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Chapter

Flow of Heavy Oils at Low
Temperatures: Potential
Challenges and Solutions

Emad Soliman

Abstract

Global demand for non-conventional heavy and extra-heavy oil has been mar-
ginal until the end of twentieth century because of their composition complexity
and high viscosity that cause many operational difficulties in the production with
decline of their economic viability. However, growing energy demands in the
beginning of the twenty-first century motivate many countries to handle such
non-conventional resources. Heavy extra-heavy crudes usually have higher pour
points due to high content of high molecular weight components, such as waxes,
asphaltenes, and resins. The structural changes for these components cause
abrupt rise in oil viscosity and simultaneous deposition of wax and asphaltene on
the inner walls of pipelines. This can cause clogging of pipes accompanying oil
flowability reduction with extra burden on the pumping system and consequently
increases its power requirement and cost. This chapter presents technological
challenges in transportation, describing the different mitigation strategies that
have been developed to improve the low-temperature flow properties of heavy
crude oils (heating, dilution, oil-in-water emulsion, and upgrading and core
annular flow).

Keywords: heavy crude oils, cold flow, heating, dilution, oil-in-water emulsion,
upgrading, core annular flow

1. Introduction

The continual global demand for petroleum fuels led to the decrease in sup-
ply from conventional reservoirs. Where, the conventional light oils had typically
been produced at a high rate and a low cost. Therefore, the plateau in conventional
oil production and the corresponding increase in the demand for liquid fuels have
motivated markets to respond with higher oil prices and subsequently have stimu-
lated in the global oil industry the advancement in technologies for the exploitation
of reservoirs of transitional and unconventional oils [1, 2]. An array of these new oils
including oil sands, tight oil, heavy oils (including extra-heavy oils and bitumen),
deep water oil, and eventually oil shale are projected to fill the gap through the next
few decades and that could continue to be revised upward as new technologies are
developed so that they could dominate the liquid-fuel supplies through the endings
of the twenty-first century especially regarding the global abundance of these new
oil supplies.

1 IntechOpen



Processing of Heavy Crude Oils - Challenges and Opportunities

The oil industry is expected to invest huge sums in petroleum production and oil
infrastructure in the years ahead, up to an estimated $1 trillion over the next decade
alone. Without a concerted policymaking effort, these investments will likely
continue to flow disproportionately toward unconventional oils. The involvement
of unconventional crude oils in the international energy markets faces serious dif-
ficulties that need certain technological developments in the production, refining
and transportation [3].

As conventional crude oil supplies have peaked and leveled off globally in recent
years, oil has begun to transition, the makeup and geography of the new or tomor-
row’s oil, however, will be dramatically different from the current ones. Generally,
the International Energy Agency defines conventional oil as “a mixture of hydro-
carbons that exist in liquid phase under normal surface conditions” Meanwhile,
unconventional oils are defined as those oils obtained by unconventional produc-
tion techniques because they cannot be recovered through pumping in their natural
state from an ordinary production well without being heated or diluted. By other
words, unconventional oils require new, highly energy intensive production tech-
niques and new processes to deal with their inaccessible placements or unusual
compositions. In this context, the U.S. Department of Energy divides unconven-
tional oil into four types: heavy oil (HO), extra-heavy oils (EHO), bitumen, and oil
shale. Moreover, some analysts include oils produced from natural gas or coal using
gas-to-liquids (GTL) processes and coal-to-liquids (CTL) processes in the uncon-
ventional oil category. These unconventional oil-processing techniques broaden
the feedstock of unconventional oils to include unconventional natural gas, such as
tight gas, shale gas, coal-bed methane, and methane hydrates [4] (Figure1).

These new oils are an abundant untapped potential energy source, which
is expected to be a large contributor to the world’s energy needs in the future.
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Figure 1.
Transformation of liquid fuels.
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However, these oils tend to be less valuable than conventional crude in addition to

the technological costs per barrel that are currently much higher than for conven-

tional resources, which is readily transformed into the most marketable petroleum
products by today’s standards.

2. Physico-chemical properties of new crude oils

Crude oil is a mixture of different compounds consisting of hydrocarbons,
heteroatoms, and metals. The various compounds can differ widely in molecular
structure, volatility, density and viscosity. These compounds are usually divided
into fractions: saturates, aromatics, resins and asphaltenes (SARA). The saturate
fraction is non-polar and includes linear, branched and cyclic alkanes. Long-chain
linear alkanes (>C,) are known as waxes, or paraffinic waxes, and can make oil
recovery challenging as the wax becomes solid at low temperatures. Aromatics are
slightly more polar and consist of one or more aromatic rings connected by double
bonds. Saturates and aromatics constitute the majority of the crude oil. Resins
and asphaltenes are the most polar heavy molecules and complex components in
crude oil. The majority of heteroatoms and metals are found in these fractions.
Conventional oils are hydrogen-rich compounds with relatively short hydrocarbon
chains, fewer carbon atoms (C;—Cg), and lower molecular weights than most
unconventional oils (around 200) where hydrogen packs all of the energy while
carbon goes along for the ride [5]. The physical properties and grade of oil depends
on the dominance of one of the hydrocarbons or its fractions in its composition.
The light conventional crude oil has low density where several of the molecules are
volatile, while the unconventional heavy oils have high density and high viscosity
where resins, paraffins and asphaltenes are found at a higher amount than those in
light crude oil [6, 7]. These oils require special treatments for their extraction and
transportation according to their content of these compounds. Regarding the close
relation between the physical properties of crude oil with these content, it is worthy
to mention that the crude oils can be categorized based on the paraffin content into;
less paraffin-oils (paraffins < 1.5%), paraffinic or waxy oils (paraffins = 1.5-6%)
and high paraffin- oils (paraffins > 6%). Also, the crude oils can be categorized
based on their content of resins into; less resins-oils (resins < 8%), resinous oils
(resins = 8-25%) and high resins-oils (resins > 25%). Additionally, sulfur and vana-
dium are present in high concentrations in heavy oils and lead to reduce its quality
and cause many problems through extraction, transportation, storage, and refining
of these oils as a result of the side reactions of these compounds causing the corro-
sion effects on pipelines, boilers, and storage tanks. In this context, the crude oils
can be also categorized based on their content of the sulfur compounds into; sweet
oils (total sulfur level < 0.5%), sour oils (total sulfur level > 0.5-1.9%) and highly
sour oils (total sulfur level > 1.9%). These sour crude oils containing larger amounts
of the impurity sulfur, an extremely corrosive element that is difficult to process,
and deadly when released hydrogen sulfide gas.

Generally, transitional oils have compositions comparable for that of conven-
tional oils; however, they are extracted by unconventional means. As conventional
oils become less accessible, new, more technical, energy-intensive methods are
being developed for their recovery, from ultra-deep wells drilled miles below the sea
to fracturing shale rock in order to tap oil trapped in low-permeability siltstones,
sandstones, and carbonates deep in the earth. Meanwhile, heavy oils are tricky to
extract, requiring gas injection and other invasive techniques due to their high,
molasses-like viscosities that approach those of unconventional oils. On other
hand, the unconventional oils are typically much heavier and sourer than even the
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Location High Quality Range Low Quality Range

Nigeria (Agbami Light) 47°, 0.04% Angola (Kuito) 19°, 0.68%
Indonesia (Senipah Condensate) 54°, 0.03% China (Peng Lai) 22°, 0.29%

Bayu Undan 56°, 0.07% Enfield 22°, 0.13%
T Norway (Snohvit Condensate) 61°, 0.02% UK (Alba) 19°, 1.24%
Abu Dhabi (Murban) 39°, 0.8% Saudi Arabia (SA heavy) 27°, 2.87%
US (Williams Sugarland Blend) 41°, 0.20% Canada (Albian) 19°, 2.1%
Columbia (Cupiaga) 43°, 0.14% Venezuela (Bascan) 10°, 5.7%
Kumkol (Kazakhstan) 45°, 0.81% Russia (Espo) 35°, 0.62%

Benchmark Crudes: Brent 38°, 0.37%; WTI (West Texas Intermediate) 40°, 0.24%; Dubai 31°, 2.0%.

Table 1.
The composition of crude barrel originating from various regions.

lowest-quality conventional oil, where the heavier oils such as, oil sand (bitumen)
and oil shale (kerogen), are the more carbon laden, higher in sulfur, and filled with
toxic impurities. And therefore, conventional light oils tend to deliver more produc-
tivity with less waste than unconventional oils.

Crude oil make-up is highly dependent on the origin and depth of reservoir.
Whereat no two sources are alike, no two crudes are exactly alike or have the same
make-up. However, there can be a great deal of variation within a range. The natural
resources range from high-quality “light, sweet” crudes to lower-quality “heavy,
sour” crudes based on their region (Table1).

The physical properties of crude oils are highly related to their make-up.
Furthermore, the technological conditions applied during exploration, drill-
ing, transportation and storage of these oils can affect strongly their physical
properties. On the other side, the physical parameters have to be in the allowable
ranges to achieve the highest potential yield technologically and economically.
Density and viscosity are the most important physical properties affecting the
flowability of the crudes. Such flowability has a great and clear impact through
the transportation and storage of these liquid hydrocarbons, especially for new
unconventional ones. Where, some of these new hydrocarbon resources are
effectively solid and must be removed through mining or heated in place (in
situ) until they flow. Extra-heavy, impure oils also require very large energy
inputs to upgrade and preprocess into synthetic crude oil that is then processed
by a refinery (known as feedstock). Therefore, such key properties determine
the economics of a heavy oil field development. Generally, heavy oil sells ata
lesser price than lighter hydrocarbons, as it will have to go through an energy
intensive upgrading process before use. On the other hand, high viscosity values
lead to lower production and more expensive enhanced oil recovery (EOR)
investments.

The density of the oils is measured on a scale known as API gravity developed by
the American Petroleum Institute and the National Bureau of Standards developed
a scale of the density of liquid petroleum products. The gravity scale is calibrated in
terms of API degrees, which equals:

(141.5/Specific gravity (SG) at 60°F ) - 1315 (1)

The lighter crudes have the higher API gravity. If the API gravity is greater
than 10, the oil is lighter and floats on water; if less than 10, it is heavier and sinks.
Generally, API gravity of light crudes exceeds 38°. However, it is commonly below
22° for heavy crudes. Intermediate crudes fall between 22 and 38°. Extra-heavy oils
are below 10; the API gravity of bitumen approaches zero.
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Viscosity is measured in centipoises (cP) that represents the oil’s resistance to
flow; the higher the value, the higher the viscosity. Viscosity is the property that
most affects production and recovery operations where it complicates its produc-
tion and pipeline transportation, due to its poor fluidity and high pressure dif-
ferentials generated with values between 20 cP and more than 1 x 10° cP [8, 9]. The
heavy oil in terms of viscosity was defined as the class of oils ranging from 50 to
5000 cP. Among the different compounds of crude oil, asphaltenes are usually most
responsible for the high viscosities in HO and EHO.

The high viscosity restricts the easy flow of oil at the reservoir temperature and
pressure [10]. The viscosity of heavy crudes is strongly affected by temperature
variations. For this reason, thermal recovery methods are commonly used in heavy
oil production. Figure 2 shows the relationship between viscosity and temperature
for two Athabasca bitumen samples. There is no universal relationship between
oil density and viscosity. However, oils are generally found to be more viscous
when density increases. This relation can be greatly attributed to the presence of
asphaltenes, which are high molecular weight polycyclic hydrocarbons that tend to
aggregate. Indeed, it has been shown that the viscosity of oils increases exponen-
tially with asphaltene content [11].

Figure 3 is a graph relating viscosity and API ratings and it can be observed that
the heavy oil region lies in the high viscosity range.

The high density and viscosity of unconventional oils at atmospheric conditions
has traditionally made their recovery very energy demanding compared to lighter
crudes and has resulted in very low recovery factors, which means that these oils
tend to result in higher carbon emissions and other societal impacts. Mnemonically,
when other factors being equal, the lower the API gravity, the oil will be more expen-
sive to extract and process, and simultaneously the obtained oil will have lower price.

The rheological properties are highly controlling all processes in which fluids
are transferred from one location to another such as in, the migration of crude oil
within the oil reservoir and transportation of the crude oil from oil wells and the
refining units. Therefore, the unconventional oils are required to have the fluid
viscosity of the migrating conventional oils [13]. The viscosities of the uncon-
ventional crude oils (i.e. heavy oil and bitumen/tar sands) at 25°C might reach
more than 10° cP. The extremely low flowability due to high viscosity at reservoir
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conditions, especially in offshore conditions alongside asphaltene deposition,
heavy metals, sulfur and brine or salt content making these kinds of oils more
challenging to produce, transport as well as refine by conventional means without
firstly upgrading them to meet conventional light crude oil properties [14, 15].

It is well known that pipelines are the most effective means of transporting

crude oil from the producing field to the refinery because of their low expense
and environmentally convenient. As such, transportation of the heavy crude oil
via pipeline is a major challenge for petroleum industries, where conventional
pipelining is not adequate because of the huge energy (i.e. high pumping power)
is required to overcome the high pressure drop in the pipeline, owing to their high
viscosity. Therefore, to transport heavy oils economically, the pressure drop in
the pipeline must be lowered to minimize the pumping power via reducing the
viscosity [16]. Furthermore, the pumping temperature is an important affecting
factor of the flowability and consequently the pipeline transportation of crude oil.
Heavy crudes usually have higher pour points due to high content of high molecu-
lar weight components, such as waxes, asphaltenes and resins. Under conditions
in which the atmospheric temperature is below the pour point, gelation of the
crude oil occurs lowering its flow completely and causing severe transportation
problems. Especially in the cold offshore environment, waxes and asphaltenes
deposit over inner surfaces of pipelines and eventually clog the pipelines, which
decreases the accessible cross-sectional area for oil flow that causes reduction

in flow rate and rise in pressure drop and multiphase flow, may occur resulting

to further increases in the pumping cost [17, 18]. Here, it is worthy to mention
that the desired pipeline viscosity of crude oils might not exceed 400 cP at 25°C
[19-21]. However, it should be less than 200 cP at 15°C [22]. On the other side,
the presence of brine or salt in the heavy crude stimulates corrosion problems in
the pipeline [17]. In some cases, the formation of emulsion such as the oil-water
mixture produced from the reservoir poses transportation difficulty.

3. Mitigation technologies for low flowability

Sync of the ever-growing world energy demand with the decline of conven-
tional middle and light crude oil reserves and the limited supply and rising price
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Figure 4.
Schematic diagram presenting different methods for improving flow of heavy crude oil and bitumen and
facilitating their transporting via pipelines.

of crude oil led to attract the interest the petroleum industry growingly in heavy
crude oil and bitumen/tar sands exploitation. Nevertheless, the exploitation of
these crudes is still low because of the technical challenges that face it at all stages
from recovery/production from the reservoir to transportation and refining

[23, 24]. To reduce this high-pressure drop and cost of transportation, several
technologies have been proposed to improve the flow properties of the heavy
crude oil and bitumen through pipelines and thus to meet the production volumes
projected by the market. Generally, these different technologies can be divided
into three categories (Figure 4) including (1) viscosity reduction [e.g. preheat-
ing of the heavy crude oil and bitumen and subsequent heating of the pipeline,
blending and dilution with light oils or organic solvent, emulsification through
the formation of an oil-in-water emulsion and lowering the oil’s pour point by
using pour point depressants (PPDs)]; (2) drag/friction reduction [e.g. pipeline
lubrication through the use of core-annular flow, drag reducing additive]; and
(3) in situ partial upgrading of the heavy crudes to produce synthetic crudes with
lower viscosity [23, 25].

In this chapter, various technologies available for transporting heavy crude oil
and bitumen from the production site to the processing facilities including viscosity
and friction reduction and in-situ upgrading are reviewed with extensive discus-
sion. The author provide a review of typical methods such as heating and dilution,
and also point out lubrication solutions to move heavy and extra-heavy oils, such
as core-annular flow and o/w emulsions. The advantages and disadvantages of each
technology are highlighted with the view that the chapter will provide direction
for improvement and development of novel economically viable technologies to
improve the transportation of heavy oils via pipelines. Other approaches as drag
reduction additives and pour point depressants (PPDs) may be complementarily
discussed in a later section in this work.

4. Heating

Heating technique is commonly utilized to overcome the difficulties related to
the transportation of the heavy crude oil. This technique involves preheating the
heavy crude oil followed by subsequent heating of the pipeline. Such thermal treat-
ments are based on the strong viscosity-temperature relationship, since the viscos-
ity of the heavy oils and bitumen is reduced by several orders of magnitude with
increasing temperature and subsequently the flowability of such oil is improved and
it will be easier to pump. The response of viscosity to changes in temperature for
some heavy oil and bitumen is illustrated in Figure 5 [26]. Heat should be applied
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Figure 5.
Response of viscosity to increase in temperature [26].

to the oil to guarantee that its viscosity reaches acceptable values for transport in
pipelines. These values typically refer to a maximum viscosity of 500 cP, below
which many crude oils can be economically pumped [27, 28].

Equations proposed to represent the viscosity temperature relationship are com-
monly of logarithmical or double logarithmical forms. Many of these equations are
based on the Eyring relationship that has been proposed in 1936:

=Nt exp (45 @

where, 5, AG' and V represent the absolute viscosity, the Gibbs’s activation
energy and the molar volume, respectively. The parameters 2z, N and R are the
Planck, Avogadro and ideal gas constant parameters, respectively. Eyring’s equation
was the base for proposing many others exponential types of viscosity-temperature
relations. Among the large number of equations proposed, Walther’s equation has
been widely applied to represent the viscosity of the oil and its fractions.

Log (logn+C) = A +B.log(T) (3)

where, 1 is the dynamic viscosity, A and B are constants that depend on the
nature of the liquid, C is a fixed constant for most oils (C = 0.6 for viscosities above
1.5 ¢St (cP/SG) and varies slightly with smaller viscosities) and T is the absolute
temperature.

The effect of temperature upon viscosity relies greatly on the composition or
volatility of the oil [29]. For pure compounds and single systems, the tempera-
ture effect on the global system is dictating by the solvent properties. However,
for complex systems, such as crude oil, a raise in temperature affects mainly the
petroleum macromolecular structures, promoting disruption of their aggregate
and maintaining monomer units scattered. Therefore, the dispersed system should
be more favorable than those of the organized macrostructures because these
organized structures of the latter system enhancing its flow resistance [30]. A
well-documented example is the pipeline Alyeska in Alaska, which transports the
crude oil at approximately 50°C. A project involving heated pipelines is not an easy
task. However, there are many considerations have to be taken into account on the
design of a heated pipeline including; (a) instability in the flow of oils as a result to
change of their rheological properties that may be possibly induced by heating the
pipeline, (b) many number of heating and pumping stations are required over long
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distances of pipelines posing an additional cost, and (c) the heat losses along the
pipeline because of the low flow of the crude oil i.e., heat loss is present during oil
flow (the cooling effect). Therefore, heating stations should be planned anticipat-
ing gradual cooling in the line where, the pipeline is often insulated to maintain an
elevated temperature and reduce the heat losses to the surrounding water as well
as the earth lowers the efficiency of the technique. In such case when the pipeline
is vulnerable to shut-in, a heated diluent has to be injected to restart flow in the
pipeline [27]. In warmer climates where the ambient temperature does not bring
the heavy oil below the pour point, electrical heating may be used to boost produc-
tion without the need for special restart procedures. This has been demonstrated
on shorter production lines in Colombia [31]. Although widely diffused as a
method for viscosity reduction for transportation, heating is expensive due to the
high cost of heat generation, especially when applying it in cold regions. Therefore,
this technique might not be viable for transporting crude oil when it comes to
subsea pipelines, sudden expansion and contraction along the pipeline may induce
challenging problems, as well as the high rate of corrosion inside the pipeline due
to the high temperature. Consequently, the capital and operating costs will be
significantly high especially over long distances of pipelines from the oil field to
the final storage or refinery on the high side [32]. The costs of insulated pipelines
or installing heaters are less than that of dilution or upgrading.

5. Dilution

Dilution/blending of heavy crude oil and bitumen with light hydrocarbons
or organic solvents is the most commonly used oldest and preferred technique
to reduce viscosity and to improve their transportation via pipelines almost five
decades ago. The cost-effective diluents used to enhance the transportability
of heavy crude oils in pipelines are relatively cheap and readily available. The
widely used diluents include light crude oils and light to medium products from
the upgrader or refinery processes such as naphtha, kerosene, etc. as well as light
natural gas condensate, by-product of natural gas processing. However, the use of
organic solvents such as alcohol, methyl tert-butyl ether (MTBE), tert-amyl methyl
ether (TAME), and dimethyl ether (DME) has been investigated [33]. Generally, it
is well known that blending the fluids or diluents with the lower viscosity produce
the blended mixture of heavy crude and bitumen with the lower viscosity which is
easier to pump allowing transportation of a large quantity or volume of these oils
at reduced cost [34]. Furthermore, dilution helps the desalting and dehydration
operations downstream. The viscosity of the resulting blends depends on the vis-
cosities and densities of the heavy crude oil and bitumen and the used diluent, the
dilution rate, heavy oil/diluent ratio and also the operating temperature. It is worthy
to mention here that heavy crude oil and bitumen can have a viscosity of more
than 10° mPa s. However, viscosity of the diluted or blended oil must be less than
200 mPa s to transport heavy crude oils conveniently via the classical pipelines [22].
In this sense, large volume of diluents is required to achieve this pipeline viscosity
specification where, the amount of diluents required for bitumen is higher than
that for heavy crude oil where, the ratio of diluents/heavy oils in their exported
blends ranges from 0 to 20%, while it is in the range of 25-50% for diluents/bitu-
men blends. The method also suffers certain disadvantages. The dilution of heavy
crude oils is employed to enhance pipelining using two pipelines, one for the oil
and another for the diluents via two main strategies depending on whether, the
diluent is recycled or not. In both cases, a larger pipeline diameter is needed. This
demands considerable capital and operational investment in pumping and pipeline
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maintenance. Moreover, the difficulty in prediction of solvent/oil ratio required for
achieving a reduction in viscosity owing to the large and inconsistent number of
governing parameters leads to ineffectiveness of simple mixing rules and therefore,
the diluent will command a significant hold-up. The non-recycling strategy is based
on the availability that secure the steady supply for the diluent. As the light hydro-
carbons (i.e. diluent) may be acquired from neighboring conventional oil fields that
the company owns, or from a competitor which could prove costly, something that
may not be the case at peripheral heavy oil fields. In case of recycling strategy, the
project economics are less of a subject to the price of diluent. However, this strategy
is required, as recycling facilities and constructions required to return of diluent to
the production site pose an additional capital expenditure.

Also, the oil composition has to be considered on selection of the solvent.
This consideration is due to the compatibility issues between the asphaltenes and
paraffins present in the oil with the solvent. If due care is not taken, deposition
of asphaltenes and paraffins can cause further problems as, the light condensate
recovered from natural gas (Cs+ or “Pentane Plus”), a low-density and less vis-
cous mixture of hydrocarbon liquids, has been used to dilute the heavy crude oil
and bitumen in order to enhance their transportation using pipeline in Canadian
and Venezuelan oil fields. Though the efficiency of this condensate in reducing
the viscosity of the heavy crude oil and bitumen significantly, instability during
transportation and storage is observed as a result to precipitation, segregation
and aggregation of asphaltenes [35]. These findings are because of insolubility
of asphaltenes in most of condensate components involving alkanes such as
n-pentane and heptanes. Besides, asphaltenes have the tendency to interact and
aggregate in the oil-condensate blended mixture, as the condensates are known
to be paraffin rich light oil. This may result in flocculation which leads to partial
plugging of pipelines. Furthermore, the availability of condensates based on nat-
ural gas demand is one of the important limitations to its use as a heavy oil thin-
ner where, the production of condensate is not sufficient to sustain the demand
due to the growing production of heavy crude oil and bitumen [27]. Thus, light
crude oils with API gravity between 35 and 42 have also been employed for
dilution of the heavy ones, but it is less efficient than the condensate in lower-
ing their viscosity [36]. Because of decline of the reserves of conventional light
crudes, these oils suffer similar disadvantages as condensates like availability and
compatibility with asphaltenes. Also, the light hydrocarbons such as gasoline and
kerosene as distillates have been found to be effective owing to their good solvent
properties. Gasoline also helps to improve the octane number in downstream
processing. Thus, it has been shown that 15% kerosene mixed with heavy oil at
50°C achieves the same viscosity reduction achieved by 20% kerosene at room
temperature [37]. Another common diluent used is naphtha, hydrocarbons
ranging from Cgq to C; from naphtha fraction of crude oil distillates. Naphtha has
high API gravity (low density) which leads to efficient dilution of crude oil and
shows good compatibility with asphaltenes owing to the presence of aromatic
content in it. It is easily recyclable and reusable. However, the mostly used light
hydrocarbons for dilution of heavy crude oils are expensive and are not readily
available in large quantities. Therefore, the recycling is essential in despite of the
required large investments and subsequently additional operating cost.

As previously mentioned, employing of organic solvents including MTBE,
TAME and DME in thinning the heavy crude oils have been considered [33].
Recovery of DME is easier than the other solvents. Indeed, alcohols have been
found to be more effective in reducing the viscosity where, the addition of
ethyl alcohol at 10% led to reducing viscosity of the crude oil by almost 80%
at 25°C [38]. This can be due to interaction between the hydroxyl groups and
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Figure 6.
Effect of naphtha/ovganic solvent blend at different volume fraction on the viscosity of the diluted heavy crude
oil.

asphaltenes [39]. The use of these solvents is prompted based on their use in
improving the octane number of gasoline. Subsequently, a mixture of hydrocar-
bons and organic solvents bearing polar groups onto their molecular structure has
slightly exhibited efficacy in viscosity reduction of heavy crude oil at constant
dilution rate [34]. Therefore, it has been proposed that a blend of naphtha and
organic solvent would reduce the amount of diluents needed to lower the viscosity
of heavy oil-to-pipeline transportation specifications [34]. The relative viscosities
of the blend of heavy oil diluted with mixtures of naphtha and organic solvents are
shown in Figure 6. The reduction of viscosity for resulting diluted heavy crude oil
is attributed to the increasing polarity or hydrogen bonding of the solvents and the
ability of the polar solvent to solubilize the asphaltenes components present in the
heavy crude oil [34]. In that case, high polarity of solvents enhances their dilution
efficiency causing greater reduction in viscosity of the heavy crude oil. However,
the solvent can be easily recycled when its viscosity is comparable for that of the
hydrocarbon as well as their boiling point.

Recently, the effect of carbon dioxide on the heavy crude oil has been studied.
The findings of this studies have showed that crude oil saturated with carbon dioxide
undergoes significant reduction in viscosity at a given temperature and pressure [40].

5.1 Prediction of resultant viscosity of the crude oil-diluents mixture

Generally, there is an exponential relationship between the viscosity of the
resulting mixture and the volume fraction of diluent, so small fractions of diluents
can cause a noticeable decline in oil viscosity. The addition of light oils or solvents
resulted in lowering the frictional pressures. The rate of this reduction is greater in
lower temperatures [30]. Up to date, a number of correlations have been developed
for prediction of resultant viscosity of the blended mixture of heavy crude oil and
diluents. But the accuracy of these relations is limited owing to the number of
parameters involved in them. A few relationships have been discussed by Gateau
and others [34]. In essence, viscosity of the resulting diluted heavy crude oil can be
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calculated from a modified correlation developed by Lederer [41] that is similar to
the classic Arrhenius expression as follows:

logu = (och‘YOV) log u, + <1 - (xV:(Yan> log pa 4)

Where, V, and V; are the volume fraction of the heavy crude oil and diluents, y,
and p, are the viscosity of the heavy crude oil and the diluents, respectively, and a is
an empirical constant ranging from 0 to 1. Thus, an empirical formula for determin-
ing the constant a for the blend of heavy crude oil diluted with light hydrocarbons
has been proposed by Shu [42]. This relation depends on the differences in densities
of oil to diluents (i.e. light hydrocarbons) and their viscosity ratio.

17.04 (p, - pa) *7%7 p, 32745 p 10316
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where, p, and p, are densities of oil and solvent, respectively.

Currently, partial upgrading and dilution may be used in different stages of
heavy crudes production. In the Orinoco field developments in Venezuela, the
heavy oil is diluted at the production site for pipeline transport to a centralized
refinery. At the refinery, the heavy oil goes through and upgrading process for
further transport, while the diluent is separated from the blend and returned to the
production site for recycling.

6. In-situ upgrading

In situ upgrading has been employed at surface conditions to locate the heavy
crude oils and bitumen in viscosity conditions required for its production and
transportation. In general, partial upgrading is often preferred with regard to entire
upgrading because the cost of the process and the extension of the upgrading depend
on the cost-benefit relation. This partial upgrading uses hydroprocessing to modify
the relative proportion of the oil hydrocarbons (the composition of heavy oils) into a
field refinery to make them less viscous and subsequently more suitable for pipeline
transport without altering its refining characteristics. Hydroprocessing is a broad
term that includes hydrocracking, hydrotreating, and hydrorefining. Where, the
partial upgrading process is usually performed in two stages. In the first stage, called
hydrocracking, the heavy oils are heated along with hydrogen under high pressure to
promote the scission of macromolecular structures in the oil molecule rupture, form-
ing smaller and simpler chemical structures as smaller paraffin and olefin molecules
that change the properties of oil and the quality of its products as the viscosity of oil
that reduce and it become lighter. In the second stage, called hydrotreating, hydro-
gen is added to promote hydrogenation without breaking structures and to remove
impurities [29]. The hydrogenation process is catalyzed by metals such as nickel, pal-
ladium and platinum. Since metal catalysts are easily poisoned by sulfur containing
compounds, the operation of the process requires a refined control technique. In this
stage, the saturation of olefins and the conversion of aromatic compounds into naph-
thenics occur wherefore, the proportion of saturated carbons and aromatics increases
with reducing the amount of asphaltenes and oil resins [43, 44]. Hereby, the upgrad-
ing process produces a large unwanted byproduct of coke that has to be handled and
deposited. The potential advantage of upgrading over other techniques is to improve
the quality for both of the oil and the residue, simultaneously with increasing its
market value. Residue can represent significant portion of a crude oil barrel and its
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disposal treatment is not yet up to the mark [45, 46]. In this view, the conversion of
residue into more consumable and valuable products is also an environmental issue.
On the other hand, the increasing fuel oil demand makes the processing and utiliza-
tion of bottom residue from atmospheric distillation and vacuum distillation columns
unavoidable. Moreover, the partial upgrading has the advantage of lower pipeline
investments, limited restart issues and no particular corrosions. Nevertheless, the
investments associated with a field refinery demands a large production.

Summarily, upgrading can be considered as a process of carbon rejection and
hydrogen addition [47]. Carbon rejection processes include visbreaking, thermal
cracking, coking, deasphalting, and catalytic cracking, while hydrogen addi-
tion processes include catalytic hydrodemetallization, hydrodesulphurization,
hydrodenitrogenation, hydrogenation, and hydrocracking in fixed bed, moving
bed, ebullating bed, or slurry phase reactors [45-48]. Hereof, it was indicated that
the partial upgrading is a hybrid approach involving a simultaneous use of several
of these technologies. The assembly used as the strategy for upgrading depends
on the product value and the SARA fraction distribution in the oil [45, 49]. Since
asphaltenes and resins are the major constituents of heavy oils, these components
present the highest impact on the method selection. So the heavy oils containing
whether high resin and low asphaltene or low resin and high asphaltene even when
both have the same API gravity, different upgrading processes must be employed
[45, 50]. Farther, other considerations beside the properties of the oil have to be
taken into account through choice of the upgrading treatments assembly such as,
regional logistics between the well-head and the refining site, operational concern,
transport distance, cost, environmental concerns and the legislation.

Example of the proper upgrading treatments developed by Association for the
Valorization of Heavy Oils (ASVAHL) are deasphalting process Solvahl, thermal
treatment Tervahl process and catalytic hydrotreatment Hyvahl processes [51].
Recently, many studies at Institut frangais du pétrole (IFP) aim to associate these
different processes to optimize the heavy crude conversion. The combination of
thermal cracking, solvent deasphalting and hydrocracking processes are commonly
used for the processing of heavy oils. Furthermore, the present strategy in the
petroleum industry is to integrate in situ upgrading to thermal enhanced oil recov-
ery (EOR) methods for achieving the cost, environment and energy effectiveness.
The Syncrude operations in Canada are an example of this, where surface mined 8°
API bitumen is upgraded to a 30-32° API synthetic blend. It has also been practiced
in Venezuela to export extra-heavy oil from the Orinoco belt. In situ upgrading
technologies which can be achieved during thermal recovery methods include ISC,
SAGD, CSS and subsequently the novel THAI and its add-on catalytic upgrading
process in situ (CAPRI), collectively called THAI-CAPRITM [15, 24, 52]. These
processes rely on the reduction of heavy crude oil viscosity by heat to improve its
flow from the oil reservoir to the production well. This in situ thermal cracking
process reduces the viscosity of the heavy oil and bitumen to a high order of mag-
nitude, thereby improving flow and production. However, of all these processes,
the THAI-CAPRI process integrates a catalytic upgrading process into the recovery.
Details of the above-mentioned in situ upgrading technologies for during heavy oil
recovery have been presented in a review article involving the novel extraction and
upgrading technologies for heavy oil and bitumen by Shah and others [46].

7. Coverage of heavy oils by water

Coverage of heavy oils by water to facilitate their transportation via pipelines is a
technology based on a physical phenomenon in which a less viscous phase migrates
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to the high shear region near the pipe wall, where it lubricates the flow. Once the
pumping pressures are balanced by the wall shear stress, covered transport requires
pressures that are comparable to pumping water alone, regardless the viscosity

of oil [53, 54]. The oil and water phases can be configured in various ways during
pumping. In horizontal pipes, the most common configurations are stratified flow
based on the two phase’s density, oil-in-water emulsions (stabilized by surfactants),
and core annular flow, which are the most approaches employed in transport of
heavy oils via pipelines including elevation ducts. These configurations depend
strongly on the flow rate of oil and water [55].

7.1 Core-annular flow

Core-annular flow (CAF) is a technology to facilitate the flow of heavy crude oil
and bitumen through pipeline by reducing the pressure drop in the pipelines owing to
the friction. Where, this friction caused by the high viscosity of these fluids can make
their flow in a single-phase is so difficult or undoable. This technique was first reported
by Isaacs and Speeds in 1904 for the possibility of pipelining viscous fluids through the
lubrication of pipe walls with water [56]. However, a commercial pipeline dedicated to
transportation of heavy oil through annular flow was not in operation until the 1970s
[57, 58]. Commercial establishing for core-annular flow systems involves not only
technical questions but also operational methodologies to increase their feasibility and
flexibility. The effectiveness of the commercial implementation of core annular flow is
related to its adaptability to existing pipeline systems, in particular its capacity to share
with other types of fluids that are not incorporated in the core flow regime. Core flow
has attracted much industrial interest, being the subject of many patents to facilitate
the pipeline transportation of heavy oils [59]. Almost, the most important industrial
application among them up to date is employed in the Shell project in California, in
which a 38.6 km pipeline from North Midway Sunset reservoir to the central facilities
at Ten Section (California) operates for 12 years with 30% volumetric water with a
flow rate of 24,000 barrels per day. Other examples include the 55 km lubricated pipe-
lines from San Diego to Budare (Venezuela) used for transporting Zuata heavy crude
oil (9.6 API°) and the self-lubricated pipelines of Syncrude’s Canada Ltd. [60].

The core-annular flow technique is based on exploiting the low viscosity of water
and high density of heavy oil to form a concentric flow pattern, where thin film
of water or aqueous solution formed onto the inner wall of the pipe, “lubricating”
the flow of core fluid consisting of heavy oil. Lining the pipe with an aqueous film
is done by injecting water into the pipeline at its head (Figure 7). Accordingly, the
core-annular flow is considered one of the regimes based on flow of two-phase via
pipelines. Somewhere further down the pipeline, formation of an aqueous coating
around the core of heavy oil will stabilize the flow with reducing the friction pres-
sure loss. Where, the reduced longitudinal pressure gradient and a total pressure
drop are similar to that of volumetrically equal pure water flow [57, 58, 61]. The typi-
cal fraction of water required in this approach (10-30%) implies that the pressure
drop along the pipeline depends very closely on the viscosity of water, but weakly
on that of the heavy oils [23, 62]. Furthermore, the pressure drop reduction exceeds
90% when the flow of water as an annulus near the pipe wall surface is done around
the core of heavy crude oil comparing with that without water lubrication [57].

If the core-annular flow is assumed to be perfect and well centered, then the
pressure drop can be calculated from the following equation:

AP Q
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Figure 7.
Hlustration of the core annular flow injector configuration [57].

where AP/L is the pressure drop of the centered core-annular flow (Pa/m), Q is
the total flow rate (m?/s), R is the radius of the pipe (m), R, is the core radius (m),
and p,, and y, are the dynamic viscosities of water and oil, respectively (Pa ).

Despite of core annular flow capability for reducing the pressure drop to that of
moving water, achieving this perfect flow having high stability is very rare because
such perfection and great stability may only accomplish with density-matched and
immiscible fluids. i.e., have similar densities and do not form emulsion [57, 63].
Whereas, the mechanisms of hydrodynamic destabilization of the annular flow
originate from capillary forces and inertia (the difference between the interfacial
velocity of the fluids), are evidenced by the deformation of the liquid-liquid
interface. These flow velocity and capillary instability arising from surface tension
and the density difference between the liquids break the inner core into slugs at low
velocity and stratification occurs in the system. Hereby, several flow regimes may
occur depending on the properties of the oil such as density, surface tension, and
shear rate of the flow and fluid injection flow rate. Where, wavy core-annular flow,
in which waves are created at the water and oil interface can occur (Figure 8). This
flow regime is more likely to be present in the core fluid through the core annular
flow process [64]. Furthermore, a radial movement of the oil core to the upper
wall of the pipe by act of a buoyancy force can occur when the density difference
between the oil and water is large (Figure 9). On the other side, increasing the
velocity enhances the core flow stability.

Still, there are significant problems encountered in the commercial application
of annular flow for heavy oil transportation as instability of the flow regime, foul-
ing and corrosion of the pipe walls. These problems emerge the moment flow rate
drops or the pipeline is shut-in (Figure 10) where, the liquids will segregate into
two horizontal layers (stratification of the phases). If the pipeline has an elevated
section; this could lead to a permanent heavy oil plug blocking the flow. Knowingly,
many potential interruptions may occur in any normal pumping operation of crude
oil due to mechanical failure, power interruptions, and ruptures in the pipeline or
climate concerns. Ditto, interruptions occurring in the core annular flow-based
pipelining even for relatively short periods of time can lead to the stratification
of the two phases. This stratification of the two phases can be aggravated by the
difficulties of restarting the flow in case of unscheduled downtime, where high
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Figure 8.
Schematic diagram of wavy Core annular flow [54].

(a) Wafer (b)

Figure 9.
Radial position of the oil cove: A perfect cove-annular flow and b with density difference. C is the contact
perimeter between the oil phase (cove) and the pipe wall.

OIL

WATER

Figure 10.
Shut-in issues occurved in core-annular flow.

pressures are required to restore the system [23]. This high pressure can cause major
failures in the pipeline as it may exceed the maximum allowable pressure. A basic
process has been proposed for restarting core flow with heavy oils after a long
standstill period in which a flow of a low viscosity fluid, water, is pumped first into
an inlet portion of the pipeline with increasing the flow gradually until reaching the
critical velocity required to develop annular flow in a steady state condition. Then,
the heavy oil is injected into the inlet portion of the pipeline, and similarly its flow
is gradually increased either by adjusting a variable speed motor to the pump or by
adjusting a control valve in a viscous oil bypass line. An increase of pressure due to
the pumping of heavy oil is much smaller than the pressure peaks observed during
the low viscosity fluid build-up stage.

Fouling as one of the main problems in implementing core annular flow caused
by the gradual adherence and accumulation of oil at the pipe walls that can cause
a blockage in the pipe section, preventing flow. The tendency of the oil to adhere
to the pipeline walls exhibited during annular flow of 9°API oil [65]. Even in the
hydro-dynamically stable annular flow which is able to maintain its structure
through various line accidents, the oil tends to embed itself in the pipe walls by
means of thermodynamic effects. Although the hydrodynamic stability of the sys-
tem can be achieved by adjusting the process parameters, the stability of the system
is still dependent on thermodynamic aspects [54, 55, 66]. In addition, formation of
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the incrustations in pipes can occur due to the reversal of wettability of the system
caused by asphaltenes and naphthenic acids present in the oil [81]. The effects of
wettability reversal over the load loss of the system can be avoided or reduced by the
addition of sodium meta-silicate to the aqueous phase [67-69].

7.2 Emulsification

Several methods have traditionally been proposed to enhance the mobility of
heavy crudes for pipeline transportation; these include heating crude oils or dilut-
ing them with lighter fractions of hydrocarbons. However, each of these methods
has economic, technical and logistical drawbacks especially when it comes to
transportation of heavy crude oil through offshore pipelines.

Emulsions naturally occur in petroleum production and pipelining, mainly those
of water-in-oil (W/O) and more complex (double) emulsion like oil-in-water-
in-oil (O/W/O) emulsions (Figure 11). Such emulsions are detrimental for oil
production since oil’s viscosity raises, increment corrosion issues and are difficult
to break in desalting and dehydrating units before refining. Nevertheless, O/W
emulsion reduces the viscosity of heavy crude oils and bitumen and may provide
an alternative to the use of diluents or heat to reduce viscosity in pipelines [70].
Thereby, emulsification of heavy oils with water with aid of active surface additives
is considered to be one of the newest and most economical alternative techniques
to overcome flow assurance problems associated with transportation of heavy
crude oil through pipelines under the cold offshore environments. This technology
is hydraulically transporting heavy crude oil via pipeline in form of oil-in-water
(O/W) with the drop sizes in micron range can reduce the viscosity to values of
50-200 cP at 15°C [23, 25, 28], in which it can be easily pumped [37, 70-72]. The
methods used to generate the oil droplets to create the different possible emulsions
includes use of devices such as dispersing machines, mixing with rotor-stator, col-
loid mills, high-pressure homogenizers applying high shearing stresses, emulsifica-
tion by membrane and ultrasonic waves [39, 73, 74].

These oil-in-water emulsions are thermodynamically unstable where they can
be subjected to several breakdown processes like Ostwald ripening, sedimentation
and creaming due to density difference and coalescence of the drops [70]. Therefore,
a surfactant (or mixture of surfactants) suitable for varying conditions have to be

O Oil drop . Water drop

Water phase Oil phase Water phase

Figure 11.
The several emulsion forms used to transport heavy crude oils.
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4—— Water drop

Figure 12.
Surfactant-stabilized emulsion.

added forming a strong interfacial film to enhance the kinetic stability of these emul-
sions and consequently improve their transportability by pipelines [75]. Besides, in
some cases additional substances as stabilizing agents (high molecular weight) to
avoid phase separation. Accordingly, cost of the surfactant, its ability to maintain the
emulsion stability during pipeline transportation and the ease of its separating from
the crude oil at the final destination (since the density of heavy oil is close to that of
water) are major challenges associated with the emulsification technology for trans-
porting heavy crude oils. Monolayer of the surfactant molecules settles onto the oil-
water interface to prevent drop growth and phase separation during transportation.
As shown in Figure 12, such interfacial monolayer is formed by directing the polar
region (i.e. hydrophilic head) of the surfactant toward the water phase and non-
polar tail (i.e. hydrophobic region) toward the oil phase. Hereof, the efficiency of
the surfactant based on the properties of this adsorbed layer (the polar hydrophilic
head and the non-polar hydrophobic tail) of surfactants that stabilize the oil-water
surface against shear and decrease the interfacial tensions, and subsequently control
the flow behavior of the emulsion [70]. However, heavy crude oil emulsion exhibits
either Newtonian behavior at high shear rate or a shear thinning rheological behavior
at low shear rate [25, 76].

Pointedly, properties of the emulsion including the rheological characteristics
and stability depend mainly on many parameters such as, drop size and their
polydispersity, temperature, salinity and the pH of the water, the components of
the heavy crude oil, mixing energy and oil/water volume ratio [39, 77]. Drop size
and their polydispersity depends on surfactant type, energy of mixing and pres-
sure. The use of a dynamic mixer as a rotor-stator mixer, may cause the formation
of small droplets with a diameter of less than 10 pm which can cause a significant
increase in the viscosity of O/W emulsion and emulsion inversion to an oil continu-
ous emulsion that are detrimental to pipelining.

The use of surfactants and water to create a stable oil-in-water emulsion with
heavy crude oil has been a topic of several investigations with a series of patents.
Stabilizing the O/W emulsion from Egyptian Geisum crude oil using an anionic
surfactant for pipeline transportation has been studied. The findings exhibited
that stability and viscosity of surfactant-stabilized O/W emulsion increased with
increasing concentration of the anionic surfactant that reduces the O/W interfacial
tension and size of dispersed droplets [78]. Similar results were found in a non-
ionic surfactant stabilized O/W emulsion [37]. Triton X-114 is one of the com-
monly used non-ionic surfactants based on their ability to withstand the salinity
of the produced water, they are also cheap, their emulsion is easy to separate, and
they do not form undesirable organic residues that affect the oil properties [79].
However, the use of anionic and non-ionic surfactants produced a synergistic effect
that allows a lower viscosity and more stable O/W emulsion. The preferred water
soluble nonionic chemical surfactants for viscous crude oils are the commercially
available ethoxylated alkyl phenols and ethoxylated alcohols; while the preferred
water-soluble anionic chemical surfactants are ethoxylated alcohol sulfates. On the
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other side, as a water-soluble chemical surfactant, or, together with a bio-emulsifier
can absorb onto the hydrocarbon/water interfaces. Hence, “surfactant packages”
composed of water-soluble chemical and/or biological co-surfactants have been
proposed to transport viscous hydrocarbons by pipeline through the formation
of low-viscosity bio-surfactant-stabilized oil-in-water emulsions, or the so-called
hydrocarbosols. Here, hydrocarbon droplets dispersed in the continuous aque-
ous phase are substantially stabilized from coalescence by the presence of bio-
surfactants (Bio-emulsifiers), in particular, microbial surfactants [80]. Generally,
bio-emulsifiers act by orienting their molecules at the oil/water interface, avoiding
the coalescence of the oil droplets and stabilizing the resulting emulsion with
maintaining their reduced viscosity over time. The hydrocarbosols viscosities were
reduced by at least a factor of 10. Bio-emulsifiers, specifically extracellular micro-
bial polysaccharides (“emulsans”) produced by different strains of the Acinetobacter
bacteria have been extensively researched [81, 82]. Among the preferred bio-surfac-
tants are heteropolysaccharides produced by bacteria of the genus Acinetobacter and
the genus Arthrobacter, and in particular, those produced by strains of Acinetobacter
calcoaceticus. Still some heavy oils were not successfully emulsified with the surfac-
tant packages studied. Here, it is worthy to mention that fresh water, sea water or
even formation water may be available for emulsification and thus, these are very
efficient oil-in-water emulsifiers possessing a high degree of specificity in both
fresh water and sea water for emulsifying hydrocarbon substrates which contain
both aliphatic and aromatic or cyclic components. Here, the use of formation water
instead of fresh water resulted in a lower interfacial tension between crude oil and
formation water and a more viscous O/W emulsion because of the formation of
smaller crude oil droplets [71].

In this context, the heavy crude oil is a complex mixture of hundreds of thou-
sands of compounds that include the asphaltenes which act as natural emulsifiers
as well as other active surface components such as naphthenic acids, resins, por-
phyrins, etc. [70]. The presence of these component increases the complexity of
crude oil emulsion, as they can interact and reorganize at the oil-water interface.
On the other hand, the presence of natural hydrophilic particles such as clay and
silica in the crude oil may cause instability in the emulsion [70]. Additionally, the
O/W emulsion system may sometimes contain solids and gas, which increases the
complexity of the process. In general, it is worthy to mention that the behavior of
heavy crude oil-in-water emulsion is complex due to the interaction of several com-
ponents within the system and many other factors mentioned hereinabove. By the
fact that the use of surfactants can significantly increase the cost of emulsification,
the activation of surfactants naturally occurring in heavy and extra heavy crude oils
is a reliable option. The ionization of acidic groups present in fatty and naphthenic
acids as well as asphaltenes with a strong alkali can make these surfactants more
hydrophilic causing a reduction of the interfacial tension [70]. Thus, the activa-
tion of the natural molecules present in bitumen with amines serves as natural
surfactants to form a bitumen-in-water emulsion or Orimulsion® (Orimulsion
is a bitumen-in-water emulsion and simultaneously the technology developed to
facilitate the transportation of Cerro Negro bitumen) [83]. Moreover, some works
refer to the use of the natural surfactants present in crude oil with particles such as
silica, clay, iron oxides, etc., more stable emulsions can be obtained by saturation of
surface of these particles by asphaltenes [70]. There are still many unresolved ques-
tions related to the peculiar behavior of these emulsions as result to the complexity
of the molecular composition of oil having a wide range of chemical structures and
molecular weights, the hydrophilic-lipophilic balance (HLB) values of the surfac-
tants, the multiple interactions oil-water-surfactant and the possible molecular
rearrangements at the oil/water interface.

®
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Economically, pipelining of oil in form of O/W emulsion must transport as
much oil as possible and as little water as possible (high O/W volume ratio).
Notwithstanding, when the oil content in O/W exceeds 70%, the viscosity may
become too high or inverse to W/O emulsion. Meta-stable and easy-to-break O/W
emulsions should be produced with the minimum quantity of cost-effective surfac-
tant and other additives where, strategy of implementing the technology of oil-in-
water emulsions to transport heavy crude involves three stages such as producing
the O/W emulsion, transporting the formed emulsion and separating the oil phase
from the water phase. However, recovering the crude oil entails breaking the oil
in-water emulsion. Hereby, different techniques including thermal demulsifica-
tion, electro-demulsification, chemical demulsification, freeze-thaw method, pH
modification, addition of solvent and demulsification by membranes have been
developed to achieve the separation stage [73, 84].

In this technology, the surfactants should allow at the same time a simple but
efficient rupture of the O/W emulsion before crude oil refining and the separated
water should be treated in order to comply with environmental and industrial
regulations for water discharge or recycling. The demulsification produced 0.5%
BS&W for the heavy oil and less than 100 ppm oily contaminants in the sepa-
rated water. Nonetheless, O/W emulsions can be considered for applications in
improved recovery processes of heavy oils and for the increase in the recovery fac-
tor of mature fields [85], including the amounts not retrieved from the exhausted
fields of light oils [86]. Furthermore, such emulsification technology can improve
residual oil removal from mature fields that are not as efficiently recovered by
traditional methods that apply heat or diluents [87]. Also, restarting a pipeline
after an emergency shutdown and re-emulsification of oil may not pose major
problems [88].

The potential of this technology to enhance pipeline transportation of heavy
crude oil has been demonstrated in Indonesia in 1963, as well as in a 13-mile dis-
tance using 8 in. diameter pipeline in California [71]. Field-tested pipeline trans-
portation of heavy crude oil as oil-in-water emulsions containing high fractions of
oil has been proposed by Hardy and others [89]. A large number of studies, mostly
experimental in nature, have been carried out on oil-water emulsions [78, 90].
However, the results of these studies are not uniform and are sometimes contradic-
tory and thus, the results obtained from a study on a certain crude are difficult to
apply to another. This can be attributed to the complex viscosity behavior of emul-
sions which depends on several factors such as base sediment and water (BS&W),
temperature, shear rate, type and concentration of surfactant, and the components
of the crude itself. Consequently, oil companies investigate on their own the specific
crude that they produce the type of emulsion that is most appropriate allowing
simple and economical crude oil recovery at the end of the pumping process.

Transportation of emulsified heavy oil had its technological viability clearly
demonstrated by many field studies and the development of the pioneer process
of large-scale fuel emulsions, a joint project between BP Canada and the Alberta
Energy Company has developed TRANSOIL®, a technology that is comprised
of the steps of oil emulsification, characterization of transport properties, and
evaluation of storage and recovery conditions by de-emulsification [91]. The
emulsions obtained were pumped continuously for 6 days at 80 m*/day and stored
for 6 days without any sign of degradation. Besides, ORIMULSIONS® process
has been developed for the generation of energy in thermal plants by the state
owned company PDVSA (Petr oleos de Venezuela) in Venezuela in the 1980s [17]
and commercialized by its filial Bitumen’s Orinoco S.A. (BITOR) [60, 70]. Ditto,
emulsion flow rate tests performed with 13° API oil from a field in Shanjiasi (China)
showed a reduction in pressure loss by as much as 80%, which was achieved by
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emulsions formulated with water fractions around 0.6-0.8. This reduction in
pressure occurred especially when the tests were conducted in more drastic condi-
tions, such as with extra-viscous oils and at low temperatures [14]. In another work,
emulsification of heavy oil in Sicily and the Adriatic Sea (Italy) has been tested for
application in transport and production. The trial was based on the injection of an
emulsifying aqueous phase into the well without any modification to the existing
system. The dispersed oil content in the well-produced oil-in-water emulsions was
70%. The emulsions showed a viscosity 30-50 times lower than that of the diluted
oil and oil productivity was greater four times than obtained with the conventional
diesel dilution production [92].

7.3 Heavy oil emulsions for transport in cold environments

Considering, handling difficulty for O/W emulsions in cold environments
because of phase destabilization, freezing or an increase in viscosity to a level
too high for pipeline transport, brine with a high salt content and freezing point
depressants like ethylene glycol in sufficient concentration are suggested to be used
to maintain the oil-in-brine emulsion in pipeline condition at 253.15 K or less, but
insufficient to break down the emulsion. Here, it is worthy to consider the costs of
emulsion rupture and further processing of produced water to discharge or reuse.

The emulsion is suggested to contain a small amount of 0.1-5% by weight, of a
conventional surfactant to facilitate the formation and preservation of the emul-
sion. The use of common surfactants mixes has been proposed to form the emulsion
and supplemented by use of the xanthan biopolymer to enhance the stability of
the emulsion [93]. In another research, a novel surfactant, tri-triethanolamine
monosunflower ester, was synthesized from fatty acids produced from hydrolysis of
sunflower (Helianthus annuus) oil. The resultant surfactant was used to emulsify a
heavy crude oil from the western oil field of India. The oil-in-water emulsion devel-
oped with 60% oil content and 2 wt% surfactant exhibited a decrease in viscosity
of 96% and a dramatic decrease in pour point where, the prepared emulsions were
found to be flowing even at 1°C. The high stability of the emulsion has been attrib-
uted to the large reduction in the equilibrium interfacial tension (IFT) between
the crude oil (diluted) and the aqueous phase of emulsions, which was almost nine
times lower than that of no surfactant. These results suggested that the synthesized
surfactants may be used to prepare a stable O/W emulsion for its transportation
through offshore pipelines efficiently [94].

Furthermore, heavy oils in cold environments can be efficiently transported
through a large diameter insulated pipelines at temperature below 273.15 K in the
form of oil-in-brine emulsions containing 40-70% w/w of the dispersed oil with
dissolving salts in the water phase at concentration sufficient to prevent freezing.
These operating conditions permit the insulated pipeline to be buried in the ground
without causing thawing of the permafrost, which in turn can cause damage to both
the environment and the pipeline.

8. Conclusion

The plateau in conventional oil production and the corresponding increase
in the demand for liquid fuels have motivated markets to respond with higher
oil prices. And the current economics of oil are spurring the transformation of
energy supplies, not away from oil, but toward new oils which are expected to be
the dominant supplies of liquid-fuel through the twenty-first century based on
the market forces. The amount of these new petroleum resources could continue
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to be revised upward as new technologies are developed. In this chapter, the
mitigation technologies of low mobility of heavy crude oils used to facilitate their
pipelining were explored. These methods have been divided into three categories
based on reduction of viscosity and friction and in situ upgrading of these heavy
crudes and bitumen. Each of these treatment techniques has special advantages
and drawbacks. Therefore, there are many criteria to take into consideration on
choice of each technique including the chemical and physical properties of the
crude, regional logistics between the well-head and the refining site, operational
and environmental concerns, distance of transportation, cost, and regulatory
requirements. These criteria require that the petroleum industry tailor treatment
strategies to fit the circumstances of its systems in accordance with the quality
requirements of the pipeline operator as well as the content and quality demands
of the refinery customer. Emulsification of crudes to form O/W emulsion was an
appropriate method to reduce the viscosity of oils and enhance their flow under
offshore conditions. Currently, in situ upgrading can be achieved during thermal
enhanced oil recovery methods because this strategy characterized by the cost,
environment and energy effectiveness. Also, the introduction of bacteria and bio-
metal nanoparticles (Bio-NPs) in the reservoir to upgrade heavy oil, extra heavy
oil, and bitumen in situ is an area of active research and hold great promise for
improving flow of these crudes.
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