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Abstract

Vapor extraction (Vapex) process is an emerging technology for viscous oil recovery that has
gained much attention in the oil industry. However, the oil production rates in Vapex are too low
to make it attractive for field implementation. Although several researchers have investigated
several aspects of Vapex, there are few reported attempts to enhance oil production in Vapex.
This research aims to enhance the same using solvent injection pressure versus time as a control
function. For this purpose, the necessary conditions for maximum heavy oil production are
derived based on a detailed mass transfer model of the Vapex experiment carried out in this
work. These conditions are then used to develop an optimal control algorithm to determine the
optimal solvent injection pressure polices to maximize oil production in Vapex. The optimal
policies successfully generate 20-35% increase in experimental oil production with propane and
butane as pure solvents, and heavy oil of 14,500 mPa-s viscosity in lab scale reservoirs of 25 and
45 cm heights, and 204 Darcy permeability. The accuracy of optimal control is experimentally
validated. The results show that the experimental oil production values from the optimal policies

are within + 5% of those predicted by the optimal control algorithm.
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Introduction

This chapter provides the background information on crude oil classification, heavy crude oil
properties, heavy oil reservoirs, Canadian heavy oil resources, and heavy oil recovery processes

including vapor extraction or Vapex.
1.1 Crude Oil Classification

Petroleum or crude oil is a naturally occurring flammable liquid consisting of a complex mixture
of hydrocarbons of various molecular weights and other liquid organic compounds that are found
in geologic formations beneath the Earth's surface. A fossil fuel, petroleum was formed when
large quantities of dead organisms, usually zooplankton and algae, were buried underneath

sedimentary rock and undergo intense heat and pressure.

In its strictest sense, petroleum includes only crude oil, but in common usage it includes all
liquid, gaseous, and solid (e.g., paraffin) hydrocarbons. Under surface pressure and temperature
conditions, lighter hydrocarbons methane, ethane, propane and butane occur as gases, while

pentane and heavier ones are in the form of liquids or solids. However, in an underground oil
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reservoir, the proportions of gas, liquid, and solid depend on subsurface conditions and on the

phase diagram of the petroleum mixture.

The hydrocarbons in crude oil are mostly alkanes, cycloalkanes and various aromatic
hydrocarbons while the other organic compounds contain nitrogen, oxygen and sulfur, and trace
amounts of metals such as iron, nickel, copper and vanadium. Table 1.1 shows that the molecular
composition of crude oil varies widely from formation to formation but the proportion of

chemical elements varies over fairly narrow limits as follows (Speight, 1999).

Table 1.1: Molecular composition of crude oil

Composition by weight

Element Percent range
Carbon 83 t0 87%
Hydrogen 10 to 14%
Nitrogen 0.1to 2%
Oxygen 0.051t0 1.5%
Sulfur 0.05 to 6.0%
Metals <0.1%

The petroleum industry generally classifies crude oil by the geographic production location (e.g.
West Texas Intermediate, Brent, or Oman), its API gravity (an oil industry measure of density),
and its sulfur content. Crude oil may be considered light if it has low density, or heavy if it has
high density. It may be referred to as sweet if it contains relatively little sulfur or sour if it

contains substantial amounts of sulfur.

The geographic location is important because it affects transportation costs of crude oil to the
refinery. Light crude oil is more desirable than heavy oil since it produces a higher yield of
petrol, while sweet oil commands a higher price than sour oil because it has fewer environmental
problems and requires less refining to meet sulfur standards imposed on fuels in consuming

countries.
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1.2 Heavy Crude Oil

Heavy crude oil or extra heavy crude oil is any type of crude oil that does not flow easily. It is
referred to as ‘“heavy” because its density or specific gravity is higher than that of light crude oil.
Heavy crude oil has been defined as any liquid petroleum with an API gravity less than
20°.Physical properties that differ between heavy crudes lighter grades include higher viscosity
and specific gravity as well as heavier molecular composition. Extra heavy oil is defined with a
gravity of less than 10° API (i.e. with density greater than 1000 kg/m?®), and a reservoir viscosity
of no more than 10,000 cP (Attanasi and Meyer, 2010). With a specific gravity of greater than

unity, extra heavy crude is present as a dense non-aqueous phase liquid in ambient conditions.

Heavy crude oil is closely related to natural bitumen from oil sands. Some petroleum geologists
categorize bitumen from oil sands as extra heavy crude oil due to the density of less than
10 °API. Other classifications label this as bitumen differing it from extra-heavy oil. These oils
differ in the degree by which they have been degraded from the original crude oil by bacteria and
erosion. Often, bitumen is present as a solid and does not flow at ambient conditions. The largest
reserves of heavy crude oil in the world are located north of the Orinoco river in Venezuela, the
same amount as the conventional oil reserves of Saudi Arabia, but 30 or more countries are

known to have reserves (Talwani, 2002).
1.3 Heavy Oil Reserves

Heavy Oil is an up and coming energy resource that is aggressively being sought after as the
world’s energy demand increases. As technology continues to improve, this once costly energy

source is quickly becoming a more viable alternative.
1.3.1 World and Canadian Heavy Oil Resources

Petroleum is the world’s primary energy source and is a key factor in the continued development
of world economies. The deflection of conventional oil resources all around the world has
become a serious source of concern for industry and government and is a reason to think about

other energy alternatives. On the other hand there are huge and virtually untouched reserves of
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heavy oil and bitumen deposits in the globe especially in Canada and Venezuela, which are

almost six times of total conventional resources.

Figure 1.1 compares of Canadian oil reserves with other oil-rich countries. In Canada, the
estimated original oil in place (OOIP) is more than 400 billion m® (2.5 trillion barrels)

approximately twice that of the total conventional oil reserves in the Middle East (ERCB, 1989).

In Canada, Alberta’s in-place oil sands reserves are about 1.7 trillion bbl. More than 175 billion
bbl is recoverable with current technology. With technical advances, about 315 billion bbl could
be recovered. However, the main difficulty in the oil recovery from these vast reserves is their
immobility under reservoir conditions due to their high viscosity (10°-10%P or even higher)
(Das and Butler, 1996).
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Figure 0.1 Global crude oil reserves by country (CAPP, 2008)

The world heavy oil resource is about 12 x 10*2 bbl. Apparently, there is more than twice as
much resource available in <20°API oil as in conventional 0il>20°API. Heavy oil resources are

found through the world, but Canada and Venezuela are singularly endowed. The two countries

4
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appear to share 35-40% of the world resources of <20°API heavy oil, approximately 2.5x10*?bbl
in the Canadian heavy oil belt and oil sands regions, and 1.5x10"?bbl in the Venezuelan Faja del

Orinoco tar sands belt.

To put the available heavy oil resources into an understandable context, its size in Canada alone
is so large about (350-400x10° m®, more than 20% of the World total) that, at a stable combined
US and Canadian consumption rate (about 1.2x10° m*/year), there is enough heavy oil in Canada
to meet 100% of the demand for over 100 years if the overall extraction efficiency is about 30%.
In the best strata, the new extraction technologies in Canada are already approaching, and in
some cases exceeding, this recovery ratio of 30%. Oil sands mines approach 85% extraction
(ERCB Report 2011).

1.3.2 Canadian Heavy Oil Belt Resources

The National Energy Board (NEB) report on Conventional Heavy QOil resources of the Western
Canada Sedimentary Basin has identified 50x10°m*(~350x10° bbl) of heavy oil in place in the
heavy oil belt. This is about 15% of the total <20°API resource in Alberta, exclusive of the ill-
defined Carbonate Triangle. They estimate that 21% of this ~74x10° bbl, can be recovered with
current technology. This is 1000 days of supply for the entire world at current consumption rates.
Given Canada's light population, it is of huge economic importance, with a current commodity
value somewhat below CAN$ 3x10*? at a world price of US$ 25.00. Given the technological
progress that is ongoing, referring to the 59% probability estimate of Canadian industry
engineers, the NEB estimate of technologically accessible reserves in the heavy oil belt is

conservative, perhaps by a factor of two.
1.4 Existing EOR Processes in Canada for Heavy Oil Recovery

The recovery of heavy oil and bitumen is difficult, as 90% of these reserves lie deep inside the
earth crust and are not easily recoverable owing to their high viscosity and immobility. The
objective of recovery process is to reduce the viscosity, or equivalently to increase the mobility

of heavy oil and bitumen. This objective is achieved by providing additional energy to heavy oil



and bitumen reserves (Upreti et al., 2007).The production methods widely adapted in Canada for

heavy oil production can be classified as:

1. Open pit or Surface Mining
2. Well Production

1.4.1 Open Pit or Surface Mining

Surface mining is a type of mining used to extract bitumen accumulations that are close to the
surface. This process involves digging up the oil sand then transporting it to a treatment facility
where it will be subjected to steam or hot water treatment and centrifuging to separate the

bitumen from the sand.

In open-pit mining, trees and other vegetation are first removed; then the overburden is
excavated and either used to build retaining dykes for ponds or stockpiled for later land
reclamation. Large shovels and trucks are used to load and transport the unconsolidated oil sands
from the mine face to an ore crusher. After being crushed into 12 inch or smaller chunks, the ore
is slurred with water in a cyclo-feeder. The slurry is sent by pipeline to a central processing
facility for upgrading. The bitumen, sand and water mixtures create emulsions which are
extremely difficult to separate, and the process of separating oil from the sand particles begins
during hydro transport. This process is continued in the primary separation vessel (PSV) at the
central facility. Bitumen froth (60% bitumen, 30%water, 10% fine solids) is removed from the
PSV and then is either processed with naphtha or paraffinic solvents to remove water and fine
solids. The paraffinic solvent process results in bitumen with less than 0.1% water and fines
remaining. Clean sand from the PSV is removed and stockpiled. A combination of mixed
bitumen and water, fine particles and clay (fine tailings) is transported to a holding pond.

If the resource lies within 50 to 75 m of the surface, then open-pit mining is the only commercial
production method. Approximately 10% of the heavy oil and bitumen in Western Canada can be
recovered by this method (Oil Sands Technology Roadmap, Alberta 2004). A typical picture of
this process is shown below in Figure 1.2.There are large oil sand resources near Fort McMurray,

Alberta, currently being mined.
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Figure 1.2 Surface mining process

Mining of Canadian oil sands produced 0.552 million bbl/day in 2005, and will grow to 2.27
million bbl/day by2020. By comparison, subsurface production of Canadian heavy oil was
0.438millionbbl/day in 2005, and will grow to 1.724 million bbl/day by 2020 (Canadian
Association of Petroleum Producers: Canadian Crude Oil Production and Supply Forecast 2006-
2020). Hence, mining will produce a significant portion of Canada’s heavy oil production for the

foreseeable future.



Surface mining of bitumen has been operating commercially for over 40 years and is now a
mature technology. The main challenges for the surface mining process are minimizing the
environmental impact, land reclamation, and forest restoration. For every cubic meter of
synthetic crude produced, 6 cubic meters of sand and 1.5 cubic meters of fine tailings must be
transported (Oil Sands Technology Roadmap, Alberta Chamber of Resources 2004). Stockpiled
overburden, sand, and tailing ponds can occupy a significant area of the mine, and may have to

be moved to access oil sands beneath them.
1.4.2 Well Production

There are a variety of production methods for resources that are too deep for open-pit mining. A

brief description of these methods is given below:
1.4.2.1 Cold Heavy Oil Production with Sand (CHOPS)

CHOPS (Cold Heavy Oil Production with Sand) is widely used as a ‘‘primary” production
approach in unconsolidated sandstones; thousands of wells in Canada are now stably producing

oil in this manner.

CHOPS wells are vertical or slightly deviated wells; they are cased and perforated, and a down
hole pump is deployed to create an aggressive pressure differential between formation and
wellbore pressures. This causes natural gas to break out of solution from the heavy oil, resulting
in “foamy oil.” Gas bubbles evolving at the wormhole-sand interface destabilize sand grains and
the expanding gas helps move the mixture through the wormholes. Gravity drive on the
unconsolidated sands also provides energy for production. At the start-up of production, up to
10% sand by volume is produced along with oil, water, and gas. Sand production eventually falls
to under 2% during the well lifetime. The recovery factor for CHOPS wells is low, typically less
than 10%. Hence, the well must be drilled, completed, and operated as economically as possible.

CHOPS is used for thin subsurface oil sands (typically 1 to 7 m thick) in Canada, provided the
oil sand is unconsolidated and provided the heavy oil contains sufficient solution gas to power
the production process (Dusseault B. M., 2002).. To have any natural gas in solution, the oil sand



must be at least a few hundred meters deep. For example, there are a large number of CHOPS
wells located near Lloydminster, Alberta. In fact, today CHOPS is the only commercial method
for exploiting these thin oil sands. CHOPS wells (by definition) require sand production. Foamy
oil production may occur without sand production in other areas. Alternatively, oil maybe

produced with sand, but without solution gas in still other areas.

It is believed that CHOPS production occurs with the formation of “wormholes” tunnels that
may extend some distance into the formation. There are no current methods for predicting the
distribution, location, length, or diameter of wormholes, and there are very limited means of
measuring them once formed. Surface seismic may give an indication of their distribution and

density. Hence, there is considerable uncertainty about the behavior of CHOPS wells.
1.4.2.2 Cyclic Steam Stimulation (CSS) and Steam Flood

There are three phases in CSS. First, high-temperature, high-pressure steam is injected for up to
one month. Second, the formation is allowed to “soak” for one or two weeks to allow the heat to
diffuse and lower the heavy oil viscosity. Third, heavy oil is pumped out of the well until
production falls to uneconomic rates, which may take up to one year. Then the cycle is repeated,
as many as 15 times, until production can no longer be recovered. Artificial lift is required to
bring the heavy oil to surface. Typical recovery factors for CSS are 20% to 35% with steam-to-
oil ratios (SOR) of 3to 5.22.

CSS is often the preferred method for production in heavy oil reservoirs that can contain high-
pressure steam without fracturing the overburden. In Canada, the minimum depth for applying
CSS is 300 m even though there are some limited locations in other areas where steam injection
has been successful at depths between200 and 300 m.CSS works best when there are thick pay
zones (>10 m) with high porosity sands (>30%).Shale layers that reduce vertical permeability are
not a problem for vertical wells that penetrate thick pay zones. However, good horizontal
permeability (>1 Darcy) is important for production. Recently, CSS has been applied to wells

with multilateral horizontal legs.



Steam floods may follow CSS. While CSS produces the heavy oil around a single wellbore,
steam flood recovers the heavy oil between wells. For example, a five-spot pattern with four
producing wells surrounding a central steam injection well is a common configuration. The well
spacing can be less than 2 acres for a field in steam flood. The steam heats the oil to lower its
viscosity and provides pressure to drive the heavy oil toward the producing wells. In most steam

flood operations, all of the wells are steam-stimulated at the beginning of the flood.

In a sense, CSS is always the beginning phase of a steam flood. In some cases, even the steam
flood injection wells are put on production for one or two CSS cycles to help increase initial
project production and pay-out the high steam flood capital and operating costs. Technical
challenges for CSS and steam flood are primarily related to reducing the cost of steam, which is
generated in most locations using natural gas (Lim, et al., 2004).

1.4.2.3 Steam Assisted Gravity Drainage (SAGD)

In SAGD, two wells with horizontal sections are drilled with one well directly above the other
well (see Figure 1.3). The two wells maintain a constant vertical separation of typically 5 m, but
3 to 7 m could be used depending on the oil viscosity. The horizontal sections are typically 500
to 1,500 m long, and are completed with slotted liners to reduce sand production and increase oil
productivity. In the start-up phase, steam is injected in both wells to reduce the heavy oil’s
viscosity. In the production phase, steam is injected in the upper well and heavy oil is produced

from the lower well.

Ideally, a steam chamber is formed above the injection well, but does not breakthrough to the
lower well. Heat travels by convection of the steam to the edge of the steam chamber, where the
steam releases its heat of vaporization to the heavy oil and formation, and condenses into water.
The heated oil and hot water drain into the producing well. Because gravity provides the drive
rather than steam pressure, the steam injection pressure is lower than that for CSS or steam flood
(Roopa and Dawe, 2007).
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Figure 1.3 Side view of SAGD process (The Geological Society)

Artificial lift is required to move the viscous oil to surface. Gas lift is the least expensive
approach; progressive cavity pumps and electric submersible pumps are more effective, but must
survive high temperatures. Production from a pair of SAGD wells is anticipated to last from 7 to
12 years with a relatively constant output over that time. A SAGD well can produce from
500BOPD up to several thousand BOPD. Recovery factors of 50% to 70% are theoretically
predicted for SAGD, with SOR values in the range of 2 to 3 (Canada's Oil Sands, 2004). For
SAGD to be effective the heavy oil zone must be at least 10 m thick; preferably it is thicker. The
formation must have good vertical and horizontal permeabilities; if there are shale layers, the
steam chamber cannot form properly. Hence, evaluation of the vertical permeability is important
before using SAGD to develop a resource. Gas zones above the heavy oil, or water zones below,
may result in heat loss and higher energy costs.

SAGD is a more recent development than CSS or steam floods. SAGD is expanding rapidly in

western Canada due to its ability to produce heavy oil from formations too shallow for
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conventional steam injection methods. Because SAGD wells operate at lower steam pressures

than CSS or steam flood wells, less overburden steam containment is required. SAGD wells can

exploit formations from 100 m to a few hundred meters deep. Table 1.2 shows currently used

recovery techniques for different oil fields in Alberta.

Table 0.2: Alberta bitumen deposits — in place volumes billion m® (AEUB, 2005)

Deposit Type Athabasca Cold Lake Peace River Total Percent
Thermal Processes 66.8 7.5 8.6 82.9 30.7
Surface Mining 9.4 0.0 0.0 9.4 3.5
Cold Production 2.0 21.0 0.06 23.1 8.6
Total Accessible deposits 78.2 28.5 8.7 115.4 42.8
Deposits with no recovery
factors
Bitumen in Carbonate 60.8 0.0 10.3 71.1 26.4
formation
Too thin for thermal 60.4 34 1.3 65.1 24.1
recovery
Processes
Deposits with clay barriers 5.8 0.0 0.0 5.8 2.1
Too deep for surface 4.4 0.0 0.0 4.4 1.6
mining but too
shallow for SAGD
Deposits with Tar 2.2 0.0 0.0 2.2 0.8
Others 5.7 0.0 0.2 5.9 2.2
Total deposits with no 139.3 34 11.8 154.5 57.2
recovery Factors
Total Deposits 217.5 31.9 20.5 269.9 100.0
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1.5 Technologies in Development

There are several technologies in research, development, or pilot phase that are not yet

commercialized.
1.5.1 Hybrid Solvent and Steam Processes

These processes combine solvent with SAGD, to reduce the energy requirements, increase
production rates, and oil recovery. In addition, capital investment, CO, emission, water and
natural gas usage may be reduced. The solvent when mixed with the heavy oil reduces the
viscosity and may even provide some in situ upgrading. Pilot testing is underway in a few
locations in Canada. High cost and recovery of solvent are critical for success (Nasr and
Ayodele, 2006).

1.5.2 In-Situ Combustion

In this process down hole combustion of heavy oil is used to provide the heat to mobilize the
heavy oil, and provide some in situ upgrading. This process is also known as fire flooding. Either
dry air or air mixed with water can be injected into the reservoir. Ideally, the fire propagates
uniformly from the air injection well to the producing well, moving oil and combustion gases
ahead of the front. The coke remaining behind the moved oil provides the fuel. Temperatures in
the thin combustion zone may reach several hundred degrees centigrade, so that the formation

and completion hardware can be severely stressed.

The fire front can be difficult to control, and may propagate in a haphazard manner resulting in
premature breakthrough to a producing well. There is a danger of a ruptured well with hot gases
escaping to the surface. The produced fluid may contain an oil-water emulsion that is difficult to
break. As with output from many heavy oil projects, it may also contain heavy-metal compounds
that are difficult to remove in the refinery. In situ combustion eliminates the need for natural gas
to generate steam, but significant energy is still required to compress and pump air into the

formation.
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1.6 Introduction to Vapex

Vapor Extraction (Vapex) of Heavy Oil and Bitumen is a promising recovery technology that
involves the injection of gaseous solvents into the reservoir (Das, 1997).A solvent dissolves in
the high viscosity oil. As a result, the viscous oil gets diluted and drains to the horizontal
production well by gravity. The schematic of a typical Vapex process is shown in Figure 1.4
Vapex is a non thermal method in which a light hydrocarbon acts as mobilizing agent instead of
steam in SAGD.

Horizontal
Production
Well

Figure 1.4 Vapor extraction (Vapex) process

The performance of VVapex process is directly related to the amount of solvent dissolving into the
bitumen. The more area of contact between solvent vapor and the crude ensures the higher rate
of mass transfer of solvent and higher recovery (Das and Butler, 1996).

Figure 1.5 shows the Vapex chamber formed during Vapex. Das (1998) has described the

different mechanisms involved in the Vapex process in detail. The predominant mechanism for
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Vapex process is the diffusion of solvent into the heavy oil and bitumen. Production rates are
directly related to viscosity reduction, which in turn depends on the amount of solvent dissolved
in the oil. Mixing of the solvent with heavy oil and bitumen is slow because it occurs only when
solvent diffuses through the pores. Compared to SAGD, the heating of reservoirs is much faster
because heat can be carried through at relatively high thermal conductivity of rock as well as in
the pores (Butler and Yee, 2002), thus thermal diffusion is much faster than the molecular
diffusion required for solvent mixing. Therefore, it is generally expected that VVapex production

rates will be much lower than those in a steam process.

Edge of dilute oil

Figure 1.5 Schematic of vapor extraction (Vapex)

Solvent selection is a critical economic factor in Vapex. The ideal solvent depends on reservoir
characteristics such as temperature, pressure and bitumen properties. It is important that the
solvent remains in the gas phase to minimize the amount of solvent required to fill evacuated
pore spaces. Moreover the diffusivity of gas-liquid is higher than liquid-liquid. The advantage of
this process is that natural gas is not required to produce steam, thus providing a savings on
energy usage. Vapex process uses only 3% of the energy required by steam processes (Das,
1998). In addition to its superior energy efficiency, this process has many advantages, notably
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the absence of costly water treatment installations. Vapex also does some partial upgrading of
bitumen to oil right in the formation (Karmaker and Maini, 2003). Moreover, Vapex does away
with the emission of large quantities of greenhouse gases inherent in steam generation. Das
(2002) estimated that Vapex process produces 80% less green house gas emission than steam
assisted gravity drainage process. The main perceived drawback of Vapex is the low drainage
rates predicted for real reservoirs compared with drainage rates given by SAGD process. This

has hampered the field implementation of the process.

Vapex offers an alternative process to recover bitumen from reservoirs that are not amenable to
thermal processes such as reservoirs with bottom water and/or high water saturation, vertical
fractures, low porosity and low thermal conductivity. The important factors influencing Vapex
are viscosity of heavy oil and bitumen, diffusion of solvent into heavy oil and bitumen,
dispersion of solvent with heavy oil and bitumen, deasphalting of heavy oil and bitumen, solvent

selection for Vapex, permeability of reservoir and geological factors of reservoir.

The main drawback of the Vapex process is the lower oil production rates compared to SAGD
process. The oil production rate is governed by the dispersion phenomenon, which is a
combination of molecular diffusion and convective mixing. Thus, the knowledge of dispersion of

solvents in heavy oil and bitumen is crucial to optimize the oil production rates.
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Literature Review

The Vapex process was first developed by Butler and Mokrys (1989) as a solvent analogue to
steam assisted gravity drainage (SAGD). Since invention, this process has been the subject of
interest of many heavy oil researchers during the last two decades. Below is presented a brief

literature survey that focuses on the laboratory-scale advances and the field experiences.
2.1 Idea of VVapex Process

The basic idea for the VVapex process was first introduced by Allen in (1974). He came up with a
new technique of injecting hydrocarbon solvents such as butane and propane instead of steam in
Cyclic Steam Stimulation process (Allen, 1974; and Allen et al., 1976). After the initial
establishments he further enhanced the idea by injecting the blend gaseous phase to overcome
the reservoir pressure constraint. He injected the hydrocarbon solvent along with a carrier gas
(Allen, 1977).

Butler and Mokrys (1989) further developed the idea of solvent injection and gravity drainage.

They modified the Allen’s concept by injecting the solvent or their blends in heavy oil reservoir
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but with similar well configuration as of SAGD. They named this process “Vapex”. Since then,

this process has been the primary focus of interest for many researchers as well as oil industry.

During a typical Vapex process, the hydrocarbon solvent is injected via a horizontal injector well
and the oil is produced from a second horizontal well that is parallel placed beneath the injection
well. The driving mechanism behind the oil extraction is reduction in the heavy oil viscosity at
the solvent oil interface due to vapor diffusion and dilution. This reduced viscosity oil drains

towards the production well due to gravity.
2.2 Fluid Flow in Vapex Process

The injection of solvent through the injection well creates a solvent chamber similar to steam
chamber as in SAGD. The solvent chamber (Figure 1.5) rises towards the top of the reservoir and
expands towards the reservoir boundaries. At the chamber boundaries the solvent in its vapor
state comes in contact with the reservoir oil. Due to highest solvent concentration in the vapor
chamber and minimum solvent concentration in the oil there presents huge concentration
gradient. Due to this, solvent starts to diffuse or dilute into the oil. Azin et al. (2008); Muhamad
et al., (2012) discovered that the oil recovery with propane is improved by increasing the
injection pressure up to the dew point pressure. Moreover, Vapex is more effective with pure

solvent compared to the use of solvent mixtures.
2.3 Experimental Methods in Vapex

Experimental techniques to visualize the performance of Vapex can be divided into the following
two classes:
1. Experiments performed in Hele-Shaw Cell.

2. Experiments performed in sand pack models.

The Hele-Shaw cell has been used to study the rate of interface advancement in Vapex for a two
dimension system, as well as to understand the growth of vapor chamber. The Hele-Shaw cell
consists of two parallel glass plates separated by a uniform gap. The gap between the plates is
used to set the permeability of the cell. The cell cavity is formed by sealing three edges of the
two parallel glass plates. The cell cavity is then placed in a pressure vessel. The gap between the
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plates is filled with heavy oil or bitumen, and the solvent gas is injected to the cell. Gas comes

into contact with the oil from the unsealed portion of the cell.

Butler and Mokrys (1989, 1991), Mokrys and Butler (1993), and Das and Butler (1994)
performed set of experiments in vertical Hele-Shaw cell using heavy oil and different solvents to
investigate different aspects of Vapex process. It was found that experiments performed in Hele-

Shaw cell do not represent a real system to investigate the pore scale phenomenon.

The sand packed models has been used to simulate actual porous media. Different geometries of
cylindrical and rectangular models filled with porous media have been under investigation. Glass
beads with different sizes, or sand with different permeability is used to simulate the
permeability of the media. It has been observed that in porous media the process occurs
approximately ten times faster than predicted on Hele-Shaw cell results. Butler and Mokrys
(1993), Jiang and Butler (1996), Jiang (1997), Butler and Mokrys (1998), Jin (1999), Butler and
Jiang (2000), Oduntan et al., (2001), Karmaker and Maini (2003), Yazdani and Maini (2004),
and El-Haj (2007) performed such experiments. Table (2.1) from Upreti et al. (2007) lists some

of the characteristics of the experimental studies carried out for Vapex.
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Table 0.1: Characteristics of the experimental studies carried out for Vapex

(Upreti et al., 2007).

Reservoir Solvent Heavy oil Temp Pressure Permeability
Model and 0
Bitumen C MPa Darcy
Scaledand Hotwaterand Tangleflags 20-70 0.89-1.55 1150
Packed with propane oil
1mm glass mixture,
beads ethane and
propane
Scaled and Propane, Tangleflags 20-26 .708-.984 830
packed with  propane and  North heavy with with
1mm glass steam oil propane, propane,
beads mixtures 185 with 1.1 with
mixture mixture
Scaled and Butane Piece River 21-22 0.23 20-30,30-50,
packed with Bitumen, 50—70 mesh
1mm glass Lloydminste Ottawa sand
beads oil
Two Butane Tangleflags 21-23 0.21-0.23 43.5-217
dimensional Northfield
multi layer Lloydminste
Packed with Ethane Cold Lake 20-33 0.83—4 80—-110
silica sand Bitumen
Scaled and Propane Tangleflags 2023 0.8-1 20-30
packed with Heavy oil, 30-50.50—70
1mm glass Peace River mesh Ottawa
beads Bitumen

sand
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Table 0.1: Characteristics of the experimental studies carried out for Vapex.

(Upreti et al., 2007).

Reservoir Solvent Heavy oil Temp  Pressure Permeability
Model and 0
Bitumen MPa Darcy
Packed with 20- Propane, Atlee Buffalo 2127 0.31-2.2 220
30 mesh Ottawa butane and Oil
sand mixture with
non
condensable
gas
Angled Butane Peace River 19-22  0.21-0.23 55-192
rectangle micro
models
Packed with 20- Propane, Atlee Buffalo 2127 03122 220
30 mesh Ottawa butane and Oil
sand mixture with
non
condensable
gas
Hele-Shaw cell Propane Dover and 10-23 Below
Penny dew point
Bitumen
Angled Butane Peace River 1922 0.21-0.2 55-192
rectangle micro 3
models
Annular Model  CO2 propane, Oil viscosity 23-24.9 1.82-4.23 648
packed with methane 3.3 pa,s at
glass beads propane 24°C
Rectangular and n-butane Oil viscosity 15 0.17 223-648
packed model 18.5 pa,s at
15°C
Rectangular Methane Oil viscosity 10,19 1.2 2-8
sand packed propane of 40 Pa.s at
model 10 °C
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2.4 Effect of Petro Physical Properties on Vapex Performance

Jiang (1997) studied the effect of reservoir homogeneity and heterogeneity both homogenous and
heterogeneous reservoir packed model and Tangle flags, Peace River and Atlee Buffalo heavy
crudes with butane andpropane as solvents. He investigated the effects of well spacing, well
configurations, permeability, temperature, viscosity of original oil and solvent injection rates on
the Vapex performance. He found that the effect of reservoir heterogeneity is more important

when a continuous low-permeability layer or shale is present.

Butler and Mokrys (1998) investigated the effect of aquifers on Vapex process by performing the
experiments Peace River and Lloydminster heavy and using propane as injected solvent. They
concluded that the presence of aquifers helps in mixing the solvent more effectively and

efficiently and results in increased process performance.

Butler and Jiang (2000) studied the effect of major petro physical parameters like well spacing
and configurations on the performance of Vapex process. They discovered that wider lateral well
spacing allow higher production rate but with a compromise on the injection and production

wells communication time.

Yazdani and Maini (2005) investigated the effect of drainage height and grain size on production
rates in the Vapex process. The primary objective of their work was to develop an improved
scale up method for Vapex process using physical model experiments carried out with different
model sizes. The authors proposed a new correlation for scaling up the experimental data to field
cases. As per the correlation the height dependency of the convective dispersion contribution
(which can be the dominant mass transfer mechanism in Vapex process) to be higher order than
previously reported in the literature. The authors concluded that stabilized oil production rates in
Vapex process is a function of drainage height to the power of 1.1 to 1.3 instead of square
function as reported by the Butker and Mokry’s (1989) model.
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Azin et al (2007) studied the effect of fractures on the Vapex performance. They used a
rectangular physical model to evaluate the effect of vertical and horizontal fractures on Vapex
performance. They concluded that the availability of the fractures in the reservoir increases the
solvent oil contact area that improves the cross flow of solvent and oil between the fracture and

the matrix. Consequently increases the area for solvent diffusion into the reservoir fluid.

Rahnema et al. (2007) investigated the well configuration and the lateral spacing in reservoirs
containing gas cap. Based upon the experimental data, they developed a numerical model and
utilized it to simulate a two dimensional sand-packed reservoir. They concluded that optimum
well location for injection well was near oil and gas contact. Moreover, they showed that the
lateral spacing between production and injection wells has a negligible effect on the ultimate oil

recovery.

Moghadam et al. (2007) examined the effects of varying permeability on Vapex performance
using pure propane as injected solvent. They showed that at permeability range up to 100 Darcies
the heavy oil production rate is dependent on the square root of permeability.

Zeng et al. (2008) investigated a tee-well pattern that enhanced the oil flow rate two to ten times
over the classical Vapex process. They proposed a well pattern consisted of additional horizontal
injectors, perpendicular to the injector and the producer in classical Vapex, which were placed in
the top-most region of the reservoir. In this pattern, the heavy oil was solvent contacted and

diluted in both axial planes.

Yazdani and Maini (2010) designed an experimental set-up and performed a series of PVT
experiments for Frog Lake heavy oil using butane as a solvent. From the experiments they
measured the mixture density, dissolved solvent mass fraction, and mixture viscosity at different
saturation pressures at a constant temperature. They used the experimental data to tune the Peng
Robinson EOS for their particular heavy oil and solvent system. The results showed that a two

component model would predict the experimental data and is sufficient to be used in the
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numerical simulation of Vapex process. The authors also concluded that many of the available
viscosity correlations in the literature are not suitable for the heavy oil systems with necessary

adjustments.

Fatemi and Bahonar (2010) evaluated the effects of fractures geometrical properties on Vapex
performance. They studied the fracture orientation, the fracture length, the fracture discontinuity
in both the far well region and the upper well region, and the vertical fracture location. They also
assessed the effects of horizontal and vertical fracture dispersion in various density, dispersion
scheme and networking on the performance of the Vapex process. In their work, a fracture's
discontinuity effect has been scrutinized in the presence of parallel-piped networked fractures.
This confirmed the results in the case of either vertical or horizontal fractured matrices. They
found that the Vapex process enhanced the performance in the case of longer vertical fractures,
shorter horizontal fractures, lower horizontal fracture dispersion, and lower vertical fracture

discontinuity.

Alkindi et al. (2010) assessed the role of reservoir thickness on the drainage rates during a Vapex
process. They found that drainage rates had a higher than square root dependency on the height

of the standard analytical model of Butler-Mokrys.
2.5 Effect of Asphaltene Precipitation on Vapex Performance

Asphaltene precipitation is the most important physical phenomena occurring during the Vapex
process. At the solvent oil interface, when solvent diffuses in the oil it changes its phase from
vapor to liquid. Due to this phase change there is alteration in the temperature, pressure and
concentration at the contact point. Due to these three parameters change the process of
asphaltene precipitation takes place. After the asphaltene precipitation occurs, the produced
heavy oil is in-situ deasphalted and thus has a lower viscosity, more mobility and better quality.
On the other hand, deposited asphaltenes may change the matrix wettability to oil wet and thus
decrease its permeability. Moreover, the precipitated asphaltenes may plug some small pores of

the reservoir formation and thus reduce its permeability.
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Nghiem et al. (2000) discussed the results of phase behavior calculations and compositional
simulation of asphaltene precipitation in the Vapex process. They used a sand packed model
saturated with Athabasca heavy oil and propane as a solvent. The authors concluded that
deasphalting can affect the viscosity of solvent diluted oil. In situ de-asphalting reduces the oil
viscosity and leads to higher production, but the precipitated asphaltenes also plug the formation

pores and cause severe damage to the permeability.

Frauenfeld et al. (2004) investigated a bottom water Vapex process and they reported that no
significant asphaltene precipitation and upgrading were noted. However, they predicted that by
increasing the solvent loading, it might be possible to initiate asphaltene precipitation and thus
further reduce oil viscosity.

Luo and Gu (2005) assessed the respective and synergistic effects of solvent concentration on
heavy oil viscosity by measuring the solvent concentration in heavy oil samples. The result
showed that solvent dissolution played a dominant role in heavy oil viscosity reduction. When
the equilibrium propane concentration is high enough, the heavy oil-propane system had
extremely low viscosity. They compared the effect of asphaltene removal and solvent dissolution
on reduction the heavy oil viscosity and they found that the effect of asphaltene removal was
negligible.

Haghighat and Maini (2008) studied the role of asphaltene precipitation in Vapex process. They
studied experimentally whether the beneficial effects of asphaltene precipitation will outweigh
any formation damage. They showed that the oil produced at higher injection pressures was
substantially upgraded but the viscosity reduction by asphaltene precipitation did not lead to
higher rates of production. In other hand, the effect of viscosity reduction was negated by the

accompanying damage to formation permeability.

Kok et al. (2008) compared the asphaltene precipitation during propane and butane injection and

revealed that propane gave better results than butane. Ardali et al. (2009) used low permeability
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sand packed models in both dry and non-dry systems and they assessed the performance of
Vapex process when asphaltene precipitation/deposition occurred. They observed that adsorption
of asphaltenes had decreased in non-dry systems. Movement of precipitated asphaltene and less
adsorption in non-dry experiments resulted in more stable Vapex processes while in dry
experiments higher adsorption of asphaltenes resulted in plugging of low permeability porous

medium.

Pourabdollah et al. (2010) investigated the effect of matrix permeability and vapor dew point on
the movement of deposited asphaltenes in this process. Moreover, the distribution of asphaltenes,
resins, residual hydrocarbons, and metal chelates was determined. They measured the asphaltene
resin, and vanadium chelates in residual hydrocarbon of swept zone. According to the results of
their experiments with high permeable matrices close to the solvent dew point, the precipitated
streaks moved faster than other conditions. Distributions of measures substances showed a
reduction in their interfacial concentration from the vapor injection to the oil production ports.
But the distribution of dissolved vanadium chelate in asphaltene and resin precipitated followed

a reverse pattern.
2.6 Optimization of Vpaex

Kok et al. (2008) used a Hele Shaw cell model filled with light crude oil with API gravity of
26° API. They used butane and propane as a solvents and injected the fluids at three injection
rates of (20, 40, and 80 ml/min). They found that for both the solvent, the recovery rates
increased with injection rates. Instantaneous asphaltene rate showed fluctuated performance
with propane solvent, while the butane showed almost constant degree of asphaltene
precipitation.

In the Vapex process, the solvent vapor chamber has to be maintained at pressures lower than the
solvent vapor pressure to prevent the extracted region from being filled with liquid. Das and
Butler (1995) studied the potential for injecting a non-condensable carrier gas along with the
solvent to increase the operating pressure. To achieve the maximum solubility, they proposed to

inject a leaching liquid solvent to be vaporized and carried to the bitumen interface by the carrier
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gas. They named this technique as the BUTEX process. Karmaker and Maini (2003) briefly
discussed the effect of reservoir aquifer, gas cap reservoir, well configuration, process operation,
the heavy oil viscosity and temperature as well as the solvent injection scheme and well spacing
in the Vapex process. Glass beads with different sizes, or sand with different permeability is used
to simulate the permeability of the media. The results show that much higher oil rates in field
processes are possible compared to those predicted by previous investigators based on the results

from Hele-Shaw cell experiments and the available scale-up procedure.
2.7 Mass Transfer Mechanism in Vapex

The performance of Vapex is directly related to the amount of solvent dissolving into the heavy
oil. Solvent transfers into the heavy oil by the transport mechanism of dispersion. Dispersion is a
combination of molecular diffusion and convective dispersion. More detail will provide for

diffusion and dispersion of the solvent-heavy oil in the following sections.
2.7.1 Diffusion of Solvent Gases in Heavy Qil

Three distinct stages are involved in the molecular diffusion phenomena of an injected gas into
heavy oil. First, the gas moves towards the oil-gas interface, then the gas penetrates the interface,
and finally the penetrated gas diffuses in the oil body. The accurate diffusion data for solvent—
heavy oil systems are necessary to determine the amount of gas required, the extent of heavy oil

reserves, the required time and the rate of oil production (Aconcha et al., 2008 ).

The molecular diffusion coefficient is not a constant. It varies with temperature, concentration
and pressure. In most of the published literature on molecular diffusion measurements in
hydrocarbons, the calculations are based on the assumption that the diffusion is constant over the
concentration range used in the experiments. However, Oballa and Butler (1989) studied the
diffusion process in toluene-bitumen system and found that the overall diffusion coefficients

were strongly dependent on the concentration of the solute.

James 2009 investigated the mass transfer mechanism during the solvent recovery of heavy oil.
The author designed the experiments to capture the rate of solvent mass transfer into the bitumen
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by measuring the bitumen swelling and the butane uptake independently. The author developed a
mathematical model to predict the bitumen swelling using a concentration dependent diffusivity.
Using the non-linear regression function in Matlab and independently validating the results using
the solvent uptake the authors the diffusivity of butane in heavy oil at 25°C to be Dg,= 4.78 x 10°®

oS + 4.91 x 10 cm?/s where wsiis the solvent mass fraction.

Das and Butler (1996) obtained empirical correlations for the diffusion coefficients of propane
and butane in bitumen. The diffusivity showed a strong dependence on viscosity. The
dependence of diffusivity on viscosity and the dependence of viscosity on solvent concentration

imply that diffusivity in heavy oil is a function of solvent concentration.
Upreti and Mehrotra (2000) obtained similar results as the concentration profiles for the sorption

of carbon dioxide in Athabasca bitumen indicated that the diffusivity is concentration dependent.

Table (2.2) indicates some of the available correlations for diffusivity estimation.
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Table 2.2 Different correlations for diffusivity estimation

Reference Gas Bitumen Diffusivity Correlation
Hayduk& Varity of 11 different D=au™
Cheng, 1971 solvents solute
Hiss &Cussler, D= ay_%
1973
Hayduk et al., Propane Peace River D =0.0591 x 10°° 1 °*
1973 D (m?/s); 4 (PS)
Ha);(iuligg\;l inh Propane  Peace River D=133x10°Ty " (100
' D (cm*/s); u (cP)
Das and Butler, Propane Peace River D =1.306 x 1079 1%
199 D (m?/s); 4 (PS)
Das and Butler, Butane Peace River D=4.131x107° ;%%
199 D (m?/s); 4 (Ps)
Upreti and CO, CH,;  Athabasca InD = d, +d,(T +273.15)
Mehrotra, 2002 CoHs N bitumen D (m?/s)

2.7.2 Dispersion of Solvent Gases in Heavy Oil and Bitumen

For a Vapex process the dispersion of solvent in porous media can be explained as a combined
effect of molecular diffusion, convective motion, surface renewal, viscosity reduction and
gravity drainage. In the extraction of heavy oil and bitumen using vaporized gases, as the gas
diffuses into oil, it swells and gets diluted and drains under the action of gravity. As the oil drains
the covered surface of heavy oil gets exposed to gas. That is how oil surface renewal takes place

along with gas diffusion.
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Kapadia et al. (2006) developed and simulated a mathematical model to determine gas dispersion
during the vapor extraction of Cold Lake bitumen from a rectangular block of homogeneous
porous medium using butane. The gas dispersion and heavy oil and bitumen viscosity were
considered to be dependent on concentration. The dispersion coefficient was found to be four

orders of magnitude higher than reported molecular diffusion.

El-Haj et al. (2009) studied the butane dispersion in the Vapex process using butane solvent at
the dew point pressure, Athabasca bitumen and sand packed cylindrical model with different
permeabilities. They developed a mathematical model for solvent transfer into the matrix and
determined the concentration-dependent dispersion coefficient of butane optimally by matching
the experimental live oil production with the model-predicted one. The results were obtained for
three different permeabilities. They minimized the root-mean-squared fractional error between
the experimental and the calculated production to determine the optimum interfacial mass
fraction and dispersion coefficient of butane. The dispersion coefficients were determined to be
9.8x10°® m?/s, 9.5x10°® m?s and 9.4x10°® m%s for 110, 157 and 180 Darcy permeabilities,
respectively. The dispersion coefficients were three orders of magnitude higher than the

molecular diffusion of butane in the heavy oil.

Abukhalifeh et al. (2010) developed a technique to determine the concentration-dependent
dispersion coefficient of a propane as a solvent in the Vapex process via a mass transfer model
and a computational algorithm to compute the solvent dispersion as a function of its
concentration in heavy oil. Figure 2.1 presentsthe differential element of the physical model. The
unsteady state mass balance for solvent propane over a differential element of the medium was
derived. Equation (2.1)described the mass balance of the mass transfer model that applied to the
physical model. Based upon their experimentally results, they showed that dispersion of propane

was a unimodal function of its concentration in bitumen.

d
E(V(Dpa)) :(VApa))z+Az _(VApa))z +(Jf5¢)r+Ar _(stqo)r (21)
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where V =27 r ArAz the volume of the element, A=2xzrAr is the area transverse to the live
oil velocity v in the vertical direction, and S =2zrAz is the area transverse to the dispersive

flux J; in the radial direction. The final equation of the mass transfer model was given by

TG ol R )RR e

where w(t,r,z) is the mass fraction of solvent in bitumen, which is a function of time, radius,
and height of the porous medium where D is the undetermined concentration-dependent

dispersion coefficient;v is the Darcy velocity of the live oil

Figure 2.1 Differential element of the physical model (Abukhalifeh et al., 2010)
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2.8 Operating Pressure in Vapex

The operating pressure stands for the solvent injection pressure during Vapex. This pressure is a
crucial factor that affects the heavy oil production rate in the Vapex process because the solvent
state is strongly dependent on the operating pressure. As one of the major factors for asphaltene
precipitation, the operating pressure influences oil production rate significantly. Most researchers
(Butler and Mokrys, 1991; Das and Butler, 1998; Butler and Jiang, 2000; Boustani and Maini,
2001) conducted their experiments at an operating pressure close to the solvent injection
pressure, under which a higher oil production rate might be obtained. The detailed effect of the
operating pressure on heavy oil production rate in the Vapex process has been studied by Das
and Butler (1995). They tested two different pressures of 779 and 434 kPa by using butane as an
extraction solvent and nitrogen as a carrier gas to increase the operating pressure. Their results
showed that the operating pressure did not have a significant effect on the oil production rate if a

gas mixture was used to extract heavy oil.,

Furthermore, Butler and Jiang (2000) studied the effect of an operating pressure on the heavy oil
production rate in the Vapex process. Two experimental tests were conducted at the operating
pressure of 2,140 and 1,360 kPa and temperature of 27°C with propane and butane as an
extracting solvent mixture, respectively. Their results showed that for the first four hours, two
experiments gave almost the same oil production rate, which is due to the initial connection
between the injector and producer. During the solvent chamber spreading phase, experiment at
lower operating pressure gave a higher oil production rate than that at higher operating pressure.
An average oil production rate during the entire experiment was reduced by approximately 8% at
an increased operating pressure. It was probably because less gaseous solvent is available at the
increased operating pressure due to phase change so that the amount of solvent dissolved into

heavy oil becomes less.

It has to be kept in mind that the above studies did not consider the variation of solvent injection
pressure with time as a means to influence oil production in Vapex. Providing a proof-of-concept
for this approach, formalizing it, and validating it to enhance oil production in Vapex is the novel
contribution of the present study.
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2.9 Optimal Control

An optimal control is a function that optimizes the performance of a system changing with time,
space, or any other independent variable (Upreti, 2012). Optimal Control is a superset of
optimization that deals with the determination control functions for a given system that will
maximize or minimize a specific performance criterion subject to constraints describing the

system dynamics (Ray, 1981).

Optimal Control is different than that the classical process control, which is generally a trial and
error process in which various methods of analysis are used iteratively to determine the design
parameters of an “acceptable” system. Acceptable performance is generally defined in terms of
time and frequency domain criteria such as rise time, settling time, peak overshoot, gain and
phase margin, and bandwidth. Radically different performance criteria must be satisfied,
however, by the complex, dynamic systems required to meet the demands of modern day
technology.

For example, consider a well-mixed batch reactor with chemical species A and B reacting to
form a product C. The reactivities are dependent on the reactor temperature. Such a system is
described by species material balances, or equation of change. They are differential equations
with time as the independent variable. An optimal control problem for this system is to find the
reactor temperature versus time function, the application of which maximizes the product
concentration at the final time. That function is the optimal control among all possible control
functions (Upreti, 2012).

2.9.1 Optimal Control and Optimization

Optimal Control is the optimization of an objective functional subject to the equations of change
in a system, and additional constraints, if any. Because of this fact, Optimal Control is also
known as dynamic or trajectory optimization. The salient feature of Optimal Control is that it
uses functions as optimization parameters. A control function used in optimal control is made of
a number of values, one for each value of the independent variable. That number is infinity if at
least a portion of the function is continuous. Hence, from the standpoint of traditional
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optimization, Optimal Control is equivalent to multi-parameter optimization. With a significantly
greater number of parameters available to optimize in general, optimal control unleashes an
infinite region to search for optimal solutions otherwise out of reach of traditional optimization
(Upreti, 2012).

The literature survey presented above briefly discussed the efforts done by different researchers
in the last two decades to understand the transport mechanism in Vapex as well as recognize
important parameters to increase the performance. Although Vapex researchers have been trying
to investigate the effect of important parameters such as solvent injection rates, injection
pressure, oil viscosity, and pressure on oil production, no one has applied Optimal Control for
this purpose. In this work, we apply Optimal Control to determine the optimal solvent injection

pressure versus time policy, which maximizes oil production in Vapex.
2.10 Objectives of Current Study

The objectives of this study are as follows:

1. To prove experimentally that oil production in Vapex can be increased by suitably
varying solvent injection pressure with time, i.e. by utilizing solvent pressure versus time
as a control function.

2. To utilize the theory of Optimal Control to determine optimal solvent injection pressure
versus time function (or policy) to maximize oil production in Vapex.

3. To experimentally validate the optimal policy determined in the last step for different

solvents in Vapex.
2.11 Structure of the Dissertation

This dissertation is organized in seven Chapters.

Chapter 1 provides a brief background of heavy oil, recovery methods, heavy oil reserves, oil
recovery processes, and Vapex.

Chapter 2 provides a literature review on Vapex. The topics include the concept of Vapex,
experimental methods, effect of petro-physical properties on Vapex performance, effect of
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asphaltene deposition and precipitation on Vapex, optimization of Vapex, mass transfer in
Vapex, operating pressure in Vapex, and a brief introduction to Optimal Control leading to the

objectives of the present study.

Chapter 3 provides the details of setups used to run the proof-of-concept experiments. The
experiments employ two different heights of the physical reservoir models, three different

permeabilities, and different pressures.

Chapter 4 presents Optimal Control of Vapex. The optimal control problem is formulated. The
necessary conditions are derived for the maximum of the oil production. An optimal control
algorithm is developed to determine optimal solvent injection pressure versus time policy to

maximize oil production in Vapex.
Chapter 5 presents the results of proof-of-concept experiments. Next, it provides the optimal
solvent injection pressure versus time policies obtained from the optimal control algorithm. The

results of the validation experiments are included in the end.

Chapter 6 summarizes the contributions of this research. The future work and recommendations

are presented in this final chapter.
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Experimental Setups
and Procedures

This chapter describes experimental setups and procedures used to perform different experiments
in this study. The generated experimental data were used to calculate the live oil viscosity,
density, cumulative production rate, solubility of solvent gas in heavy oil and maximum
interfacial solvent concentration as function of injection pressures. The details of experimental

permeability determination are also incorporated.
3.1 Main Experimental Setups

The main experimental setups were designed and built in this study are

1. Vapex setup

2. Interfacial concentration setup
Vapex Setup

The Vapex setup was used to perform
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i) the following proof-of-concept experiments:
a. Oil production using constant injection pressure of pure solvents.
b. Oil production using the temporal variation of solvent injection pressure was

varied to examine the effect on oil production injection.

These experiments were used to realize the possibility of positive reinforcement of

varying solvent injection pressure on oil production in Vapex.

i) the validation of the optimal solvent injection pressure versus time policies
determined from the optimal control algorithm.

Interfacial Concentration Setup

This setup was used to correlate the injection pressure of a solvent to its concentration at the
solvent-oil interface during Vapex. This evaluation was required to map the optimal interfacial
solvent concentration versus time obtained from the optimal control algorithm to solvent

injection pressure versus time policy.

The details of the experimental setups and procedures are as follows.
3.1.1Vapex Setup

The schematic of the Vapex setup used in this work is shown in Figure 3.1. This setup was used
to perform Vapex experiments in order to study the production rates of the live oil and measured
the required data to calculate the dispersion coefficient of solvent gas into the heavy oil as well
as variation of injection pressure to enhance oil production rate in VVapex process. The picture of
the experimental setup is shown in Figure 3.2. The experiments were performed using two
electronically regulated proportional valves (Model, PV101-10V, Omega Engineering, Inc.
Canada) to control pressure.

The setup consists of a cylindrical pressure vessel of 15 cm internal diameter and 80 cm height
with the arrangement of a load cell (LC, capacity: 4500 g, LSB200, JR S-Beam , provided by
FUTAK advance sensor technology. INC., Irvine, CA, USA), and monitoring instruments for
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temperature of the vessel, pressure inside the vessel, temperature of the sample and temperature
of water bath. Proportional control valves are placed in the butane gas line and the other is
attached to the pressure vessel. The pressure inside the vessel is either kept constant or
temporally varied. The vessel is placed inside a temperature-controlled water bath. The

temperature controller is designed to maintain the temperature within 0.5 °C of the set point.

In a given experiment, oil saturated porous medium with glass beads of known size was packed
in one of the cylindrical models comprising of a stainless steel wire mesh and attached to the
load cell hook, fitted on the top flange of the pressure vessel. The load cell was used to record
the weight change in the sample model resulted from dispersive action of the solvent gas that

dilute the heavy oil.
All the temperature sensors, pressure transducers, flow meter of input gas, load cell, and two

pressure valves were connected to a data acquisition system (DAS), which was connected to a

computer.
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Figure 3.2 Picture of the Vapex experimental setup
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LabView version 7.1 software provided by National instruments was used for graphical user
interface and online monitoring of all input and output data of the setup. Research grade butane
and propane with purity of 99.99% (MEGS specialty gases Inc., Montreal, Quebec) were used as
solvents at laboratory ambient temperature, which varied between 21°C and 22°C, for all

experiments.

To collect the produced oil, a small carbon steel funnel at the vessel bottom was used. The funnel
collected the diluted drain oil and directed it towards the collection tube calibrated to 25 cm?,
The collection tube was connected to a stainless steel capillary tube of length 50 cm with an
internal inside diameter of 0.1016 cm. The capillary tube was used to measure the viscosity of
live oil. A differential pressure transducer was connected to both ends of the capillary tube.
Through the capillary tube, oil was directed to a stainless steel flash tank with holding capacity
of 300 cmé.

The flash tank was wrapped with an electrical heating tape (HTWC 101, heat tape with
controller) and a controller to maintain the temperature of the live oil. Flash separation tank was

used to remove the dissolved solvent gas from the produced live oil.
3.1.1.1 Experimental Procedure

Before starting an experiment, the vessel was pressurized with air and leak-tested for no
detectible pressure decay for 12 h. The physical model was vertically suspended inside the
pressure vessel from the load cell (see Figure 3.1). After sealing the vessel, the leak test was
performed again for a short period of time to ensure proper sealing of the vessel. Air was purged
from the entire setup by applying vacuum close to —15 mm Hg (gauge) using a vacuum pump.
To ensure complete displacement of dead air, the entire system was flushed with solvent gas for
15 min and vacuumed again. Butane or propane close to the dew point pressure corresponding to
room temperature (21°C) was injected from the top port into the vessel exposing the physical
model from all around. Resistance temperature detectors were used to measure the temperature
of physical sample, solvent gas, flash tank, and water bath. Research grade butane or propane of
purity 99.99% were used individually in the experiments. The flow of solvent gas to the pressure

vessel was monitored by a flow meter (Model No: FMA-1605, Maximum Pressure 125 psia).
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The injection pressure was controlled through two pressure control valves installed on the setup.
With solvent gas absorption, the heavy oil in the exposed external pores of the porous physical
model became less viscous and began to drain into a collection tube as live oil. The load cell

recorded a decrease in the mass of the physical model every minute as the production continued.

The concentration of solvent gas at the interface where oil and gas are in contact is the maximum
concentration of gas in the oil medium. When the oil viscosity was reduced to a certain point,
diluted oil now stated as live oil started to drain out of physical model by gravity, and
accumulated in the funnel placed at the bottom of the pressure vessel. The valve was opened to
direct the diluted oil towards the calibrated collection tube. The flash separation tank was
wrapped with a flexible heating tape with temperature controller to maintain the temperature
inside the separator at 60°C or higher. The liberated butane was allowed to enter a graduated gas
measuring column from the port located on the top flash tank. The gas measuring column was
initially filled with water. The liberated volume of solvent gas was determined by calculating the

volume of the space occupied by the removed water.

The produced solvent gas-free oil or “dead oil” was collected in a beaker placed on a weighing
balance after each flashing by opening valve located below the flash tank. The live oil production
was recorded online every 5 seconds with data acquisition system from the load cell, which
exhibited reduction in the weight of the model.

Before starting each experiment, the load cell was calibrated to the desired mark, and its
behaviour was closely observed during the leak test as well as gas filling process.After a certain
amount of live oil had been collected in the collection tube (almost 17 cm?®), the live oil was
directed towards the capillary tube, and then to the flash tank for determining the required
parameters (i.e density, viscosity, and solubility) for dispersion coefficient and optimal control

problem calculations.

At the end of an experiment, the solvent gas feed was shut. The experimental setup was vented,

flushed with air, and vented again. The production of live oil with time was recorded.
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3.1.2 Interfacial Solvent Concentration Setup

This experimental setup primarily comprised of a high-pressure vessel, syringe pump, water
bath, data acquisition system, capillary tubes for oil sample collection and high accuracy scale.

This experimental setup was designed to determine a functional relationship between the solvent

injection pressure (P) and interfacial solvent concentration (,,) at the solvent-oil interface, i.e.

P=P (o) 3.1)

Knowing the above relation, we can obtain solvent pressure injection policy from optimal

interfacial solvent concentration. It may be noted that the optimal control algorithm provides

optimal mass fraction of solvent at the solvent—heavy oil interface [ w,,(t)] as a function of time,

which needs to be mapped to the policy P(t) using Equation (3.1). Experiments with different
injection pressures were performed in the setup whose schematic is shown in Figure 3.3 and the

maximum solvent concentration for each pressure was measured.
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Figure 3.3 Schematic of solvent-heavy oil system for the measurement of interfacial solvent

concentration

3.1.2.1 Experimental Procedure

The pressure vessel was placed in a water bath held at a constant temperature, and was filled
with about 25 grams of heavy oil. The top end of the vessel was connected to syringe pump and a
capillary tube that was used to take the oil sample from the top most layers. Propane or butane
gas was injected to the vessel through the syringe pump at a constant pressure for at least 8hours

at 21°C. The concentration of solvent present in the surface was determined as follows.
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Through capillary lines the diluted oil sample was taken from the top layer very close to the

heavy oil surface (about one millimeter) into a sealed collection tube (see Figure 3.4). The sealed

sample tube was weighed for oil with solvent. Then this tube was open to atmosphere and

warmed around 60°C to release the dissolved and residual propane in the oil. After flushing the

solvent gas out the tube with oil (only) was weighed. From the mass balance, gas mass fraction

in the oil was calculated. The experiments were performed at different injection pressures. The

solvent concentration thus obtained is the interfacial concentration used in this study. Table 3.1

shows the interfacial concentration of propane and butane at different pressures.

Table 3.1 Pressure versus interfacial concentration for propane and butane, 21°C, 14,500 mPa-s

viscosity

Propane Propane mass Butane Butane mass
Pressure(kPa) fraction( w,,,) Pressure(kPa)  fraction( @, )

413.7 0.26 91.01 0.22

482.6 0.45 97.9 0.34

551.6 0.54 101.3 0.37

620.5 0.68 104.8 0.49

689.5 0.77 111.69 0.61
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Figure 3.4 Picture of solvent-heavy oil system for the measurement of interfacial solvent

concentration
3.2 Heavy Oil Properties

The heavy oil used in this study was obtained from Saskatchewan Research Council (SRC),
Regina. The viscosity of heavy oil was determined by using Bohlin Viscometer. A small amount
of oil (10 grams) was placed in the cone and plate arrangement of the viscometer. The viscosity
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of the heavy oil was determined at different temperatures starting from 20°C to 40°C. The

viscosity of the oil at the experimental temperature was found to be 14,500 mPa-s. Figure 3.5

shows viscosity of heavy oil versus temperature. The heavy oil density, molecular weight, and
SARA (wt %) are shown in Table 3.2.
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Figure 3.5 Viscosity of heavy oil versus temperature

Table 3.2 Properties of the heavy oil

Heavy Oil Properties  (°C) (kg/m®)
15 984
Density (kg/m°) at °C 25 977
40 968
Mol Weight (kg/kmol) 496
SARA (wt %)
Saturates 29
Aromatics 31
Resins 22
Asphaltenes 14

40

45
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3.3 Glass Beads Properties

The packing material used in this experiment to simulate a reservoir was a simulated mixture of
heavy oil and glass beads. The latter were obtained from Flex-O-Lite (supplied by Ritchey
Supply Ltd.). Glass beads are manufactured from high-grad optical crown glass, lead free, soda
lime type with a minimum silica content of 67 % (free silica content, 0%). The specific gravity
of this media is approximately 2.5 g/cm®. Specifications of the glass beads are shown in
Table 3.3.

Table 3.3 Specifications of the glass beads

Glass Size range U.S sieve size U.S sieve size

u.S Min % true
beads type S (mm) Min 95 % pass Max 10 % pass spheres
BT 3 20-30 0.840-0.594 20 30 65
BT 4 30-40 0.594-0.419 30 40 65
BT5 40-60 0.419-0.248 40 60 75
BT 6 40-70 0.248-0.210 40 70 70

3.4 The Physical Model Preparation

Knowing the density of the glass beads and density of the heavy oil, the porosity of the physical
model was calculated to be 0.38. Porosity was measured by taking a known volume of glass
beads and heavy oil saturated mixture and placing it in water filled graduated cylinder. Taking

the volume of the water displaced, porosity was calculated as:

Voil
b=y 3.2)

displacedwater
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where Vit is volume of oil, and Visplacedwater 1S the total volume. The physical model was prepared
very carefully to avoid any air trapping within mixture of heavy oil and glass beads. A known
amount of heavy oil was collected in a pan, which was placed in a temperature controlled heater.
The heavy oil was heated for at least 30 minutes at 70°C for a sufficient reduction in oil viscosity
to promote glass beads mixing. Four different sizes of glass beads with different permeabilities
were used to pack homogeneous physical models. Glass beads were gradually added to the
heated heavy oil to ensure proper mixing without trapping air bubbles. After allowing the beads
to settle down by gravity another layer was added to the oil surface. The same procedure was
repeated until there was no more room for the beads. It took about 5-6 hours to prepare a
physical model. Figures 3.6 a, b, ¢ show the pictures of the steps to prepare physical model for

experiments.

The saturated mixture of the heavy oil and glass beads was packed in a different cylindrical wire
meshes with inside radius 3 cm and lengths of 25 and 45 cm. The cylindrical physical model thus
prepared carried heavy oil saturated with glass beads. Each physical model was weighed, and left

at room temperature for one day to reach thermal equilibrium prior to an experiment.

Figure 3.6.a Picture of heavy oil and glass beads
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Figure 3.6.c Picture of mixing glass beads with the oil
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3.5 Constant Temperature

Constant temperature during the experiment was maintained through the big vessel (of 200 cm

height, 150 cm diameter) made of PVC, used as water bath (Figure 3.1). Once the leak test for

pressure vessel was done with air, water bath was filled with fresh water by opening the valve of

the source water. The experiment water bath temperature was set at 21.4 °C after filling the water

bath. Hot water was circulated in the water bath. Once uniform set point temperature was

attained in about 4 hours, the physical model was suspended inside the pressure vessel for the

Vapex experiments.

Figure 3.7 present the temperature of the pressure vessel for two different runs throughout the

experiment (25 cm physical model height and 204 Darcy permeability physical model). The

temperatures lie between + 0.5 °C of the set pointwhich indicates a relatively good temperature

control.
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Figure 3.7 Temperature for a couple of typical Vapex experiments
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3.6 Live Oil Viscosity

Figure (3.8) shows picture of the experimental setup used for live oil viscosity determination.
The setup comprises of a collection tube, capillary tube, pressure transducer, and needle valve.
After the collection tube was filled with produced live oil, the live oil was allowed to flow
though a viscosity measuring unit via a stainless steel tube of 12 mm outside diameter, and 2 mm
thickness. The viscosity was determined by passing the live oil through a capillary tube of
0.1016 cm diameter and 50 cm length. A pressure transducer was connected at both sides of tube

to measure pressure drop across the tube.

To make the live oil flow from the calibrated collection tube, the valve situated between the
funnel and calibrated collection tube was opened. The flow rate of live oil was determined by
measuring the time required by known volume of live oil to pass through the collection tube. The

viscosity of live oil was determined by using the Hagen-Pioseulle equation.

4

Q_128,uL

with known the diameter of the capillary tube (d), (A P) across the tube, length of the capillary
tube (L) and flow of live oil across the tube (Q). A sample calculation is shown in Appendix B.
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Figure 3.8 Picture of the viscosity measuring unit

3.7 Solvent Gas Solubility and Live Oil Density

In this experimental work, butane and propane were used separately as solvents. The collected
live oil was periodically flashed inside a stainless steel flash separation tank (300 cm® capacity)
wrapped with a flexible electrical heating tap. The temperature of the tank was kept around
60°C.The amounts of (i) absorbed gas transferring the liberated gas to gas measuring column
initially filled with water, and (ii) residual gas free oil (dead oil) were measured. The flashed
liberated solvent gas was allowed to collect into a transparent gas-measuring column (3000 cm®)

for volume measurement.
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The mass of the solvent gas was determined as follows. A known amount of live oil was
transferred to flash tank through capillary tube by controlling the amount of oil by using the
valve located before the flash tank. Temperature of flash tank was maintained at 70°C to ensure
proper flashing of the gas. The flashed gas was diverted to the first water column. Wherein the
water was displaced resulting in a rise of the water level in second water column. After some
time (10-15 min) differential pressure reading approached zero with no more displacement in the
second water column. The displaced volume of water determined the gas volume. The valve on
the top of first column was opened to vent the gas, and net amount of dead oil was collected by

opening the valve at the bottom of the flash tank.

Knowing the amount of propane or butane (CsHgor C4Hyp), dissolved in oil, the solvent gas-free
oil (dead oil) weight, and the volume of the live oil, the solubility of gas was determined as well
as the live oil density using the following formulas:

mgas
o= (3.4)
gas +moi|
m,.+m.
p= g\a/s oil (35)

liveoil

where w weight fraction of solvent gas, mg,s is weight of liberate solvent gas, mg; is the weight
of dead oil, p is the live oil density, and Vjive ol IS the volume of live oil.

A sample of propane solubility and live oil density calculations is presented in Appendix C.
3.8 Permeability Measurement

We prepared physical model of different permeabilities to study the permeability effect on
production rate. Different glass beads sizes (industrial name BT3, BT4, BT5 and BT6) were
used. The packing material simulating a reservoir was glass beads obtained from (Flex-O-Lite
Itd., St. Louis, United States).
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To measure the permeability of the porous media consisting of heavy oil and glass beads
mixture, a horizontal cylindrical physical model of 4 cm diameter and 26 cm length was used.
The cylinder had two ports; one for air inlet and one for discharge air with a screen placed at the
two sides to avoid any glass beads passage. Two pressure gauges at both ends of the cylinder
were used to measure the air pressure drop across the media when air was passed through it. The
airflow rate was measured by a flow meter at the outlet. Darcy law for single-phase steady state
flow was used to calculate the permeability (K) of the glass beads packing as follows (Dullien,
1992).

— PZXUZXﬂairXL
P, < AP

K

(3.6)

where P and P, are the pressures at the inlet and outlet of the cylinder, u, is the velocity at the
outlet, Py is the mean pressure, AP is the pressure difference, u,; Is the air viscosity at
experiment temperature, L is the length of the media. The permeability of the packing material

was also estimated from the particle size diameter using the Carman-Kozeny equation.

@° = Di
KCK = 3
180(1—¢°)

(3.7)

where (K) is the permeability (p) and (D) are porosity of the medium and diameter of the
particle, respectively. Table 3.4 shows values of estimated sample permeability as well as the
measured permeability measurement for four different permeabilties. A sample of the glass beads

permeability calculations are presented in Appendix A.
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Table 3.4 Permeability of the glass beads

Glass Average Experimental Estimated
beads type diameter (mm) Porosity K (Darcy) (Kek)
BT 3 0.717 0.385 439.2 427
BT 4 0.506 0.38 220.0 204
BT 5 0.334 0.378 97.4 87
BT 6 0.229 0.376 44.4 40

3.9 Experimental Errors

Table 3.5shows the specifications for the instrument used during this study and the instrument’s

range of operation and their accuracy.

Table 3.5 Instrument specifications used during Vapex study

Name of Instrument

Used in

Range

Accuracy (Error %)

Resistance Temp

Vessel, and Flash

0-230°C

0.1% (full scale)

Detectors Separation Tank 0-2500 (psig)

Pressure Transducer Pressure Vessel 0—200 (psig) 0.5%

Differential Pressure Viscosity 0—-30 (psig) 0.5%

Transducer Measurement 0-200 (psig)

Flow Meter Butane Supply Rate -10to 50 °C 0.1%

125 psig (max)

Load Cell Physical Model 0 —4500 (9) 0.025%
weight -54 1093 °C (of full load)
measurement
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Optimal Control of
Vapex

This chapter presents the optimal control of Vapex to maximize oil production, which is the
primary objective of this study. To influence oil production, the interfacial solvent concentration
versus time is employed as a control function in the optimal control problem. The optimal
control function is then determined. This function corresponds to the optimal solvent injection

pressure versus time policy, which maximizes oil production in Vapex.

The optimal control of Vapex is based on a detailed mass transfer model, which comprises
continuity equation of solvent diffusion into heavy oil. The model has the control function —the
time-varying, interfacial solvent concentration — as a boundary condition. Using the principles
of Optimal Control, the necessary conditions are derived for maximum oil production in Vapex.
These conditions determine the optimal control function, or equivalently the optimal solvent
injection pressure versus time policy, which would provide maximum oil production. A

numerical algorithm is developed to compute the optimal policies.
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4.1 Mass Transfer Model

In this section, a mass transfer model of VVapex is presented to describe the process of solvent gas
absorption and subsequent live oil drainage in our experiments. Following are the details of the

mathematical model and the basic assumptions of the model.

1. Constant temperature
Experiments were carried out at constant temperature with a standard deviation of 0.01 °C

2. The flow of the live oil along the vertical direction is governed by Darcy’s law in a
porous medium.

3. The diffusion of the solvent gas takes place along the radial direction only. Diffusion in
the vertical direction is neglected.

4. The porous medium has uniform porosity and permeability.

5. Due to very low density of the solvent gas, it was assumed that density of the live oil
remains constant throughout the recovery process. Abukhalifeh et al., (2009) study, show
that there is a small variations in the live oil density measured experimentally and the
sensitivity study conducted shows that the effect of the density variation on the dispersion
values is insignificant.

6. The heavy oil is non-volatile.

7. There were no chemical reactions as the absorption of the solvent gas in heavy oil is

purely a physical phenomenon.

The optimal control technique was used in this work based on the unsteady state mass balance
for solvent gas in a cylindrical differential element Figure (4.1). The unsteady-state mathematical

model is given by the following differential equations:

d

o (AVdpw)=[vAApw] - [VAApa)]Z +[JAS] JAS ]r (4.1)

Z+Az r+Ar [

where AV =2zrArAzis the volume of the element, ¢ is the medium porosity, p is the live oil

density, @ is the mass fraction of propane in the medium, AA=2zrAr is the area transverse to
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the live oil velocity vin the downward direction, and AS =2zrAz is the area transverse to the
dispersive flux J in the radial direction as shown in the figure. The diffusive flux along the
vertical direction is assumed insignificant in comparison with the gravity-generated flux.

Assuming constant temperature, pressure and live oil density, the radial flux can be written as

J=-Dp— (4.2)
dr

where D is the undetermined concentration-dependent dispersion coefficient of propane in the
porous medium. Taking the limits of Arand Az to zero, the above equations yield the following

mass transfer model:

b 6D(8wj2 100w 0%w| 1| ovow ow
—=—|—| +D|=—+ ——o——+v—
ot ow\ or

ror o2 | gl owaoz oz (4.3)
v in the above expression is assumed to be Darcy Velocity and is replaced by:
V= K/Kpg (44)
7]

where K, is relative permeability of the medium, K is its permeability, p is the density of live

oil, gis gravity, and u = 4,0 is the concentration-dependent live oil viscosity. The drainage
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reduces the height (Z) of the bitumen in the packed medium. The change in the height with time

at any radial location is given by the negative of Darcy velocity at the bottom of the media as

Z (0 (45)

wherev, (r) the negative of the Darcy velocity of live oil at a given r, and averaged over the

differential volume 27z » dr dz at the medium bottom, i.e. at Z=0.
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Figure 4.1 Packed cylindrical medium with its differential element and the arrangement of grid

points
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4.2 Initial and Boundary Conditions

Initially, the height of the bitumen is z,with no propane inside the medium. However, its

surface has the equilibrium concentration of propane at all times. Thus the initial conditions at

t =0 are as follows:

0 V0<z<Zjyand 0<r<R

®= (4.6)
o, atz=0,Z,and0<r<R;andatr=Rand0<z<Z,

The boundary conditions at t>0are

w=wg, at z=0,Z(r,t)and 0<r<R; andatr=Rand 0<z <Z(r,t) 4.7)

where Z(r,t) is the height of the bitumen in the porous medium at a given r and t. Furthermore,

because of symmetry, at all times

9 _0 vo<z<7 and r=0
or

The cumulative mass of produced live oil at any time was calculated by integrating from 0 to R

for a calculated change in height of the physical sample and is given by

R
Meal :27rp¢(j)(20 —Z)rdr (4.8)
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4.3 Optimal Control Analysis

The objective is to maximize oil production in Vapex by using solvent pressure versus time as a
control function. The latter translates to @, versus time in the optimal control problem as

follows.

Mathematically, the problem is to maximize objective functional | which is written as:

| =[(mdt (4.9)

o—-

where m is the mass of the dead oil produced. With the help of Equation (4.8), the objective

functional becomes

]
ﬁj (2, —z)r drdt (4.10)
0

O'—;:U

where = 27zp¢ The maximum of I is subject to Equation (4.3), which can be expressed as

oo _ f,=G(t,r,z)=0

ot (4.12)
where

2 2
flz[aDj [6“’] ; D[(%"jm o -3a”[a“’j (4.12)
ow) \ or or or 4 oz

and subjected to Equation (4.5), which in turn can be written as

oz _ f,=H(t,r)=0

o (4.13)
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where

f, =—v(t,r,0) = —a|wlt,r,0)f (4.14)

Equation (4.11) and Equation (4.13) are the constraints for the objective functional I. These
constraints are highly non-linear partial differential equations. Therefore, to solve the optimal

control problem, two undetermined adjoint variables A (t,r,z) and A,(t,r) are introduced into

Equation (4.10) to obtain the following augmented objective functional:

=

oct—N

A (t,r,z) G(t,r, z)dzdrdt +].ji/12 (t,r)H(t,r) drdt (4.15)

12 13

By substituting Equations (4.10), (4.11), and (4.13) into Equation (4.15), we obtain

a2 -2(2)of 2 o
|

J= ,B}T(ZO —2)rdrdt +

+

A, (at_ f jdrdt (4.16)

|
|

where 4, (t,z,r)and A4, (t, r) are the adjoint variables. The maximization of | subject to constraints

is equivalent to the maximization of J.
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4.4 Necessary Conditions for the Optimum

The necessary condition for the optimum of J stem from5J = 0. We proceed by deriving 6J as

follows:
o= ﬂﬁr&drd”]ﬁ%Mdzdrdt—]ﬁ%a—n&)dzdrdt ]ﬁzl N s, dzdrdt
00 000 ot 000 0@ 00n  Oo,
_ﬁ.z[’ll i &ordzdrdt—]'ﬁgl o, ow, dzdrdt+”,1 (62 )drdt—
000 @, 500 Om,,

Oty —|

R
[4,6f,drdt =0
0

(4.17)

Applying integration by parts of the second integral of the Equation (4.17) we obtain

TRZ 8( RZ TRZ@ﬂ,l
[[]4 —dzdrdt— [[x 50) dzdr — [ | —twdzdrdt (4.18)
000 0 000

0

By applying the initial conditions into first integral on right hand side in Equation(4.18). This
integral is eliminated based on the fact that the solvent mass fraction is known at t=0, so that its
variation is ruled out, i.e.

(4 5|, 4, 5, )dzdr

at t=0

(4.19)

sw(0,r,z)=0 Vr: 0<r<R and Vz: 0<z<Z,

The final mass fraction of solvent in bitumen, »(T,r,z), is not specified. Variation due to

o(T,r,z) is eliminated if its multiplicative term.

2(T,r,2)=0 (4.20)
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vV 0<r<Rand V 0<z<Z,

Therefore Equation (18) becomes

Z[Izﬂi %dzdrdt = —:[Ij;%éa) dzdrdt (4.21)

Applying integration by parts of the fourth integral of the Equation (4.17) we obtain

TRZ TR
j” zl 15wdzdrdt: H
000 00

Z

TRZ a
d dt —
a2 A

j&o dzdrdt

Z

(4.22)

By applying the boundary conditions into the first integral of Equation (4.22) we obtain the
following equation:

- of, S+ of, S |dzdr
ow, oo, 0
(4.23)
= O, aa z=0, and z=Z(r,t) Vv 0<r<R (4.24)

Therefore Equation (4.22) becomes

of,

A
' dw

TRZ TR T
[1]- A 15a)dzdrdt [[-4 l&o(terrde
000 00 0

Z

O t—

ow(t,r O)drdt+]‘ﬁ ( J&o dzdrdt
000 z

(4.25)

,9.)\0)

z

Applying integration by parts of the fifth integral of the Equation (4.17) we obtain the following
equation:
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of,
ow

ow

A

}ﬁ—ﬂl[sfl &orszdrdt }

@,

O —y N

TRZ
dzdt+J' | jﬁ N, | s dzdrd (4.26)
or a
000

r r

By applying the boundary conditions into the first integral of Equation (4.26) we obtain the

following equation:

-4 ot Swlz + 4 ot Sal, dzdt
ow ow

r r

(4.27)

Since the solvent mass fraction in heavy oil (t,R,z)in Equation (4.27) for all z and t, the

o(t,R,2) = w,,, therefore the variation 5 w(t, R, z)= S,

int?

The variation due to «(t,0,z) is eliminated if its multiplicative term is equal to zero which is

natural condition & w(t,0,2)=0 , i.e

4(t0,2)=0 Vt: 0<t<T and Vz:0<z<Z

ot,R,2)=w,,, (4.28)
Therefore Equation (4.25) becomes

TRZ TZ TRZ

[~ Sk o, |dadrat = [ [~ 2 ot R 2act+[ [ [ 2| 42 |aocacret

000 0o, 00 0, 200 0" @, (4.29)

Applying integration by parts to the sixth integral of Equation (4.17), we obtain the following

equation:

rr rr rr

T of TZ of
!H—/’L{awl &;rrjdzdrdt:_ﬂﬂl awl

R TRZ a
oo, | dzdt+[[| —( J&ordzdrdt
0 or ow
000 (4.30)
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Applying integration by parts to the second integral of Equation (4.30),

R
dzdt

0

4

jdzdrdt ﬁ/ll a, oo,
00

ow
.
-]
0

R TZ
dzdt+”ﬁ[ ) a, j&o
2o 0r\ " ow

0 r

rr r

RZ A2
] 6—2 PR j&a) dzdrat (4.31)
0o or 0w,

r

By applying the boundary conditions of the first integral in Equation (4.31), as a result the first

term in same equation is eliminated by the multiplicative term is equal to zero, i.e.
A4t R,2)=0 (4.32)

Application of boundary conditions in Equations (4.28) into the Equation second integral of

Equation (4.31), we obtain

o)l

e

TZ
" dzdt =”ﬁ[ i J&o(t R, ) dzdt
55 0r\ oo,

Orr (4.33)
As a result Equation (4.31) becomes
TRZ T2 TRZ 2
m—z{i&) szdrdt =”ﬁ[ ij&o (t,R, z)dzdt - mﬁ—z[ % ]5@ dzdrdt
000 0y, 2007\ " O, 2000 0, (4.34)
Applying integration by parts to the seventh integral of Equation (4.17), we obtain
TR R T TR
”Az(a(&))drdt = [ 4,62 dr—”%ézdrdt (4.35)
00 ot 0 0 20 O
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By applying the initial conditions into the first integral of Equation (4.35).The initial height of

heavy oil, Z(0,r), is known, then the variation of Z(0,r)is ruled out, i.e.

52(0,r)=0V 0<r<R (4.36)

The final height of model, z (T, r), is not specified. Variation due to z (T, r) is eliminated if its

multiplicative term, 4, (t,r), is forced to zero, i.e.,

A,(T,r)=0Vv 0<r<R

(4.37)
As a result Equation (4.35) becomes
TR TR
[ lz(a(gz)jdrdt =[] %% szdrdt
ot ot

00 00 (4.38)
The last integral of the Equation (4.17) becomes

TR TR

— [[ 2,51 drdt = ”,1 — 22 sw(t,r,0)drdt

27 2% L, ,0) (4.39)

Substituting of the Equations (4.25), (4.29), (4.34), (4.38) and (4.39) into Equation (4.17) and

rearrange, we obtain the final equation of variation of J, which is written as

04,
r—-—=\|5zdrdt +
- aJ

2
LA O o o 9 M s drdrat -
o tow oz\ T ow or\ Oow, o’ | ow

O ey N

Ot 1 O O Oy
Ot N O O O%—=—— T

: " (4.40)
TR
A oA, So (t,r,Z) drdt + H[ af }&o(t r,0) drdt +
ow, % o,
{—11 o, +3[/11 o, H&o(t, R,z)dzdt =0
ow, oOr\ ~Ow,
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By applying the boundaries in Equation (4.7) into Equation (4.40) for sw (t,R,z) , éw(t,r,0)and
éw (t,r,Z), we obtain the following equations:

oo (t,R,2) =dw(t,r,0) = dw(t,r,Z)= dw,,

(4.42)

Therefore Equation (4.40) becomes

TR 62,
A = r——=|ozdrdt +

%]

&]1

TRZ 2

[1] —%—/11@+ﬁ A M2 A — A I zli Sw dzdrdt —

500l ot dw 01\ " Ow,) or\ O, o’ ow,,

a8, (4.42)

z

TR TR af
”zl " 8o, (t,r,Z) drdt+ [ [] 4, Sw,.,(t,r,0) drdt +
00 0w 00 @, ow

o, &,

TZ
(11—~ ’N, 0 ,11ﬂ s, (t,R, z)dzdt =0
W T ew, or( Mo

r a)l'l'

s

Assuming that the involved function are sufficiently differentiable, 5J is zero if all the additive
term in Equation (4.42) are individually zero. Thus,

Eliminating the terms 6J,and dJ, by defining the following adjoint equations:

azl of, of, \ of, of ) o[, &
ﬂl(@wj oz [’11 oo, J Tor [21 aa)J or? (’% ﬁwr,J (443
% —_pr (4.49)

Eliminate the terms &J,;to 8. by defining the variational derivative with respect to ,,, s
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TR
D Ja, =[]{4 L R R
0w, 00 oo, (tr.2) 0o, (t,r,0) (t.,r,0)
T2
I7- o of, o dzdt = 0 (4.45)
00 0w, OF Oy,
(t,R,z)

From Equations (4.12) and (4.45), we obtain

(24

>
¢

- {3&1 - 2120(0)} Jdr +
=2 z=0

i D o0 , D 04
A — A —+ 2D dz |dt
-([( & ow or & r i or R (4.46)

See Appendix D for the derivations of Equation (4.46)

Equation (4.46) is the necessary condition for the maximization of J when the continuity as well

as adjoint equations are satisfied. The boundary conditions of adjoint Equation (4.43) are

A (T,r,z)=0; 0<r<R,0<z<Z (4.47)
4,(,0,2) =4 (t,R,z) =0; 0<t<T,0<z<Z (4.48)
The boundary conditions of adjoint Equation (4.44) is given by

A,(T,r)=0 ; 0<r<R (4.49)

4.5 Adjoint Equations

From Equation (4.12), (4.14), and (4.43) and (4.44), the final adjoint equations are
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ot ¢ oz orr rz  or?

o4 _ 3,0k 04D ;D A (4.50)

oA
2= _fr=-2
ot pr=—2mi (4.51)

(See all the derivations of Equations (4.50) and (4.51) in Appendix E)

The boundary conditions for Equation (4.50) are
A(T.r,2)=0 (4.52)

4(t0,2)=4(,R,2)=0 (4.53)

The boundary condition for Equation (4.51) is

AT, r)=0 (4.54)

4.6 Optimal Control Algorithm

Due to the presence of highly non-linear partial differential equations with split boundaries, the
analytical solution of this optimization problem is not possible. Therefore, the optimal control
problem has to be solved numerically. The Optimal Control algorithm developed to determine
the variation of propane concentration functional. To start the solution of the problem, the
following computational algorithm is applied to maximize J, and determines the solvent

concentration of solvent-oil interface versus time:
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1. Initial guess for interface concentration function o, (t) was provided.

2. Integrate the continuity equations forward i.e., Equations (4.3) and (4.5) using the initial,
and the control function, to obtain the values of state variables m(t,r,z) and «(z,t)at
each node. Save the values of state variables at the discretized points.

3. Evaluate the objective functional using the values of control functions, and state
variables. Save the objective functional value.

4. Integrate adjoint equations backward i.e., Equation (4.50) and Equation (4.51) using final
condition, the control function, and saved values of state variables. Save the values of
adjoint variables at the discretized point. Equations (4.3), (4.5), (4.46), (4.50) and (4.51)
were expressed in a finite difference form to be utilized in the simulation.

5. Improve w,,(t) using the gradient correction Jw,(t) given by Equation (4.46).

6. Repeat computations, go to step 2 until there is no further improvement in the objective
functional value. When the improvement in is negligible the control functions are

optimal.
4.6.1 The Gradient Improvement Method

A gradient method was adapted for iterative solution of this optimal control problem. The
greatest local rate of increase in the value of a function with respect to its variables is in the
direction of its gradient. This direction is called the steepest ascent direction. The negative of the
variational derivative for J gives its steepest ascent direction at » and z and timet. Equation

(4.45) is used to set the search direction to find the maximum of J .

Quasi-Newton methods (or called variable metric methods) are the most favored of the methods
that use gradient of a function. These methods compute a search direction utilizing first order
gradient information. Newton's methods make use of the second order information (Hessian
matrix) of a function. Hessian matrix is calculated numerically, which involve a large amount of
computations. Quasi-Newton methods avoid the calculation of exact Hessian by generating
approximate Hessian matrix using an appropriate updating technique. A large number of Hessian
updating methods have been developed. However, the formula derived by Broyden, Fletcher,
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Goldfarb, and Shanno, 1970 (BFGS) is one of the most effective method. It utilizes first order

gradient information to generate the Hessian.

4.6.2 Implementation of the Improvement Method

The search direction was set by the variational derivative ‘]%t given by

2

int

0J TR aw’
%

—[3,11 oo —22,204 Jdr+
=7 z=0

f ow D 8/11 (4.40)
a, P2 ;D DJ dz}dt
i( (t,R,2)

ow or r ar

The gradient correction J‘”int was expressed in a finite-difference form along r direction to be

utilized in the simulation. Differential changes are averaged at any concentration, which has
multiple existences in the height domain. The values of differential changes are time-averaged

before their usage for the gradient correction in (w,

int

) by the BFGS method. The iterative

improvement in the value of (@) was given by

Dyntisg = Doy = B ‘J (4.55)

where f; is the optimal step length along the search direction in the i th iteration determined by

BFGS algorithm (Press et al., 2007).

4.7 Integration of Continuity and Adjoint Equations

These partial differential equations (PDEs) were integrated as follows. The cylindrical model
was divided into equal-spaced grid points in r and z directions denoted by N.and N, respectively
as shown in Figure 4.2. This transformed each of them into a set of simultaneous ordinary

differential equations. The ordinary differential equations are stiff equations since there are
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different scales of the independent variable on which the dependent variables change. The
numerical method used to solve the stiff equations is semi-implicit extrapolation method (Press
et al., 2007). It is robust and an excellent method for stiff problems. An adaptive step size control
method was used in the algorithm to achieve the accuracy in the solution with minimum

computational effort.

77



I
—

M= 1)

(-1, 0)

Grid Points
@ = Gnd points at ams

Q = mntermediate Crid points at lower boundary

Qo
@

Q= Intermediate gnd points

= Right most grid points

= Intermediate Grid pomts at unper houndary

Figure 4.2 Cylindrical model and node distribution

78



4.7.1 Discretized Mathematical Model

The PDEs given by Equations (4.3) and (4.5) were finite-differenced along r and z directions to
obtain a set of ordinary differential equations (ODEs). The second order finite difference

formulas were used. The ODEs are as follows.

For intermediate Grid points

For 0 <i < (N;—1) and 0 <j< (N;—1)

da)i,j -D ia)iﬂ,j KEN N @1 _za)i,j RAEN ] N
dt r; 2Ar Ar? |
D[ W, — oy ? _K/,Kpgcosd, (@, 01— @, (4.56)
ow 2Ar YN M 2Az
For Axis Grid Points
When i =0 for 0 <j< (N; - 1)
dwp;  K,Kpgcosé 302 [a)o,jﬂ — a)o,jl}
= 2.
dt Ho : 2Az, (4.57)
Wheni=0andj=0
da)o,o K,Kog cos 0 2 |:a)0,1 a)lnt:|
=- 3wy,
dt L1y 2Az, (4.58)

Wheni=0andj=(Nj—1)
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doon: K, Kpgcos@ 20? [a)im — a)o,Niz}

frnd a) B
dt 7y UL 24z, (4.59)
For Right most Grid Points
Wheni=(Nj—1)andj=0
da)Nifl,O -D 1 @ — Oz 4 @iy — 20 10+ Oz N
dt Mg 2Ar Ar?
D[ @ =@y 20| KKpgeosd, , [ Ousy—n (4.60)
dw 2Ar Lo NN oAz,
When i = (Ni—1)
da)Ni—l,j D 1 @ — Oy, N Winy — Za)Ni—l.j + Wi "
dt My 2Ar Ar?
2
D | Ot = Oniz,j | K,Kpg cosé 302 ONi,j,; ~ Onitja (4.61)
dw 2Ar Lo NI 2AZ, ,

wheni=(Nj—1)andj=(N;—1)

doyign,1 Dl L P~ Oniania Dipe — 20451 O nja
dt Mis 2Ar Ar®

2
D | O — Oy ana | K Kpgcosd 3’ Oi — Oy Nj-2
dw 2Ar ot ML 2A7,

} (4.62)

For Lower most Intermediate Grid Points

When 0<i< (N, -1) and j=0
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dw, 1w, ,— o @y — 20, o+ O,
1,0 =Dl = i+1,0 i-1,0 + i+1,0 i,0 i-1,0 +

dt r 2Ar Ar?
2
OD| @0 —Wiao | K,Kpgcosé 302 Wi 1 — Wing (4.63)
dw 2Ar Loh "l 2z,

For Upper most Intermediate Grid Points

When 0<i < (N, —1) and j =(N, —1)

CIC’)i,Nj—l Dl:i Bia N1~ Digng N Wi Nj1 — za)i,Nj—l + @i Nja } N

dt r 2Ar Ar®
2
b Disan ~%iana | K Kpgcosd 302 Wiy — O N2 (4.64)
dw 2Ar o "N 24z,

where w; ; is the mass fraction of the solvent at the node, (i, j) corresponding to the coordinate, r
and z. The distances between grid points are Ar and Az, respectively alongr and zdirections. Ar

is constant and given by

Ar = —
N (4.65)

but Az; varies with time along r direction, and is given by

=N i1 (4.66)
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Change in the Height of Physical Model

The change of the bitumen height at any time is given by the following equations:

The change in height for 0 < i < (N,—1) is given by

_ . . 20..
% — _Vi 0= _3 Kr K,Og CosS 0 a)I,O + a)|+1,0 + a)mt (467)
dt ’ Mo 4
and for i=N, -1
dz K K ol o +3w. . |
N V., =-3 . Kpog COS N,-1,0 int (4.68)
dt H Ho 4

4.7.2 The Adjoint Equations

The ordinary differential equations of adjoint equations written for corresponding grid points are

as follows:

For intermediate grid points, i.e. for0 <i < (N,—1)and 0 <j < (N,—1)

dt - r, 2Ar Ar?
DFH- }_3 K,Kpgcoso {M}
2 . i 2Az,
Ho® (4.69)

For axial grid points, i.e. i=0and 0< j<(N, -1)
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dioo do ; ANy
dt dt dt

For the right most grid points, i.e.
a)for i=(N,-2) and j=0

dt ry ., 2Ar Ar?

r

dﬂ’N,—l,O -D 1 _ﬁNﬁz,o _Zﬂ'N,—l,O +ﬂN,2,o:|_

5 ﬂ’N,—l,O _3Kerg cosd { AN,—1,1 }

w
2 N,-1,0
| M HoP ZAZN,—l

b) for i=(N, —1) and 0<j < (N, —-1)

d/INr—l,j -D 1 _/1N,—2,j __ZﬂNr—Lj +2’Nr—2,j _
dt N 2Ar Ar?

5 A1 g K/Kpgeoso A1~ M ja
; Ho®

L N1
c) for i=(N,-2) and j=(N,-1)

dﬂ‘N,—l,Nz—l -D 1 _/lNr—Z,NZ—l _ _2/1Nr—1,NZ—l +2‘Nr—2,NZ—l _
dt r 2Ar Ar?

N,-1

5 /1,\,[7211,\,2,1 _3Kerg cosd a)ﬁFl’Nfl ﬂ'Nrfl,N172
yIR0) ZAZNF1

I, -1

For the lower most intermediate grid points, i.e. for 0<i < (N, —1) and j =0

(4.70)

(4.71)

(4.72)

(4.73)
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dﬁ’u,o _ Dl:l /1|+1,o _ﬂ’i—l,o ﬂ1+1,o - 221,0 + /11—1,0 :l _
r 2

dt 2Ar Ar
(4.74)
A A
D|:I_20:| _ 3 KKpgoosd wiz{ " }
I'-i /,IO(D Y 2AZi
For the upper most intermediate grid points, i.e. for 0<i < (N, —1) and j=(N, —1)
dﬂ"l,NZ—l _ D_l ;iﬁ+l,NZ—l _ﬂ"lfl,szl _ /11+1,NZ—1 - Zﬂfl,NZ—l + //Llfl,szl _
dt T 2Ar Ar?
D_ﬂ«.,NZ,l g KiKpgoosd [ A,
K me L 24,
B (4.75)
The equation for the second adjoint variable is
For 0 <i< (N.—1)
% = _27z.p¢ri+l
dt (4.76)
Similarly, the gradient correction 3 was expressed in a finite-difference form along r
wint []
direction. The equations written for corresponding grid points are as follows:
For intermediate grid points, i.e. for0 <i < (N, — 1)and0 < j < (N, — 1)
T|R 2 2
31|72 {%ﬂ_%m} dr+
aa)int o o ¢ 7=7 ¢ 7=0
4.77)

z
j—ﬂq@-‘a—“’—,@9+%o dz |dt
5 Oow oOr r or £R2)
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8J T|R VA
= { j T,dr + j Tzdz}dt (4.78)
0w, 00 0

where

2

2
aw

aw

T1 =_3/11

— {3/11 — 2/1205@} (4.79)

=7 z=0

D 6w . D o4
T,=-2,2.9%_, 2. %p
2 ﬂiaa) or ﬂlr or

(4.80)
At Z=2,
For the upper most intermediate grid points, i.e. for 0 <i < (N, —1) and j =(N, —1)
At Z=0
For the lower most intermediate grid points, i.e. for 0 <i < (N, —1) and j =0
So Equation (4.79) becomes
a[a)i,Nz—l]z a[a’i,o]z
(Tl):_g[ﬂ’l]i,NZ—l— =3y ———— +2[/12]i,0aa)|,0
¢ 9 | (4.81)
2=Z z=0 2=0
For the right most grid pointatr=R,i.e. 0< j<(N, -1)and i=N, -1
applying backward finite deference
D | @ — Oy ;| Dy 41 Arine = A1y 2
(Tz)N,—l,j =_AN,—l,j SE | et N2 _ﬂ’Nr—l,j Ny DNr—l,j Ztint TAN-2.)
ow 2Ar N, 1 2Ar (4.82)
t=T | (Nig Njg
[ & ] = (ZTlJAr+{ TZJAZ At
60),m i t=0 i=0 j=0 (483)
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The cumulative mass of produced live oil at any time becomes:

lel
My =27Zp ¢Z (ZO - Zi) i Ar (4 84)
i=0 .

The adjoint equations have to be solved backward in the time domain. Since they are dependent
on concentration and height, they can be only solved after solving the equation of continuity
forward in the time domain. With an accuracy of 107°in the time domain, the equations were
numerically integrated using semi-implicit Bader-Deuflhard algorithm, and adaptive step size
control (Press et al., 2007). Analytical Jacobian of Equations (4.56-4.64), (4.67), (4.68), (4.69-
4.75) was employed in the calculations, and the validity of the Jacobian equations was confirmed
with the analytical solution to an error of10~*. To fix the number of grid points along the r and
z directions, N and N,, the equations were integrated with increasing the number of grid points

until the changes in the calculated oil production rates became negligible. The number of grid

points along the r and z directions, were chosen to provide reasonable computation times.

4.8 The Optimal Control Algorithm

Figure 4.3 shows the optimal control algorithm developed to determine solvent concentration of
solvent-oil interface versus time. Programmed in C++ language, the developed algorithm was
implemented on Itanium 2/ Intel Itanium processor (64 bit, 1.5 GHz, 15.9 GB of RAM) with Intel C++
compiler. The above algorithm is computationally very intensive because a large number of finite-
differenced ordinary differential equations and the associated Jacobian evaluations are needed to obtain

reliable solutions. The optimal control algorithm took 1-3 weeks to execute.
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Results and Discussion

This chapter experimentally examines the effect of permeability, physical model height, and
uniform solvent injection pressure on oil production as well as live oil properties such as
viscosity, density and solubility. Next, the results of proof-of-concept experiments are discussed.
Finally, the results of the optimal control algorithm are presented. These results provide the
optimal solvent injection pressure versus time policies. The associated enhanced oil production
values are compared to those obtained from the validation experiments implementing the solvent

injection versus time policies previously obtained from the optimal control algorithm.

As mentioned previously, all experiments were conducted using a laboratory scale physical
model of heavy oil of 14,500 mPa-s viscosity at room temperature and pressure. To check the
reproducibility of oil production, about half of the distinct VVapex experiments done in this study
were randomly selected and repeated. The percentage errors between the oil production rates

from the repeated experiments were found to be in the range of 1.5-2.0%.
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5.1 Live Oil Production

To determine the effect of change in permeability, physical model height, and pressure on
production rates, Vapex process was carried out using heavy oil with viscosity of 14,500 mPa-s
and two models of different physical model lengths and varied permeabilities. The lengths of the
models used were 25 and 45 cm. All physical models were packed with glass beads to create a
homogeneous system with porosity of about 38% and different permeabilities. Propane and
butane were individually used as pure solvents close to the dew point pressures (111.69 and
689.5 kPa, respectively) at the room temperature of 21°C.

Figure 5.1 shows the change in the weight of a physical model with time using butane in Vapex

experiments for 204 Darcy permeability. Appendix G provides the graphs of recorded weight of
the physical model versus time for the rest of the experiments.
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Figure 5.1 Recorded weight of the physical model with time (model height: 25 cm, permeability:
204 Darcy, solvent: butane)
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5.1.1 Oil Production Rate with Different Permeabilities

Figure 5.2 shows cumulative live oil production for different heights of the physical model. To
determine production rate, the slope of the linear portion of cumulative production curve was taken for
each model. The recorded production time starts at the time the first drop of oil gets into the collection

tube and continues until production stops completely or slows down significantly.
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Figure 5.2 Oil production versus time (model height: 25 cm, pressure: 111.69 kPa, solvent: butane)

Based on material balance, recovery of 85-92% of original oil in place (OOIP) was achieved in
all experiments. The correlation between production rate m (g/min) and the permeability K

(Darcy) is given by the following equation:
- 0.68
m=0.0122 K (5.1)
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with an rvalue of 0.9994. The above equation is a power function typically used to correlate live
oil production through Vapex (Oduntan et al. 2001).The production rate does not increase

linearly with the permeability of model (K), but varies with almost the square root of the
permeability.

Figure 5.3 presents the comparison of the cumulative live oil produced versus time for the
physical model of 25 cm height with different permeabilities (427, 204, 87 and 40 Darcy) using
propane as a solvent. It is observed that both the cumulative oil produced and the live oil

production rate decreased with the model permeability. Higher permeability models resulted in
higher % OOIP recovery and production rates.
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Figure 5.3 Oil production versus time at different permeabilities, (model height: 25 cm, heavy
pressure: 689.5 kPa, solvent: propane)
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Figure 5.4 presents the relationship between the live oil production rate and model permeability.

The production increases with permeability. The data points are fitted by a power function,

m = 0.0594 K -°061 (5.2)

According to the above equation the oil production rate (g/min) in Vapex process is virtually

square root function of the model permeability (Darcy).
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Figure 5.4 Variation of production rate with model permeability (model height: 25 cm, pressure:

689.5 kPa, solvent: propane)

5.1.2 Oil Production Rate with Different Model Heights

Figure 5.5 shows a comparison of the oil production rates for different model heights (25 and

45 cm), and same permeability (204 Darcy) using butane as solvent. The average production
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rates were calculated based on the cumulative live oil production divided by total production
time during experiment. It was observed that production rate for 45 cm model height was 30%
higher than 25 cm model. This percent increase indicates that live oil production from Vapex is

strongly dependent on the height of the physical model.
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Figure 5.5 QOil production versus experimental time for butane

5.1.3 Oil Production at Different Uniform Pressures

In order to study the effect of uniform pressure on heavy oil recovery by Vapex process, pure
butane solvent at different injection pressures of 91.01, 97.90, 104.80, and 111.69 kPa was
injected into the physical sample enclosure for 6 h using heavy oil with viscosity of
14,500 mPa-s. Figure 5.6 shows the cumulative live oil productions at varying pressures. It is

clear from this figure that more oil was produced at higher pressures. Typically we found that by
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increasing the pressure from 91.01 kPa to 111.69 kPa, the production rate of oil increased from
0.25 g/min to 0.45 g/min. This was due to the increase in the solubility of the solvent in heavy oil
with pressure. In other words, use of vaporized solvent near its saturation conditions resulted in
more oil recovery. As a result, the recovery process efficiency increased as the pressure
approached the saturation pressure. We also injected the solvent gas at very close to the dew
point. It was observed that at the pressure of 17.2 psi (118.58kPa), there was a sudden pressure
drop and solvent condensation, which reduced oil production (see Figure 5.7). This reduction is

due to a decrease in mass transfer in presence of liquid solvent.
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Figure 5.6 Oil production versus time (204 Darcy, H=25 cm, butane, different pressure)
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Figure 5.7 Variation of production rate with model different pressure (204 Darcy, H=25 cm,

butane)

The above experiments were performed for propane as well but not very close to the dew point.
Four experiments were carried out at different uniform injection pressures of 482.6, 551.6, 620.5
and 689.5 kPa using the 25 cm high physical model of 14,500 mPa-s heavy oil of 204 Darcy

permeability.

Figure 5.8 shows the cumulative live oil produced at the four injection pressures. As indicated in
the figure, injecting propane close to its dew point pressure results in the highest oil production
rate and recovery. A drop in propane pressure below the dew point pressure reduced the oil

production rate as well as the overall oil recovery.
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Figure 5.8 Qil production versus time at different constant injection pressures (model height: 25

cm, heavy oil viscosity: 14,500 mPa-s, medium permeability: 204 Darcy)

5.2 Live Oil Properties

The experimental data generated in the Vapex experiments were used to calculate the live oil
viscosity, density, cumulative production rate, and the solubility of solvent gas in heavy oil.
These properties are needed to solve the mathematical mass transfer model of the experimental

Vapex process.
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5.2.1 Live Oil Density

Live oil density was measured at various times for each experiment as explained in Section 3.7.
An average value for the live oil density was generated for each experiment. Table 5.2, shows
average live oil density calculated from the data obtained from different physical model with
almost the same temperature and pressure conditions for butane. It shows small variations in the
measured density values. Table H.lin Appendix H, shows average live oil density calculated

from different properties of physical model.

Table 5.1 Average live oil density for various physical models

Run Model Height Permeability  Live oil Density
(#) (cm) (Darcy) (g/cm’)

1 25 204 0.8165

2 25 102 0.8138

3 25 51 0.8015

4 45 204 0.817

5.2.2 Live QOil Viscosity

Reduced viscosity of heavy oil results from solvent concentration that augments as solvent
penetrates and mixes with the heavy oil. Viscosity reduction of the mixture would affect the
mobility and the fluid flow mechanism of the process. A viscosity model is crucial in Vapex
since it governs the movement of live oil in the reservoir, and thus has a direct bearing on oil
production. The viscosity of solvent-heavy oil system (live oil produced) was generated from the
conducted experiments as explained in Section 3.6.Table 5.2 shows the experimentally measured
live oil viscosity averaged for each experiment. The live oil viscosity is a strong function of
propane mass fraction. It was reduced by four orders of magnitude and this would affect the

mobility of the diluted oil.
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Table 5.2 Average live oil viscosity for physical models

Viscosity (cP)
Permeability (D) 25 cm model height 45 cm model height
204 8.3 6.91
102 5.49 4.3
51 4.12 3.01

Figure 5.9 is showing the viscosity as a function of propane mass fraction described by the
power law relationship. The empirical correlation for the propane-heavy oil system during the
process at the operating temperature and pressure is:

-2

25

20

15 -

10 -

Viscosity (cP)

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
Propane mass fraction

Figure 5.9 Live oil viscosity versus propane mass fraction
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5.2.3 Solubility of Solvent in Produced Oil

The amount of solvent gas dissolved in the produced heavy oil was determined by measuring the
volume of the flashed gas and the weight of residual dead oil as explained in Section 3.6.3.
Table 5.3 shows the averaged experimental values of propane mass fraction of Vapex
experiments (10-12 live oil collections for each experiment). Propane mass fraction is found to
increase with a decrease in permeability. Also seen in results of Das (1995), this dependence is
justified by enhanced mass transfer, greater interfacial area, and larger residence time with lower

permeability.

The dependence of solvent mass fraction on the height of the physical model height is apparent.
The solvent mass fraction increases with the height of the physical model. The reason is that the

time and path of exposure to the solvent increases with the height.

Table 5.3 Solvent mass fractions in the produced oil for various physical models

Permeability Propane mass fraction at Propane mass fraction at
(Darcy) 25cm 45 cm
204 0.35 0.39
102 0.42 0.46
51 0.48 0.54

The average experimental amount of propane dissolved in the heavy oil falls in the range of
observed propane solubility measured in the laboratory experiments by other investigators
(Bademchi-Zadeh et al. 2009;Luo and Gu 2009; Freitag et al. 2005).

5.2.4 Correlation of Pressure with Solvent Interfacial Concentration

Experiments were performed to evaluate a functional relationship between the injection pressure
of a solvent and its concentration at the solvent-heavy oil interface. This interfacial concentration
is a boundary condition, which needs to be specified in order to solve the mathematical mass

transfer model of the VVapex process.
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Experiments with different injection pressures were conducted in the setup whose schematic is
shown in Figure 3.3 and the maximum solvent concentration for each pressure was measured.
Figure 5.10 presents the results obtained. According to the figure, the relationship between injection
pressure and solvent concentration at the interface can be approximated with a power function with an r?
value of 0.998. This relationship was used to apply the injection pressure control policy to the Vapex
process evaluated from simulations. The maximum propane mass fraction is 0.77 at 689.5 kPa, which
agrees well with the previous study by Abukhalifeh (2009) for propane and the same heavy oil.

800
700 A
600 A
500 H

P = 804.36 (06304
2= 0.998

Pressure (kPa)

O T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Propane mass fraction

Figure 5.10 Variation of propane mass fraction with different constant pressure

5.3 Proof of Concept for Vapex Enhancement by Variation of Solvent

Injection Pressure

In this part of the study, we investigated the enhancement of oil recovery from Vapex by varying
the solvent injection pressure with time. A heavy oil of 14,500 mPa:s viscosity was used in the
experiments. Three different permeabilities, and two physical model heights of 25 and 45 cm
were considered. The experiments were performed with varying solvent injection pressure versus
time. Sharp pressure variations or pulses were introduced by sudden release and re-injection of
the solvent gas (Muhamad, et. al., 2012).

It was found that the temporal variation of solvent injection pressure enhanced the extraction

process significantly; resulting in an increase in live oil production. Pulse changes in pressure
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were found to be more effective in increasing the production in comparison with other pressure
versus time policies. These results serve to demonstrate that solvent pressure variations can

enhance the oil recovery in Vapex.

5.3.1 Effect of Pressure Variations

To examine this effect, the model height and permeability were fixed at 25 cm and 204 Darcy,
respectively. Solvent injection pressure was varied to generate a temporal variation in pressure
made of pressure pulses. The pressure was varied by releasing the solvent gas at once to vent and
re-injecting the gas again with a specified time interval. The oil production history at two
different re-injection times was studied and was compared with the production history from a

constant injection pressure.

Figure 5.11 presents the solvent injection pressure versus time curves for two re-injection times.
The solid black line shows the pressure curve when solvent was re-injected quickly to result in a
short pulse of 3 minutes. The dotted black line shows the pressure when solvent was re-injected

with a delay, thereby resulting in a long pulse of 8 minutes.

Figure 5.12 compares the cumulative oil production obtained from the constant pressure
injection and pressure pulsing generated with short pulses. The pulse injection pressure is also
presented on the same plot. Temporal variation in the injection pressure resulted in the recovery
of 193 grams of oil in 350 minutes as compared to 155 grams of oil recovery over the same
period for a constant injection pressure. This outcome indicates that a variation in the injection

pressure pulsing resulted in 24% more recovery compared to constant injection pressure.

Figure 5.13 compares the cumulative oil production curves obtained from the constant pressure
injection and pressure pulsing generated with long pulse. Similar to the previous case, temporal
variation in injection pressure with long re-injection times resulted in ~19% more oil recovery
compared to constant injection pressure. However, a short pulse showed more promising
recovery and oil production rate. Moreover, the results also showed that there was an increase in
production rate at the re-injection intervals, which indicates that some oil gets entrained along
with solvent gas from the physical model
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Figure 5.12 Oil production versus time (204 Darcy, H=25 cm, butane, short pulse)
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Figure 5.13 Oil production versus time (204 Darcy, H=25 cm, butane, long pulse)

NOTE For the rest of the experiments, short pressure pulses were used, since they were found to
be superior to the long pulses. Thus by pressure variation or pulsing we mean the use of short

pulses.
5.3.2 Effect of Pressure Variation with Different Medium Permeabilities

The effect of pressure pulsing on oil recovery was examined for different permeability mediums
specifically 102 and 51 Darcy with a model physical model height of 25 cm. Short pulses of

solvent injection pressure were employed.

Figures5.14 and 5.15 below compare oil production at constant pressure of 16.2 psi to that with
varying pressure made of short pulses for 102 and 51 Darcy permeability. For both values of
permeability, the cumulative oil production at the end of 350 minutes of solvent injection was
slightly higher with temporal pressure variation. However, the oil production increased with

pulsing pressure as compared to that with constant pressure. The fractional increase on an

104



average was higher with the low permeability than that with the higher permeability (1% more).
For permeability of 102 Darcy,~61% increase in produced live oil at the end of 350 min was
observed (compared to constant pressure injection) while 51 Darcy permeability lead to~60%

increase in the produced oil.
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Figure 5.14 Oil production versus time (102 Darcy, H=25 cm, butane gas, short pulse)
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Figure 5.15 Oil production versus time (51 Darcy, H=25 cm, butane gas, short pulse)

5.3.3 Effect of Pressure Variation with Different Physical Model Heights

To investigate the effect of pressure variation on oil recovery with different model heights,
experiments were performed with physical model heights of 25 and 45 cm with a permeability of

204 Darcy, and varying solvent injection pressure.

Figures 5.16 and 5.17 present a comparison of the cumulative produced oil curves from constant
injection pressure and from pressure pulsing for 25 and 45 cm model heights, respectively.
Comparison of the produced oil curves from constant injection pressure for both the model
heights showed that the 45 cm model produced 80% of original oil in place (OOIP) as compared
to 77% of OOIP from the 25cm model. Comparison of the two figures below also reveals that

effect of the pulses was more pronounced for the larger height model (45 cm).
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Figure 5.16 Oil production versus time (204 Darcy, H=25 cm, butane, pulse pressure)
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Figure 5.17 Oil production versus time (204 Darcy, H=45 cm, butane, short pulse)
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Proof of Concept

The aforementioned experimental results prove the concept that the variation of solvent injection
pressure can enhance oil production in Vapex. The results show that injection pressure parameter
is directly related to the physical properties of the reservoir such as permeability, height and
viscosity. In our experiments we observed that pressure pulsing enhances the oil recovery and
increase with model height and oil viscosity but decrease with permeability. Actual field
reservoirs have much higher height, lower permeability, and even orders of magnitude higher
viscosities than what are used in the laboratory studies. These facts indicate that incorporating
pressure pulsing in the field can significantly enhance oil recovery, and help eliminate economic

barriers in the field implementation of VVapex.

A possible explanation of such a beneficial effect of pressure pulsing associated with model
physical properties is as follows. The efficiency of Vapex depends upon the solvent mass
transfer rate into the in-situ oil. The solvent dissolves into the oil, reduces its viscosity, and the
reduced viscosity oil drains out of the model or reservoir by gravity. The reduction in oil
viscosity depends upon the amount of dissolved gas present in it, and the rate of viscosity
reduction depends upon the rate at which solvent gas dissolves into it. Hence the performance of

Vapex can be improved by increasing the solvent mass transfer rate.

When a pressure pulse is introduced by reducing the system (solvent) pressure, the solvent
concentration gradient begins to reverse starting from the solvent-oil interface where there is
almost zero gas concentration in the bulk gas phase due to vacuum. This reversal then progresses
inward to the core of the physical model as the dissolved solvent in the oil phase tends to move
to the interface and out into the bulk gas phase. This phenomenon can also create more channels
in the physical model, thereby providing larger areas for solvent mass transfer, enhancing
solvent-oil mixing, and thus helping to further reduce the oil viscosity. As a consequence, when
the solvent is re-injected by increasing the solvent pressure, the solvent penetration is easier and
at a faster rate. The overall effect is better oil production relative to solvent injection at constant
pressure. Finally, a larger height of the model provides more mass transfer area compared to
smaller ones. With pressure variations, a large mass transfer areas results in a further increment

in oil recovery.
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5.4 Steps to Formalize the Concept

To formalize the concept that the variation of solvent injection pressure enhances oil production

in Vapex, we needed to accomplish the following steps:

1. theoretically determine optimal policies for solvent injection pressure versus time, which
maximize oil recovery in Vapex

2. experimentally validate the optimal policies

The first step requires the knowledge of concentration-dependent dispersion coefficient to be

used in the mathematical mass transfer model of the Vapex experiments.
5.4.1 Determination of Concentration-Dependent Dispersion Coefficient

The mathematical model of Vapex describes the process of solvent absorption, and subsequent
live oil drainage in the experiments. The gas dispersion coefficient is an important property used

in the mathematical model utilized in the optimal control of Vapex.

In this study, the concentration-dependent dispersion coefficient of solvent gas was determined
following the computational technique of Abukhalifeh et al. (2012), which minimizes the error
between the predicted and experimental oil production. Figure 5.18 shows the dispersion
coefficient of propane as a function of its concentration in the heavy oil in a Vapex experiment.
Also shown is the initial guess used to initialize the technique. The figure shows that the

optimally determined optimal D(w) rises to a maximum value, and then drops toward the end.

This concentration dependent solvent dispersion dictates the mass transfer mechanism in Vapex

process.
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Figure 5.18 Dispersion coefficient function of propane in heavy oil

The application of the algorithm resulted in an iterative reduction of the error accompanied by a

corresponding improvement inD(w). The error decreases to the minimum as shown in

Figure 5.19 for 204 permeability, and 25 cm physical model height. The final optimal function
D() was obtained after which no further improvement was observed.
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Figure 5.20 above compares the experimental live oil production to the calculated one with the
optimally determined propane dispersion. The calculated production follows experimental
production very closely during the operation time of about 60 minutes.

Appendix |, provides the optimally determined dispersion coefficient of solvent (propane and
butane) as function of its concentration in the heavy oil for different physical models. These
functions were used to compute the optimal control policies for solvent injection pressure versus

time in Vapex.
5.5 Optimal Control Policies for Solvent Injection

These policies were obtained from the optimal control algorithm developed in the last chapter. It
must be noted that the optimal control algorithm uses the interfacial solvent concentration versus
time, w;,(t), as a control function, and provides its optimal form. It is then converted to optimal
solvent injection pressure versus time policy,(t), using the experimental correlation obtained in
Section 5.2.4.

For a given set of operating conditions, the optimal solvent injection pressure policy is associated
with maximum oil production calculated for the Vapex experiment. This policy is expected to
yield enhanced experimental oil production in agreement with the calculated counterpart. This
agreement is cross-checked in the experimental validation in the second step as laid out earlier in
Section 5.5.

5.5.1 Optimal Control Policy for Solvent Concentration

Figure 5.21 shows the propane concentration versus time policy for different iterations of the
optimal control algorithm. It resulted in an iterative increasing of the objective functional
accompanied by a corresponding improvement in w;,(t). The objective functional increased
monotonically to the maximum as shown in Figure 5.22. The change was significant at the
beginning, but the rate of improvement slowed down at final iterations. The maximum objective
functional is that point when the gradient correction given by Equation (4.46) tends to zero. No

further improvement is possible then. The final optimal function w;,(t) was obtained in 13
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iterations after which no further improvement was observed. Table 5.4 lists the parameters used

in the simulation of the mathematical model for physical model of 204 Darcy permeability and

25 cm physical model height.

Table 5.4 Simulation model parameters (204 Darcy and 25 cm)

Codes Parameters Value
N, number of nodes in r direction 20
N, number of nodes in Z direction 10
h; initial step size 1010
Nmax maximum step size 10
eps accuracy of integration 10°®
Kr relative permeability 1
Permeability 2.013x10° (cm?)
p live oil density 0.81 (g/cm®)
g Gravity 3531600 (cm/min?)
4 Porosity 0.38
o live oil viscosity 0.695 (g/cm.min)
R radius of physical model 3 (cm)
height of physical model 25 (cm)
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5.5.2 Optimal Solvent Injection Pressure

Figure 5.23 presents the optimal interfacial propane concentration versus time obtained from the
optimal control algorithm. According to this policy, to increase the oil production rate from
Vapex, the propane concentration at the interface should be altered after certain time intervals.
This policy, i.e. w;,(t), is implemented through the corresponding propane injection pressure
policy,P(t), in Vapex experiments. The latter is derived using the experimental correlation
between P(t) and w;,(t) as determined in Section 5.2.4. For example, Figure 5.24 shows the

P(t) corresponding to w;,(t) in Figure 5.23.
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5.6 Validation of Optimal Control Policy

To validate that the optimal injection pressure policy enhances the oil production as expected,
Vapex experiments were performed in which the optimal solvent injection pressure policy was

implemented using Lab View version 7.1 software with a control valve.

The following were compared:

1. the experimental mass of oil produced in experiments using the optimal pressure
policyP(t)obtained from the optimal control algorithm [after converting the
optimal w;,,(t)to optimal P(t)]

2. the predicted mass of oil corresponding to the optimal pressure policy P(t)[i.e. the

optimalw;,(t)]based on the optimal control algorithm

5.6.1 Accuracy of Optimal Control

The aforementioned comparison of the experimental and predicted oil production showed the
accuracy of Optimal Control of Vapex developed in this work. In the first validation experiment,
the results showed that the predicted mass of oil produced was 166 grams, and the produced oil
from the experimental work was 173. Thus, the percentage error in the mass of oil produced was

less than 5%.

Figure 5.25 compares the cumulative produced oil curve obtained from experiments performed
with optimal injection pressure policy to the one obtained with constant injection pressure. It is
observed from the figure that optimal solvent injection pressure policy enhanced oil production
by 24%.
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Figure 5.25 Load cell reading of oil production versus time (propane, 25 cm model height, 204

Darcy)

We did a total of four validation experiments. Table 5.5 provides the details. The experimental
and the predicted masses of produced oil are compared in Figure 5.26. The percentage error in
the mass of oil produced was found to be 5.6% or less. The low errors demonstrate that the
Optimal Control of Vapex developed in this study can be confidently applied to enhance oil

recovery, which we quantify next.

5.6.2 Enhanced Oil Recovery

The validation experiments also enable the comparison of the oil production with optimal solvent
injection pressure policies to that with constant pressure. Figure 5.27 makes the comparison for
one such case. It is found that the optimal pressure policy enhances the extraction process

significantly; resulting in an increase in oil production by 20-35%.
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Table 5.5 Validation experiments for different physical models and solvent gas

Height  Permeabilit experimental Predicted oil
Exp. No.  Solvent (Cn%) (Darcy) Yo il production production % error
(9) (9)
1 propane 25 204 173 166 4.2
2 propane 25 51 100 95 5.2
3 propane 45 204 318 301 5.6
4 butane 45 204 155 146 54
310 4 X Experimental é
OPredicted
G
= 260 1
=
B
>
'g 210 A
o
%
%5 160 - 6
$
g
= 110
&
60 T T T T
0 1 2 3 4 5

Experiment number

Figure 5.26 Experimental and the predicted masses of produced oil
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Figure 5.27 Experimental mass of produced oil for different physical models

5.6.3 Summary

The validation results demonstrate that solvent injection pressure can be optimally varied to
enhance oil production in Vapex. This enhancement may be attributed to the non-linearity of the
complex solvent-to-heavy-oil penetration mechanism in conjunction with the concentration-
dependent dispersion of the solvent. The whole process is captured by the mathematical model
used in this work. The model utilizes concentration-dependent, solvent dispersion coefficient,
which embodies the effect of several molecular-level phenomena not explicit as such in the
model equations. The close proximity of the experimental and predicted oil production values

underlines the reliability of the Optimal Control of VVapex developed in this work.

120



Conclusions and

Recommendations

6.1 Conclusions

In this study, two different experimental setups (Vapex setup, and interfacial solvent
concentration setup) were designed, built and operated. The Vapex setup was employed
1. to produce oil from physical oil reservoir models of a cylindrical cross-section and
different heights, and
2. to determine live oil viscosity, density, solvent mass fraction in the produced oil, and the

concentration-dependent solvent dispersion coefficient in the heavy oil.
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The second experimental setup was used to correlate the injection pressure of a solvent with its
concentration at the solvent-heavy oil interface. Propane and butane were used as pure solvents

in Vapex at room temperature.

The initial Vapex experiments provided the proof of the concept that oil production in Vapex can
be enhanced by varying solvent injection pressure with time. This concept was formalized as

follows:

The problem of Optimal Control of Vapex was formulated using solvent injection pressure
versus time as a control function or pressure policy. The necessary conditions were derived to
find the optimal policy that maximizes heavy oil production in Vapex. An optimal control
algorithm was developed and programmed to yield the optimal pressure policies. These policies
were experimentally validated, and enhanced oil production from Vapex was successfully
realized. Following are the salient conclusions of this work:

1. The proof-of-concept experiments showed enhanced oil production from Vapex by
varying solvent injection pressure with time. The enhancement was in the range 20 to
25% with pressure variation using short pulses (each of about 3 minute pressure drop)
close to the dew point. Short pulses were found to be superior to long pulses of about 8

minute duration.
2. The Optimal Control of Vapex was successfully validated with high accuracy in four

different experiments. The oil production with the optimal solvent injection pressure
policy was found to be within 5.6% of that predicted by the optimal control algorithm.

3. Oil production with optimal solvent injection pressure policy was found to be 20 to 35%

more than that with constant solvent injection pressure.
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6.2 Recommendations

The optimal control of Vapex developed in this work may be used

1. to investigate its field applications, beginning with the study of large physical models

with and without fractures.

2. to examine the effect of variation in the injection pressure of solvent mixtures on

heavy oil recovery.

3. to use steam pressure versus time as a control function to enhance oil production in
SAGD.
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Appendix A

Sample of porous medium permeability calculation

The permeability (K) was calculated by applying the following equation (Dullien, 1992):

— I:)2 xuz ></Llair>< L
P, <AP

K

3.2)

where P; andP, are the pressures at the inlet and outlet of the cylinder, u; is the velocity at the
outlet, Py, is the mean pressure, AP is the pressure difference, p,;is the air viscosity at room

temperature, and substituting for the parameters from Table A.

Table A Data for calculations

Parameter Value
P1(atm) 1.153
P, (atm) 1.127
Q, (cm®fs) 61.96
L (cm) 26
D (cm) 4
u, (cm/s) 4.93
AP (atm) 0.026
Pm(atm) 1.14
u,. (cP) 0.0184
K (Darcy) 222.438

Sample of Calculations

P, <xu, < z¢,,, < L

K —
P, < AP
g = L127x493x00184x26 _ 0 Darcy
1.14%0.0106
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Appendix B

Sample of Live Oil Viscosity Calculations

The live oil viscosity was calculated by rearranging Equation (3.4), and substituting for all of the
parameters from Table (B.1) to Equation (B.1).

7 d* Ap 68948x100| cm* psi | dyne/cm? cp
cp)= : B.1
#(ep) 128Q L Lm?’/sec cm psi dyne/cm?s B

Table B.1 Data for live oil viscosity calculations

Volumetric Pressure Drop Live Oil Viscosity Live Oil Viscosity
Flow Rate Across Capillary (dyne.s/cm?) (mPa-s)
(cm®/s) Tube (Ap)
0.35 4.5 0.04634 4.634
0.125 33 0.0951 9.51
0.139 3.95 0.1078 10.78
0.134 4.8 0.1291 12.91
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Appendix C

Sample of solvent gas solubility and live oil density calculations.
To calculate the butane solubility and live oil density, substitute in equation (3.5) and (3.6) for all
the parameters from Table (C.1).

Table C. 1: Data for Butane Solubility and Live Oil Density Calculations

6.68 ¢

C,H,, Dissolved weight fraction = (C.1)
7.469+6.68¢g
. +7.
Live Oil Density = 6689+ 7 436 g (C.2)
16.74 cm
. Librated . . . .
Dl O1 Butane Mass L O] I Q'I Dissolved Butane
Mass @) Volume Density Eraction
(9) (cm3) (9/cm3)
7.4 4.2 14.33 0.809490579 0.362
9.3 5.53 18.2 0.814835165 0.372
7.6 6.8 17.4 0.827586207 0.472
6.7 5.9 15.1 0.834437086 0.468
9.34 5.37 18.055 0.815 0.365
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Appendix D

Derivations of Necessary Conditions

We need to find the terms of 8_1‘1 , 6f_2 , o and o, in Equation (4.45) which is
w:) \Oow) \ Ow, ow,,

TR
o = o, = || LN R L B L1 e
aa)int 00 aa)z (t,r,z) a6')2 (t,r,0) (t.r.0)
TZ
[Jl-n 2o 2 dzdt = 0 (4.45)
0% do, oOr\ " Ow,
(t,R,2)
We have Equation (4.12) which is
2 ) 2
(22 2()ofZ)- (2] )
1 owfor) rlor or 4\

To find the derivative of the first and second terms of Equation (4.45) (—1 J
a ;

From Equation (4.12) and (4.45) we obtain

1 = [f]=-8a— (D.1)

f
To find the derivative of the third term of Equation (4.45) (—2 2 ]

[0
We have Equations (4.14) which is
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f, =—v(t,r,0) = —a|wlt,r,0)f (4.14)

We get

ox, =-2Qm (D.2)
ow

To find the derivative of the fourth term of Equation (4.45) (;fl j

r

From Equation (4.12), we obtain

oD

M _ 0 []- _(8_&)) b (D.3)
ow, Ow, oo \ Or r

. I . of,
To find the derivative of the last term of Equation (4.45) 3
From Equation (4.12), we obtain
of, 0

=—[f]=D D.4
aa)rr awrr [ 1] ( )

of,
+
4 ow

(t,r,2) z

A

(t,r,0)

Jigt ]

oo,

drdt = ﬁ{—% “;’

(t,r,0) z=Z

(D.5)
{3,11 “;’2 - 2/1205(0} }drdt

z=0
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From Equations (D.3) and (D.4) the second integral in Equation (4.45) becomes

H{ 80) ar(ﬂiaaaf)l H dzdtzjj[ 2/112—2 Z_Qr’_ﬂig %(@D)} dzdt (D.6)
00 (tR2) 00

r (t,R,2)

TZ
=”[ 24, . a—“’—zi b, %p ﬂla—D a—‘"} dzdt
2% Ow or or or (CR.2) (D7)

or

gt

I’

_TZ @6_60_ D 8/11
ﬂdzd _ ! ﬂ G s DLZ)dzdt (D.8)

By combining equations (D.5) and (D.8), Equation (4.45) becomes

2
- {3&1 @ _ 2120660} drdt +
=7 ¢ z=0

TZ
”[ PR a—“’—z,lD et } dzdt (D.9)
0% ow or o iry

88‘] =}m— “;’2 {3/11 “;’2 —2/12(1@} ]dr+
wint of o0 =7 z=0

(D.10)
z
| P00 D O%p| ot

5 dw or ror Jiro
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ai‘)] = HI T.dr + 'Z([Tzdz}dt

int

aw®

- {3&_ - 2120560:|
z=Z z=0

Dow . D o4
T,--2, 2% ;2 %p
2 ﬂiaa)ar ﬂir or

(D.11)

(D.12)

(D.13)
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Appendix E

E.1 Finding Adjoint Equations

From Equations (4.12) and (4.45) we need to find o, j o, a—fl and o,
ow)'\ 0w, )’ dw, ow,,
(D)) D(dw) [(Fo) , o (do
“Low ) or o or 4 0z

o (o), o, ) o, o) &, &
ER Zl(am}az[’llaa)z}ar[%amj or? (/11‘860”] (44)

To find the derivatives of the first term of Equation (4.45)
o 8 (aDj(éa)T D[aa)j oo wz(aa)j
— | + +D| — |-3a—| —
b ow|\dw )\ or or or y 0z (E.1)

First term of Equation (E.1)

SEEEEE
ow|\ dw )\ or o\ or

Second term of Equation (E.1)
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w2

dwl\r or )| rowor

Third term of Equation (E.1)

2 2
Zlplel.®r (E4)
ow| or ow or
Fourth term of Equation (E.1)
0 602 0 @(0
2| (20| g 2(22) -
0w ¢ oz ¢ oz

By combining Equations (E.2-E.5), we obtain the final equation ofgi, which is written as
[0

2 2 2

& 0[1]-20 (), 10D fo D T, 0(%0) €5)
ow Ow ow or rom or oOw or p 0z

of 0 o

1 =_[fl]=_3a_ (E.7)
ow, Ow, y

oD

o, _ o [f1]=2—(a—w)+2 (E.8)
ow, Ow, o \ Or r

of, 0

- fl=D E.9

aa)l’l’ awrr[l] ( )
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Substituted of the Equations (E.6), (E.7), (E.8) and (D.9) into Equation (4.45), we obtain the

following equation:

% ﬂiaz o) _4dow_, D Fe, Gawﬂi
6r r ow or dw or?

3a 0 2) a( oD dw Dj 0°
A 24 —“—4+ 1 —|-—1IAD
P az( C ) Thewar i or? ( )

Fifth term of Equation (E.10)

o) ae()

Sixth term of Equation (E.10)

2 2 2
2y D00, B) D T, D Fo () 7D (Go),
or 10w or lr or dw or Oow 0 ow or

4D A4dDow , D
orr r dwor r?
where
9[®). 2 (D). 7 (D7e) Do
or\ow) ow\or ) ow\ow or) ow? or

Last term of Equation (E.10)

(E.10)

(E.11)

(E.12)

(E.13)
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or dw or or? dw

A2 D 8% 04 D ow
or ) dw? ar2 or ow or

—i(}LD) 9 gaDaw_,_aﬂD __04 0D 0w _ 62w6_D_
or2 1 orl1éwor “or |

where
2(@)_o () 2 (@) Do
or\dw) ow\ or) ow\ow or ) ow® or

So Equation (E.14) becomes

2 2 2 A2 2
6_(/11D)_8/116D6a) 0w oD %(G_a)j oD 6/11D+8/116D8w

L= —+ +
or? or dw or or? ow or ) dw®  or? or dw or

(E.14)

(E.15)

Substitution of the Equations (E.12) and (E.15) into Equation (E.10),we obtain the following

equation:

or r dw or dw ar? 0z @

2 2
,0% Mo . B Fo 8D[a)+aﬂlD 4, 8D oo
r

or dw or dw or’ B o r r owor

04, 6D dw awaD (TaZD 0°4y [, _ 04 D 0w

% ﬂiaz (a_wf_ﬁ@a_w_ﬂi@az_w w_wﬂi[a_wj__% (an
¢

or dw or *or? o0 o ° or dmar

Rearrange Equation (E.16) we obtain the following equation:

3a .04
0z

(E.16)
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S .0k 04D ;D _Phy
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Rearrange Equation (E.17), the final adjoint equations are

o4 _ a0 o4D_,

D 24
ot ) oz orr r’ or?

And rom Equation (4.46), we obtain

oA,
—Z =—fBr=-2
p p Vireli

A

ow oOr r

0w 1 D

222 (%) —%—

o or

(E.17)

(4.50)

(4.51)
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Appendix F

Finding the Jacobians for the state and co-state equations.

F.1 Following are the set of Jacobian equations employed to integrate the ODEs (Equations
[4.56]-[4.68]):

For intermediate grid points

For0<i<(Ni—1)and 0 <j<(N;-1)

o D1 P =D | OD| B — 20 + @y Dl =2 |,
Y dw 2Ar ow Ar? Ar?

2 . —w | @ . — @
a D|: i+1, j I—l,J:| _Kergcosesa)i’j|: i, j+1 I,j—l:|

ow” 2Ar Ly Az o1
@iy =D 1, D2 LD [ @y =@, ] 1
, 2r.Ar Ar ow Ar 2Ar (F2)
T, = _D[ 1 :|+ Dz _9b 2|: Diasj ~ P } 1
nArl Ao ar oA (F.3)
@, H__Kerg 00503 2 1
| Ho® I 24z, -
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Lo (F.5)
=, = K,Kpg cos & 302, |:a)i,j+1 — Z)i,j—l:|
L, 2Az (F.6)
For Axis Grid Points
When i =0 for 0 <j< (N;-1)
@, = K,Kpg cos & 3w, | |:a)o,j+1 — a)O,j—l:|
Lo Az, (F.7)
K,.Kog cos @ 1
@ j =~ £ 3 g.j|: :|
Ly 2Az, (F.8)
K,Kpg cos & 1
Wy j1 = 36‘)5,] |:2 :|
/Llo¢ AZi (F9)
S K,Kpg cos & 3@5’1_ [a)o,ju — 6200,]—1:|
/’lo¢ ZAZi (F.10)
Wheni=0andj=0
@op = K,Kpg cos & 3%{600,1 ~ a)int:|
U P AZ, (F.11
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Ly 2Az, (F.12)
@y, — @
@, — K,Kpg cos & 30)02’0[ br & lnt:|
YR 2A7. (F.13)
Wheni=0andj=(N;-1)
K,Kpg cos @ Wjpy — Do Nj_»
DoNj1 =~ Sa)O,Nj_j_ .
Lo Az, (F.14)
K,Kpg cos @ 1
DoNj—2 = 3605,le|: :|
Lo 2Az, (F.15)
K,Kpgcoséd _ Dint — DoNj_o
o, = 3 ONj_1 2
HoD 2Az, (F.16)
For Right Most Grid Points
Wheni=(N;—-1)andj=0
oD 1 Wiy — D20 oD | @i, — 2C‘)Ni—Z,O + Oy
O \i-10 = P + > —
o Ty 4 2Ar ow Ar
DI: 22 :| N 62[2) |:a)int — O\j-2,0 j|2 _
Ar ow 2Ar
K,Kpg cos @ 3 Wnj-11 — Dint (F.17)
:Llo¢ Mo AZi
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- D 1 D oD 5 Wjpy —Wn; 20 | 1
Tni-z0 =T S A T AR 6 2A 2A
I‘NFl r r w r r (F.18)

o =
N Y78 MLl 2Az (F.19)
o — K,Kpg cos @ 302 D\i-11 ~ @int
- Nj—1.0
’ IR - 2AZ5 (F.20)
Fori=(Nj—1)and 0 <j<(N;-1)
oD 1 Wiy — a)Ni—Z,j oD | @int — 2a)Ni—1,j + a)Ni—Z,j
@nii T + 2 -
@ Ty 2Ar ow Ar
2
2 O°D | Dint — Dnj-2, K,Kpg cos @
D > + > ! J - m sa)Ni_lyj
Ar ow 2Ar H P
Onj-1,j+1 — ONj1,j-1 (F.21)
AZNi—l
1 D aD a)in — i—2,j 1
@y, 5 =—D -2 — N2
2ry, ,Ar | Ar ow 2Ar 2Ar (F.22)
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K. Kpg cos 1
(AN AN ¢ 360,3,._1 il 9A5
i /’lo¢ e ZAZNi_l (F23)
K _Kopg cos @ 1
WyNj,ja = 2 wlsli—lvj Py
/’lo¢ 2AZNi_l (F24)
K,Kpg cos @ W\i-1,ja1 — ONi-1j1
wz = 30),3”_1,]- ! 2A > !
YR ZNi-1 (F.25)

wheni=(Ni—-1)andj=(N;-1)

DnNjaNj-1 =

oD 1 | @int~ @nj2nNj1 N oD | @Oint — ZwNifl,Njfl + N 2Nja
dw 1y, 4 2Ar ow Ar?

2
D 2 +82D @int ~ Pni2nj1 | K Kpg cosd
Ar? ow? 2Ar H P

Ojnt — OnjaNj-2 (F.26)
AZ,,

i—1

3w

Nj—1,Nj-1

1 D oD,| @int = ®Onj2nja | 1
wNi—Z,Nj—lz_D +—— - 2
2ry, ,Ar | Arc ow 2Ar 2Ar (F.27)

_KrK,ogcosé?32 [ 1 }

O\jaNj—2 = DN 1 Ni1| Ao
S Y787 TR 24z, (F.28)
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z

_ Kr Km COos 6 3 2 a)int - a)Ni—l,j—Z
B Ni—1.Nj—1 2AZ2

YR Nj-1 (F.29)
For Lower most Intermediate Grid Points
When 0<i<(N,-1) and j=0
@, = 0D 1| @Wiy0— Do 4 oD | Wiy — 2C’)i,zo T @iao | _p 22 4
’ ow T, 2Ar ow Ar Ar
o°D Wi10 — Wi ’ _ K,Kpg cos @ 3w @, 1 — Wiy
ow® 2Ar . Yl Az (F.20)
oy = D 4 D2 4 oD 2 Wi~ Wino | 1
’ 2r.Ar | Ar ow 2Ar 2Ar (F.31)
- D D 0D, Wiao0— @0 | 1
Wi 0= +—— 2
2r, Ar Ar ow 2Ar 2Ar (F.32)
S K,Kpeg cos @ 307, 1
/Llo¢ 2A2Ni,1 (F33)
K.Kog cos @ , , — .
@, = r £9 30).20 i1 2|nt
HoP ! 2Az, (F.34)
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For the upper most intermediate grid points

When 0<i < (N, -1) and j=(N, —1)

oD 1 |:a)i+1,Nj1 - a)il,le:l N oD |:a)i+1,le - 25’)i,Nj71 + a)il,le:|

L 2Ar Ow Ar?
2
B Dl: 22:|+ 52[3 Dianja1 ~ Pianja B
Ar ow 2Ar
K. Kpgcosd , Wit — O j 2 (F.35)
Ho T Az
D N D N oD 5 @ignj1~ Pianja | 1
- R =
PN 2rAr | A dw 2Ar 2Ar (F.36)
-D D oD | @ianja~ Pianja | 1
Wi iNj1— + > 2
" 2r,Ar | Ar® oo 2Ar 2Ar (F.37)
- K, Kpeg cos@sz 1
|,Nj—2 ,Uo¢ i ,Nj—l ZAZi (F_38)
_ K, Kpg 00593602 Oiny — Wi Nj-2
z = i,Nj—1
Ho ) 2Az¢ (F.39)
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Change in Height of Physical Model

K Kogcos@| @, , + @, + 20,
7, = -9 { € =2 ‘} (F.40)
Hs 8
Zi10 = 4o (F.41)
K Kpgcos@| @y 1o+ 30,
Zy1g =~ ’Zg { e ‘} (F.42)

Where @ and z shows the Jacobian expression for corresponding node for solvent concentration and
model height respectively.

F.2 Following are the set of Jacobian equations employed to integrate the ODEs of adjoint equations

(Equations [4.69]—[4.75]). The equations written for corresponding grid points are as follows:

For intermediate grid points,i.efor0 <i < (N, —1)and0<j < (N,—1)

Aij =—D|:i2j|+|: 2D2:|
f 2Ar (F.43)
A =—3 K,Kpgcosé o ,-[ 1 }
HoP 2Az, (F.44)

Ziii=3 K,Kpgcosd o { 1 }
H P 2Az,

(F.45)
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- 1 D
li+" :D —
o {ri 2Ar } [Arz]
Zi—l,j =-D 1 —‘: Dz}
r, 2Ar Ar

For i=(N,-1) and 0<j < (N, -1)

= 1 2D

Ani,j =—D| — +|: 2:|
i1 2Ar

= 1 D

Anj-2j =—D —[ 2}
M1 2AT Ar

— K. Kopg cosd 1
ANj,j+1 = —3— & a),ii_1 y
:uo¢ 2AZNi_]_

— K. Kopgcosé 1
ﬂ,Ni—l,jﬂ =3— 29 wi‘i—l il 3o —
1uo¢ 2AZNi_]_

For i=(N,-1)and j=0

- 1 D
Anj0 =—D —|: 2:‘
Myj-1 Ar

(F.46)

(F.47)

(F.48)

(F.49)

(F.50)

(F.51)

(F.52)
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= 1 D
M1 2Ar Ar (F.53)

Anj11 =3 K.Kpgcoso ! {;}

Nj—1 .1

HoP 2AZ; 4 (F.54)
= K,Kpgcosé@ 1
ANj11 =3— 9 a),ii_l G| =
Ho® 2Azy; 4 (F.55)
For i=(N,-1)and j=(N,-1)
= 1 2D
AnNi-1nj-1 =—D| — +|: 2:|
MNi Ar (F.56)
- 1 D
ANj-2Nj-1 = —D| ——— —|: 2j|
Fnj-1 2AT Ar (F.57)
= K,Kpg cosé 1
ﬂNi—l,Nj—z =3— 9 a)’ii—lvN' |\ =
HoP 7 2Azy, (F.58)
For the upper most intermediate grid points, i.e. for 0<i < (N, —1) and j=(N, —1)
= 1 2D
ﬂi,Nj_]_:—D — +|: Z:I
r Ar (F.59)
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— 1 D
/li—kerj—l = D|:?:| _|:Ar2 i| (FGO)

Mo (F.61)
For the lower most intermediate grid points, i.e. for 0<i <(N, —1) and j=0
dﬁ’u,o -D l /11+1,o _ﬂ”i—l,o _ /11+1,o _221,0 +/11—1,0 _
dt r 2Ar Ar?
’ (F.62)
A A
D{%"}B K,Kpg cos @ wiz{ " }
l‘i ,Uo(l) Y 2AZi
Zi,o=3K'Kng050 o 1 | b iz J{ZDz]
M@ 2Az; r Ar (F.63)
- 1 D
ﬂ’i+1~0 =D _|: 2 :|
r. 2Ar Ar (F.64)
- 1 D
A i-1.0 = -D _I: 2 :‘
r, 2Ar Ar (F.65)
= K,Kpgcosé 1
A1 =—39 2
Lo P 2Az (F.66)
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Appendix G

Recorded mass of the physical model versus time in an experiment
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Figure G.1Recorded weight of the physical model with time (model height: 25 cm,
permeability:102 Darcy, solvent: butane)
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Figure G.2Recorded weight of the physical model with time (model height: 25 cm,
permeability:51 Darcy, solvent: butane)
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Figure G.3Recorded weight of the physical model with time (model height:25 cm,
permeability:427 Darcy, solvent: propane)
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Figure G.3Recorded mass of the physical model with time (model height: 25 cm, permeability:

404 Darcy, solvent: propane)
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Figure G.4Recorded mass of the physical model with time (model height: 25 cm, permeability:

87 Darcy, solvent: propane)
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Figure G.5Recorded mass of the physical model with time (model height: 25 cm, permeability:

40 Darcy, solvent: propane)
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Appendix H

Table H.1 Average live oil density (g/cm®) for various physical models

Run Model Height Permeability Solvent gas Live oil Density
#) (cm) (Darcy) (g/cm?)

1 25 204 Propane 0.831

2 25 87 Propane 0.829

3 25 40 Propane 0.825

4 45 204 Propane 0.827
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Appendix |

Simulation Results for Determination of Concentration—Dependent Dispersion Coefficient

1.1 The simulation results for physical model of 25 cm physical model height, permeability of 204 Darcy, and butane gas.

Figure 1.1 Dispersion coefficient function of propane in heavy oil for (butane, 25 cmmodel height, and 204 Darcy)
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Figure 1.2 Error versus iteration number for (butane, 25 cm model height, and 204 Darcy)
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Figure 1.3 Experimental and calculated mass of oil produced with time (204 D, 25 cm model height, butane)
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1.2 The simulation results for physical model of 45 cm physical model height, permeability of 204 Darcy, and butane gas.

Dispersion coefficientx10%( m/s)

Figure 1.4 Dispersion coefficient function of propane in heavy oil for (butane, 45 cmmodel height, and 204 Darcy)
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Figure 1.5 Error versus iteration number for (butane, 45 cm model height, and 204 Darcy)
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Figure 1.6 Experimental and calculated mass of oil produced with time (204 D, 45 cm model height, butane)
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1.3 The simulation results for physical model of 25 cm physical model height, permeability of 51 Darcy, and propane gas.
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Figure 1.7 Dispersion coefficient function of propane in heavy oil for (propane, 25 cm model height, and 51 Darcy)
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Figure 1.9 Experimental and calculated mass of oil produced with time (51 Darcy, 25 cm model height, Propane)
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1.4 The simulation results for physical model of 45 cm physical model height, permeability of 204 Darcy, and propane gas.

6
m BN

5 4 - m = ol ] n
—~ [ |
2 . “u
S [ L
= 4 A ] [ |
S [ |
X | [ |
S 3 u u
2 O =
S

[ |

S 4 [ |
c 2 m
S
» [ |
21
2

0 L] L] L] L] L] L] L] L]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Propane mass fraction

Figure 1.10 Dispersion coefficient function of propane in heavy oil for (propane, 45 cm model height, and 204 Darcy)
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Figure 1.11 Error versus iteration number for (Propane, 45 cm model height, and 204 Darcy)
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Appendix J

Simulation Results and Validation of Optimal Control Policy For Solvent Injection Pressure

J.1 The simulation results of Optimal Control policy for physical model of 25 cm physical model height, permeability of 51

Darcy, and propane gas.
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Figure J.1 Simulation of variation interface concentration @,,, function of time in heavy oil(propane, 25 cm model height, and 51

Darcy)
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Figure J.2 Solvent injection pressure corresponding to the optimal @, (t) in Figure J.1
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Figure J.3: Load cell reading of oil production versus time (Propane, 25 cm model height, 51 Darcy)
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J.2 The simulation results of Optimal Control policy for physical model of 45 cm physical model height, permeability of 204

Darcy, and propane gas.
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Figure J.4 Simulation of variation interface concentration @, function of time in heavy oil(Propane, 45 cm model height, 204 Darcy)
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Figure J.5 Solvent injection pressure corresponding to the optimal @, (t)in Figure J.4
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Figure J.6 Load cell reading of oil production versus time (propane, 45 cm model height, 204 Darcy)
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J.3 The simulation results of Optimal Control policy for physical model of 45 cm physical model height, permeability of 204

Darcy, and butane gas.
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Figure J.7 Simulation of variation interface concentration @,,, function of time in heavy oil(butane, 45 cm model height, and 204

Darcy)
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Figure J.8 Solvent injection pressure corresponding to the optimal @, (t)in Figure J.7
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Figure J.9 Load cell reading of oil production versus time (butane, 45 cm model height, 204 Darcy)
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