizability of typically non-
graphitizable matrices during processing of C/C composites [90].

The catalytic effect of iron on the gasification reaction has been examined by
several investigators but in most of these investigations the amount of iron, as an
impurity, in carbon has been kept low (less than 1 %) [91]. The catalytic effect of
iron-based catalysts on the coal liquefaction was examined and sulfur-promoted
iron oxides and iron sulfides with different atomic ratios of S/Fe are considered to
be a very active catalyst for coal liquefaction [92]. After the addition of sulfur-
promoted iron oxide, liquefied coal amount increased 20% more than only iron
based catalysts used case [92]. Iron sulfide catalysts are considered to be
oxidized by water during the coal liquefaction process to convert the surface of
the sulfides to surface-sulfate species [92].

In order to explain the mechanisms of both thermal and catalytic cracking simple
decomposition should be considered first.

Catalysts generally react with one or more reactants to form an intermediate that
subsequently give the final reaction product, in the process regenerating the
catalyst [93]. The following is a typical reaction scheme, where € represents the

catalyst, A and B are reactants, and C is the product of the reaction:
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A+C—>AC (5.28)
B+AC—ABC (5.29)
ABC — CC (5.30)
¢cC->C+C (5.31)

Although the catalyst is consumed by reaction 5.28, it is subsequently produced
by reaction 5.31 (Figure 5.2), so for the overall reaction [93]:

A+B—C (5.32)

catals-/sUC catal}st/A

* net: A + B gives C J ___reactant R

\ /

= catalyst/AB -~

Figure 5.2 Catalytic cycle for conversion of A and B into C [93].

As a catalyst is regenerated in a reaction, often only small amounts are needed
to increase the rate of the reaction. In practice, however, catalysts are sometimes
consumed in secondary processes [93].

5.2.1. Catalysis and reaction energetic

Catalysts work by providing an (alternative) mechanism involving a different
transition state and lower activation energy. The effect of this is that more
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molecular collisions have the energy needed to reach the transition state. Hence,
catalysts can perform reactions that, albeit thermodynamically feasible, would not
run without the presence of a catalyst, or perform them much faster, more
specific, or at lower temperatures. This can be observed on a Boltzmann
distribution and energy profile diagram. This means that catalysts reduce the

amount of energy needed to start a chemical reaction [94].

Catalysts do not change the favorableness of a reaction: they have no effect on
the chemical equilibrium of a reaction because the rate of both the forward and
the reverse reaction are both affected. The net free energy change of a reaction
is the same whether a catalyst is used or not; the catalyst just makes it easier to

activate [94].

Generic potential energy diagram (Figure 5.3) shows the effect of a catalyst in a
hypothetical exothermic chemical reaction X + Y to give Z. The presence of the
catalyst opens a different reaction pathway (shown in red) with lower activation
energy. The final result and the overall thermodynamics are the same [94].

Energy
\
2

!
H [V
)
)
)
g
=
@,

Reaction Progress

Figure 5.3 Generic potential energy diagram [94].
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5.2.2. Factors that affect catalytic rates

Catalysis manifests itself in accelerated rates of reactions, and thus many
catalytic systems are analyzed with attention to how those rates are affected,
beyond the usual parameters that affect all reactions, e.g. temperature, pressure,
and concentration. In autocatalysis, a reaction produces catalysts, thus the rates
of reactions subject to autocatalysis accelerate with time [94].

Some molecules inhibit catalysis by competing for the active sites. The strongest
inhibitors are called poisons. Many catalysts used in petrochemical applications
lose activity due to poisoning. Such catalysts are regenerated and reused
multiple times to save costs and energy and to reduce environmental impact from

disposal of spent catalysts [94].

In order to understand the effectiveness of the catalytic reactions rate equation
should be defined;

For a generic reaction Equation 5.33, the simple rate equation (as opposed to the

much more common complicated rate equations) is of the form:

r=k(T)[A]"[B} (5.33)

In this equation, [X] expresses the concentration of a given X, usually in mol/liter
(molarity). The k (T) is the reaction rate coefficient or rate constant, although it is
not really a constant, as it includes everything that affects reaction rate outside
concentration such as temperature but also including ionic strength, surface area
of the adsorbent or light irradiation [91].

The exponent n and m are the reaction orders and depend on the reaction
mechanism. The rate equation is a differential equation, and it can be integrated
in order to obtain an integrated rate equation that links concentrations of
reactants or products with time [91].
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By using Langmuir-Hinshelwood or Eley-Rideal rate equations, the catalytic

reaction mechanisms can be defined for oil shales or heavy oils [91].

While in Langmuir-Hinshelwood (LH) mechanism reaction occurs between

adsorbates (both molecules adsorb and the adsorbed molecules undergo a

bimolecular reaction), in Eley-Rideal (ER) mechanism reaction occurs between

adsorbate and incoming molecule (only one of the molecules adsorbs and the

other one reacts with it directly, without adsorbing).

5.2.2.1. Langmuir-Hinshelwood (LH) Mechanism

With LH model, decomposition occurs uniformly across the surface. Products are

weakly bound and rapidly desorbed (Figure 5.4). The rate determining step

(RDS) is the surface decomposition step.

A (g) © A (ads) —B
Rate =r =k ©,

For Langmuir adsorption

kK

p

r:
1+Kp

There are two limiting cases for LH model;

1. Low pressures/ Weak binding

Kp<<1

Rate = kKp

Rate linearly dependent on gas pressure
First order reaction

Surface coverage very low
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(5.36)

2. High pressures/ Strong binding
Kp>>1

Rate =k

Rate independent of gas pressure
Zero order reaction

Surface coverage almost unity



Figure 5.4 Langmuir-Hinshelwood mechanism for unimolecular reactions [94].

Langmuir-Hinshelwood reaction with surface reaction as RDS is shown in Figure
5.5.

A (g) & A(ads)

B (g) © B(ads) (5.37)
A (ads) + B (ads) g AB(ads) g AB(g) (5.38)
Rate=r=k0,6, (5.39)
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Figure 5.5 LH model for bimolecular reaction [94].

LH model for bimolecular reaction;

kKApAKBpB
A+K,p, +K,p,)’

Rate=r = (5.40)

5.2.2.2. Eley-Rideal (ER) Mechanism

In Eley-Rideal bimolecular surface reactions, an adsorbed molecule may react
directly with an impinging gas molecule by a collisional mechanism (Figure 5.6).
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Figure 5.6 ER model for bimolecular reaction [94].

Two models can be compared with two simple examples; for the following
reaction;

A; + 2B = 2AB (5.41)

Table 5.1 LH and ER models comparison [94].

LH model ER model
A+ "= A" A+ =A
A+ * = 2A* Ayt +* = 2A*
B+*=PB* A*+B=AB+"*
A*+B*=AB*+*
AB*=AB +*

For the Eley-Rideal mechanism, the rate will increase with increasing coverage
until the surface is completely covered by A*.

For the Langmuir-Hinshelwood mechanism, the rate will go through a maximum

and end up at zero, when the surface is completely covered by A*. This happens
because the step
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B+*=B" (5.42)

cannot proceed when A* blocks all sites.

I &

ER

LH

0 1 Bax

Figure 5.7 Comparison of Eley-Rideal and Langmuir-Hinshelwood models [94].

5.2.3. Catalysts Examples

Catalysts are used to increase the efficiency of the process and decrease the
reaction time [88]. The best catalysts for the selected reactions are given in Table
5.2.
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Table 5.2 Best catalysts for some reactions [94].

Reaction

Catalyst

Catalytic cracking of crude oil
Hydrotreating of crude oil

Reforming of naphtha (to gasoline)
Alkylation

Polymerization of ethylene, propylene, a.o
Ethylene epoxidation to ethylene oxide
Vinyl chloride (ethylene + Cly)

Steam reforming of methane to Co + H,
Water-gas shift reaction

Methanation

Ammonia synthesis

Ammonia oxidation to NO and HNO,
Acrylonitrile from propylene and ammonia
Hydrogenation of vegetable oils

Sulfric acid

Oxidation of CO&hydrocarbons (car exhaust)

Reduction of NOy (in exhaust)

Zeolites

Co-Mo, Ni-Mo, Ni-W(sulfidicform)
Pt, Pt-Re, Pt-Ir

H.SO,, HD, solid acids
Cr, TiCl,/ MgCl,

Ag

Cu (as chloride)

Ni

Fe (oxide), Cu-ZnO

Ni

Fe

Pt-Rh

Bi-Mo, Fe-Sb (oxides)
Ni

V (oxide)

Pt, Pd

Rh, vanadium oxide

Iron oxide was used for the graphitization of the carbon/carbon composites as

catalyst by increasing the thermal conductivity of the system [88]. Sulfur

promoted iron oxide was used for the liquefaction of coal [92]. Cobalt molybdate

was used for the recovery of heavy oil gas from the Athabasca bitumen [95].

The catalytic reactions of carbon can be explained by two theories: (i) oxygen

transfer and (i) electron transfer theories. According to the oxygen transfer theory

the catalyst reacts with the gaseous reactant to form an intermediate compound,

such as metal oxide, which then oxidizes carbon. In doing so the catalyst itself

returns to its original form [91]. The following sequence of reactions as

representing the mechanism of carbon-carbon dioxide reaction catalysed by iron:
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x C0.+ y Fe = Fe,O,+x CO (5.43)
Fe,O+x C =y Fe+x CO (5.44)

Kinetics of these reactions can be explained better by Langmuir-Hinshelwood
mechanism. The catalyst is thus regarded as an oxygen carrier by an oxidation-

reduction cycle [91].

According to the electron transfer theory, there is a transfer of electron from
carbon matrix to the catalyst which results in weakening the carbon-carbon
bonds. These weakened bonds are easily broken to release the product gas. Iron
accepts electrons in the oxidized state because of the non-stoichiometric
character. It is also capable of accepting electrons in the metallic state because
of its unfilled d-orbital. This theory can be better explained by the Eley-Rideal rate
mechanism [91].

5.4. Fluid Rheology

Rheology is the study of the deformation and flow of matter under the influence of
an applied stress, which might be, for example, a shear stress or extensional
stress. Theoretical aspects of rheology are the relation of the flow/deformation
behavior of material and its internal structure (e.g. the orientation and elongation
of polymer molecules), and the flow/deformation behavior of materials that cannot
be described by classical fluid mechanics or elasticity. This is also often called
Non-Newtonian fluid mechanics in the case of fluids [97].

5.3.1. Definitions

A shear stress is denoted,c is defined as a stress which is applied parallel or
tangential to a face of a material, as opposed to a normal stress which is applied
perpendicularly. A viscous, Newtonian fluid (including air and water) moving
along a solid boundary will incur a shear stress on that boundary. The no-slip
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condition dictates that the speed of the fluid at the boundary (relative to the
boundary) is 0, but at some height from the boundary the flow speed must equal
that of the fluid. The region between these two points is aptly named the
boundary layer. The shear stress is imparted onto the boundary as a result of this
loss of velocity and can be expressed as [97].

c=nt (5.45)

Where;

1 is the dynamic viscosity of the fluid,

u is the velocity of the fluid along the boundary, and

y is the height of the boundary.

Shear rate is the rate at which a shear is applied.

(5.46)
Where:

y is the shear rate, measured in reciprocal seconds

v is the velocity, measured in meters per second

h is the distance between the two parallel faces that are experiencing the shear.

For a Newtonian fluid wall Shear stress () can be related to shear rate by,

o=n 7 (5.47)

where n is the viscosity of the fluid. For Non-Newtonian fluids, there are different
constitutive laws depending on the fluid, which relates the stress tensor to the
shear rate tensor.
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Viscosity: It is a measure of the resistance of a fluid which is being deformed by
either shear stress or extensional stress [97]. The preferred units of viscosity are

Pas or mPas.

Apparent viscosity: It is a rheological property calculated from rheometer
readings. Additional information can be obtained from a basic shear (shear
stress-shear rate) diagram (Figure 5.8). One can calculate the apparent viscosity
at any given shear rate [97]. For example, the apparent viscosity at a shear rate

of 50 s is

O-SO
Niso = (5.48)

750

Shear Stress, Pa

0 20 40 60 80 100
Shear Rate, s -1

Figure 5.8 Basic shear diagram (Newto:Newtonian, S-N: Shear-Thinning, S-T:
Shear Thickening, H-B: Herschel-Bulkley) [97].
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Yield Stress (op): The yield strength or yield point of a material is defined in
engineering and materials science as the stress at which a material begins to
deform plastically. Prior to the yield point the material will deform elastically and
will return to its original shape when the applied stress is removed [97].

5.3.2. Fluid Rheology Models

Viscosity is the internal friction of a fluid or its tendency to resist flow. It is denoted
by the symbol n for Newtonian fluids, whose viscosity does not depend on the
shear rate, and for non-Newtonian fluids to indicate shear rate dependence by n..
Depending on the flow system and choice of shear rate and shear stress, there
are several equations to calculate. Here, it is defined by the equation [97].

7 = ShearStess [ 5 49
“  ShearRate ;/ (5.49)

5.3.2.1. Newtonian Fluid Behavior

A Newtonian fluid is a fluid whose stress versus rate of stress curve is linear and
passes through the origin. The constant of proportionality is known as the
viscosity [97].

5.3.2.2. Non-Newtonian Fluid Behavior

There are more than 30 fluid models as Non-Newtonian fluid models. The models
used in this thesis are given below.
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5.3.2.2.1. Power Law Model

Shear stress-shear rate plots of many fluids become linear when plotted on
double logarithmic coordinates, and the power law model describes the data of
shear- thinning and shear-thickening fluids [97].

=Ky’ (5.50)

where K, the consistency index (Pa s"), is the shear stress at a shear rate of 1.0
s™ and the exponent n, the flow behavior index, is dimensionless that also reflects
the closeness to Newtonian flow. For the special case of a Newtonian fluid (n =
1), the consistency index K is identically equal to the viscosity of the fluid. When
the magnitude of n < 1 the fluid is shear-thinning, and when n > 1 the fluid is
shear-thickening in nature. Taking logarithms of both sides of Equation 5.50 [97].

logo=Ilog K+ nlogy (5.51)

The parameters K and n are determined from a plot of log ¢ versus log vy, and the
resulting straight line's intercept is log K and the slope is n. If a large number of
c- 7 data points, for example, > 15 (it is easy to obtain a large number of points
with automated viscometers) is available, linear regression of log y versus log ¢
will provide statistically best values of K and n. Nevertheless, a plot of
experimental and predicted values of log vy and log ¢ is useful for observing
trends in data and ability of the model to follow the data. Linear regression
techniques also can be used for determination of the parameters of the Herschel-
Bulkley (when the magnitude of the yield stress is known). Because it contains
only two parameters (K and n) that can describe shear rate-shear stress data, the
power law model has been used extensively to characterize most of the fluids
[97].
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5.3.2.2.2. Bingham Plastic Model

Bingham plastic fluid exhibits a yield stress o,, the model is

6—-Go=""Y (5.52)

where ' is called the Bingham plastic viscosity.

As shown in Figure 5.8, the Newtonian model and the Bingham plastic model can
be illustrated by straight lines in terms of shear rate and shear stress, and the
former can be described by one parameter, 1, and the latter by two parameters,
n' and o,, respectively. However, the shear rate-shear stress data of shear-
thinning and shear-thickening fluids are curves that require more than one
parameter to describe their data. Given that the equation of a straight line is
simple, it is easy to understand attempts to transform shear rate-shear stress
data into such lines. An additional advantage of a straight line is that it can be
described by just two parameters: the slope and the intercept [97].

5.3.2.2.3. Casson Model

The Casson model is a structure-based model that has been used for a number
of food dispersions, although it was developed for characterizing printing inks
originally [97].

6" = Koo + Ko (1)™° (5.53)

A straight line results when the square root of shear rate, (y)°°, is plotted against

the square root of shear stress, (c)*°

, with slope K. and intercept Koc. The
Casson yield stress (co.) is calculated as the square of the intercept and the

Casson plastic viscosity (nca) as the square of the slope [97];
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Goc = (KOC)2 (554)
Nea = (Ko)? (5.55)

The Casson plastic viscosity can be used as the infinite shear viscosity (n..) of

dispersions by considering the limiting viscosity at infinite shear rate [97]:

do| _|dVo do (5.56)

ar). Lay dJo .

Using the Casson equation, the two terms in the right-side bracket are

d‘/? = K: (5.57)
dy 2@
do
=2 5.58
4o) Jo (5.58)

Combination of the equations 5.42 and 5.43 gives Casson viscosity

. =Nc, =(K.) (5.59)
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CHAPTER 6

RESULTS AND DISCUSSION

6.1. Rheology of the crude oils

In order to understand the fluid rheology of the crude oil samples (Bati Raman,
Camurlu and Garzan), shear stress (6) and shear rate (y) values for each

samples were interpreted by using the following fluid models [97]:

o=ny, Newtonian Model (6.1)
o=Ky", Power Law Model (6.2)
6—0,=" v, Bingham Model (6.3)
0"°=Ke+ Ke (1) *°, Casson Model (6.4)

6.1.1. Determination of rheological parameters for crude oil samples

6.1.1.1. Effect of electrical heating

Calibration of Haake viscometer was conducted with tap water at room
temperature (Figure A 1). Since these results have a consistency with literature
data, viscometer was used to test the rheology of the crude oil samples [98].

Three different fluid rheology models were used to explain the flow characteristics

of the crude oils. Shear stress values were measured for different shear rate
values, by using Haake viscometer. Comparisons of the models were done
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according to the rheological parameters of each model. Rheological parameters
of Bati Raman, Camurlu and Garzan crude oils are given in Table 6.1, Table 6.2,
Table 6.3, and in Appendix A.

Bingham plastic model can be explained by interpreting the yield stress (c,) and
Bingham plastic viscosity (f}), together. Once the yield stress (or "critical shear
stress") is exceeded, the material flows as a Newtonian fluid with incremental
shear stress and shear rate. The resistance to flow of crude oil decreases with
decreasing Bingham plastic viscosity.

Power law fluid model can be explained by the consistency index (K) and the flow
behavior index (n). If n is smaller than 1, the fluid is called as shear-thinning, if n
is greater than 1, fluid is called as shear-thickening. If the exponent value is equal
to 1 fluid is called as Newtonian. Shear-thinning fluids have a lower apparent
viscosity at higher shear rates, and are usually solutions of large, polymeric
molecules in a solvent with smaller molecules. It is generally supposed that the
large molecular chains tumble at random and affect large volumes of fluid under
low shear, but that they gradually align themselves in the direction of increasing
shear and produce less resistance. Shear-thickening fluids increase in apparent
viscosity at higher shear rates. They are rarely encountered, but one common
example is an uncooked paste of cornstarch and water. Under high shear the
water is squeezed out from between the starch molecules, which are able to

interact more strongly.

Casson model is most suitable for pseudoplastic fluids with a yield value. Casson
model are interpreted according to the Casson viscosity (nc.) and Casson yield
stress (0oca). Casson viscosity and yield stress can be evaluated same as the
Bingham plastic viscosity and yield stress.
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Table 6.1 Rheological parameters for Bati Raman crude oil

Tem Fluid Rheology
Sample (oCF;’ Bingham Model | Power Law Model Casson Model
I"] Go R2 K n R2 Nea Goc R2
20 68.52 | 148.41 | 0.92 | 251.64 0.29 0.95 | 27.21 | 100.86 0.98
35 22.33 | 117.25 | 1.00 | 152.80 0.14 0.85 4.22 | 100.84 0.97
Dead 50 6.82 | 116.42 | 1.00 | 127.59 | 0.06 | 0.85 | 0.52 | 109.62 | 0.97
65 2.01 115.71 | 1.00 | 118.90 0.02 0.86 0.05 | 113.21 0.97
75 0.24 | 113.87 | 0.98 | 115.96 0.01 0.84 0.01 114.19 0.95
100 062 | 114.96 | 099 | 11425 | 0.00 | 0.82 | 0.00 | 113.57 | 0.94
20 009 | 1622 [ 093 | 1.02 | 0.68 | 0.99 | 0.07 | 464 | 0.96
35 009 | 13.04 [ 094 | 1.07 | 066 | 099 | 0.08 | 159 | 0.88
0.1% Fe 50 008 | 1347 | 093 | 053 | 0.77 | 098 | 0.07 | 2.98 | 0.96
: 65 008 | 1599 | 094 | 053 | 0.77 | 098 | 0.06 | 445 | 0.97
75 0.07 11.72 | 0.97 0.45 0.77 0.99 0.06 2.79 0.98
100 006 | 10.30 | 095 | 038 | 0.77 | 099 | 0.05 | 2.28 | 0.97
20 0.08 1212 | 0.92 0.92 0.67 0.98 0.07 1.48 0.87
35 008 | 1097 [ 091 | 055 | 075 | 097 | 008 | 093 | 088
0.5% Fe 50 008 | 11.33 [ 091 | 055 | 0.75 | 097 | 0.08 | 051 | 0.86
: 65 007 | 1378 | 097 | 075 | 0.69 | 0.99 | 0.05 | 413 | 0.98
75 007 | 11.09 | 096 | 043 | 0.76 | 098 | 0.05 | 259 | 0.97
100 006 | 850 [097| 032 | 078 | 099 | 0.05 | 1.76 | 0.98
20 008 | 1421 | 092 | 058 | 075 | 097 | 008 | 093 | 0.89
50 007 | 1312 [ 093 | 062 | 072 | 098 | 007 | 095 | 0.89
1% Fe 65 007 | 1406 | 094 | 058 | 0.73 | 098 | 0.08 | 047 | 0.86
80 006 | 1261 | 095| 060 | 0.70 | 099 | 0.05 | 356 | 0.97
100 006 | 878 | 097 | 032 | 079 | 098 | 0.05 | 1.91 | 0.98
20 068 | 3854 | 092 | 26.48 | 0.28 | 0.95 | 0.27 | 26.19 | 0.98
35 114 | 5379 | 090 | 30.89 | 0.35 | 0.95 | 052 | 33.64 | 0.96
0.1% Fe:O 50 1.07 | 5561 | 0.94 | 3547 | 0.31 | 0.95 | 0.48 | 34.35 | 0.98
’ 65 111 | 42.06 | 097 | 23.07 | 0.39 | 0.96 | 0.59 | 22.09 | 0.99
75 099 | 2912 [ 098 | 724 | 0.64 | 098 | 0.60 | 12.92 | 0.99
100 086 | 1325 | 099 | 348 | 0.73 | 098 | 063 | 412 | 0.9
25 116 | 25.36 | 0.90 | 1091 | 056 | 0.97 | 081 | 9.94 | 0.95
35 111 | 2163 | 0.88 | 840 | 0.61 | 0.98 | 0.83 | 7.30 | 0.95
0.5% Fe:O 50 425 | 041 [1.00 | 451 | 098 | 1.00 | 419 | 0.01 1.00
’ 65 1449 | 222 | 1.00 | 1585 | 0.97 | 1.00 | 1409 | 0.07 | 1.00
80 488 | 055 [1.00 | 525 | 097 | 1.00 | 477 | 0.01 1.00
100 287 | 075 [1.00| 345 | 093 | 1.00 | 270 | 0.05 | 1.00
20 009 | 1226 | 095 | 062 | 0.75 | 0.99 | 0.073 | 279 | 0.9679
35 0.09 | 11.30 [ 093 | 066 | 0.74 | 0.99 | 0.093 | 1 0.9001
1% FesOs 50 0.09 | 1347 [ 097 | 071 | 073 | 099 | 0.071 | 343 | 0.9787
65 008 | 1384 | 096 | 059 | 0.75 | 0.99 | 0.071 | 324 | 0.9752
80 007 | 11.03 [ 097 | 049 | 075 | 0.99 | 0.073 | 279 | 0.9679
100 007 | 284 [096| 023 | 084 | 0.99 | 0093 | 1 0.9001
35 009 | 1913 [ 092 | 1.81 | 059 | 1.00 | 006 | 6.85 | 0.96
50 009 | 1722 | 092 | 1.38 | 063 | 0.99 | 006 | 566 | 0.96
0,1% FeCls 65 007 | 1502 [ 093 | 1.3 | 063 | 0.99 | 006 | 463 | 097
80 010 | 1224 | 095 | 058 | 072 | 0.99 | 006 | 3.06 | 0.97
100 006 | 946 | 096 | 035 | 077 | 099 | 005 | 205 | 097
20 0.09 | 1110 [ 092 073 | 072 | 098 | 009 | 089 | 0.89
35 008 | 1596 | 092 | 1.06 | 067 | 0.99 | 007 | 472 | 0.96
0.5% FeCls 50 007 | 1387 | 090 | 0.84 | 068 | 093 | 005 | 459 | 0.90
: 65 008 | 15658 | 095 | 074 | 071 | 0.99 | 006 | 430 | 0.97
80 007 | 1012 [ 097 | 033 | 081 | 098 | 006 | 190 | 0.97
100 007 | 743 [ 098] 027 | 082 | 099 | 006 | 128 | 0.99
20 008 | 1658 | 092 | 1.0 | 066 | 0.99 | 006 | 512 | 0.95
35 009 | 1291 [ 091 | 073 | 073 | 098 | 0.09 | 1.20 | 0.88
1% FeCl, 50 008 | 16.82 | 094 | 1.01 | 067 | 0.98 | 006 | 541 | 0.5
65 007 | 1548 | 095 | 062 | 073 | 0.99 | 006 | 445 | 0.97
80 007 | 1281 [ 095 | 052 | 074 | 099 | 006 | 315 | 0.97
100 006 | 766 | 096 | 025 | 083 | 0.99 | 006 | 121 | 0.98
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It is clear that when the temperature increases, Bingham and Casson viscosities,
Bingham and Casson yield stresses, and consistency index for Power law model
are decreasing.

Power law fluid model generally well define the flow characteristics of Bati
Raman crude oil with R? values over 0.92 (Table 6.1).

For Bingham Plastic behavior, generally Bingham plastic viscosity () is reduced
about 99% when temperature increases. Because there is no considerable
changes in Bingham plastic viscosity reduction, interpretations about
determination of fluid behavior was made on the basis of the reduction of yield
stresses (o). Over 90% reduction was obtained after the addition of 1% Fe, 1 %
Fe,O;, 0.5% Fe, and 0.5 % FeCls; i.e. 90.4%, 91.7%, 91.8%, and 92.5%,
respectively, at room temperature. Generally, iron addition yields better results for
the Bingham plastic model at room temperature.

At 35 °C, Bingham plastic viscosity of Bati Raman crude oil is reduced over 95%
after the addition of iron powders and 21% for dead crude oil sample. Efficiency
of the reduction of yield stresses were calculated by comparing the Bingham
plastic viscosities of the sample at 35 °C with the yield stress of dead crude oil
sample at 35 °C and it has been found that highest reductions were obtained
after the addition of 1 % Fe,Ozand 0.5% Fe;i.e. 90.3% and 90.6%, respectively.

By using the same logic, at 50 °C, the highest yield stress reductions were
obtained after the addition of 0.5% Fe and 0.5 % Fe,Og; i.e. efficiencies are 90.3
% and 99.6%, respectively. As the temperature increases, viscosity decreases.
Thus, at 50 °C the yield stress reduction for the dead sample was found as 21.5
% which is higher than the reduction at 35 °C and lower than the value at 65 °C.

At 65 °C, after the addition of 1 % Fe,Os; 0.5% Fe, and 0.5 % Fe,0;, Bingham
Plastic viscosity reductions were observed as over 88%. At the temperatures
between 75-80 °C, 0.5% Fe, 1 % Fe,0O3, 1 % FeCls, and 0.5 % Fe,O; additions
decreases the viscosity over 90 % and decreases the yield stress over 23%. At
100 °C most of the additives yielded good results for the reduction of yield
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stresses; i.e. >90%. Vaporization of the physically bonded water and catalytic
cracking reactions can occur at the same time at 100 °C. All of these reactions
may help to break the weak bonds of long chained hydrocarbons which then help

to reduce the viscosity of the crude oil sample.

Interpretations for power law fluid model were made on the basis of the exponent,
n. Since n is smaller than 1 in Table 6.1, Bati Raman crude oil can be called as
shear-thinning fluid. Shear-thinning behavior can be characterized by an
apparent viscosity which decreases with increasing shear rate [96].

When the exponent approaches to 1, the fluid resistance to flow is reduced, [97].
It is observed that n is much closer to 1, after the addition of Fe and FeCls, (i.e.;
>0.6) at room temperature.

In the Casson model, the Casson viscosity and the yield stress are calculated by
using the equations 5.54 and 5.55. At room temperature, and 35 °C the Casson
viscosity reductions are high; > 97%, and >80%, respectively. At 50 °C, 65°C, 80
°C and 100 °C, while high Casson viscosity reductions are calculated for some
cases, most of the Casson viscosity values become greater than the dead crude
oil Casson viscosity value. In order to understand the reason of this conclusion,
chemical analysis should be done, before and after the addition of iron powders
and after increasing the temperature. Thus, the responds of the chemical
reactions to these processes can be understood well. By using the literature data,
this conclusion can be explained due to the complex iron powders reactions,
which can make the complex molecular structure of crude oils more complex and
can form stronger bonds [93, 94]. Besides the effect of iron types, doses of this
types and the temperature of the system can affect the efficiency, so iron types,
doses and the temperature value should be optimized for this process. Detailed
discussion is made at the end of this section, for all of the crude oil samples.

If the interpretation for all of the fluid models were conducted together by
considering all of the iron powders types and doses for all of the temperature
values, generally, the best viscosity and yield stress reductions are obtained after
the addition of 0.5% Fe.
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Table 6.2 Rheological parameters for Camurlu crude oil

Fluid Rheology

Sample T(%'BF))' Bingham Model Power Law Model Casson Model
r’] So R2 K n R2 Nca Goc R2

30 | 0442472092 |1.40|0.87 | 0.97|0.39 | 466 | 0.95

50 |0.42|11.26 |0.98 | 0.57 | 1.00 | 0.97 | 0.39 | 1.16 | 0.98

Dead 75 0.23 | 468 | 098 |0.18 | 1.09 | 0.98 | 0.23 | 0.28 | 0.99
100 | 0.10 | 1.01 | 0.97 | 0.02 | 1.35|0.88 | 0.11 | 0.01 | 0.98

47 0.45|10.24 | 0.96 | 0.40 | 1.08 | 0.96 | 0.44 | 0.81 | 0.97

0.1% Fe 60 0.35| 3.90 | 0.98 | 0.03 | 1.55|0.89 | 0.38 | 0.00 | 0.97
75 0.32 | 0.28 | 1.00 | 0.13 | 1.18 | 0.99 | 0.34 | 0.07 | 1.00

100 | 0.09 | 1.76 | 0.96 | 0.07 | 1.11 | 0.93 | 0.08 | 0.36 | 0.97

30 0.54 | 20.59 | 0.97 | 1.45]0.88 | 0.96 | 0.46 | 4.05 | 0.98

0.5% Fe 50 0.46 | 14.82 | 0.96 | 0.43 | 1.08 | 0.92 | 0.46 | 0.93 | 0.95
75 0.41 ] 1.75 | 1.00 | 0.52 | 0.97 | 1.00 | 0.39 | 0.15 | 1.00

100 | 0.22 | -0.46 | 1.00 | 0.16 | 1.06 | 1.00 | 0.23 | 0.02 | 1.00

30 0.44 | 21.22 | 0.97 | 1.26 | 0.86 | 0.96 | 0.39 | 3.36 | 0.97

1% Fe 50 0.48 | 15.28 | 0.97 | 0.65 | 1.01 | 0.95 | 0.48 | 1.19 | 0.96

75 0.36 | 542 | 0.99 | 0.32 | 1.06 | 0.98 | 0.37 | 0.12 | 0.99
100 | 0.21 | -0.43 | 1.00 | 0.09 | 1.17 | 0.99 | 0.22 | 0.07 | 1.00
35 0.46 | 34.86 | 0.95 | 0.95 ] 0.97 | 0.94 | 0.36 | 9.23 | 0.97
50 0.44 | 14.64 | 0.95 | 0.06 | 1.49 | 0.86 | 0.48 | 0.46 | 0.94
75 0.33 | 6.64 | 0.97 | 0.03 | 1.56 | 0.89 | 0.37 | 0.02 | 0.96
100 | 0.17 | -0.27 | 1.00 | 0.01 | 1.63 | 0.88 | 0.20 | 0.20 | 0.99
40 0.42 | 36.91 | 0.97 | 1.33 | 0.89 | 0.91 | 0.29 | 13.41 | 0.98
50 0.48 | 20.16 | 0.95 | 0.24 | 1.23 | 0.88 | 0.47 | 1.96 | 0.94

0.1% Fey04

0.5% Fez0s 75 |0.47(12.13]094]0.04|153]0.93|057]| 0.02 |0.92
100 | 0.31| 3.22 | 0.98 | 0.04 | 1.44 | 0.92 | 0.36 | 0.07 | 0.98
35 |0.44 (3757093042 1.13|0.86|0.34 | 10.38 | 0.95
19% Fe,04 50 |0.46|23.14 091 [0.18|1.30|0.84|0.45| 2.63 | 0.93
75 |0.43|13550.97 |0.25]1.18|0.92|0.43| 0.86 | 0.95
100 |[0.29 | 1.47 [ 0.98|0.00|1.96 | 0.89 | 0.36 | 0.57 | 0.97
35 [ 0.41|34.41]095|234]0.76]099|0.31]10.35|0.97
0.1% FeCl, 50 |0.45|11.340.97|0.73]0.96 | 0.95|0.50 | 0.09 | 0.94
75 |027| 1.78 [1.00]0.34 097 | 1.00 | 0.27 | 0.05 | 1.00
100 | 0.16 | -0.33 [ 1.00 | 0.04 | 1.29 | 0.94 | 0.17 | 0.07 | 1.00
35 |0.49|36.73|0.95|3.02]0.74 | 0.98|0.39| 9.30 | 0.96
0.5% FeCl, 50 |0.50|13.74|0.97 | 0.72]0.99 | 0.96 | 0.49 | 1.09 | 0.97
: 75 |0.35| 6.76 | 0.98|0.39|1.02|0.97|0.35| 031 | 0.98
100 | 0.13| 1.18 [ 0.99 | 0.07 | 1.17 | 0.96 | 0.14 | 0.00 | 0.99
30 |0.46|33.76|095|1.17]092|0.96|0.36 | 878 | 0.97
1% FeCly 55 |0.43|1258|0.97 |0.38]1.09 095|042 1.01 | 0.97

75 0.34 | 6.66 | 0.98 | 0.20 | 1.15| 0.96 | 0.35 | 0.20 | 0.98
100 | 0.21 | -0.53 | 1.00 | 0.07 | 1.22 | 0.99 | 0.23 | 0.10 | 1.00

The flow characteristics of Camurlu crude oil can be explained best by Bingham
plastic model (i.e.; R?>0.93) (Table 6.2).
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At room temperature while power law fluid model yields the best fit among the
fluid models for dead Gamurlu crude oil, for higher temperatures and after the
addition of iron powders, it is observed that the fluid rheology changes.

Increasing temperature affects the reduction of Bingham plastic and Casson yield
stresses more than the reduction of Bingham plastic and Casson viscosities for
Camurlu crude oil.

The flow behavior index, n is generally greater than 1 for Camurlu crude oil,
which means that the fluid is show shear-thickening behavior.

After the addition of the iron powders, the highest apparent viscosity reduction
was obtained for Fe. It is observed that iron powder addition is not as effective as
Bati Raman crude oil (for Gamurlu crude oil). This can be due to differences
between chemical (such as composition) and physical (such as viscosity, density)
properties of both crude oil samples [81, 82, 88].

Since some yield stress values are negative in Table 6.2, it demonstrates the
inability of the solution methodology to provide optimal solutions in some cases.

Flow characteristic of Garzan crude oil is best explained by Power Law fluid
model (Table 6.3). The reduction effectiveness of yield stresses for Bingham and
Casson models are higher than the reduction effectiveness of Bingham and

Casson viscosities.

Because the flow behavior index is generally smaller than 1, Garzan crude oil
shows shear-thinning behavior.

Generally, iron addition has a positive effect to reduce the consistency index (K)
but this effect is not as effective as the reduction observed for Bati Raman crude
oil. Due to the complex reactions of iron, for some temperature values, iron
powder addition has a negative effect on the reduction of consistency index [88].
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Table 6.3 Rheological parameters for Garzan crude oil

Fluid Rheology

Sample T?onég' Bingham Model Power Law Model Casson Model
n So R K n R® MNca | Ooc R
25 |0.011 | 6.37 | 0.80 | 0.17 | 0.70 | 0.95 | 0.01 | 1.83 | 0.88
Dead 50 |0.010 | 2.83 | 0.94 | 0.05 | 0.83 | 0.99 | 0.01 | 0.45 | 0.96
75 [0.009 | 0.90 | 1.00 | 0.02 | 0.90 | 1.00 | 0.01 | 0.08 | 1.00
100 | 0.006 | 0.67 | 1.00 | 0.01 | 0.89 | 1.00 | 0.01 | 0.07 | 1.00
35 |0.011)| 2.16 | 0.93 | 0.14 | 0.68 | 0.99 | 0.01 | 0.01 | 0.86
0.1% Fe 60 |0.009| 1.76 | 0.94 | 0.11 | 0.69 | 0.98 | 0.01 | 0.01 | 0.87
75 |0.009 | 1.24 | 0.97 | 0.04 | 0.84 | 0.99 | 0.01 | 0.31 | 0.98
100 | 0.007 | 0.61 | 0.98 | 0.01 | 0.97 | 0.97 | 0.01 | 0.18 | 0.99
30 [0.010 | 1.31 | 0.95 | 0.03 | 0.90 | 0.97 | 0.01 | 0.04 | 0.92
0.5% Fe 55 |0.009 | 1.81 | 0.94|0.01 | 1.11 | 0.83 | 0.01 | 0.01 | 0.92
75 |0.008 | 142 | 0.97 | 0.01 | 1.09 | 0.96 | 0.01 | 0.20 | 0.96
100 | 0.007 | 0.79 | 0.98 | 0.00 | 1.15] 0.98 | 0.01 | 0.02 | 0.98
30 |0.010| 6.21 | 0.93 | 0.08 | 0.79 | 0.93 | 0.01 | 2.11 | 0.96
1% Fe 50 |0.010 | 3.55 | 0.88 | 0.04 | 0.88 | 0.94 | 0.01 | 0.56 | 0.92

75 0.009 | 1.80 | 0.96 | 0.04 | 0.82 | 0.99 | 0.01 | 0.07 | 0.93
100 | 0.007 | 0.97 | 0.99 | 0.04 | 0.78 | 0.99 | 0.01 | 0.16 | 0.99
35 0.010 | 5.63 | 0.96 | 0.25 | 0.61 | 1.00 | 0.01 | 2.08 | 0.98
50 0.009 | 3.83 | 0.94 | 0.18 | 0.63 | 0.99 | 0.01 | 1.27 | 0.97
75 0.008 | 1.60 | 0.97 | 0.03 | 0.88 | 0.98 | 0.01 | 0.20 | 0.98
100 | 0.007 | 0.62 | 0.99 | 0.01 | 1.06 | 0.95 | 0.01 | 0.02 | 0.99
30 0.009 | 6.57 | 0.96 | 0.21 | 0.64 | 0.96 | 0.01 | 2.82 | 0.98
50 0.010 | 2.24 | 0.97 | 0.04 | 0.86 | 0.98 | 0.01 | 0.35 | 0.97

0.1% Fey04

0.5% Fe20s 50000 [ 1.32 | 0.99 | 0.02 | 0.92 | 0.98 | 0.01 | 0.14 | 0.98
100 | 0.008 | 0.32 [ 0.99 | 0.00 | 1.18 | 0.94 | 0.01 | 0.01 | 0.98
30 |0.009|11.99|0.77 | 0.09082]0.87]0.01]|554]|0.77
1% Fe,04 50 | 0.010| 2.91 [0.95|0.03|090][097]0.01]0.53]|0.96
75 | 0.009| 0.89 [ 0.98|0.011.02]0.96]|0.01]0.00]0.96
100 | 0.007 | 0.53 [ 0.99 | 0.01 [ 1.01 | 0.98 | 0.01 | 0.00 | 0.97
35 |0.011] 501 [095]0.01]1.11[0.78]0.01 | 1.36 | 0.97
0.1% FeCl, 50 | 0.011| 2.66 | 0.95|0.02 094|096 |0.01]0.28|0.96
75 | 0.009| 1.64 | 0.96|0.00|1.27[0.91]0.01|0.08|0.96
100 | 0.007 | 0.47 [ 0.98 [ 0.00|1.10 | 0.93]0.01 | 0.03 | 0.96
40 | 0.009 | 11.93 [ 0.96 | 1.64 | 0.38 | 1.00 | 0.00 | 7.22 | 0.99
0.5% FeCl, 50 | 0.011| 2.10 | 0.94 | 0.03 | 0.91 | 0.97 | 0.01 | 0.03 | 0.93
: 75 | 0.009| 155 | 0.96 | 0.02 | 0.97 | 0.95 | 0.01 | 0.01 | 0.94
100 | 0.007 | 0.69 | 0.97 | 0.00 | 1.20 | 0.93]0.01 | 0.00 | 0.97
35 |0.010| 6.03 [ 0.93]0.05|085]|097]|0.01]2.04]0.96
1% FeCl, 60 | 0.010 | 2.19 [ 0.97 | 0.02|0.91[0.96 | 0.01 | 0.28 | 0.97

75 0.009 | 1.79 | 0.96 | 0.00 | 1.21 | 0.87 | 0.01 | 0.17 | 0.97
100 | 0.007 | 0.81 | 0.97 | 0.02 | 0.89 | 0.99 | 0.01 | 0.00 | 0.95

It can be stated that fluid behavior of viscous fluids can be explained better by
using Power Law fluid model. This conclusion can be reached after the
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interpretation of the experiments conducted with Bati Raman crude oil and the

dead Gamurlu crude oil at room temperature.

For all of the crude oils, the effect of iron powders and temperature can be
explained as follows;

Viscosity reduction for the dead crude oil samples is due to the increasing
temperature known as thermal cracking. Common sense and chemical insight
suggest that the higher the temperature, the faster a given chemical reaction will
proceed. Quantitatively, this relationship between the rate of a reaction proceeds
and its temperature is determined by the Arrhenius Equation. At higher
temperatures, the probability that two molecules will collide is higher. This higher
collision rate results in a higher kinetic energy, which has an effect on the
activation energy of the reaction. The activation energy is the amount of energy
required to ensure that a reaction happens [97].

E
k= A*exp(——% 6.5
p( RT) (6.5)

where K is the rate coefficient, A is a constant, E, is the activation energy (J/mol
"), R is the universal gas constant (8.314 x 10° kJ mol'K"), and T is the
temperature (K) [97]. Increasing temperature can also increase the formation of
some gases like CO, H,S which allows more collisions and more correct
geometry to reduce the viscosity [97].

Besides increasing the temperature, to increase the rate of the reactions, a
catalyst can be used. Using a catalyst helps molecules achieve the correct
geometry by providing a different way to react. Catalysts increase the reaction
speeds by decreasing the activation energy of the reaction [81]. At higher
temperatures, catalysts work better [99].

During the experimental studies, after the addition of iron powders at room

temperature, good viscosity reductions were obtained. In order to explain the
mechanism of the processes at room temperature, chemical reactions of iron
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powders at room temperature should be considered. In the experimental studies
conducted with pure iron at room temperature, iron powder is homogenously
mixed with the crude oil samples. The most well-known iron (Fe) reaction is
rusting. When Fe is in contact with water and oxygen, or other strong oxidant or
acids, rusting occurs. If salt is present, for example, in salt water, the metal rusts
more quickly. Iron metal is relatively unaffected by pure water or by dry oxygen
[100]. Furthermore, rusting is an exothermic reaction which gives heat energy to
the outside. Iron may undergo some reactions with some compounds of heavy oil
samples. Also due to the high salinity of the crude oil reservoirs, rusting can
occur quickly and Fe,O3 can be formed, this reaction increases the temperature
of the sample, which helps to reduce the viscosity of the samples [101].

Not only rusting, but also magnetite (FeO-Fe,Oz) and iron sulfuret (FeS)
formations are also exothermic reactions [100]. Since heavy oil can contain some
impurities, such as S, N, and O, FeS formation can be observed, after the
addition of iron powders. These reactions may occur at the same time and further
decrease the viscosity of the samples, by increasing the temperature [101].

In the experiments conducted with Iron (lll) oxide (Fe.Os), because of the
homogeneous mixture of the iron oxide by the help of the rotor of the viscometer,
magnetite (FeO-Fe,Os) can be formed. The heat energy exerted due to the
reaction can help to decrease the viscosity of the samples at room temperature
[100].

In some cases, while the iron powder doses increases, the viscosity of the
samples increase as well. In these cases, the complex reactions of iron powders
can cause to form more complex shaped molecules which have stronger bonds
[101]. The iron reactions at higher temperature can cause to decrease oil
viscosity due to the chemical cracking reactions. Also, iron compounds can form
more complex compounds, such as chelate, at higher temperatures which cause
to increase in oil viscosity [102].
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According to experimental studies, optimum type and dose of iron powders are
selected as 0.5% Fe. This optimum dose is used for all of crude oils to provide
the consistency for the comparison of microwave method.

6.1.1.2. Effect of electromagnetic heating

6.1.1.2.1. Determination of optimum heating period

The time period necessary for utilization of effective microwave heating was

determined for all of the crude oil samples and results are given in Table 6.4.

Since the temperature measurements are achieved outside the oven, at the end
of each heating time, they are not the exact values that were reached in the oven.
But the trend is realistic to give the optimum time period. During the optimization
process both the time and the temperature values are considered together.
According to Table 6.4, since the highest temperature acceleration is observed at
the end of 3 minutes, 3 minute was selected as optimum process period [103].

Table 6.4 Optimization of microwave heating period [103]

. ] Reached Temperatures (°C)
Process Time (min.)
Bati Raman | Camurlu | Garzan

1 60 55 58
3 94 81 90
5 102 95 105
7 110 105 114
9 125 111 122
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6.1.1.2.2. Determination of rheological parameters

Crude oil samples as dead form and after the addition of 0.5% Fe, which is
determined as optimum type and dose of iron powders after electrical heating,
were subjected to the microwave heating for 3 minutes. Certain materials strongly
absorb microwave energy and heat rapidly. These materials are called as
microwave receptors [80]. 0.5% Fe was used as microwave receptor in this set of
experiments. The rheological parameters of the samples subjected to the
microwave heating were determined by using Haake viscometer and these
parameters are given in Table 6.5 and in Appendix A.

Table 6.5 Effect of microwave on the rheology of crude oil samples at 70 °C

. Sample Bati Raman Camurlu Garzan
halg;g Addit 0.5 % 0.5 % 0.5 %
9y tion i Fe i Fe i Fe

Bingham n 0.0839 | 0.0764 | 0.5018 | 0.4972 | 0.0128 | 0.0108
Plastic Go 9.69 8.6626 | 20.508 | 17.887 | 3.3019 | 2.3087
Model R? 0.9418 | 0.9311 | 0.9556 | 0.9649 | 0.9755 | 0.9723
Power Law K 0.3398 0.23 1.7963 | 1.4768 | 0.0844 | 0.0287
Model n2 0.8411 | 0.891 | 0.8303 | 0.8608 | 0.7922 | 0.9092

R 0.9752 | 0.9702 | 0.9784 | 0.978 | 0.9611 | 0.9599
Casson MNea 0.077 0.073 | 0.452 0.456 | 0.012 0.010

Model Ooc 1.605 1171 | 3.552 | 2.718 | 0.748 | 0.302
R* 0.9558 | 0.9486 | 0.9648 | 0.9674 | 0.975 | 0.9694

The dead model viscosities determined after electrical heating are higher than the
dead model viscosities after microwave heating. The effect of iron powders onto
the enhancement of microwave heating is small; <8%. It can be concluded that
the receptors help to reduce the viscosities of crudes but the enhancement

process is not as effective as microwave irradiation.
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In Power Law model n is approached to 1 which means that, these crudes don't
have a strong resistance to flow after the microwave irradiation. The responds of
the crude oils to the microwave irradiation is different due to the asphaltene
content and composition of the asphaltene of these crude oils. The electrical
properties of asphaltenes are such that they are susceptible to changes in
colloidal structures of the molecules (related to colloidal properties) in the
presence of electromagnetic irradiation [104]. It is proved that there is
simultaneous dependence on electromagnetic treatment and asphaltene
concentration such that as the power of electromagnetic treatment was
increased, the viscosity at a given temperature increased as well. This
dependence, however, depends on the temperature itself as well as the amount
of asphaltenes [104]. When the asphaltene content of the heavy crude oils used
in this study are considered, Bati Raman contains the highest amount of
asphaltene (29% by weight) followed by Camurlu and Garzan crudes [105]. Thus,
the rheology of Batl Raman crude is expected to be affected more than the other
crude oils. A study of the microstructure of asphaltene after treatment with
electromagnetic irradiations warranted, but is beyond the scope of this thesis.
One interesting feature of the crude oil viscosity is that all viscosity values
converge to values that are close to each other regardless of the oil type. A
higher temperature removes the effect of permanent alteration of asphaltene
orientation that might have caused the alteration of the crude oil.

6.2. Microwave Experiments

In the microwave experiments, 3 minutes heating time was used as heating time
which is determined as optimum heating time for the electromagnetic heating of

crude oil samples.
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6.2.1. Effect of porosity, water saturation, wettability and permeability

In order to investigate the effect of porosity, water saturation, wettability and
permeability on the electromagnetic heating process, crushed limestone samples
at different porosities (25.86 %, 34.1%, and 38.95%) are mixed with the crude oil
samples and water by using different water saturation values (60%, 40%, and
20%). The responses of 3 different wettability conditions on the electromagnetic
heating were tested; i.e. water wet, oil wet, and mixed wet. Prepared samples
were subjected to the microwave irradiation for 3 minutes.

Effect of porosity is given in Table 6.6. One can infer from Table 6.6 that lower
the porosity yields higher recoveries. This is because of the permeability changes
which makes to necessary to calculate the permeability of the limestone samples.

To calculate permeability a correlation between particle diameter and porosity

was used.
32
k= & (6.6)
150(1-¢)*

Where, Dp is the particle diameter, (m), ¢ is porosity, k, is permeability (m?). The
permeability is multiplied by 1.01325E+12 for the unit conversion of permeability
to the Darcy unit.

The particle diameters were found by using the sieve size used for the screening
of limestone samples; i.e. 25.86% porosity equals to 10-20 mesh size, 38.95%
porosity equals to 20-50 mesh size, 34.10% porosity equals to 80-160 mesh size.

Calculated permeability variations with mesh size are given in Table 6.7.
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Table 6.6 Porosity effect of microwave [106]

o Porosity | Oil production | Recovery
Sample | Sy (%) (%) (ml) (%)
25.86 2.97 18.55
20 34.10 0.89 5.17
38.95 0.32 1.58
25.86 3.65 28.45
Bati 40 34.10 115 10.49
Raman
38.95 0.88 6.05
25.86 4.37 51.74
60 34.10 0.83 11.91
38.95 2.93 28.27
25.86 2.18 14.04
20 34.10 0.36 2.06
38.95 1.21 5.77
25.86 4.24 34.76
Camurlu 40 34.10 0.39 3.25
38.95 1.03 6.9
25.86 1.66 19.69
60 34.10 0.24 3.15
38.95 0.26 2.54
25.86 8.29 43.88
20 34.10 0.12 0.78
38.95 4.35 18.7
25.86 10.1 81.73
Garzan 40 34.10 0.84 7.4
38.95 4.03 25.68
25.86 4.7 53.38
60 34.10 0.24 2.51
38.95 2.66 24.53

Highest oil recoveries were obtained for lowest porosity values. For Bati Raman
crude oil highest oil production were obtained for 60% water saturation value. For
Camurlu and Garzan crude oil highest recoveris were obtained for 40% water

saturation values.
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Table 6.7 Permeability variations with mesh size [106]

Mesh Size | D, (*10° m) | k ( *107* m?) k (Darcy)
10-20 201 -84 |844.9-148.3 | 856.05—-150.31
20-50 84 - 30 747.6 - 93.23 | 757.48 —94.47
80-160 18-10 19.07 - 5.668 19.32-5.74

Table 6.6 and Table 6.7 show that high permeabilities yield better oil production

values.

The effect of three different wetting conditions was tested by considering mixed
wet, oil wet and water wet conditions on the microwave irradiation (Table 6.8).
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Table 6.8 Wettability effect under the microwave irradiation [106]

Sample | S (%) Poroosity . Qil Prgduction (%)
(%) Mixed Wet | Oil Wet | Water Wet
25.86 7.26 5.87 1.58
20 34.10 19.56 12.19 18.55
38.95 3.33 3.15 5.17
25.86 5.17 9.27 6.05
Rzr?wt;n 40 34.10 251 10.91 28.45
38.95 7.13 2.81 10.49
25.86 12.14 8.08 28.27
60 34.10 11.63 20.34 51.74
38.95 2.93 3.72 11.91
25.86 17.51 16.42 5.77
20 34.10 27.69 27.94 14.04
38.95 0.66 10.81 2.06
25.86 13.73 11.83 6.9
Gamurlu 40 34.10 32.57 13.87 34.76
38.95 4.8 4.14 3.25
25.86 11.03 16.81 2.54
60 34.10 18.01 27.21 19.69
38.95 1.88 3.44 3.15
25.86 24.39 28.44 18.7
20 34.10 3.97 12.3 0.78
38.95 59.3 60.56 43.88
25.86 27.64 19.47 25.68
Garzan 40 34.10 61.94 68.44 81.73
38.95 4.68 2.88 7.4
25.86 38.19 68.41 24.53
60 34.10 49.18 63.48 53.38
38.95 3.56 419 2.51

Determination of the effect of porosity, water saturation and wettability are
summarized in Figure 6.1. According to this figure, effects of each parameter

have to be interpreted separately.

96




Microwave heating efficiency is directly relevant to the composition of the material
subjected to the microwave irradiation. In Figure 6.1, this relevancy is observed
easily. While Bati Raman crude oil responds to the water wet condition and 60%
of water saturation value, Camurlu crude oil yields better results for oil wet
condition and Garzan crude oil gives good oil production values for mixed wet
condition. Thus, it can be inferred that if the crude oil is a viscous crude oil, like
Bati Raman crude oil, microwave irradiation under water wet conditions will yield
best oil production. When the crude oil has somewhat moderate viscosity, similar
to Gamurlu crude oil, oil wet condition can yield better oil productions. Finally, as
the crude oil is light enough, like Garzan crude oil, mixed wet conditions can give
better results. Thus, wettability is a direct parameter that affects the microwave
efficiency.

Also the saturation has a direct effect on the microwave irradiation. For Bati
Raman crude oil, 60% water saturation values and for Camurlu and Garzan
crude oils, 40% water saturation values gave better oil production results.

For the entire crude oil samples, 25.86% the porosity value yielded the best oil
production values. This porosity value has also the highest permeability values.
Accordingly, even samples are differentiating; the effect of permeability remains
the same. The oil production mechanism due to permeability seems to basically
gravity drainage [19].

Since microwave heating depends on the absorption ability of the materials, it
provides selective heating for different materials [25]. In order to explain the
reason of the effect of crude oil viscosities on the wettability under microwave
irradiation, chemical composition of crude oils should be well-defined. GC-MS
(Gas chromatography-mass spectrometry) can be used to define the chemical
composition and the amount of these compositions of the crude oil samples.

97



86

Oil Production (%)

Sw

B WaterWet
B Oi Wet
B Mixed Wet

Bati Raman

Figure 6.1 QOil production results for all samples [107]




66

—_

(&)

—
[}
—
=

-—
[}
—

(<3}
(=9

200
180
160
140
120
100

80

—o—B.Raman

—o— Camurlu

—a—Garzan

0 20 40 60 80 100 120 140 160 180
Time (sec.)

200

Figure 6.2 Temperature trends for best oil production values [107].




It can be seen that in all wettability cases low water saturations lead to smaller
steady state temperature values. The steady state temperature in the mixed wet
case was smaller than the other temperatures. It turns out that 40% water
saturation case yielded the highest temperature in all cases but the water wet
one. At low water and oil saturations, the dielectric permittivities of oil-wet media
are lower than those of the water-wet ones [108]. This might be caused by the
presence of an insulating oil film along the surface of the sand grains. Thus for a
water wet medium and high water saturations the steady state temperature
should be higher than the ones in oil wet and mixed wet cases. Since the steady
state temperature and the viscosity are inversely proportional with each other at
higher temperatures viscosity () will be smaller and gravity drainage will be
much more efficient since flow rate is proportional to square root of 1/u [109].
Thus we expect higher production if the temperature is higher.

Besides the parameters mentioned above, temperature and heating strategy can
also affect the efficiency of the microwave process (Figure 6.2, Figure 6.3).

Temperature/time plots show a steady linear climb with alternating trend up to a
certain time, and then a change in slope is observed (Figure 6.2). As the
temperature increases oil becomes less viscous and with the help of gravitational
forces moves down to the conical production chamber. Thus voids are created
making it increasingly difficult for the weaker waves to propagate. Waves with
higher electromagnetic frequencies are able to overcome these “breaks” better
than the weaker ones and are able to penetrate into the partially saturated porous
medium and therefore, recover more oil. Since the total water present in the
porous medium is different in each experiment and due to slight differences in
packing flow paths (i.e. tortuosity) are somewhat different in each experiment.
That's why a different time is required to reach a slope change in temperature
time plots. Moreover, since the number of liquid molecules that bump, rub, and
agitate decrease as the water saturation decrease the resulting heating energy
decreases. Another important observation is the presence of cyclic increase and
decrease of measured temperatures during an experiment. Since a commercial
microwave oven does not continuously supply microwaves cyclic increase and

decrease of temperature is observed. For the microwave oven used in this study
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the on/off cycle time is 12 seconds. Regarding the temperatures, the initial oil
saturation is the controlling factor on the final temperature reached.

il Production (%)

Heating - || 1 jojor - | oo o - 1) oo I ur

Period | 4| g c |al B c Al B | cC

B.Raman Camurlu Garzan

Figure 6.3 Periodic Heating Results [107]

Optimum heating strategy was investigated by changing the heating time (In
Figure 6.3). To achieve this goal three cases were considered: 180, 60 and 30
seconds continuous heating (shown as A, B, and C; respectively in Figure 6.3).
Furthermore, three different soaking times (I: 180, II: 240 and Ill: 360 seconds)
were tested. It was observed that cumulative oil production was directly
proportional to heating time regardless of the oil type. As the heating time
increased the highest temperature reached at the end of a cycle increased and
thus the production increased. While the initial production rate was not
significantly affected by the operating strategy, there was an increase in the
production rate at later times for runs with longer heating cycles were used. Thus
the overall recovery is a strong function of temperature. In cases where longer
soaking periods were applied higher oil productions compared to continuous
heating were not observed due to heat losses during the long soaking periods.
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Note that the microwave oven is not insulated. However, in real porous media
differences between continuous heating and periodic heating might be smaller
since heat losses will be somewhat smaller compared to the experiments.

6.2.2. Recovery of oil shales under microwave irradiation

Effect of microwave irradiation on the recovery of oil shale was studied. In order
to enhance the microwave efficiency, 3 different iron powders (Fe, Fe,O;, and
FeCl;) and their three different doses (0.1%, 0.5%, and 1% by weight) were
added to the samples as microwave receptors [80]. Iron powder types and doses
were optimized according to the best oil production. During the experimental
studies, produced oil volume, the temperature distribution and the gas emissions
in terms of CO, H.S, Hydrocarbon (CH,), and O,, were recorded. Temperature
and the gas emission distributions with time are given in Appendix B for each
sample.

Oil and gas production results are summarized in Figure 6.4, Figure 6.5, Figure
6.6, and Figure 6.7 for all of the oil shale samples.

Because the highest oil production was obtained after the addition of 0.1% Fe,

0.1% Fe was selected as the optimum type and dose of iron powders for

Himmetogdlu oil shale (Figure 6.4).
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Figure 6.4 Optimization of iron powders for Himmetoglu oil shale

The highest CO and H,S emissions were observed after the addition of 0.1% Fe
(Table 6.9). Since the highest gas production is obtained after the addition of 0.1
% Fe (Figure 6.4), it can be said that the most of the produced gases contain CO
and H,S. Carbon monoxide is a by-product of incomplete combustion, the high
amount of CO shows that during microwave heating incomplete combustion
occurs. The presence of hydrogen sulfide is an evidence of occurrence of
hydrodesulphurization process. Hydrodesulphurization (HDS) is a catalytic
chemical process widely used to remove sulfur (S) from natural gas and from
refined petroleum products such as gasoline or petrol, jet fuel, kerosene, diesel
fuel, and fuel oils [110, 111]. Hydrodesulphurization is a hydrogenolysis reaction.
The hydrodesulphurization reaction can be simply expressed for ethanethiol
(CoHsSH) with reaction shown in equation 6.7.

C2H58H + H2 — CzHe + HQS (67)

Besides the ethanethiol (C,HsSH), there are numerous complex compounds
contain sulfur inside the heavy oil carbonates and oil shales. The

103



hydrodesulphurization process helps to remove this impurity from these
resources. This process also helps to decrease the oil viscosity by increasing the

temperature.

Table 6.9 Microwave experiment summary for Himmetoglu oil shale

. Total Gas Emission (ppm) | Production (g)

Sample | Addition %) .S Gas oil
Raw - 106.1 2.6 1.61 | 0.04
0.1% 1383.7 67.3 11.34 | 0.24
Fe 0.5% 28.9 0.0 1.61 | 0.02
1% 8.0 0.1 1.47 | 0.01

0.1% 6.1 0.0 1.45 0
Fe.Os 0.5% 365.4 16.2 5.26 | 0.13
1% 15.4 0.2 3 0.05

0.1% 25.3 0.1 2.65 | 0.01

FeCls 0.5% 27.9 0.6 2.29 0
1% 0.0 0.0 1.66 | 0.04

Since the highest oil production was obtained after the addition of 0.1% Fe,O3 the
optimum dose for Hatildag oil shale was determined as 0.1% Fe,O; (Figure 6.5)

In order to understand the mechanisms occurred during the microwave heating of
Hatildag oil shale, gas emission, oil production and gas production should be
considered together. In Table 6.10 results obtained for Hatildag oil shale were

summarized.
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Figure 6.5 Optimization of iron powders for Hatildag oil shale

Table 6.10 Microwave experiment summary for Hatildag oil shale

" Total Gas Emissions (ppm) | Production (g)
Sample | Addition co H,S Gas oil
Raw - 12.5 0.1 0.81 0
0.1% 38 0.2 0.55 0
Fe 0.5% 1.3 0 0.244 0
1% 3.9 0 0.2 0
0.1% 49.7 0.3 0.41 | 0.05
F8203 0.5% 3.6 0 0.24 0
1% 25 0 0.03 0
0.1% 68.7 0.8 0.67 | 0.005
FeCls 0.5% 0 0 0.46 | 0.01
1% 100.9 0 1.27 0

After the microwave heating of raw Hatildag oil shale, 0.81 g gas was produced.

0.81 g gas covers the 12.5 ppm CO and 0.1 ppm H,S and the other gases

exerted from the system which cannot be detected by multi gas controller device.
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After the addition of 0.1% Fe, while the CO and H,S emissions are increased
(volume base), and gas production (weight base) decreased. One can conclude
from this result that raw oil shale process by microwave irradiation causes to form
gases that cannot be detected by the multi gas controller. Also, since CO is one
of the by product of pyrolysis process, the results show that after 0.1% Fe
addition, pyrolysis can be accomplished better. Fe also can accelerate the
incomplete combustion and/or hydrodesulphurization reaction to form CO and/or
H.S; which can be another reason of increasing the CO and H,S concentration
after the addition of 0.1 % Fe [112, 113]. Furthermore, it helps to remove one of
the impurities (S) inside the oil shale, by helping to form more H,S. For the other
doses of Fe, CO emission was not observed, so the optimum dose of Fe for
Hatildag oil shale can be determined as 0.1%.

After the addition of Fe,Os, high CO emissions were observed and still the gas
production is less than the gas production of raw sample by weight. The same
discussion can be made for the 0.1% dose of Fe,O3. This dose and type also
help to produce oil. Because it is the highest oil production among the other iron
powders types and dose, 0.1% Fe,O; was selected as the optimum type and
dose for the production of Hatildag oil shale.

For the 1% FeCl; addition case, while there is no oil production observed, the
total gas weight and the total volume of the CO give the highest values among
the other values. It is due to the temperature of the sample at the end of the
process. It is the highest temperature among this set experiment with 1300 °C. At
this temperature all of the light and moderate fractions and even the heaviest part
of the oil are evaporated [114]. Pyrolysis, combustion, and incomplete
combustion occur together. In order to understand which mechanism dominates,
complete gas and ash analyses should be done.

For Seyitémer oil shale, no oil production was observed. Therefore, the optimum
type and dose of the iron powder was made on the basis of the highest gas
production. Thus, the optimum type and dose is selected as 0.5% Fe (Figure
6.6).
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Figure 6.6 Optimization of iron powders for Seyitdmer oil shale

While the highest gas production was observed after the addition of 0.5% Fe, CO
and H,S emissions were not be detected for this dose of Fe (Table 6.11). The
high doses of Fe and Fe,O; and all doses of FeCl; help to remove O and S as

CO and H,S forms.

Table 6.11 Microwave experiment summary for Seyitémer oil shale

Total Gas Emissions (ppm)

Production (g)

Sample | Addition co H,S Gas ol
Raw - 2.4 0.1 3.48 | 0.00
0.1% 0 0 2.29 | 0.00
Fe 0.5% 0 0 7.27 | 0.00
1% 298 1.4 2.41 0.00

0.1% 0 0 2.36 | 0.00

F8203 0.5% 0 0 2.23 0.00
1% 0.2 0 2.36 | 0.00

0.1% 48.3 0.4 2.06 | 0.00

FeCls 0.5% 2.9 0.1 2.30 | 0.00
1% 26.7 0.6 2.86 | 0.00
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By using the same logic, the optimum doses and types of iron powders for

Ulukisla oil shales were selected as 0.1% Fe,O; Figure 6.7).
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Figure 6.7 Optimization of iron powders for Nigde-Ulukisla oil shale

The total gas emissions for Ulukisla oil shales have a parallelism with the oil
production values. Therefore, it can be said that most of the produced gas can be
CO and H.S but after the addition of FeCls, produced gases are different from CO
and H,S. CH, was detected after the addition of 0.1% Fe,O; which means that
Fe,O3 helps to form lighter hydrocarbons.
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Table 6.12 Microwave experiment summary for Nigde-Ulukisla oil shale

" Total Gas Emissions (ppm) Production (g)

Sample | Addition cO H,S CH. Gas oil
Raw - 1.2 0.5 0.00 1.38 0.03
0.1% 135 17.2 0.00 7.39 0.16

Fe 0.5% 435 8.1 0.00 8.67 0.76
1% 393.5 11.2 0.00 9.41 0.5

0.1% 1436 221 2.3 8.84 0.78

Fe,O; 0.5% 592.8 23.4 0.00 9.34 0.26
1% 720.2 22.6 0.00 8.04 0.38

0.1% 9.5 0.00 0.00 9.023 0.3

FeCl; 0.5% 131 0.00 0.00 10.28 0.36
1% 187.6 0.00 0.00 7.04 0.2

Due to the compositional difference of the oil shales (Table2.4), iron powders
yielded different oil and gas production results. The produced oil and gas
composition can also be different due to the oil composition and the iron
reactions with the oil compounds and produced gas compounds.

6.3. Retort Experiments

There are two important temperatures for the pyrolysis of a fossil fuel resource
(100 °C and 500 °C). 100 °C is the temperature necessary for the vaporization of
the physically bonded water [98]. 500 °C is the pyrolysis temperature required for
the decomposition of the kerogen. This temperature covers the boiling point of
most of the hydrocarbons [114]. To achieve the vaporization of water or pyrolysis
of kerogen, the only requirement is not temperature alone. Due to the complex
reactions occurring during the process, reactions may also be completed within
adequate time period. Therefore, besides the heating processes, also the
soaking processes were applied during the retort experiments.

Firstly, the effects of soaking and heating periods were examined. Therefore, in
order to determine the optimum heating periods, eight different experiments were
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carried out with Nigde-Ulukisla (OS4) oil shale. Optimum heating and soaking

periods were selected according to the highest oil production. These eight

experiments are summarized in Table 6.13. Since thermal cracking which is also

known as pyrolysis, takes place over 500 °C, 500 °C was selected as final

temperature value reached to produce shale oil [15].

Table 6.13 Determination of optimum heating period for retort experiments [115]

15 Period 2™ Period
# of Heating Soaking Heating Soaking P
Experiments [ D T D T D T D T | (em®)
(s) (°C) (s) | (°C) (s) °C) | (8 | (C)
1 300 100 3600 | 100 [ 9000 | 500 - - 3
2 1800 100 3600 | 100 | 5400 500 | 4500 | 500
3 1200 | 100 2700 | 100 [ 6000 | 500 | 6000 [ 500 0,2
4 1200 100 1800 | 100 900 580 - - 1
5 3600 | 100 - - 6000 | 520 - - 1
6 600 100 5400 | 100 | 5400 500 - - 0,2
7 1800 | 100 3600 | 100 | 12600 [ 350 - - 0
8 - - 6000 | 500 - - - - 3

*D: Duration, T: Temperature values at the end of the periods, P: Oil Production

Since the highest production obtained after the second experiment, heat and

soak periods belong to this experiment were selected as optimum periods. Other

experiments were tackled by using this optimum condition. Temperature profile

for the optimum operation periods is given in Figure 6.8.
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Figure 6.8 Temperature profile for the optimum operation periods [115]

One can infer from Experiment 7 that below pyrolysis temperature, it is
impossible to produce oil from oil shale samples. Although it is possible to
produce oil from oil shale when pyrolysis temperature is reached, the oil
produced would not be much. To enhance the oil production efficiencies, effective
temperature distribution and viscosity reduction of the shale oil should be
accomplished together. Therefore, iron powders efficiencies on the oil production
were examined by using retort setup. Since the retort experiments are time
consuming when compared with the microwave experiments, the optimum doses
found in microwave experiments were applied to the retort experiments Oil
production, after retorting of raw oil shale samples and after retorting of samples
containing optimum types and doses of iron powders are summarized in Figure
6.9. (OS1: Himmetoglu oil shale, OS2: Hatildag oil shale, OS3: Seyitémer oil
shale, OS4: Ulukigla oil shale)
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Figure 6.9 Retort experiment results for oil shale samples [116].

Because iron powders help to increase the thermal conductivity of the system,
heat transfer accomplished more efficiently yielding increased oil production at
laboratory conditions. Thermal cracking and catalytic cracking occur together
after the addition of iron powders which help to break the chemical bonds of long
chained hydrocarbons by increasing temperature and by catalysis effect of iron
powders [15, 117]. Also, the magnetic effect of iron powders on the reduction of
oil viscosity caused an increase in the oil production after the addition of iron
powders [15, 118].

In order to understand the mechanism more clearly, gas emissions were
measured during the experimental studies in terms of CO, H,S, CH, and O,
(Table 6.14). After the addition of optimum doses of iron powders, CO and H,S
concentrations increased for Himmetoglu and Hatildag oil shales but decreased
for Nigde-Ulukigla oil shale. For Seyitdémer oil shale the CO concentration
decreased but H,S concentration increased. It can be concluded that each oil
shale has a different respond to different catalysts owing to their chemical
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composition. Iron powders help to increase the thermal conductivity of the
system, hence help to increase the temperature of the samples. Therefore, the
temperature for the evaporation of some hydrocarbon gases can be achieved
after the addition of iron powders, so the gas amount can be increased.

Yet another reason for such productions can be the catalytic cracking which

helps to increase the reaction speeds [94]. Thus, within the same period of time,

produced oil and gas amount due to the addition of iron powders can increase.

Table 6.14 Summary for the gas emissions and productions for oil shale samples

Total Gas Emissions Production (g)
Sample Addition (ppm)
CO H,S Gas Oil | Water

Himmetogiu - 146.9 14.5 30.94 | 0.93 0
0.1% Fe 1539.9 391.4 22.673 | 1.63 1.4

Hatildag - 47.2 2.4 31.49 | 0.39 1
aldag "0 1% Fe,0, | 155.7 3.0 | 28642 | 493 | 04
. - 319.3 0.9 79.07 7.73 1
Seyitomer G 5o Fe 28.2 22 | 12476 | 1372 | 12
Ulukisla - 5474.3 9.6 56.64 | 3.74 2.6
0.1% Fe,O4 4155.8 0.8 49.502 | 4.61 3

Decreasing of the gas concentration can be explained by the aforementioned
complex reactions of iron powders (see Chapter 5). Iron powders can react with
some lighter hydrocarbon gases and at that temperature, this reaction can be at
liquid phase which may help to increase oil production [82]. On the other hand,
increasing oil production after the addition of iron powders can be explained as
catalysis effect [88, 112].

Because the weight of produced oil was measured by the help of graduated
cylinders, it is easy to find the density and API gravity of shale oils. Density and
API gravities are given in Table 6.15. Density and API gravities are calculated by
dividing the weight of produced oil to the volume of it. Since Table 6.15 is not

113



constructed by using a densitometer, the obtained data may give an idea about
the densities of the shale oils which do not exist in the literature.

Table 6.15 Density and API gravity of oil shales

Sample Addition O'(Ig?fnr]lgs)'ty Gglf/lity
Himmetoglu - 0.97 14.04
0.1% Fe 1.06 257

) - 0.89 27.49
Hatildag 0.1% Fe,0s 0.99 12.01
Seyitdmer § 1.03 5.88
0.5% Fe 1.02 7.40

Ulkisia 1% 0.89 27.40
0.1% Fe,Os 0.92 21.97

6.4. Numerical Simulation

All simulation studies were performed using the electrical heating option of the
commercial simulator CMG-STARS, 2007 (Steam, Thermal, and Advanced
Processes Reservoir Simulator). The domain was discretized into 20x1x10, 3-D
radial blocks of varying size in the radial direction and constant size in the vertical
direction. The dimensions of the reservoir for the field case and grid size for both
laboratory and field cases are given in Figure 6.10.
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Laboratory Scale: Field Scale:

r=0.015 inch r=4.5 inch
d=10cm d=100m
z=20cm z=30m

Grids 20*1*10 Grids 20*1*10

Figure 6.10 Grid sizes used in simulations [116].

Current continuity equation, heat generation from ohmic losses, and heat
generation are considered together in CMG STARS model (see Chapter 5).

Because the electrical heating option of CMG, STARS cannot model the
microwave heating, only the retort experiment results could be modeled by using
CMG, STARS model.

6.4.1.  Numerical Simulation Retorting of Qil Shales

The required input data for simulation are porosity, permeability, thermal
conductivity, rock heat capacity, rock compressibility, viscosity and relative
permeabilities. The output data of the simulation is time dependent temperature
distribution and oil production data which were also determined experimentally.
All the required input data (porosity, permeability, rock properties, etc.) except
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temperature-viscosity relationship were taken from the literature for the numerical
simulation runs. These data were compiled from literature about the oil shales
studied in this study and the common oil shale fields around the world. The
viscosity-temperature relationship was obtained through matching numerically
obtained temperature distributions and production data to the experimental
output. Another critical parameter in addition to the viscosity-temperature data is
the relative permeabilities. It was observed that the effect of relative
permeabilities is trivial compared to the viscosity-temperature data. Relative
permeability data used in the study were taken from another oil shale field (Figure
6.11 and Figure 6.12). Hence, relative permeabilities typically suggested for
these types of simulations in the literature were adapted and used.

Because shale oail is too viscous and the amount of produced oil at the laboratory
conditions is very little, it was very difficult to determine the viscosity of the shale
oil experimentally. Therefore, the only way to obtain this critical data was
experimental matching exercise. Another critical point that entails this type of
approach is to determine the level of heating and corresponding temperature to
have oil become flowable.

Using the shale oil viscosity values and literature data, the process was then
simulated at field scale. In these numerical simulation studies, the power of the
system, operation time and the number of heater were optimized by considering
both oil production and economics of the project.

During the experiments conducted with oil shale samples, temperature data and
production data were recorded continuously. As mentioned above, produced oil
from oil shale is highly viscous and very little in amount at the laboratory
conditions. Thus, shale oil viscosities are difficult to measure. Moreover, there is
little knowledge about oil shale properties in the literature. In the simulation
studies, literature data given in Table 6.16, Figure 6.11, and Figure 6.12 were
used.
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Table 6.16 Data used for the simulation of laboratory and field cases [120, 121]

. Parameters

Quonae | agition RHC RTC MW
P (*10°J/m*-C) | (*10°J/m-day-C) | (g/mole)

Himmetoglu Raw 6.4 1.44 650
(OS1) 0.1 %Fe 6.53 2.06 650
Hatildag Raw 13.7 1.44 600
(0S2) 0.1 %Fe, 04 12.9 2.06 600
Seyitdmer Raw 6.5 1.7 600
(OS3) 0.5 %Fe 6.9 4.5 597
Ulukisla Raw 8.9 1.44 600
(0S4) 0.1 % Fe,0O3 9.2 2.06 600

RHC: Rock Heat Capacity, RTC: Rock Thermal Conductivity, MW: Molecular Weight

Numerical simulation conducted for laboratory studies were carried out under 101
kPa pressure and 21 °C temperature. Porosity, permeability, rock compressibility,
reservoir temperature, initial water saturation and formation thickness were taken
as 45%, 5000 md, 0.001 kPa”, 50 °C, 25%, and 30 m, respectively. Sensitivity
analyses were achieved for different reservoir pressures (5000-10000 kPa) and
reservoir depths (500-5000 m) for the field case simulation studies [8, 13].

Using the viscosity as the adjustable parameter, the simulation outputs were
matched to the experimentally obtained temperature and production data. These
matches are given in Figure 6.13 and Figure 6.14. The viscosity-temperature
relationship obtained through this exercise is shown in Figure 6.15.
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Figure 6.13 Temperature match for all oil shales (I: Experimental Studies Results,
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Figure 6.15 Viscosity variations of all shale oils

After 400 °C a linear relationship was observed between temperature and shale
oil viscosity on a semi-log plot which means that oil starts to flow because of
reaching the pyrolysis temperature. This type of trend observed after 400 °C is a

typical relationship between viscosity and temperature during pyrolysis [8, 12].

Simulation studies were also performed for the verification of the experimental
studies carried out after the addition of optimum iron powder types and doses.
These simulation matches for all oil shales containing optimum dose and types of
iron powders are given in Figure 6.16 and Figure 6.17 for temperature and
production, respectively. The viscosity-temperature relationship obtained through
the matching exercise is shown in Figure 6.18. As can be inferred from Figure
6.18, the iron powder addition decreases the shale oil viscosity considerably.
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Figure 6.18 Viscosity variations for all oil shale after the addition of optimum
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The viscosity - temperature data obtained through matching the experimental
results to the numerical output, and the porosity, permeability, rock
compressibility, rock heat capacity, rock thermal conductivity and the molecular
weight of oil values (as given in Table 6.16) previously used for the simulation of
laboratory experiments were also used to simulate the field cases. Using the data
in Table 6.16, existing as reservoir condition and some other data, also used for
the laboratory simulation; the operation time, the power needed in the field
application, and the number of heaters were optimized. For this purpose, an
operation time of 60 and 90 days, the power values of 46296 W, 34722 W, and
23148 W, and 5 or 10 heaters were used. Furthermore, sensitivity analyses were
conducted by using two different reservoir depths, i.e. 500 and 3000 m, at three
different reservoir pressure values, i.e. 5000 kPa, 9000 kPa, and 10000 kPa and
three different bottom hole pressures, i.e. 1000 kPa, 1800 kPa, and 2000 kPa. As
the simulation results yielded very similar oil production results (given in Section
6.4.2) for different reservoir depths, pressures and bottom hole pressures (even
at extreme values of those reservoir properties), it can be stated that electrical
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heating of oil shale reservoirs are not critically affected by reservoir depth,
pressure and bottom hole pressure values [122].

In the simulation runs, oil was produced continuously while heating the reservoir
in the same well. When soaking period was applied in the simulations, it was
observed that oil production did not change significantly but the operation time
increased which resulted in an increase in the cost of the process.
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Figure 6.19 Simulation results for Himmetoglu (OS1) (field case)

123



OPower @ Raw Production (bbl) A Addition of 0.5% Fe Production (bbl)

g 2
2 46296 W N
A A

(=)
S 34722 W
F A ° _ %
- )
Sl = <
]z g

8 23148W sl 8

: ® 2| =
s | & S
= =W
S Y =

o
S bt
(=)
=
[=) o
1 2 3

Figure 6.20 Simulation results for Hatildag (OS2) (field case)

For Himmetoglu and Hatildag (OS1 and OS2), three different field simulations
were conducted and the results were summarized in Figure 6.19 and Figure 6.20,
respectively. While in the first runs the operation time was 60 days, in the second
and third runs operation times were increased to 90 days. The number of heaters
for the third runs was reduced from 10 to 5 so that the power exerted for these
operations were decreased. For both cases, the third run yielded the optimum oil
production (highest recovery/power ratio). It is observed that while the iron
powder addition caused an increase in oil production for Hatildag oil shale (0S2),
the opposite was observed for Himmetoglu oil shale (OS1) when the power was
reduced. The results for Seyitémer (OS3) are shown in Figure 6.21. It was
observed that the second run gave better oil production for the raw oil shale. But
after the addition of 0.5% Fe, the oil production values increased sharply because
of the aforementioned effect of viscosity variation after the addition of 0.5% Fe
[117, 118]. All the runs were performed for 60 days and with 10 heaters [122].
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Figure 6. 22 Simulation results for Ulukigla (OS4) (field case)
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For Ulukisla (OS4), four different runs were carried out and the third run yielded
the highest oil production. Also the difference between the raw and 0.1% Fe,O;
cases were very similar for the first three runs; the fourth run showed no
significant change in production when Fe,O; is added. For the first two and forth
runs, the operation times were 60 days, it was 90 days for the third run. Ten
heaters were used for the first three runs and, for the forth run; the number of
heaters was decreased to five. While keeping the number of heaters (i.e., 10) and
the operation times (i.e., 60 days) constant, different powers were applied (i.e.,
34722 W and 46296 W) in the first and second cases. The oil production
increased from 49 bbl to 109 bbl for raw oil shale and 148 bbl to 250 bbl for
additional oil shale [122].

The second and third runs compare the cases with different operation times.
While the power (i.e., 46296 W) and the number of heaters (i.e., 10) were kept
constant for the second and third runs, the oil production increased because of
the increasing of operation time, 60 days to 90 days. The increase in the oll
production for the raw production case was 240% and this value turned out to be
168% in the for the 0.5% Fe,0; cases.

6.4.2. Numerical Simulation Retorting of Crude Qils

For crude oil samples, viscosity measurements could be determined from room
temperature to 100 °C, experimentally. Therefore, in order to determine the
viscosity values for the temperature values apart from these temperature ranges,
viscosity measurements results were extrapolated for Bati Raman, Camurlu, and
Garzan crude oils. These extrapolated data are given for the dead crude oil
samples and the crude oil samples after the addition of 0.5% Fe which is
optimum type and dose of iron powders for heavy oil samples in Figure 6.23,
Figure 6.24, and Figure 6.25.
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Figure 6.24 Qil viscosities for Camurlu crude oil
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Figure 6.25 Qil viscosities for Garzan crude oil

Beside viscosity variations with temperature values, some reservoir rock and fluid
properties has to be known to run the simulation. These data are taken from the

literature and summarized in Table 4.2 and Figure 6.26.
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Figure 6.26 Water-Oil relative permeability curves used in the simulation for

heavy oil samples [124]

Since viscosities of the crude oils were determined experimentally and the
reservoir rock and fluid properties were taken from literature, by using simulation
the power given to the system, number of heater used in the process and the
operation times for two crude oils were tried to be optimized. Simulation results
are given in Figure 6.27 and Figure 6.28.
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Figure 6.28 Simulation Results for Camurlu Crude Qil (1: Dead Crude Oil, 2:
Crude oil containing 0.5% Fe)
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Crude oil containing 0.5% Fe)

Optimum power, number of heaters and heating time were selecting according to
the best oil production, so for Bati Raman crude oil, second run and for Camurlu
crude oil ninth run (where 10 heaters at 1000 watts were used) were selected as
optimum conditions. While the production increases after the addition of 0.5% Fe
for Bati Raman crude oil, for the same condition the production decreases for
Camurlu Crude oil.

The optimum operation times were determined as 70 days and 60 days for Bati
Raman and Camurlu crude oils, respectively and the optimum number of heater
was 10 for both heavy oil samples.

For Garzan crude oil, after 60 days with 10 heaters and with 1157 W total power.

377 bbl of petroleum can be produced. Therefore the conditions in 10™ simulation
can be selected as optimum conditions.
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Because the produced oil amount doesn'’t relate with the power and number of
heaters at reservoir conditions, it can be said that retort technique is not an
effective way to recover Garzan crude oil, because of its low viscosity.

6.5. Analytical Model

Since the microwave heating cannot be modeled by using CMG, STARS model,
an analytical model aforementioned in Chapter 5 was used to model microwave
heating.

The temperature modeling is based on Equations 5.12 and 5.14. These
equations give the temperature change with respect to time, distance and some
other parameters given in Equations 5.12 and 5.14. In these equations, the most
critical parameter to obtain accurate temperature distribution is the power
absorption coefficient (attenuation constant). The power absorption coefficient ()
may be calculated or experimentally determined for each medium. Due to the
difficulties of the determination of the power adsorption coefficient at the
laboratory conditions, it is calculated analytically by using the experimentally
obtained temperature values for crude oil and oil shale samples. Analytical model
studies were conducted for unsteady state no-flow conditions (Equation 5.14).

6.5.1. Modeling of Crude Oil Samples

The power absorption coefficients () for Bati Raman crude oil is given in Table
6.16. There is strong correlation between the water content and power absorption
coefficient (o). For high water saturation values, power absorption coefficient (o)
values are smaller. For water wet and mixed wet conditions, smaller absorption
coefficients were obtained. There is no relationship between the oil production
and absorption coefficient. The average power absorption coefficient for Bati
Raman crude oil is 0.000074 cm™. The best matches were obtained for mixed
wet conditions (see in Appendix D).
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Table 6.17 Analytical model results for Batt Raman Crude oil

q) Sw o
(%) (%) WW oW MW
20 0.0001 0.00012 | 0.00004
25.86 40 0.000118 | 0.00011 | 0.000078
60 0.0001 0.0001 | 0.000018
20 0.000102 | 0.00007 | 0.00013
34.10 40 0.00004 | 0.00009 | 0.00004
60 0.00003 | 0.00006 | 0.00005
20 0.00014 | 0.0002 | 0.00008
38.95 40 0.000016 | 0.000064 | 0.00003
60 0.000012 | 0.00005 | 0.000011

The power absorption coefficients (o) for Gamurlu crude oil is summarized in
Table 6.18. Generally, water wet and mixed wet conditions yield small absorption
coefficients for high water saturation values as Bati Raman case. Thus, this
conclusion can be related with the viscosity of the crude oils. The average power
adsorption coefficient was determined as 0.000079 cm™. The best matches were

obtained for all saturation values of mixed wet case (see in Appendix D).

Table 6.18 Analytical model results for Gamurlu Crude oil

) Sw o
(%) (%) WW ow MW
20 | 0.000066 | 0.00006 | 0.000058
25.86 40 | 0.000056 | 0.000056 | 0.000042
60 0.00005 | 0.00006 | 0.00003
20 0.0002 | 0.0002 | 0.000064
34.10 40 |0.000026 | 0.0002 | 0.00014
60 0.00004 | 0.00004 | 0.000008
20 0.00018 | 0.00008 | 0.000056
38.95 40 0.0002 | 0.00007 | 0.000032
60 | 0.000036 | 0.00005 | 0.00002
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The power absorption coefficients (o) for Garzan crude oil is summarized in
Table 6.19. For high water saturation values, smaller absorption coefficients were
calculated. The average power adsorption coefficient was determined as
0.000079 cm™'. The best matches were obtained for most of the water saturation
values of water wet case (see in Appendix D).

Table 6.19 Analytical model results for Garzan Crude oil

) Sw o

(%) (%) WW ow MW
20 0.000066 | 0.000054 0.00006
25.86 40 0.000036 | 0.000064 0.00008
60 0.00006 0.000054 | 0.000044
20 0.000046 | 0.000046 0.0001
34.10 40 0.000054 0.00007 | 0.000054
60 0.000048 | 0.000046 | 0.000028
20 0.00012 0.000058 0.00004
38.95 40 0.00004 0.00006 0.00001
60 0.000036 | 0.000028 | 0.000006

Equation 5.12 is used for the case of unsteady state flow condition of
electromagnetic heating. The results for this case are summarized inTable 6.20
for crude oil samples.

For no flow condition, magnitude of power adsorption coefficient is smaller than

the flow condition case. Also the viscosity of the crude oil directly affects the

magnitude of a; for high viscosity values, o values are high.
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Table 6.20 Optimized Electric Field Absorption Coefficient Values [1086].

o

WW ow MW

20 0.005488 | 0.00528 |0.006652
25.86 40 0.0031140.003114 | 0.004924
60 0.006762| 0.00591 |0.003442
20 0.004264 | 0.004474 | 0.00672
Bati Raman 34.10 40 0.003412| 0.0047 |0.005832
60 0.003404 | 0.004346 | 0.001262
20 0.003114]0.003366 | 0.005216
38.95 40 0.00169 | 0.00364 |0.003966
60 0.001298 | 0.005872 | 0.002106
20 0.005812]0.005968 | 0.003442
25.86 40 0.004626 | 0.003238 | 0.005832
60 0.003492 | 0.005968 | 0.003442
20 0.00449210.005872 | 0.00672
Camurlu 34.10 40 0.00278210.003238 | 0.005832
60 0.003782]0.003806 | 0.001262
20 0.00661 | 0.005048|0.005216
38.95 40 0.0031140.004256 | 0.003968
60 0.003844 | 0.00295 |0.002106
20 0.006376 | 0.006192 | 0.006234
25.86 40 0.007508 | 0.006716 | 0.00671
60 0.00671410.003836 | 0.004574
20 0.004066 | 0.003644 | 0.004736
Garzan 34.10 40 0.0031140.003114 | 0.004958
60 0.003288 | 0.004106 | 0.003106
20 0.005038 | 0.006448 | 0.004824
38.95 40 0.001902 | 0.004256 | 0.001872
60 0.0031140.003114 | 0.000772

Sample Porosity (%) Sw (%)

Heat losses during the microwave heating of crude oils are minimized due to the
thickness of graphite cell. Thus, experimental results yield good matches with
model results.
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6.5.2. Modeling of Qil Shale Samples

Analytical modeling is carried out similarly for the oil shales using unsteady state,
no-flow conditions and the results are summarized in Table 6.21 and in Appendix
D.

Iron addition affects the power absorption coefficient. While the same dose of
Fe,Os; made to reduce the value of power absorption coefficient, no correlation
was observed for Fe. This can be due to the compositional difference of the oil

shales or the reactions of iron powders.

Table 6.21 Analytical model results for oil shale samples

Oil Shale Addition o
Himmetoglu > YL
0.1%Fe | 0,0017
- 0,0014
Hatildag 0.1% Fe,04 0,0008

- - 0,003

Seyitémer 0.5% Fe | 0,00034
- 0,00126
Ulukisla 0.1% Fe,O5 | 0,00036

There is no direct relationship between the production (oil or gas) and the power
absorption coefficient (Table 6.21, Figure 6.4, Figure 6.5, Figure 6.6, Figure 6.7)

Oil shale experiments were conducted with glass beakers. The glass beaker
helps the effective temperature distribution and samples reach high temperatures
within a short time periods. Since the difference between the ambient
environment and the sample temperatures are so high, heat losses during the
microwave heating of oil shale samples are also high. Therefore, experimental

results deviate from model results.
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6.6. Economical Evaluation of the Study

6.6.1. Economical evaluation of microwave heating for crude oil samples

The economics of the microwave heating method is examined with calculating
the cost of the 1 bbl of oil with the current electricity price for domestic usage in
Turkey [123]. The calculation gives only some idea about the economics of this
operation but it seems inappropriate only considering produced amount rather
than the production percentages. The microwave oven works at 900 Watt output
power mode, so for 3 minutes and 45 Watt of energy is used. The cost of the
power can be calculated with the price list given in [123] by dividing the produced
amount cost per weight of the sample. Then it may be converted into volume
units by multiplying it with density and multiplying with a conversion factor. The
costs of the oil changes with the initial saturation and wettability, but the most
economic ones are as follows: Bati Raman MW: 87, WW: 67, OW: 140; Gamurlu
MW: 65, WW: 69, OW: 56; Garzan MW: 27, WW: 27, OW: 29 $/bbl (see
Appendix E).
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Figure 6. 32 Economic evaluation of microwave heating for crude oil samples and

mixed wet conditions

6.6.2. Economical evaluation of retort technique

Economic evaluation for retort technique was carried out with the numerical
simulation results, by considering the cost of electricity determined by TEDAS
(Turkish Electric Distribution Incorporated Company) [123]. Table 6.22
summarizes the economic evaluation of this study for only the best oil production
results.
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Table 6.22 Economic evaluation of the study

Total ;
. 0]] Cost of
Sample | agaltion #of | operation | by ction | the study
ame heater time (bbl) ($/bbl)
(days)
- 10 70 320 4.84
Bati Raman 05% Feo 10 70 440 3.52
Gamurlu - 10 60 429 6.88
0.5% Fe 10 60 419 7.04
Garzan - 10 60 377 0.39
0.5% Fe 10 60 377 0.39
. - 10 60 9 502.55
Seyitomer 05% Fe 10 60 55 79.85
. - 5 90 145 30.46
Hatldag 0 19% Fe,0. | 5 90 180 24.62
Himmetoglu ; S 90 295 1555
0.1% Fe 5 90 119 38.68
Ulukisla : 10 0 202 2218
0.1% Fe, 04 10 90 420 21.07

* The cost of electricity = US$ 0.088 / 1TkWh [123]

Economic evaluation shows that the recovery of oil from oil shale reserves by
retort technique can be applied to three oil shale reservoirs (Himmetoglu (OS1),
Hatildag (0S2), and Ulukisla (OS4)) but for Seyitdmer oil shales this method is
not an effective method (OS3).

For Batt Raman and Camurlu crude oils, this method can be considered as an
effective and cheap method, but for Garzan crude oil, because of the long
operation time, other recovery methods should be tried. Note that only the
heating cost was considered in this analysis and the CAPEX was not included.

Finally, Figure 6.33 shows the time dependency of the cumulative oil production
for the raw oil shales and oil shales after the addition of iron powders. The best
result was obtained for the Ulukisla oil shale (OS4) case with iron powder. Over
the time period of investigation (90 days), the increasing trend was still obvious
and the plateau region had not been reached unlike the other seven cases. It is

interesting that its “raw version” also showed a similar trend but much less oil

140



production. Note that Ulukigla oil shale (OS4) has significantly higher rock heat
capacity compared to the other three samples.
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Figure 6.33 Cumulative oil production results for the optimum operation
conditions of oil shales (I: Raw oil shale. II: Oil shale containing optimum types

and doses of iron powders)
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CHAPTER 7

CONCLUSIONS

In this thesis, extensive experimental, numerical and analytical studies were
carried out for the recovery of Himmetoglu, Hatildag, Seyitdmer, and Nigde-
Ulukigla oil shales and Bati Raman, Camurlu, and Garzan crude oils by using

retort and microwave techniques.

In order to determine the fluid flow behavior of Bati Raman, Camurlu and Garzan
crude oils, 3 different rheological models (Bingham, Power Law, and Casson
models) were applied to experimentally obtained shear stress- shear rate values

and the following conclusions were derived from experiments;

1. It is observed that for the dead crude oil, Casson Model yields the best fit to

the experimental results.

2. After the addition of iron powders, yield points decrease and get closer to
zero. Since the existence of yield point creates resistance to flow, decreasing
yield point after the addition of iron powders can help production, transportation
and the processing of produced oil.

3. lron powders have a catalytic effect which decreases the reaction time and
increases the efficiency of the reaction. Therefore, it causes to decrease the
viscosity of the samples. Besides the catalytic effect, iron can react with some
compounds or elements such as sulfur, nitrogen, oxygen at room temperature.
These reactions can be exothermic which results the viscosity reduction even at
room temperature. Furthermore, iron powders have magnetic properties which

may cause to decrease the oil viscosity.
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4. After the microwave heating, model viscosities reduced more than the
samples that were electrically heated. Iron addition enhanced the microwave
efficiency, but the enhancement was not more than 8%. More reduction was

obtained when the microwave irradiation was applied alone.

During the experimental studies conducted with crude oil samples subjected to

the microwave irradiation, following conclusions were derived;

5. High water saturations lead to higher oil productions regardless of the
viscosity of the oil.

6. High salinity water promotes microwave assisted gravity drainage.

7. Water wet conditions must be preferred for higher oil recoveries.

8. Large porosity and permeability enhances microwave assisted gravity
drainage.

9. Continuous microwave heating gives better results compared to periodic
heating due to higher temperatures reached in continuous heating.

In the experimental studies that the oil shale samples were subjected to the
microwave irradiation, iron types and doses were optimized and during the
experimental studies gas emissions were measured in terms of CO, H,S, and
CH,, subsequent conclusions about this set were done;

10. For Himmetoglu, Hatildag, Seyitémer, and Nigde-Ulukisla oil shales, the
optimum types and doses of iron powders were selected as 0.1% Fe, 0.1%
Fe.O3, 0.5% Fe, and 0.1% Fe,O3, respectively, by considering the best oil
production values.

11. The best oil production and the highest gas emissions were observed for

Himmetogdlu oil shale, which has the highest shale oil amount among the oil shale

samples.
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During the retorting of oil shale samples, raw oil shales and the oil shales, after
the addition of optimum types and doses of iron powders determined in
microwave process, were subjected to the retort experiment.

12. For the effective retorting of oil shale samples, heat and soak periods should
be used together and the duration of this period should be start at 100 °C and
500 °C which are the necessary temperature for the vaporization of physically
bonded water and the decomposition of kerogen.

13. Because iron powder addition increases the thermal conductivity of the
samples which makes the temperature distribution more effective, retort
experiments must be conducted with iron powders to obtain better oil production.

The following conclusions were obtained after the numerical and analytical

studies;

16. Viscosity-temperature relationship as input data to the simulator was
determined as the most critical parameter

17. After 400 °C, a linear relationship between viscosity and temperature was
observed on a semi-log plot.

18. All oil shales showed different recovery trends. While the highest recovery
was obtained after retorting of Himmetoglu oil shale at the laboratory conditions,
the production rate and the ultimate recovery of Nigde-Ulukisla remarkably higher
compared to the other three oil shales. This could be attributed to significantly
higher rock heat capacity of this particular sample compared to the other three
samples.

19. During the analytical modeling studies the electric field absorption coefficient
which is the only unknown parameter in Abernethy’s model is calculated by
matching the experimental and model temperatures with least squares method
and calculated as 0.0041, 0.0045, 0.0042 for water-wet, oil-wet and mixed-wet

samples, respectively.
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20. Analytical model studies conducted with the oil shale samples gave good
matches at the beginning of the process. Due to a sudden increase in
temperature that cause the deviation of the model was observed.

Finally economic evaluation of the study was done and the following conclusions
were drawn;

22. The costs of the oil process change with the initial saturation and wettability,
but the most economic ones are found as follows: Bati Raman MW: 87, WW: 67,
OW: 140; Camurlu MW: 65, WW: 69, OW: 56; Garzan MW: 27, WW: 27, OW: 29
$/bbl.

23. The lowest and the highest prices for retorting crude oils were obtained as
0.39 $/bbl and 6.88 $/bbl for Garzan and Camurlu crude oils, respectively. The
lowest and highest electricity cost calculated for oil shale samples were 15.55
$/bbl and 502.55 $/bbl for Himmetoglu and Seyitémer oil shales, respectively.

24. The technical and economic feasibility analyses showed that electrical

heating is still a marginal application but the results proved that it is in an
applicable range.
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CHAPTER 8

RECOMMENDATIONS

Quantitative and qualitative analysis of oil shale and crude oil samples, before
and after all of the experiments, can be helpful to understand the mechanisms of
retort and microwave techniques and the responds of iron powders to these
techniques. These can be accomplished by GC-MS measurements. Furthermore,
this study can also be helpful to determine the reaction kinetics of the processes.

In order to explain the rheologies of the crude oils better, some statistical
methods can be used.

Limestone porosities can be changed by packing and the geological properties of
the limestone. Therefore, porosities can be different for the limestone samples
used for experimental studies. Instead of porosities, categorization can be made
according to the grain size.

Analytical studies conducted for microwave heating can also be generated for
unsteady state-flow case.
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APPENDIX A

FLUID RHEOLOGY

Shear Stress (Pa)
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Figure A 1 Rheology of tap water for the correction of Haake viscometer
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Figure A 3 Rheology of Bati Raman Crude oil after the addition of 0.1% Fe
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Figure A 4 Rheology of Bati Raman Crude oil after the addition of 0.5% Fe
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Figure A 5 Rheology of Bati Raman Crude oil after the addition of 1% Fe
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Figure A 6 Rheology of Bati Raman Crude oil after the addition of 0.1% Fe,O4
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Figure A 7 Rheology of Bati Raman Crude oil after the addition of 0.5 % Fe,O4
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Figure A 8 Rheology of Bati Raman Crude oil after the addition of 1 % Fe,0O;
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Figure A 9 Rheology of Bati Raman Crude oil after the addition of 0.1% FeCl;
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Figure A 10 Rheology of Bati Raman Crude oil after the addition of 0.5% FeCls
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Figure A 11 Rheology of Bati Raman Crude oil after the addition of 1% FeCl,
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Figure A 12 Rheology of Dead Camurlu Crude oil
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Figure A 13 Rheology of Gamurlu Crude oil after the addition of 0.1% Fe
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Figure A 14 Rheology of Gamurlu Crude oil after the addition of 0.5% Fe
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Figure A 15 Rheology of Camurlu Crude oil after the addition of 1% Fe
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Figure A 16 Rheology of Camurlu Crude oil after the addition of 0.1 % Fe,Os
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Figure A 17 Rheology of Gamurlu Crude oil after the addition of 0.5 % Fe,0O;
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Figure A 18 Rheology of Gamurlu Crude oil after the addition of 1 % Fe,O;
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Figure A 19 Rheology of Gamurlu Crude oil after the addition of 0.1 % FeClj
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Figure A 20 Rheology of Gamurlu Crude oil after the addition of 0.5 % FeCl;
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Figure A 21 Rheology of Camurlu Crude oil after the addition of 1 % FeCls
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Figure A 22 Rheology of Dead Garzan Crude oil
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Figure A 23 Rheology of Garzan Crude oil after the addition of 0.1 % Fe
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Figure A 24 Rheology of Garzan Crude oil after the addition of 0.5 % Fe
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Figure A 25 Rheology of Garzan Crude oil after the addition of 1 % Fe
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Figure A 26 Rheology of Garzan Crude oil after the addition of 0.1 % Fe,0;
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Figure A 27 Rheology of Garzan Crude oil after the addition of 0.5 % Fe,O4
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Figure A 28 Rheology of Garzan Crude oil after the addition of 1 % Fe,O;
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Figure A 29 Rheology of Garzan Crude oil after the addition of 0.1 % FeCl;
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Figure A 30 Rheology of Garzan Crude oil after the addition of 0.5 % FeCl;

185



&35 060 ATH %100
Bingham Plastic Fluid Model
(=)
<
35°C: y = 0,0099x + 6,0268 100°c: y=0,0072x+0,8098
R?=0,9296 R?=09699
S | 60°C: y=00102x+2,1887
. R?=0,9685
©
o
2 75°C: y=0,0092x + 1,7936
£ o R?=0,9596
a <&
4
3
5 -
(=]
- X
o T T T T T
(] 500 1000 1500 2000 2500 3000
Shear Rate (5'1)
Power Law Fluid Model
o
wn
35°C: y=0,053x"H 75°c. y=0,0033x"2"
R? = 0,9653 R?=0,8746
§0°C: y=0,0268x"%"" 100°C: y =0,0193," %
. R?=0,9642 R’ =0,9907
g
0w
w
2
@
e
[
-3
£
(2]
o T T T T T
0 500 1000 1500 2000 2500 3000
Shear Rate (s7)
Casson Fluid Model
w
36°C: y=0,0843x + 1,4272 100°C: y=0,0924x-0,0429
R?=0,9615 R?=0,9474
© 1 60°: y=00975x+0,526
w 2 _
g R?=0,969
3 750c: ¥ =0,0945x+0,4081
o R?=0,9708
£ 1
7
e
©
[
<
7]
o~ ]
=] T T T T T
0 10 20 30 40 50 60
Shear Rate °° (5'1)

Figure A 31 Rheology of Garzan Crude oil after the addition of 1 % FeCl,
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Figure A 32 Rheology of Bati Raman Crude oil after microwave irradiation
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APPENDIX B

TEMPERATURE DISTRIBUTIONS AND GAS EMISSIONS

B.1. Temperature Distribution of Microwave Experiments
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Figure B 1 Temperature distribution of Himmetoglu Oil Shale
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B.2. Gas Emissions of Microwave Experiments
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Figure B 5 Gas emissions for Himmetoglu oil shale after electromagnetic heating
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B.3.

Temperature Distribution of Retort Experiments

o
o
©
—_ __._-—'-_
O il -
o— - -
g | =
¥ |3
©
S
Q
£
o
S -
RS O Raw
A Time (min) —%05Fe
o T T T T T
0 100 200 300 400 500 600
Figure B 9 Temperature distribution for Himmetoglu oil shale
o
o
©
2
o | @ —
g |2 = =
m _—
S —
o
£
o
4 Q@
Q| F
O Raw
. . — %0.1 Fe203
3 Time (min)
o T T T
0 100 200 300 400

Figure B 10 Temperature distribution for Hatildag oil shale
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B.4.

Gas Emissions of Retort Experiments
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APPENDIX C

NUMERICAL SIMULATIONS

Temperature Distributions of Oil Shale Samples

Electrical Heating of Himmetoglu Oil Shale

30 min 90 min 180 min

310 min 339 min

Figure C 1 Temperature distribution for Himmetoglu oil shale
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Electrical Heating of Himmetoglu Oil Shale After the Addition of 0.1% Fe

30 min 90 min 180 min

450 min 510 min

Figure C 2 Temperature distribution for Himmetoglu oil shale + 0.1% Fe
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Electrical Heating of Hatildag Oil Shale

30 min 90 min 180 min

250 min 290 min

Figure C 3 Temperature distribution for Hatildag oil shale
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Electrical Heating of Hatildag Oil Shale After the addition of 0.1% Fe,O3

30 min 90 min 180 min

310 min 351 min

Figure C 4 Temperature distribution for Hatildag oil shale + 0.1 % Fe,O3
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30 min

Electrical Heating of Seyitomer Oil Shale
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Figure C 5 Temperature distribution for Seyitémer oil shale
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Electrical Heating of Seyitomer Qil Shale After the Addition of 0.5% Fe

30 min 90 min 180 min

280 min 333 min

Figure C 6 Temperature distribution for Seyitémer oil shale +0.5 % Fe
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Figure C 7 Temperature distribution for Nigde-Ulukisla oil shale
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Electrical Heating of Ulukisla Oil Shale After the Addition of 0.1 % Fe203
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Figure C 8 Temperature distribution for Seyitémer oil shale + 0.1 % Fe,O;
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APPENDIX D

ANALYTICAL MODEL

D.1. Crude Oil Samples

D.1.1. Bati Raman Crude oil
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Figure D 1 Analytical modeling results for water wet condition
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Figure D 3 Analytical modeling results for mixed wet condition
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Figure D 9 Analytical modeling results for oil wet condition
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Figure D 10 Analytical modeling results for mixed wet condition




D.2. Oil Shale Samples
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Figure D 11 Analytical modeling results for Himmetoglu oil shale
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Figure D 12 Analytical modeling results for Hatildag oil shale
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Figure D 13 Analytical modeling results for Seyitdmeroil shale
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Figure D 14 Analytical modeling results for Ulukisla oil shale
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APPENDIX D

ECONOMIC EVALUATION OF THE STUDY

Table E 1 Economic evaluation of microwave heating for water wet condition

Water . Ener Cost of oil, $/bbl
Sample Content PorO?sny Consur%)éd, Prime
(%) (%) KWhikg Morning | 1M | Night
38,95% 15 186 326 99
60 34,10% 54 659 1154 350
25,86% 10 125 218 66
Bati 38,95% 51 620 1086 330
Raman 40 34,10% 39 474 830 252
25,86% 12 149 262 79
38,95% 141 1709 2992 909
20 34,10% 50 610 1067 324
25,86% 15 183 321 98
38,95% 176 2182 3821 1161
60 34,10% 192 2378 4164 1265
25,86% 28 341 597 181
38,95% 45 550 964 293
Gamurlu 40 34,10% 118 1457 2551 775
25,86% 11 133 233 71
38,95% 38 466 817 248
20 34,10% 128 1581 2768 841
25,86% 21 259 453 138
38,95% 19 242 424 129
60 34,10% 211 2722 4766 1448
25,86% 11 137 240 73
38,95% 12 160 281 85
Garzan 40 34,10% 60 770 1348 410
25,86% 5 64 112 34
38,95% 12 148 259 79
20 34,10% 409 5271 9229 2804
25,86% 6 78 136 41
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Table E 2 Economic Evaluation of microwave heating

Porosity | Sw Cost of oil $/bbl
Sample (%) (%) | Water Wet | Oil Wet | Mixed Wet
38.95% | 60 205 304 100
34.10% | 60 976 832 353
25.86% | 60 293 183 67
Bati 38.95% | 40 366 211 332
Raman | 34.10% | 40 366 732 254
25.86% | 40 92 225 80
38.95% | 20 169 225 915
34.10% | 20 586 473 327
25.86% | 20 87 140 98
38.95% | 60 221 146 1129
34.10% | 60 1439 959 1230
25.86% | 60 192 127 176
Camury | 38:95% |40 122 141 285
34.10% | 40 480 521 753
25.86% | 40 72 152 69
38.95% | 20 78 80 241
34.10% | 20 2878 157 818
25.86% | 20 65 56 134
38.95% | 60 67 44 110
34.10% | 60 874 771 1231
25.86% | 60 67 47 62
Carpan | 33.95% |40 62 87 73
34.10% | 40 403 749 348
25.86% | 40 36 31 29
38.95% | 20 51 46 67
34.10% | 20 375 125 2384
25.86% | 20 27 27 35
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