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ABSTRACT

This research was directed towards an investigation of the performance of the
immuiscible carbon dioxide WAG (Water-Alternating-Gas) process, which is believed to
recover considerable amounts of moderately viscous oils from thin and deep formations,
where the reservoir conditions do not favour the application of thermal recovery methods.

A new phase of experimental work was developed in an attempt to examine the field
recovery mechanisms of the immiscible WAG displacement process, where sources of pure
carbon dioxide are rare and impure carbon dioxide is used instead.

In this investigation, nitrogen-carbon dioxide mixtures with nitrogen concentrations
from 5.0 to 30.0 mole%, in increments of 5.0 mole%, were used to represent the field
impure carbon dioxide since nitrogen is the main contaminant. Other gases are present in
very small amounts.

Experimental measurements of the diffusivity and solubility of pure and impure
carbon dioxide in Aberfeldy oil showed that the diffusivity and solubility of carbon dioxide
in oil drastically decreased with increasing nitrogen content of the mixture. This was found
to produce an adverse effect on the immiscible carbon dioxide WAG process, viz, the oil
recovery decreased.

The experimental results show that, for the field application of the immiscible
carbon dioxide WAG process to be effective, the volume of nitrogen present in carbon
dioxide should not exceed 15.0 mole%. A significant drop in oil recovery was observed
when the nitrogen content exceeded 15.0 mole%.

The effect of carbon dioxide partial pressure in the nitrogen-carbon dioxide mixture
on oil recovery was investigated. It was found that increasing the carbon dioxide partial
pressure increased the recovery efficiency, based on the results obtained. Also, a few
experiments were conducted to study the effect of carbon dioxide partial volume.
Decreased recoveries were noted in these experiments.

The scaling-up of experimental results to the field scale to predict the field recovery
demonstrated that a iarge volume of oil can be recovered in & short time by this process,
under optimal conditions.
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CHAPTER 1
INTRODUCTION

The immiscible carbon dioxide WAG (Water-Alternating-Gas) displacement
process is being used increasingly as an enhanced oil recovery technique. Within the last
decade, many studies have been conducted to examine the effectiveness of the process, as
well as its mechanism. In the United States, many field studies and projects have been
conducted with good results'? In Hungary, this method has been in use for thirty years to
recover oil, and excellent oil recoveries have been reported®’. In Alberta, the start of the
commercial immiscible carbon dioxide project in Retlaw, in January 1991, marked the
success and effectiveness of this method in recovering medium gravity heavy oils. The
cumulative production, as reported in June 1991, exceeded 120,000 standard cubic
meters®. It has also been shown that, based on laboratory and field studies, this method
works much better than any other thermal recovery method in moderately viscous oil
reservoirs where the formations are thin (less than 10 m) and the reservoir depths are large
(greater than 1000 m).

In Alberta and Saskatchewan, there are many moderately viscous heavy oil
reservoirs where the reservoir conditions fall in these regions. Morcover, many of them
are underlain by bottom water zones. This makes the application of thermal recovery
methods very inefficient and uneconomical due to excessively high heat loss to the bottom
water zone and the resulting high operating costs. An alternative is to employ the
immiscible carbon dioxide WAG method, which involves the injection of small slugs of
carbon dioxide alternating with water.

Laboratory studies on the application of the immiscible WAG process to the
recovery of oil from such reservoirs conducted by the previous reseachers®'? showed that
this process can recover a substantial volume of oil, about 10 to 30% incremental oil
compared to a waterflood, when pure carbon dioxide is used. On the other hand, the
process is ineffective and recovers as much oil as a waterflood when pure nitrogen is used
in place of carbon dioxide. For the field application of the process, pure carbon dioxide is
rarely available since it is always mixed with contaminant gases such as nitrogen, oxygen,
hydrogen sulphide, methane, ethane, etc. Nitrogen makes up the largest percentage of the
contaminant gases present, the others being often negligible in comparison. Consequently,
it is important to examine the effect of nitrogen on the immiscible carbon dioxide WAG
process for practical applications.



This study is a contribution to the investigation of the field application of the
immiscible WAG process where nitrogen-carbon dioxide mixtures are used. Specifically,
it examines the effect of the presence of nitrogen in the carbon dioxide stream on the
process mechanisms and recovery efficiency.

[39)



CHAPTER 2
STATEMENT OF THE PROBLEM

The objectives of this study were directed toward investigating the application of
impure carbon dioxide containing nitrogen as the contaminant gas in place of pure carbon
dioxide in the immiscible WAG process, and the results obtained were then compared with
those obtained in the previous studies, to determine the effect of nitrogen on the process
efficiency. The objectives can be summarized as follows:

1. To investigate the effect of nitrogen gas present with carbon dioxide on the
immiscible carbon dioxide displacement mechanisms by measuring the solubility and
diffusivity of nitrogen-carbon dioxide mixtures into a crude oil.

2. To conduct a series of experiments in a linear flow model utilizing impure carbon
dioxide to study the effect of the presence of nitrogen on the immiscible carbon dioxide
WAG process.

3. To study the effects of nitrogen/carbon dioxide partial pressure and volume.

4. To repeat selected linear model experiments in the two-dimensional model to
examine the effect of nitrogen on the immiscible process displacement efficiency.

5. To compare the results obtained utilizing impure carbon dioxide with those
utilizing pure carbon dioxide and pure nitrogen to determine the effect of gas mixture
composition on oil recovery.

6. To scale up the experimental results to predict the field performance of the
process.



CHAPTER 3
REVIEW OF THE LITERATURE

Beeson and Ortloff®®, Dickerson and Crawford'®, Welker and Dunlop'?, and Holm'¢
pioneered the potential use of carbon dioxide as an enhanced oil recovery agent in the early
1960's. Holm and Josendal'’ conducted a laboratory study on the displacement of oil by
carbon dioxide. They found that using carbon dioxide to displace oil under miscible
conditions could recover up to 95% of the in-place oil. However, at the time, due to
relatively high primary oil production and the very high cost of carbon dioxide compared to
the price of oil, the use of carbon dioxide in enhancing oil recovery was not attractive to
most oil companies. Today, due to low primary oil production and sources of carbon
dioxide available at low prices around the globe, there is an increasing emphasis on using
carbon dioxide as an enhanced oil recovery agent.

The objective of this chapter is to review the work done by many investigators in
the past to investigate the displacement of oil by carbon dioxide.

3.1 Mechanisms of Oil Displacement by Carbon Dioxide

Basically, there are two types of displacement of oil by carbon dioxide: miscible
and immiscible. Stalkup'® described miscible carbon dioxide displacement as the proces. in
which carbon dioxide completely mixes with oil in all proportions and all mixtures remain a
single phase, i.e., there are no interfaces. Holm and Josendal'? discovered that there are
basically two types of mass transfer taking place during the development of miscibility
between carbon dioxide and oil: the extraction of Csto Csq hydrocarbons from the in-place
oil by carbon dioxide and the dissolution of carbon dioxide in the in-place oil. Miscible
carbon dioxide displacement takes place only at high pressures. The pressure required for
this type of displacement is above 7.5 MPa. For heavy oil reservoirs, where the reservoir
pressures are low, the process is largely inapplicable.

In contrast to the miscible carbon dioxide displacement, the immiscible carbon
dioxide displacement is invariably carried out at much lower pressures, making this process
suitable for heavy oil reservoirs. The process is characterized by viscous, capillary,
gravitational, diffusive, and inertial forces which dominate the displacement. Since laminar
flow of carbon dioxide is likely to occur in unconsolidated sand reservoirs at low or
moderate superficial velocities, the influence of inertial forces is not significant and thus can



be neglected”®. Flock, Peters, Baird, Wiborg and Kloepfer’” pointed out that, in dealing
with highly viscous oil displacement from unconsolidated sands, oil recovery is a weak
function of the capillary forces. As such, only three forces - viscous, gravitational, and
diffusive - control the immiscible carbon dioxide displacement process.

Work by Craig, Sanderling, Moore, and Geffen?' showed that, for high mobility
ratios, the volumetric sweep efficiency is low and varies little with the ratio of gravitational
to viscous forces. Rojas®® found that the diffusive forces could overcome the gravitational
forces. Rojas and Farouq Ali" also found that even though the molecular diffusion of
carbon dioxide in oil was high, it was not high enough to mobilize appreciable amounts of
oil from uninvaded zones. Therefore, viscous forces are likely to dominate a carbon
dioxide flood. Furthermore, they also documented the mechanisms of the immiscible
carbon dioxide flooding process, stating that oil expansion, viscosity reduction, interfacial
tension reduction leading to the formation of water-in-oil emulsions, and blowdown
recovery were the four mechanisms that contributed to increased oil recovery from

unconsolidated sands.

3.2 Transport Properties of Carbon Dioxide in Heavy Oil

3.2.1 Physical Properties of Carbon Dioxide

Carbon dioxide is known as a stable molecule where one atom of carbon is bonded
to two atoms of oxygen. Its basic physical constants are as follows:

Molecular weight = 44.01 g/mol.
Critical temperature = 31°C.
Critical pressure = 7.40 MPa.
Critical volume = 0.0022 m’/kg.

At atmospheric conditions, carbon dioxide is a relatively dense gas, about 50.0%
heavier than air at atmospheric conditions. Its viscosity depends strongly on pressure and
temperature. The viscosity of pure carbon dioxide at various pressures and temperatures
can be found in Ref. 22. Other investigators® noted that carbon dioxide is more viscous
than methane, ethane, propane, and hydrogen sulphide, but less viscous than air and
nitrogen at any given temperature.



3.2.2 Solubility of Carbon Dioxide in Oil and Water

The solubility of carbon dioxide is the most important effect in the immiscible
displacement of oil by carbon dioxide gas since it is theorized that among other
mechanisms, an increase in the carbon dioxide solubility in oil leads to an increase in oil
recovery because the oil phase left behind contains more carbon dioxide and less oil.

Early work in 1926 by Beecher and Parkhurst* showed that carbon dioxide was
more soluble on a molar basis in a 30.2°API oil than air and natural gas. Svreck and
Mehrotra's data® also showed that, among the three gases: carbon dioxide, methane, and
nitrogen, carbon dioxide is the most soluble and nitrogen the least soluble in bitumen.

The solubility of carbon dioxide in oil is governed by the saturation pressure,
reservoir temperature, composition of the oil and purity of the gas. Miller and Jones® and
Chung, Jones, and Nguyen® measured the solubility of carbon dioxide in Canyon and
Wilmington heavy oils and found that the solubility of carbon dioxide in heavy crude oils
increased with pressure but decreased with temperature and reduced API gravity. Later,
Sayegh and Sarbar®® established that carbon dioxide is more soluble in oil at lower
temperatures than at higher ones. Patton, Coats, and Spence?, Holm and Josendal'’, and
Chung et al”’ showed that the soiubility of carbon dioxide reduced with the presence of
methane in oil since carbon dioxide had to displace methane before dissolving in oil. Holm
and Josendal'’ also mentioned that carbon dioxide did not displace all of the methane when
it came into contact with oil. Spivak and Chima® noted that the solubility of pure carbon
dioxide in oil was higher than that of a carbon dioxide-nitrogen mixture. Monger*" also
found that the presence of nitrogen in carbon dioxide had an adverse effect on the solubility
of carbon dioxide in oil, while the presence of sulfur dioxide increased the carbon dioxide
solubility.

Several investigators™ have already presented correlations or methods to predict
the solubility of carbon dioxide in oil. Simon and Graue® presented empirical correlations
for carbon dioxide solubility in oil in 1965. Recently, Jamaluddin, Kalogerakis, and
Chakma™® have presented a method to estimate the solubility of carbon dioxide in heavy oils
and bitumen. Their correlation is based on the Martin equation of state.

Carbon dioxide is also soluble in water. Its solubility in water is a function of
salinity, pressure, and temperature. Steward and Munjal®’ conducted a study on the
solubility of carbon dioxide in water. They found that carbon dioxide solubility decreased
with increasing salinity and temperature.



The solubility of carbon dioxide in water influences the immiscible carbon dioxide
process. Recently, Enick and Klara® demonstrated that the loss of carbon dioxide to water
reduced oil recovery. Klins® recommended that for tertiary recovery projects the loss of
carbon dioxide to water must be accounted for.

3.2.3 Diffusivity of Carbon Dioxide into Oil

Diffusion is another means of mass transfer between carbon dioxide and oil. Itis
the transport of mass due to random molecular motion and is independent of any convective
forces in the system. Unlike solution, diffusion increases with increasing temperature".

According to Grogen and Pinczewski®, molecular diffusion is considered to be
important in the recovery of residual oil at the pore level since it is an important rate
controlling mechanism in the carbon dioxide flood. Several authors'****'*Z have pointed
out the advantages of diffusion. It helps carbon dioxide to penetrate oil, inhibit viscous
fingering, delay gas breakthrough and increase the oil rate.

Many efforts have been made by several investigators** to determire the molecular
diffusion coefficient. McManamey and Wollen® proposed an equation for estimating the
diffusion coefficient of carbon dioxide in organic liquids at atmospheric conditions, as an
inverse function of oil viscosity. Later, Denoyelle and Bardon*’ pointed out that the
diffusion coefficient of carbon dioxide increased with increasing pressure. Furthermore,
other researchers*™ also noted that the diffusivity of carbon dioxide in oil at reservoir
conditions was about five times higher than that noted by McManamey and Wollen*.
Schmidt® proposed an equation for predicting the diffusion coefficients of carbon dioxide
into bitumen at a constant pressure of 5 MPa. The equation is as follows:

0.16
EA'S-T”-—B— = 2.04x10"2 m®-Pa/K

where
D, = diffusion coefficient (m%s)
Mg = bitumen viscosity (Pa.s)
T = temperature (K)

This correlation illustrates that at a certain temperature the diffusivity of carbon
dioxide depends on oil viscosity. This agrees with the observation of Grogen and
Pinczewski*, who previously showed that the carbon dioxide solubility in crude oils at
reservoir conditions was dependent primarily on the solvent viscosity.



Reported data*®*” indicate that the diffusion of carbon dioxide into oil is slower
than the diffusion of carbon dioxide into water if the oil viscosity is above 0.5 mPa.s.
Denoyelle and Bardon also found that the porous medium had no effect on molecular
diffusion because of the large pore scale as compared to the molecular scale and that for a
porous medium saturated with both oil and water the diffusion of carbon dioxide was a
linear function of water saturation.

In addition, the presence of a contaminant gas in carbon dioxide affects the
diffusion rate of carbon dioxide into oil. Recently, a study on the diffusion of a 10 mole%
nitrogen-90 mole% carbon dioxide mixture in oil conducted by Lansangan and Smith®'
showed that the diffusion rate of carbon dioxide drastically decreased with the presence of
nitrogen, which formed a stagnant phase through which carbon dioxide had to diffuse
before contacting the oil. This lowered the interfacial equilibrium carbon dioxide
concentration, decreasing the rate of mass transfer, even at low nitrogen concentrations.

3.2.4 Dispersion of Carbon Dioxide in Oil

Additional mixing of fluids will take place due to the movement of fluids through a
porous medium. Such mixing caused by fluid flow or concentration gradients resulting
from fluid flow is known as dispersion, which is greater than that due to diffusion alone*'.
For heavy oils, the dispersion is too low; therefore, it cannot damp out the carbon dioxide
fingers in immiscible displacement of oil by subcritical carbon dioxide dominated by
viscous forces.'

3.3 Influence of Carbon Dioxide on Reservoir Fluids and Formation
Properties

3.3.1 Swelling of Oil

Carbon dioxide swells oil when it comes into contact with the oil. The amount of
swelling depends on the solubility of carbon dioxide. Several authors™*'* defined the
swelling factor as:

Volume of CO, - Saturated Qil@ p& T
Volume of Oil Without CO, @ Atmosphericp & T

Swelling Factor =

For light oils, it was found that swelling increased rapidly with pressure at first
before flattening out and then decreasing due to the extraction of lighter hydrocarbons into



the carbon dioxide-rich gaseous phase'’. For heavy oils, because of the absence of light
hydrocarbons, Miller and Jones® and Chung et al.”’ found that the swelling factor
responded linearly to the solubility of carbon dioxide in oil.

Simon and Graue® pointed out that the swelling factor was a function of the
dissolved carbon dioxide volume and the size of the oil molecules. Miller and Jones® and
Chung et al.” established that swelling was directly related to the carbon dioxide solubility.

The presence of a second gas in carbon dioxide is believed to affect the swelling of
oil due to carbon dioxide. Monger’' showed that nitrogen in carbon dioxide reduced
swelling while sulfur dioxide increased swelling.

The role of oil swelling in enhanced oil recovery is very important. Rojas®
confirmed that the greater the swelling, the less is the volume of oil left in the reservoir.

3.3.2 Viscosity Reduction

Reduction of oil viscosity is the most important effect of carbon dioxide when it
dissolves in crude oil. Viscosity reduction depends mainly on the carbon dioxide solubility
in oil, which is a function of temperature, pressure, and oil composition. Miller and
Jones® and Chung et al.” reported that the oil viscosity significantly decreased when it
was saturated with carbon dioxide. For instance, at 6.8 MPa, Miller and Jones® noted that
the viscosity of a 1200 mPa.s oil saturated with carbon dioxide was 50 mPa.s. Jha'?
observed a 45 fold viscosity reduction (1430 mPa.s to 32 mPa.s) for the Lloyminster
heavy oil with carbon dioxide at 7.55 MPa. Twenty fold oil viscosity reductions are very
common®. In general, the more viscous the crude is, the more pronounced the viscosity
decrease will be. Chung et al.” illustrated that the viscosity reduction when saturating
crude oil with carbon dioxide and pressure above 6.8 MPa was more than that due to
heating from 60°C to 90°C. Besides, Miller and Jones? reported that increasing the
temperature increased the viscosity reduction with carbon dioxide in oil.

The viscosity reduction is influenced by the equilibrium time also. After the
equilibrium time, there is no change in the viscosity of carbon dioxide-oil mixture.

Carbon dioxide is more effective in reducing oil viscosity than other gases. The
data presented by Svreck and Mehrotra® show that carbon dioxide reduces the bitumen
viscosity more than methane and nitrogen. Spivak and Chima® noted that the presence of
nitrogen in carbon dioxide lowered the viscosity reduction.



3.3.3 Interfacial Tension Reduction

When carbon dioxide mixes with crude oil, it causes a reduction in the interfacial
tension of oil with water and pure carbon dioxide. Work by Breston and Macfarlane®*
showed that the interfacial tension between Bradford crude and water could be reduced
from 28.8 to 18.1 mN/m at a carbonation pressure of 5.2 MPa. Rojas and Farouq Ali'®
also found that the interfacial tension between Aberfeldy crude and carbonated brine was
reduced to 16 from 25 mN/m when the carbonation pressure of brine was increased from
0.1 to 5.5 MPa. They further indicated that the interfacial tension reduction promoted the
formation of brine-in-oil emulsions which helped to improve oil recovery and consequently
retarded the production of large volumes of water.

Bardon and Denoyelle® documented that the interfacial tension reduction was less
important in heavy oils than in light oils, but it contributed to oil recovery.

3.3.4 Asphaltene Precipitation

Several authors®*¢ have described asphaltenes in different ways. Novasad and
Costain™ described asphaltenes as "molecular entities dissolved in oil as colloidal particles,
or as a combination of both". Even though, they are described in different ways, their
physical structure in crude oil remains the same.

Leontaritis, Amaefule, and Charles® noted that one problem encountered in carbon
dioxide flooding is asphaltene precipitation. Asphaltene deposition reduces the effective
hydrocarbon mobility by blocking the pore throats, altering the formation wettability from
water-wet to oil-wet and increasing hydrocarbon viscosity by nucleating water in oil
emulsions. Kokal, Najman, Sayegh, and George™ also found that asphaltene deposition
caused severe problems and affected the recovery and cost of petroleum production.
Laboratory studies by Huang® demonstrated that an asphaltene content of 4.6% weight in
oil can alter the wettability of a Berea core to oil-wet. Grogen and Pinczewski* observed
that asphaltenes formed a highly resistive layer at the cil-water interface which greatly
reduced the mass transfer rate. Asphaltene precipitation has been observed in the field.
For instance, in the carbon dioxide flood pilot in the Midale unit in southeastern
Saskatchewan, a large amount of solid asphaltene, wax, and trapped oil was collected in
the wellbore equipment and downhole facilities™. The deposition of these undesirable
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costly cleanup operations. Similar problems of solid deposition have also been experienced
in many other gas injection projects®’.

According to Strausz™, asphaltene precipitation occurred when the hydrocarbons
and polar oil fraction lost their ability to disperse colloidally the asphaltene fraction.
Leontaratis et al.*® noted that asphaltene flocculation during enhanced oil recovery was due
to a drop in the reservoir pressure below the pressure at which asphaltene flocculate and
mixing of solvents with reservoir oil.

Several investigators****% also noted that the factors that influence asphaltene
flocculation are crude oil composition, pressure, temperature, and properties of asphaltenes
and the solvent gas. Furh, Klein, Komishke, Reichert, and Ridley® conducted a study on
the effect of carbon dioxide on asphaltene flocculation in Lloyminster heavy oil, showing
that an increase in carbon dioxide solubility increased the tendency for asphaltene to
flocculate from toluene solutions in heavy oil. It was also observed that increasing the
temperature decreased the tendency for flocculation. Furh et al.® further noted that, for
Lloyminster heavy oil, asphaltenes started to precipitate at pressures greater than 3.5 MPa
without the addition of heptane.

The effect of asphaltenes on oil recovery has been investigated by Huang®, who
conducted a series of carbon dioxide core flood experiments at 49°C and 17.2 MPa using a
122 cm long Berea core. He concluded that oil recovery decreased with increasing
asphaltene content or with increasing asphaltene deposition.

3.3.5 Permeability Change

According to Ellis®, carbon dioxide dissolves in water forming hydrogen
carbonate, which then dissociates to form carbonic acid. The chemical reaction can be

summarized below.

CO,, & CO, + H,0 & H,CO;, Hy, + HCO3

The carbonic acid will react with the carbonated portions of the rock, such as
calcite. The reaction can be described as follows:

H;, + HCO; + CaCO;, & Cali + 2(HCO§)aq
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The equilibrium of these two reactions depends on the concentrations of reactants
and products, pressure, and temperature.

The rock permeability ci.anges as a result of the above reactions: Holm'® noted a
three fold increase in the permeability of a dolomite core after 0.7 PV of carbon dioxide and
8 PV of carbonated water had been injected. He concluded that in field applications of
carbon dioxide the permeability would be increased in the vicinity of injection wells.

Omole and Osolar® pointed out the effect of carbon dioxide on carbonated rocks.
They stated that carbon dioxide dissolved part of the rock around the injection well during
carbon dioxide flooding of carbonate reservoirs. Depending on the pressure drop, the
precipitation of dissolved carbonate along the flow path would occur. The greater the
pressure drawdown, the greater will be the carbonate precipitation and consequently the
reduction in the formation rock permeability. This negative effect was noted by other
investigators as well'*%,

Swartwout and Ho® further confirmed that the dissolution of carbon dioxide gas in
brine lowered the pH of the brine and that the formation of carbonates depended on the pH
of the brine. The precipitation of carbonate can be detrimental to the formation permeability
and scale can lead to malfunction of equipment and promote corrosion.

3.4 Immiscible Carbon Dioxide/Water Injection Strategies

Basically, there are six different immiscible carbon dioxide processes that have been
suggested. They are carbonated water (brine) injection, continuous carbon dioxide gas
injection, carbon dioxide slug process, simultaneous injection of carbon dioxide and water,
alternate injection of slugs of carbon dioxide and water (WAG), and carbon dioxide huff
'n' puff. These are discussed below.

3.4.1 Carbonated Water Injection

The basic idea of carbonated water injection is tc saturate water with carbon
dioxide, and then inject the carbon dioxide-water mixture into the reservoir. This process
was investigated in the early 60's by Holm'® and Saxon, Breston, and Macfarlane® and in
the early 70's by De Nevers®. They all concluded that the method failed to improve
recovery. Saxon et al.® stated that carbonated water flood was no better than an ordinary
waterflood. The reasons for the lack of effectriveness of this process in enhancing recovery



are as follows. First, the diffusion process is very slow since carbon dioxide must diffuse
out of water before contacting the reservoir oil. Second, since the diffusion is slow, an
effective carbon dioxide concentration at the flood front is absent. Third, because of the
low rate of viscosity reduction, adverse mobility ratios will continue to exist during the

flood.

Another problem associated with this process is severe corrosion of the injection
facilities due to the carbonic acid.

Recently, carbonated water imbibition studies conducted on core plugs at 13.8 MPa
by Perez, Poston, and Sharif” showed that this method may work in fractured, low matrix

permeability, and low gas-oil ratio oil reservoirs.

3.4.2 Continuous Carbon Dioxide Gas Injection

Continuous injection of carbon dioxide until the producing economic gas-oil ratio is
reached is known as continuous carbon dioxide gas injection process. This process is
impractical due to the lack of mobility and gravity control which leads to poor sweep and
low recovery. Furthermore, since carbon dioxide bypasses much of the oil, a large volume
of carbon dioxide is required to produce one standard cubic metre of oil. Experiments
conducted in a scaled two-dimensional model by Rojas® illustrated that carbon dioxide
requirement for this process is about ten times greater than that for the WAG process.
Carbon dioxide requirement is defined as the volume of carbon dioxide required to produce
one volume of oil. Sayegh and Maini"* conducted experiments in a linear core utilizing
continuous injection of carbon dioxide and found that the recovery was only 3.0% of
Lloyminster crude oil at carbon dioxide breakthrough.

3.4.3 Carbon Dioxide Slug Process

In the carbon dioxide slug process, a pre-determined volume of carbon dioxide is
injected and then followed by continuous injection of water to drive the carbon dioxide
slug. Carbon dioxide gas is immiscibly displaced by the water, leaving a residual carbon
dioxide saturation in the reservoir. Rojas® reported low recoveries when using this method

to displace oil in a scaled two-dimensiona! model.
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3.4.4 Simultaneous Carbon Dioxide and Water Injection

Simulation studies of the simultaneous carbon dioxide and water injection process
were performed by Warner’?, who noted that simultaneous injection of carbon dioxide and
water could yield a high oil recovery. However, there are a number of problems associated
with this process. They are dual completion and operating costs, reduced injectivities of
the injected fluids, and severe corrosion of the injection equipment.

3.4.5 Alternate Injection of Slugs of Carbon Dioxide and Water (WAG)

The alternate injection of slugs of carbon dioxide and water process consists of
injecting slugs of carbon dioxide alternated with slugs of water until the desired volume of
carbon dioxide has been injected. It is then followed by continuous injection of water until
the economic water-oil-ratio is reached. Several researchers*”''*” have found that this
process is very successful in reducing carbon dioxide mobility and promoting the mixing of
carbon dioxide with oil and more uniform distribution of carbon dioxide throughout the
reservoir, which therefore leads to an effective sweep.

Rojas and Farouq Ali* conducted experiments utilizing the immiscible carbon
dioxide WAG process in a scaled two-dimensional model. They showed that a total carbon
dioxide volume of 20% HCPV and a 4:1 WAG ratio yielded the highest recovery. The
WAG ratio is the ratio of the volume of water to that of carbon dioxide at reservoir
conditions. It was also shown that this process could be economical in producing oil since
the carbon dioxide requirement was the lowest compared to the other four processes
mentioned previously.

3.4.6 Carbon Dioxide Huff 'n' Puff Process

The immiscible carbon dioxide huff 'n' puff process' appears to be gaining
popularity due to their relatively quick pay out nature. The process is very similar to the
cyclic steam stimulation. It consists of injecting large volumes of carbon dioxide down a
producing well and shutting in the well for a few weeks to allow carbon dioxide to soak
(soak period). After this soak period, the well is returned to production. The mobilized oil
is driven to the well by the driving force exerted by the released gas. The producing life of
the process is limited to two to three cycles. The efficiency of the process is measured by
the volume of oil recovered per unit volume of carbon dioxide injected and also by the
volume injected per metre of pay.
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3.5 Use of Nitrogen-Carbon Dioxide Mixtures in the Immiscible
Displacement Process

Studies conducted by Anada™ to investigate the use of flue gas (containing nitrogen
and carbon dioxide) showed that flue gas may be used in place of pure carbon dioxide for
shallow heavy oil reservoirs. Anada also provided explanations on the phenomena that
may occur when flue gas is used in place of pure carbon dioxide. He explained that while
the carbon dioxide component of flue gas dissolved in oil to reduce oil viscosity, the
nitrogen component provided the energy for driving the mobilized oil.

Spivak and Chima's simulation studies®® showed that only a small volume of
nitrogen in the 82 mole% carbon dioxide-18 mole% nitrogen mixture dissolved in
Wilmington oil at 6.9 MPa and 49°C and that the viscosity reduction was less due to the
decreased solubility of carbon dioxide in oil in the presence of nitrogen. They also noted
that the gas breakthrough was earlier, the recovery was lower, and the compositional fronts
were more dispersed as compared to those for pure carbon dioxide. They explained that
nitrogen was essentially insoluble in oil and contributed to an increased free gas saturation
at any peint of injection.

Recently, the adverse effect of nitrogen has also been shown by the work of Feng,
Tang, Emanual, and Sabat™, who performed vertical core floods on a 21°API oil, utilizing
flue gas typically containing 80 mole% nitrogen and 20 mole% carbon dioxide. They noted
that the gas breakthrough was much earlier compared to that for pure carbon dioxide. The
gas breakthrough occurred at 12% OOIP recovery compared to 45% OOIP recovery for
pure carbon dioxide. Their work also showed that only 23% OOIP was recovered when
using 80 mole% nitrogen-20 mole% carbon dioxide, as compared to 56% OOIP recovery
obtained using pure carbon dioxide.

Dria, Pope, and Sepehrnoori’® measured three-phase gas, oil, brine relative
permeabilities in a carbonate core, and found that carbon dioxide had a lower relative
permeability, total relative mobility, and injectivity than nitrogen and that the carbon
dioxide-oil interfacial tension was about an order of magnitude lower than that for nitrogen
and oil.

‘Mayer, Earlougher, Spivak, and Costa’’ conducted two groups of linear core
experiments utilizing two types of gases. The first group was performed using pure carbon
dioxide and a 13.5°API oil sample, and the second 84 mole% carbon dioxide-16 mole%
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nitrogen mixture and a 12.3°API oil sample. The first group was conducted at 5.0 MPa
while the second at 6.9 MPa, such that the partial pressure of carbon dioxide in the  xture
was 5.9 MPa. Their data showed that the recoveries obtained from the two groups of
experiments were similar. Based upon this, they concluded that the presence of the
nitrogen did not appear detrimental to the recovery.

Based upon the findings by those researchers, it is necessary to know, for field
application, what nitrogen concentration will start to have a detrimental effect on the
process recovery. According to Kessel, Pusch, and Albertsen™, in order for the process to
be effective, concentration of nitrogen should not exceed about 15.0 mole%.

3.6 Physical Model Scaling Techniques

In general, there are two methods available for deriving the scaling groups:
inspectional and dimensional analyses. Rojas® applied both methods to derive the scaling
groups describing the immiscible displacement of oil by carbon dioxide and water.

Dimensional analysis, according to Langhaar™, is "a method by which information
about a phenomenon from the single premise that the phenomenon can be described by a
dimensionally correct equation among certain variables". The method is based on the
Buckingham n-theorem which uses the Principle of Similarity. It is used to derive
dimensionless groups when the differential equations describing the flow process are not
known. This method requires a knowledge of the relevant variables for the process prior to
the actual analysis. These variables are combined and arranged in a set of dimensionless
groups ('s). When all the groups in the set are independent of each other and every
dimensionless group containing the same variables, not belonging to the set, can be formed
by combining groups belonging to the set, the set is complete. The general rule for
dimensional analysis is that if there are n separate variables and m primary quantities, then
the set will be complete when there are (n-m) dimensionless groups. In general,
dimensional analysis allows the derivation of scaling groups from variables that do not
appear among those governing equations forming the basis for inspectional analysis.

Craig et al.?' defined inspectional analysis as the process in which all partial
differential equations describing the flow process mechanism are combined to form a single
equation, and the coefficients of this equation are then combined to form the dimensionless
scaling groups. The chief advantage of inspectional analysis over dimensional analysis is
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that the scaling criteria thus obtained have a clear physical meaning, and their function in
the process can be visualized®.

Geertsma, Croes, and Schwarz®' pointed out that, in general, the set of scaling
groups from dimensional analysis is larger than that from inspectional analysis. Kimber,
Farouq Ali, and Puttagunta™ used both dimensional and inspectional analyses to obtain the
set of scaling criteria for steam and steam-additive injection experiments. They came up
with the same conclusion as Geertsma et al. Farouq Ali, Donohue, and Stahl* also pointed
out the advantages and disadvantages of the two techniques and difficulties in fabricating a
properly scaled model.

As mentioned above, both methods were employed to derive the set of scaling
groups. For inspectional analysis, the governing partial differential equations were derived
based on various assumptions’. They included: homogeneous and isotropic porous
medium; the fluids (oil and gas, water) are immiscible, of small and constant
compressibility at reservoir conditions and follow Newtonian behaviour; Darcy's law
applies to fluid flow (i.e. no inertial effect); Fick's law for diffusion is valid; relative
permeabilities are functions of saturation, according to channel flow theory, i.e. pore size
distribution, wettability, saturation history, and interfacial tension are constant in an
isothermal displacement; constant temperature exists during carbon dioxide and water
injection; instantaneous equilibrium exists in three phases (oleic, aqueous, and carbon
dioxide); mass transfer between carbon dioxide-oil, and carbon dioxide-water takes place
only by solution; and no transfer of oil or water into the carbon dioxide gas phase takes
place.

Shown below is the scaling groups derived from dimensional and inspectional
analyses.

For dimensional analysis, the scaling groups are as follows®.

L L kn(Sio  Kn(Sglo  gkAng giAp, Tpvk® Gouyke
Wb k(S50 Hu Ko (SgSk Vg VMg |V " Lpgv T Lpgv
DgoyL Dguyl  DgoyL DmL DguyL DmL ngw/— pvVE Vi, o

wiv ' owiv ' me Dgoxh’ DgyxW Dgush’ Hg =~ Hw vy

Keg(Se) io(SgoSh ) Kre(S5) 3(55). 5(85)
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For inspectional analysis, the scaling groups are as shown’.

L L. d1(S;) dI(SV) Dyox Dgus Doyl
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A new set of scaling criteria for a more comprehensive description of the process,
which accounts for diffusion, and partial phase equilibrium was also derived and presented
by Lozada and Farouq Ali*.,

Table 3.1 compares the scaling groups derived by both inspectional and
dimensional analyses.



Table 3.1 - Comparison of Scaling Groups Derived by Inspectional and Dimensional
Analyses, after Rojas’.
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Derived By
Scaling Inspectional  Dimensional
Number __Group Analysis Analysis Name
1 L/ Yes Yes Geometric Factor
W
2 Yes Yes Geometric Factor
U
» Gas-0Qil Ratio of Viscous
3 —-k—réi—z}ﬁ’—— Yes Yes Forces
Kro(SgsSw Hw
I (S' )u Water-Qil Ratio of Viscous
4 -—rw-;-w—‘—(’—— Yes Yes Forces
Kro(SgsSu 1w
kA Gas-Qil Ratio of
5 EXBPog Yes Yes Gravitational Forces to
Vi, Viscous Forces
kA Water-Qil Ratio of
6 EX%Pwo Yes Yes Gravitational Forces to
VH Viscous Forces
Gas-0Qil Ratio of Capillary
7 M Yes Yes Forces to Viscous Forces
Lu.v
8
G.oJk Water-Oil Ratio of Capillary
8 —93’——‘/_—6- Yes Yes Forces to Viscous Forces
Lu,v
DgoyL Gas in Oil Transverse
9 TS Yes Yes Dispersion Scaling Group
w IVTI (or Ratio of Convection
Time to Transverse
Dispersion Time)
D gwyL Gas in Water Transverse
10 TP Yes Yes Dispersion Scaling Group
w |"T| (or Ratio of Convection
Time to Transverse
Dispersion Time)
D...L x-y Gas in Qil Dispersion
11 8y Yes Yes ngﬂanty Group °pe



Table 3.1 (Continued)
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Derived By
Scaling Inspectional  Dimensional
Number Group  Apalysis Analysis Name
Dgo,L x-z Gas in Oil Dispersion
12 -l-):;l; Yes Yes Similarity Group
DgyyL x-y Gas in Water Dispersion
13 : Yes Yes Similarity Group
Dgwxw
Dgu.L x-z Gas in Water Dispersion
14 —_— Yes Yes Similarity Group
Dgwsh
Reynolds Number for Gas
15 P SV& No Yes y
Hg
Reynolds Number for Water
16 pwv«/f No Yes y "
Hw
VAl Water-Gas Ratio of Slug
17 v‘;’ No Yes Volumes
8
18 ¢ No Yes Porosity Factor
19 M No Yes Morphology Factor
* Gas Relative Permeabili
20 Ky(SE) Yes Yes gas R ty
.ot Oil Relative Permeabili
2 kro (SS’SW) Yes Yes Factor i
\d water Relative Permeability
2 ky(Sy) Yes Yes i
» Gas-0Oil Leverett J-Function
23 J(Sg) No Yes e
* Oil-Water Leverett
24 J(SW) No Yes J-Function Factor



Table 3.1 (Continued)
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Derived By
Scaling Inspectional ~ Dimensional
Number __Group Analysis Analysis Name
dJ( s* ) Gas-0il Leverett J-Function
25\ Yes No Slope Factor
dS,
dj(s" ) Qil-Water Leverett J-
26 w Yes No Function Slope Factor
ds,,

In practice, it is not practical to satisfy all the scaling groups involved in a recovery
process. Furthermore, not all scaling groups are important for heavy oil recovery, and
some of the scaling groups can be relaxed. For example, the ratio of capillary-to-viscous
forces is low, and unscaled capillary pressures have little effect on oil recovery . Also,
since laminar flow is likely to occur in unconsolidated porous media, it is unnecessary to
consider the effect of inertial forces. Thus, these two effects were relaxed, and the number
of scaling groups was reduced to thirteen®’. These thirteen scaling groups were used to
design and build the high pressure two-dimensional physical model. Table 3.2 presents the
final thirteen scaling groups.



Table 3.2 - Scaling Groups After Relaxation, after Rojas®.
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Scaling
No, Group Name
1 _I._._ Geometric Factor
h
) L Geometric Factor
w
3 Mg, Mobility Ratio of the Viscous Forces of the Vapour and Oleic
Phases
4 My, Mobility Ratio of the Viscous Forces of the Aqueous and Oleic
Phases
5 gkAp,, Rﬁtio of Gravitational to Viscous Forces of the Oleic and Vapour
' Phases
Vg
6 EkAP,w Ratio of Gravitational to Viscous Forces of the Oleic and
T Aqueous Phases
w
7 V:, Ratio of Water to Gas Slug Volumes
Ve
g DygoL Ratio of Convective Time to Transverse Dispersion Time of the
w2y Vapour and Oleic Phases
9 DgwL Ratio of Convective Time to Transverse Dispersion Time of the
v Vapour and Aqueous Phases
10 DrgoL Gas-in-QOil Dispersion Similarity Group
DLng
11 DygwL Gas-in-Water Dispersion Similarity Group
DngW
12 ¢ Porosity Factor
13 M Morphology Factor
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Assuming that the prototype and model have the same morphology, fluids and are
operated at the same temperature and pressure, the following equalities must be maintained.

G B ),

0, @)y  ®), (v; )

Ve

These equalities allowed the selection of the model dimensions, injection rates, and
the slug volumes of carbon dioxide and brine in order to obtain approximate similarity in
recovery between the model and the prototype®.

As for the partially scaled linear model, it was designed on the basis of the
assumption that the rectangular cross-section can be approximated by a circular cross-

section, as follows*'°;

The dimensions of the two-dimensional and partially scaled linear core models are
given in Chapter 4.

The heavy oil field for which both models were scaled is the Aberfeldy field in
Lioyminster. The properties of the reservoir are summarized in Table 3.3.



Table 3.3 - Reservoir and Fluid Properties of the Aberfeldy Field®,

Horizontal unconsolidated marine sands.

Pattern

Pattern size

Net sand thickness
Permeability

Porosity

Depth

Temperature

Initial reservoir pressure
Present reservoir pressure
Oil density

Oil gravity

Oil viscosity

Original solution GOR
Water density

Water viscosity

Initial oil saturation

Initial gas saturation
Interfacial tension/oil-water

Five spot

64,570 m?

6.1m

1-3 darcies

35%

500-600 m

23°C

3.45 MPa

2.5 MPa

0.953 g/cm® at 23°C
15°API

1000 mPa.s

9 m%/m?

1.05 g/cm® at 23°C
1.14 mPa.s

87%

13%

25.5 mN/m



3.7 Review of The Experiments Conducted in Previous Studies

This part gives a brief review of the work done in the past. Specific details can be
found in References 5 to 12. Table 3.4 provides a summary of the groups of experiments
done by Rojas**’, Zhu"*, Dyer*"® and Prosper'"'2.

Rojas®$” conducted all of his experiments at 5.5 MPa in a two-dimensional model
using different immiscible carbon dioxide/water injection strategies and found that
immiscible carbon dioxide WAG gave the highest recovery. He also studied the effect of
varying number of slugs and WAG ratio and found that ten pairs of slugs of carbon dioxide
and water and a 4:1 WAG ratio yiclded the highest recovery, and the recovery obtained was
about 15% higher than that obtained from a waterflood. The effect of oil viscosity was
examined as well. An increase in oil viscosity caused a decrease in recovery. He
concluded that oil recovery was sensitive to the injection rates of carbon dioxide and brine.
Low carbon dioxide gas and high brine injection rates produced the highest recovery.

Zhu'® conducted experiments with pure carbon dioxide and nitrogen in the same
two-dimensional model at 5.5 and 2.5 MPa. He noted that substitution of carbon dioxide
by nitrogen gave the same recovery as a waterflood in a WAG type process, and that
nitrogen breakthrough occurred immediately after injection. It was found out that an initial
gas saturation could lead to a decrease in recovery, and a mobile gas phase could adversely
affect the performance of the immiscible process. The effect of two types of reservoir
heterogeneities was also investigated, noting that these heterogeneities had only a small
effect on oil recovery.

Dyer’*° performed most of his experiments in a linear sand-packed model at 5.5,
2.5 and 1.0 MPa to examine the effect of operating pressure on the process efficiency. The
effects of varying slug size and flow velocity were investigated as well. It was found that
increased recovery with pressure was due to higher carbon dioxide-oil solubility and
increased mobility contro! as the viscosity of carbon dioxide increased with pressure, and
that the 4:1 WAG ratio at a high velocity recovered the most oil.

Prosper'!2 carried out his experiments in both models: linear and two-dimensional,
at 2.5 and 1.0 MPa. The effect of a solution methane gas was investigated. It was
observed that the presence of a solution gas increased the recovery.

25



g6lUszi| L819 66t ¥t | 0c0 | w1 Joss| 8¢ | ozy | T€ot | 18%1 | l6V¥ G Z0J01 OVAL 51| QL [d90T
S¢E 000 00 00¢c | 000 | v»1 Joss 668 | 101 | Teol | 181 | 16%F (Ammaj)  poogrrem AdOHE9'Y] AL |HP0C
60USEL | €LE9 '8¢ Wi {ozo | ev1 Jossioss ) oty | zeot | o8¥l | OLVY (s3nis ZOOO) OVAM Uit| AL [da6t
TSE 000 00 o000 | 000 | vt joss|Lss ] evt | Teol | 08l | OLVY (Amup]) pooprmem AJOH 1L AL |ue6l
cep 19 cey et | ozo | et loss s zer | zeor §ouvwt | wer (s3n[S ZOOOT) OYM 159] AL | ust
1414 €6°€S cov ovt | ozo | ot1 joss|ous| et | Teot | Tvel | 8LTY (s3nis ZOJDT) DVA 136 aL | dLt
SLy ¥<L9 0'6E ot | oze | w1 Joss|ciss|eur | zeor | 1641 | OV (s3niS ZOOOL) OVAM 4] aL | 39t
< 6E VL ey w1 oo | 911 joss)ess | Uit | zeot | LML | Wev (s3n1S ZOOOT) OVAM 1:¢] AL | ST
v6g 66'8Y €Ly set | ozo | 91 jossjess | Lt | zeor | 1601 | 6ULY (s3niS 20D0T) OVYM 1] aL | dvt
98¢ $8°'89 98¢ et | otro ] st1 joss]oLs | ver | zeor | 0611 | TSEY (s3nis zooS) ova 1i1] aL | det
608 £99L £9¢ 91 ozo | o6z |ossiei6y 18 } zeot | o6 | SO'8Y pues YL 9 M ADOHU #8 T <=8niS 20O 1| QL | ¥zt
T 000 00 000 | 000 | 180 {oss|cs8s ] Lt | zeot | oLs | vLSE poopIIeM AJOH ZL'T| QL | 41t
6'St S6'61 144 zct | ozo | zez Joss| e8| €er | zeot | 06°L1 | OO'LY OO PWZL0R AM AJDHE 1T <=3SZOD 1] AL | ot
See 9L €6s ¥t {ozo | sov Jossirie| o6 | zeot | SLot | L9SH OO P/ 991 ¥ AM AJDHE 90T <=3NSZOD 1] AL | ¥6
€8¢ wese 2.4 ¢s1 | ozo | o6z Joss) 16 | 06 | Teor | 1St | OSSP AM AOHE 06’1 <=8nSZ0D 1] aL | us
9z £0'b8 £0L w1 Lizo | ozo Joss|1o6) 66 | zeol | Ov'St | oLty dM ADOHY 99°0<=8niSZ00 1| aL | W
T6€ 61'vS Ly w1 | ozo | 810 |oss]oss | vur | zeol | STvT | vlew AM ADOHE ZET<=8nSsZ00 1| aL | W9
(1599 96'9¢ 67¢ ot | 610 | czz loss|ess i ] zeor | oFL | 00V pumg el ¥ IM AIOHU 81'Z<=8nis 200 1| aL | ¥S
I6UTeEl | ¥LTE 68 80z | sco0 | 1€z loss|sec| S99 | ceot | 0901 | 00Eh ZOO P IET ¥ M AdOHI TS T <=8niszo0 1| aL | vav
1443 000 00 000 | 000 | 1€Z |ossioeL | voz | zeot | 0901 | OOEY (Amnia])  pueg Yumj, @ pooiNem AJOH O1'¢] AL | %
ToviEsT| €679 Sov 80z | €0 | tzz Joss|ovy | vss | zeot | stOr | 06 TOOPAUZTT R AM AADOHE TP 1 <=3niS 200 1] AL | ¥ae
€S 000 00 g0z | 1€0 | tzz |osc]cig | sst | zeor | SUOl | 064 (Areun) pooysoem AdOH9E'Z| AL | ¢
£ere | 1be 08¢ o | voo | e lossirze| 6L | 1890 | €101 | OL'EY 0D P 8E'0 %9 AM AJOHY £€°0 <= 8niS ZOD 1] AL | ¥ar
Lt 000 00 000 | 000 | e oss|oce| 9 | 189b | €101 | OLEY (Arenial)  poolsaniem AdOH E.L aL | et
Gow-3) AdOH)| (PA) L?_E (%) | (%) |(sedqu) (SrEp)l (%) _
(AdDH%) | (fu1%) |(cws/gus)| fug fur | 'pA | {d) (108} |(oms} | (4) {1} (@) uonidizasaqg avon
£13r000y | poureray | pambay | sopopy | ‘loA | mod [ssaig| ms | ms | -asiA | -uuag | Ausosod ss9001d odAy | oN
EIL 700 700 200 1200 | aav |uny | no fsmem | 1O | sav | ofemay 1°POIN | uny
Sinsay s19]aurere [RuawadxYy s1auered [SpoN SUIUMOY)

(861 - 7861) sefoy oqezuon

sjuaunrrddxy IPIX0K( UCQIED) IQSIWU] [IV JO AJeunung

LA 3 U LA



27

66t | soLe | 6% | €€l [ozo | 65z Joss|co6 | L6 [ otir | Lzs | iLse (SIMISTOD 0 OVM 1] QL | Zel
ote | orez | €09 | et | ovo | Loz |oss|vee| 9L |91t | 8Tl | syov dM AdOHYE 8Y'T<=8nISZOD I aL | ztl
T 000 TolL jseie | Ly | 2€0 |OSS|T'I6 | 68 | 9ULL | OFLI | S80v MSUaLd ZOD AJOH LT % (s3nS ZODOT) OVM T3] @l | ZIt
¢8| 8rel | 68SL |ovie | €5y | 6Tl |osS)sTe| SL | ottr | vest | 186c MsnueM 0D AOH €€ ¥ (S3nis zoD O OVM T4 aL | zot
Lev 1 1s1s | T8y | <91 | ozo | ss1 foss|uze | 6L | ottr | 8Lt | 80Ty | usnussd TN AdOH ZE'l % (SBuszodon ovm ] aL | z6
Va9 | 1698 | <9 | 9o | ozo | 80 |oss|ve9 | ote | ottt | 96 | sose (s8mMS TN OV OVM 1:¥| @l | Z98
£'sT 000 00 000 | 000 | 8.0 [0SS|9T6| '8 | 9111 | <96 | sS8¢ (Aren1a])  poopivem AJOH00'1| QL | 728
Lee | 6Ll |87 180 | ozo | st Joss) 16 | 06 | ount | 1891 | s8Iy (s8mszNoNovM te| aL | zL
91 | 601 £€se | €80 | 120 | 6zl |oss |68 | Lt | ottt | 6Lst | vov (s3niSZN S OVM It} dL | 29
s | Lece | eve | 080 | ozo | vot Joss| €6 | oL | ouir | 661t | ovor (s3msTNON OVM Ib| aL | ZS
0tE | vL'19 | 6 180 | ozo | vor joss|si8| <81 | zeot | sUML | ISON (S3nSZNOVOVM Ti| aL | zv
9689 | Wee | 916 | 91 | ozo | 8.0 |oss |zeo | 89 | zeotr | 966 | 186t (s3nisZ0D 0 OVM 1| aL | Z4e
962 00'0 0o 000 | 000 | 820 fos's {868 | zor | zeot | 966 | 18'6¢E (Amniol) pooysaem AJOH LL'T| QL | Ze¢
o9ugor| orse | 6w | Lzt | ozo | sLo joss|909 | vee | zeot | oss | ssie dM ADDHI WT<=3nSZOD 1| AL | Zae
(X453 000 00 000 } 000 { 8.0 foss|cre8 | €or | zeot | os8 | ssce (Amniay)  poopsaem AJOHOL'T| AL | 7z8z
(9861-v861) nyZ ovy,
6ev | eLve | TW [ o'l [ 0c0 | v0 JosS |88 [cel | zeot | 1sv | Icer PUSS YUR L, % (53niS ¢OO O1) OV I'F] QL | 8se
82 ) wie | 918 | st | ozo | ot |oss |68 | 6ot | 189 | 151t | 90w dM AdOHY 8E'1 <=3nisZOD 1| AL | ume
tae e | 9e8 | st | ozo | 180 loss|1es | 6ot | 1890 | vE6 | viTy (s3niSZODOT) OVM 1| AL | ¥eT
gTl/ooL | sesk | 789 | ovl | ozo | 180 |oss|seL|zoz | 189v | 996 | e61p (s3ns 70001 OVAM I:¥| aL |uazz
YA 00’0 00 000 | 000 | £80 Joss{ 68 | o1l | 189v | 996 | 661# (Arenioy) pooprrem AJOH $8'0| AL |u¥ez
06191 | 9t0S oy | Wl | ozo | 880 |oss|v8s | 91y | zeot | 9z6 | srep (s3niS Z0D0T) OVM 1:9] AL |daiz
8'EE 00'0 00 000 | 000 | 880 joss|uss|ett | zeor | 9z6 | sver (Amnioy)  poopuawm AJOH99'T| QL |1z
(ow-3) KAdSH)| (PF) [edW)| (%) | () (s edw) KSoRmp)| (%)

{(AdOH®)| (fup) l(cwsfus)} iy | fup | A | (d) |(05) [(oms}| (1) | (w) (@) uonduosag laua
Araoo0y | poureray | parmboy | sfo | oA | mopy |ssayg| ws | ws | omp | uuag | Ausosog ssas01g adAg | 'oN
Bl | Z0D 200 | 700 200 | v |uny ] 1o [=em| 1o | sqv | aBesoay 19PoN | uny

BT SRPURRY MuswLdXY _sapurered [Spo sjusunEo)

(3,u0)) sjuawiLIAdX IpIXoI(] UOGIE)) QRSTILW] [V JO AJeunung

p'e 3qelL




28

§73 €08 L'99 8TI | 070 | 65T |oST|[IvL [ 901 | Z601 | ¥681 | 6SLt (SHYZN %6T ST =135 % (SIS 20D 01) DVM 1] QL | Z5€
e £SL8 S19 9z1 [ o0To | €0t Josz|ses| s8 | z6ot | 8101 | 98'SE (8d) TN %L6'€ =135 ¥ (s¥nis ZOO O1) OVAM 1] AL | Zzs
0ZE 8L 656 8T1 | oco | 6zt JosTciewe [ ol | zeot | zeel | 80'Ip INBYYI =8s ¥ (s¥nis zod oD ovm 14| aL | Zie
91 69°69 €19 L1 yovo | st Josclove | 86 | zeot | 199t | esor IN%98ST =18s @ (s3nis ZoDO) OVAM Ti¥| @l | Zoe
Iz LvL9 8’16 WL | 1o | ssv jossiese | vzt | o1 | 2991 | Ty INBOTII=18sp (s3ys 00 D OvA Iy aL | Z6T
I'ee 99°L9 o9 61 | €20 | 621 joss|soL|cot | zeot | 6911 | €0'6E INB0TET =135 % (s8nys ZODO1) DOVML Uib| QL | Z8¢
gL6El | 2596 1472 1€ jozo | ss1 fossjroLfeee | zeot | vzt | 1Ty (s3ms 70D 01 OVA Iip] AL |ZaLe
81z 000 00 000 | 000 | SST |osS|ce68|eor | zeot | vLiLl | 1UTy (Amun)) poopmmm ADHOZT| AL |ZsLZ
0TU98L | ¥£06 $'89 et fozo | g0t josslest | uvz | zeor |z | ovor (s3nS ZOO O OVM 1:v] Al [Z992
95t 000 00 000 | 000 | €01 |oss)| o6 oot | zeot | zz11 | ovor (Amun]) pooymrem AdOH 790} AL |Z°92
89 €68 e 8¢l | ozo | 8L0 |oss]|e68 | o1 | Zeot | 818 | 1s8°0b (s3niszooo ovm 4] aL | zst
T8 L1'86 s89 | et | ozo | ss1 Joss|rie| 68 | cezt | ot'st | ecIp (s3yszooonovM Iy AL |z
6Vt T 8'sS 91 | 0T0 | SST fosz|vo6)] 96 | 101t | 9czt | orw (s3ns zoo o ovm 1| AL | zez
LsT $9'29 69¢ 990 | oo | 621 losz|eze| 1L | o1t | 1cer | Lzov (s3nis ZoD G OvM Iiv] AL | Zme
88z s61s .| L9 1T |1 ozo | sst foss|cLes | cor | totr | v8st | 698 yeans uusg Y3ty @ (sBnis 20D O OVA 4] aL | ziz
€0t 66°8S 6€9 STt | ozo | ss1 foss|888 | €1t | 1011 | 6691 | LeLE spag 191eIRd % (S3NIS ZOD O1) OVML Uib| QL | 20T
8T €108 r4s oct [ ozo | ss1 jossisee| st | Lotz | 6581 | vTiE spag [9[[ered 2 (s80IS ZOD O1) OVM 1] AL | Z6t
£0¢ 8LSh az) 6C1 | 0z0 | ss1 joss|ses | sur | Lotz { ot | o088¢ Feang wd Y3y % (s3niS ZOD 01) OVM T4 AL | Z8t
¥'sE 11872 6L €0 | oo | ss1 foss|e6s | vor | otir |oest | iczy (s3niS 20D 6) OVM 1:¥| - AL | ZL1
(1134 4387 1§47 ¥ § 0T0 | sST joss|so6] s6 | ottr | szl | 9zec (s3ns oD O OVM 1:#] aL | Z91
t'SE 8L'9€¢ SLe 0L0 {010 | SST [0SS 1906 v'6 | 91 | 06%1 | TUIY | 4MAJOH 6L T<=IN AJOH 1'0<=Z0D AdDH T'0l aL | zst
LEy woe 768 Y6T | 0v0 | st Joss|ees | tor | ottt | 1z9t | sier (s3ns ZoD o) OVA TiH] AL | Zpt
(towr-3) KAdOH)| (A1) [edW)| (@) | (%) [ equ) Koromp)| (%)

I(AdOH%) | (Tupsp) |(cwsfgwss)| -fug fup | 'PA | (d] |{108]) |{oms)]| (W) {x) (@) uondussagg ayon
£13a009y | paurerny | parmbay | saoy | ‘oA | morg |ssorg | s | g | cosip | umag | Ausosog ssa001g (L], | 'oN
EoL | zZodo 700 20D | 200 | oav |uny | 10 |amem | 10 | sqv | 9%eraav 19pojy | uny

SInsay s1ourered —S:oE:&xm siguuered PPOIN B:oEEOQ

(9861-p861) nyZ oz,

(0,u0D) spudmILIAdXT IPIX0I( UOGIEY) JISHUW] [[V JO ATeunung

p'e Aqel



29

0°¢9 L0°9 3 600 | oo | 860 |oot1|zss | st} ost | wwir [ L99¢ WBumuTEAL “(5IN[S 20D 01) OVM I:¥] 01 [ Azt
o6y 1789 681 o joto | 860 Joss| ¥6 | 19 | sso1 | 60°ST | 69°9€ (s3niS 20D OV) OVM T3¢} DT | AIT
1§14 +0'08 8LE gto | ozo | s60 josciees} Lot | ssor | svTt | LLse (s3n{s ZOD O OVM 14| O1 [ A0T
6 06'86 s 0L0 | 0T0 | 860 |o0Ss|z68 | 801 | 6501 | 9gCl | oviE (s3nis ZOD OV OVM I:b] D1 | A6l
89 | 00001 ey b0 1 120 | 860 |oss|Les | ot | 6501 | 16S | OFEE (s3nis ZoD O OVM Ti¢| 01 | Q8L
o'sy 90T 9Tl 920 | 020 | 860 |osz|zZ68 | 801 | sso1 | oczt | oLie (snis zoo O OVM Ti¥| D01 | ALl
Les 16°€6 L6z sto | v90 | 860 josTU6L | 60Z | 6501 | 206 | 08¥E (s3nis ZODO) OVM 1| O1 | a9t
oty 1€ Ly 600 | 020 | 60 |00T|€06| L6 | sso1 | 902t | LS9E YA (SBIS ZOD O OVM 1Ty O | ast
' X44 8L'LS Ly 600 | 020 | 60 | 00T |Z06| 86 | sso1 | cozt | €69¢ UA(SBIS ZOD O OVM 18] D1 | av!
6ty I€'€S 9v 600 | 020 | 60 |00t |S06] s6 | ssot | zizl | zzee A (SBS ZOD O OVM U] D1 | Agt
60y 09°s1 (A 600 | 020 | 860 |00Y|806] T6 | ssot | st91 | ovsc (sSnis zoo o ovM 1z} 01 |azt
St 008 9y 600 | 020 | 860 001 | 06 | 10U | ssot | o0¥1 | STSE (s3nis ZOD O OVM 18] D1 |dall
8'6¥ 0T6 98 Lro Jovo | 80 oot fess | 111 | ssor | 8601 | LLSE (s3niS ZOOOT) OVAM I DT | dOT
LR 00'9 €T 00 | o1'0 | 860 |00t | 06 | 001 { ssot | L9zt | €L9t (s3nis ZOD O OVM it} 01 | A6
gL | 09ss 87 00 | oco | 860 oot |6¥S | 'Sy | scot | se11 | so'LE (s3niS ZODO) OVM Iiy| DT | Qus
8'8¢ 000 00 000 | 000 | 860 {00°T|L68 | €01 | ssot | 8E°11 | <0'LE (Arensay)  pooppalem AJOH 11°T) 01 | A*8
oLy ov's 14 4 600 | 020 | 860 |oo1)906] v6 | ssol | Lost | o%ve (sSniszoD O OVM I} OT | AL
1214 00’9 64 660 | 680 | 860 |00t |2Z68 ] 801 | ssot | ezl | oUve (s3niszoD DOVM Y] 0T | A9
6€S 067 LY 6£0 | 680 | 860 |00t |106| 66 | ssor | 1801 | €9°s¢ (s8nisZOD Y OVM Iib} 1 | as
$'SS 0£°01 tLl 660 | 680 | 860 joot|ces | 8ot | ssor | ¥S 11 | of9E (s3nis zOOON)OVM I:p| 01 | av
019 08'€l S0t teo { 6Lt | 860 Joot|ees ] et | ssot | 9901 | 099¢ (s3nis zoo O OVM I:p] 01 | a¢c
9'LE 000 00 000 | 000 | szo joot| 06 | 001 | 6s01 | 8SS | 00SE poopM AdOH ##'T} D1 | AT
U6E 000 00 000 | 000 | 860 |oot| €6 | oL ] 650t | OI'TY | 00°SE pooamM AJOH Z6°I] 1 | al
(owr?) (AdDH)| (PAD) [edWD| (%) | (%) |5 edw) Ksaromp)] (%) ,
(AdOH%®)| (fulm) |(cws/gus)] fuy fup | 'pPA | (d) J(w0s) jloms)) (¥) {x) (@) uondussaqq javo
K000y | poureray | poxnbay | soo | oA | mold }ssaid| S | e | cosip | cuusg | Ansosog $33004d adLy, § -oN
miog 200 700 0D | 20D | 3w |uwmy | 1oy |1 | 1O sqy | 98eioay [opoN | uny
SINSIY sSIRURRJ [viusuLdYy s1a13urerej [9po UIURLO))

(6861 - 9861) 434q 24918
(P Juo)) sjuduuddxy IpIXoy(q uoqLe)) qsm] j[v Jo Aeunung

p°e dlqEL




30

SVE/ICOC| 069¢ 33 %20 | 0CO | 860 JOSC|CvS | 8sph | 288 | 066 | 0SSt (SIS ZOD O OVA 1] O | dast
[ {2 000 00 000 | 000 | 860 |osz|sz6] s | 238 | 066 | 059 (Arenza]) pooysrem AJDHWZ| 1 [dest
s ov'et i o | 020 | 860 Joszieve | 1'C | oeTl | ovEl | ObLt (s3nS ZOD O OV 'ty J1 | drt
iy 00°SZ L eso | oo | 860 |osz)ree]| €9 | ssot | oyt | 09Le (s3ns zoooN OvM v 01 | dEt
oLS oc vl $6 zzo | oco | 860 josc|veL )} 9oz | ssot | oo1t | O9E (s3mqs zoo OV OVA 1] D1 | dtt
ALY 0891 9oLy €11 | 680 | 80 |osz|Zo6| 86 | ssof | ot | 09°LE (s3ni5 oo OV OYM :¥| DT | dlt
1§44 ocel 9 €20 | og0 | 621 [oo1|L16] €8 | 901 | orTl | OS6E (s3ns zoo oV Ovm | aL | dot
oV 008 18% sto | ozo | 6¢1 |oot|sse| zv | ovo1 | 0811 | 00'8E (s3nis zoo oV OVM Ii¥| AL | d6
89¢ 00°SI o€ 100 010 | 6z1 |00t ]688 ] 111 | 9v01 | oTzZl | 00'8E (s3niS ZOD O OVA 1:p] AL | d8
oep 00y TL Zzo Joco | 09T Joor{rie| 68 | 6Lzt | 0611 | 00'8€E (sBnis oD 0N OVAM Lib| AL | dL
' {9 00'tS oY sto | ozo | 09T |oot |ev8 | st | sett | ozt | orz (s3nis ZOD O OVA I QL | 49
8°SE 06'66 94 800 | ot0o | 09T joo1 |98 | vpl | SEIT | OSIT | OTEY (s3uszodoNOVAM ¥ aL | dS
90f 0EsL ST 890 | oco | 09T josc|zee | 89 | octt | 09€t | 09'1p (s3niS ZOD OV OVM 14| AL | d¥
(Y44 0166 €L svo | oto | 097 |osz|ei6| 8 | sttt |oLst | OUly (s3nS 20D 0N OVM I:¥| AL | de
6€E 0S°SE €91 st0 | ozo | ss1 [osz|c€16) L8 | SuIl | o6€l | 091 (s3ns zod OV OVA 1] aL | 4t
8¢E ov's6 L6t o | o0 § ezl josz|ess | Upl | oczt § o9el | 09°1H (s3mszoooNOVM I'p| AL | di

(1661-8861) 12dsoad pjesdD

%33 6659 13 910 | 0CO | €80 JooT[eti6] L8 | ssor | teel | 6SOF API3aqy (s3n1s 20O O1) OVA 1:#] AL | a9z

£y 89'8C Tovy wi | eco | sto YoIv|t1o6| 66 62| WL | OSi¥ oe[uag ‘(S8niS ZOD O1) OVM I'¥] AL | ase

60% 16'8p ysy w1 | 190 | 8c0 josz {898 | zet | s6ze | ToL | ove owuag (s3niS ZOD O1) OVM 14} AL | a¥T

yzuos | s Al s00 | ozo | 860 joorjcveE | 8¢9 | ost | ovit | TTOE wlumurep ‘(s3niS ZOD O1) OVM 1:¥] D1 |@9eT

L09 000 00 000 | ooo | 860 |oot]urLgjoer | ost |ovit | Troe (Areqiz])  wBumurep ‘pooe AdDH 62'2] O [aee
(10w-3) KAdOH)| (/) [edW)| (%) | (%) [(5edw) Kormp)| (%)

(AdOH®} | (fur%) [(cws/gws)) fup | fuy | ‘A | (d} |{tos) |{oms)] (]} (%) (o) uondusaq LE\S

A13A000Y | pauteroy | pasmbay | sooy | ‘loA | Mold |ssaid | 1es | eS| costp | -uusg | Ausosog ssa001] adfy, | 'oN
FoL | 70D 700 200 | zoo | sav |uny | o |9Em| 1O | sav | 23emay 19pol | uny

SNSIY SIarourereq reiusuwsuadxy siatourered [9pON SIUDUNWO))

(p,Ju0)) syuswIddxy Ipixoi(] uoqse)) qrsiuw] [y Jo Areunung

p'e dlqel

(6861 - 9861) 39A( 3ANS




31

PO [euOISUIWI(-OM], = , (L,
[OPON ReUT] = T,

ndsard prIsO = d.,
£130003y umopmojg + £134009) Poo[JTEM + K13A009Y $53001d = K19A093Y [B10], 1hQ aang = 4.
P3oNpoig 10N pa13afu] ZOD [e10], JO 28e1usaray = paureIny 70D Z 0L = uZu
PaoNpox {10 BI0]/('puo) "PIS) Paroafs] ZOD fe10], = paxmbay 70D svfoy ozUoD = Y.,
uotRmIES sen ZN Ny = 18 speag sSe|O) Jo 1aKe] ¥ pum pung Jo 194w = (gd) spog [PIeRd
sep uaBomiN = IN speag ssei0 Aupiqeaustad ySiy jo pog [euoBei(y = (SH) Xeons “uad Y3y
S80) IpIXOY] UOQIRD) = TOD poopjEsTEA ® Aq pamoiog 8niS 3nis 0D B[S V =AM <=TQD SnRonunuo)
pooIANM =AM pues Yuv, Ap[aj1aqy pauma|) = puvg Y],
sjoquiAg pus suonEIIqqy
OLUETL | seas vl Y00 | ozo | 860 JoortJTib [ o8S | #8L | 0501 | Oi'se 110 9AT1 ‘(530iS ZOD O1) OVAA U] D1 |dace
€SS 000 00 000 | 000 | 860 |oo1| z6 | 08 | 8. | osOl | or'sE (Aremal) 10 9ATT ‘poopisiem ADOH 92| 1 |deT2
0's9 sane 8€ 600 | 0z0 | 860 |ootlces| Lo | v8L | ozvi | o068 110 9arT (sBnis ZOO OV HVM Ui¥| D1 | diT
S€9 ssse X7 600 | ozo | 860 oot |1ve| 65 | v8L | ozot | oLsg 110 2A1T *(sBniS ZOD OT) OVM B:¥| DT | dOT
$79 asee 0T S00 | oro | 860 oot | S6 | 0 | v8L | 09°€Et | oOL9E 110 9Ar1*(s3niS ZOD OV OVM 1:b| 1 | d6l
89 eeee 99 0z0 | o¥0 | 860 |oor|so6]| s6 | v8L | 0811 | o6'6E 110 2ATT *(s3nS ZOD OT) OVAM I:p] D1 | d81
89 sree ve 800 | ozo | 860 |oo1fcrss| €1t | 8 | oze | oLoe 110 9ArT *(s80(S ZOD O1) OVM I:¥| T | dLl
vov or'66 €€ 900 | s00 | 860 |osc|s816]| T8 | octr |ozir | ovie (s3nis ZOD OV) OVM 1:%| O | d9t
(low-3) KAdOH)| (pAu) ﬁ&é (B) | (B) [(soqu)(sanamp)] (%)
|(AdoH®) | (fur) [(gusyews)| foy | g | A | (d) Jos){oms}] ) | 0 | (@) uonduosaq lavon
Anacooy | poureisy | parmboy | ooy | oA | mod |ssaug| ws | ws | osip | ‘mrag | Ansosog $330014 adf}, | ‘oN
moL | zZoo TOO | 200 | 20D | 9av |umy | 10 |[=mm| o | sqv | sBwoay 19PO | Uy
SIMsoy SRPUERJ RUEIuLIXxy s1aunIed [9pO SJUWIUIO))
(1661-8861) 33dsoid pres2)

(Pyuo)) syusursadxy apixol(q uoqie) qsIu] IV Jo Lreunung

b'e 2lqelL




3.8 Simulation of The Immiscible Carbon Dioxide Process

Reid and Robinson® modelled the Lick Creek Meakin project using a three-phase,
three-dimensional compressible reservoir simulator, The results indicated that alternate
carbon dioxide/water injection with cyclic carbon dioxide stimulation of the producing
wells was the preferred process to produce oil from the Meakin sand and that recycling of
the produced carbon dioxide reduced the carbon dioxide requirement. Their results also
indicated that the injected carbon dioxide flowed preferentially through the upper part of the
reservoir, while the injected water flowed through the lower part. As a result, the highest
oil saturation occurred in the upper part of the reservoir, which was swept by carbon
dioxide, but not by water. According to the results, cyclic carbon dioxide stimulation of
the producers improved oil rates, reduced water-oil ratios, increased carbon dioxide
coverage of the reservoir, dispersed carbon dioxide rapidly throughout the reservoir, and
caused the wells to flow.

Klins and Farouq Ali” developed a two-dimensional and three-phase (oil, water,
and carbon dioxide) simulator to investigate the efficiency of gaseous carbon dioxide as a
recovery agent for moderately viscous oils. The simulator assumed zero diffusional
mixing, non-volatile oil, and thermodynamic equilibrium between phases. The results
demonstrated that over the viscosity range of 1 to 1000 mPa.s, carbon dioxide flooding
was superior to nitrogen injection, natural depletion, or waterflooding for oil viscosities
above 70 mPa.s. Their results also indicated that for a 1000 mPa.s oil, less than 1%
_recovery was obtained by natural depletion, 16% by waterflooding, and 25% by carbon
dioxide flooding. Ultimate recovery was sensitive to critical gas saturation. For a 1000
mPa.s oil, recovery increased 8% as critical gas saturation was increased from 0 to 10%.
Oil recovery by carbon dioxide injection was found to be strongly dependent on initial oil
saturation as well. For a 1000 mPa.s oil, recovery increased from 3 to 25 to 29%, as the
oil saturation was increased from 40 to 60 to 70%, respectively.

Spivak and Chima® designed an equation of state compositional simulator to
investigate the mechanisms of immiscible injection of 18 mole% nitrogen-82 mole% carbon
dioxide mixture in heavy oil reservoir in Wilmington field. Their simulator did not account
for the effect of dispersive forces and carbon dioxide-induced viscous forces on oil
recovery. Their simulation results showed that it took a longer time for a 18 mole%
nitrogen-82 mole% carbon dioxide mixture to dissolve in oil than for pure carbon dioxide
and that for 18 mole% nitrogen-82 mole% carbon dioxide mixture gas breakthrough was
earlier, the compositional fronts were more dispersed, and the recovery was 3% lower
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compared to pure carbon dioxide. They explained that the difference in recoveries was due
to the difference in carbon dioxide solubilities and the corresponding difference in oil
viscosities, and concluded that the immiscible carbon dioxide drive process in heavy oil
reservoirs can be looked at as a process of viscosity reduction, followed by waterflooding

of the reduced viscosity oil.

Bakshi, Ogbe, Kamath, and Hatzignatiou®® used a commercial, three-phase,
adaptive implicit, black oil simulator to evaluate the performance of a carbon dioxide
stimulation process in the West Sak field. Their simulation results indicated that the soak
period had only a small effect on oil recovery with the shorter soak periods yielding
marginally higher oil recoveries. The effect of slug size was also determined. It was found
that the slug size became less important for larger slugs. They explained that since the
carbon dioxide solubility in oil levelled off at higher pressures, it caused a decrease in
incremental oil swelling and viscosity reduction. As a result, the additional oil recovery
due to carbon dioxide solubility became less important at larger slug sizes.

3.9 Immiscible Carbon Dioxide Projects

In this section, selected immiscible carbon dioxide floods, as well as carbon dioxide
huff 'n' puff projects, will be briefly reviewed.

3.9.1 Immiscible Carbon Dioxide WAG Flood Projects

Bati Raman Pruject

Bati Raman field”, located in Southeast Turkey, holds the largest oil reserve in the
nation. The total estimated oil reserve was 300x10% sm® of 10-12°API and 450.0 to
1,000.0 mPa.s crude oil at the reservoir pressure and temperature of 12.4 MPa and 71°C,

respectively.

Initially the field was planned for huff 'n' puff application using carbon dioxide gas
from a natural carbon dioxide field in Dodan, about 80 kms from Bati Raman. The gas
contains mainly 91.0% carbon dioxide, 3.1% nitrogen, 2.6% methane, 3.3% ethane, and
quite a small amount of hydrogen sulfide. Due to the lack of confinement of the injected
carbon dioxide gas in the project area which resulted in lcw production, the planned huff
and puff was converted to a continuous immiscible carbon dioxide flood. The injection of
carbon dioxide was started at a total average rate of 623,000 sm’/d using eighteen injectors,
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which was then 1ncreased to 1,400,000 sm>/d in February 1987. Within a few months
after the start of the carbon dioxide injection, oil production rate was increased to 159 from
32 sm’/d and to 273 from 63.6 sm>/d. With the success of this method, the number of
injectors was increased to thirty at the end of 1990. Thus, the average oil production rate
was pushed to 1,779 sm>/d at the end of 1990. After four years of operation, the
cumulative total oil recovery, as reported in December 1990, was 1.1x10% sm3. The
average volume of carbon dioxide required to produce 1 sm’ of oil was 3,920 sm’,

Lick Creek Project

The Lick Creek project® is located in Bradley and Union Counties, Arkansas. An
immiscible WAG process has been proved to be effective in recovering oil from thin heavy
oil sands. The project was anticipated to recover an incremental 10% of the 17°API and
160 mPa.s in-place oil from a high permeability Meakin sandstone reservoir. Injection of
40% HCPYV slug of carbon dioxide on a 1:1 WAG ratio was performed in three phases. In
the first phase, cyclic carbon dioxide injection into the producers and injectors was carried
out to increase the reservoir pressure and to allow wells to be flowed naturally. In the
second phase, large volumes of carbon dioxide were injected into the permanent injectors.
In the third phase, carbon dioxide and water were alternatively injected into the injectors.
After this phase, the unit was waterflooded. After five years of production since 1976, the
total oil recovered was 170,000 sm>, with an average production rate between 95 sm/d
and 67 sm3/d. The field was projected to produce an additional 582,000 sm® of oil within
the next fifteen years.

Hansford Marmaton Project

The Hansford Marmaton field®®, located in Hansford County of the Texas
Panhandle, is operated by Stanberry Oil Company. This project has proven that carbon
dioxide can be used to repressure a depleted reservoir. After a primary production of
0.26x10% sm3 of oil, reservoir pressure fell to 1.4 MPa. Immiscible injection of 389x10°
sm> of carbon dioxide raised the pressure to near the miscibility pressure, after which the
recycled gas was injected at a predetermined WAG ratio. With the existing free gas phase
in the reservoir, carbon dioxide was distributed throughout, contacting more of the QOIP
than would have been contacted by miscible displacement given the unfavorable carbon
dioxide mobility ratio. Due to the immiscible effects of carbon dioxide, oil rates increased
to 95.4 sm>/d from 4.8 sm>/d. Cumulative oil production after eight years of carbon



dioxide injection was 0.18x10% m?, which was about 70% of the total oil recovery under
primary or about 10% of the OOIP with a net carbon dioxide utilization of 2.2x10°
sm>/sm’ of oil. Carbon dioxide utilization was reduced to 1.3x10% sm*/sm? of oil when

the project was completed.

Wilmington Project

The use of immiscible carbon dioxide in a WAG mode to enhance the recovery of
14°API crude oil has been carried out by Long Beach Oil Development Co. in the
Wilmington Tar Zone in the Los Angles Basin of California®. The project was begun in
1982 with injection of a mixture of about 85 mole% carbon dioxide and 15 mole% nitrogen
into the Tar zone of Fault Block V. As of August 1986, about 233x10% sm® of gas was
injected. The produced gas was recycled and re-injected. In this project, the presence of
nitrogen was a complicating factor. On one hand, nitrogen reduced the solubility of carbon
dioxide in the oil approximately according to the law of partial pressures. On the other
hand, the presence of nitrogen, which was insoluble in oil, resulted in trapping of free
nitrogen by the injected water, which, in turn, could result in a lower residual oil to water.
The production response was good. As of the end of August 1987, the incremental
recovery was 342x10° sm> with a theoretical carbon dioxide requirement of 603.8 sm’/sm’

of oil.

Hilly Upland Project

This pilot test’® in West Virginia was conducted by the Alleghany and Mineral
Company. Field test results showed that low formation permeability (about 3 md) did not
preclude the injection of carbon dioxide and that when water cannot be injected at
economical ra'<- to repressure a reservoir or to displace the solvent slug in a tight
dolomitized limestune reservoir, carbon dioxide could be used instead. This pilot test also
demonstrated that the swelling of oil, viscosity reduction, and increase in reservoir energy
due to carbon dicxide injection resulted in 5% OOIP incremental recovery, with an
estimated carbon dioxide requirement of 1,153 sm>/sm’ of oil.
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3.9.2 Immiscible Carbon Dioxide Huff 'n' Puff Projects
Texas Gulf Coast Project

Texaco tested the feasibility of an immiscible carbon dioxide huff 'n' puff process
on twenty-eight wells in Texas Gulf Coast® Miocene Reservoirs. From these tests in
twelve unnamed oil fields, viscosity reduction and oil swelling appeared to be the principal
mechanisms of recovery since no compositional changes were noticed in the produced oil.
These tests were conducted on light oils with gravities ranging from 23° to 30°API and
viscosities ranging from 1.6 to 33.4 mPa.s. Increased oil recoveries were sligh.dy
improved for the more viscous oils and lower API gravities. Based on incremental
recovery, these tests showed that, for these reservoirs, a soak period of 2 to 3 weeks
seemed better than shorter or longer time and that injection of 230,000 m> of carbon
dioxide resulted in greater incremental oi) recovery of a 33.4 mPa.s oil.

Timbalier Bay Project

This immiscible huff 'n' puff test conducted in the 1,494 m Reservoir (BA) Sand
Unit, Timbalier Bay Field”, Louisiana by Chevron proved the feasibility of using carbon
dioxide to recover a 26°API and 2.8 mPa.s oil at reservoir conditions from the
bottomwater-drive sandstone reservoir. The test in two wells showed that when properly
administered the carbon dioxide huff 'n' puff process can provide a quick pay out with a
low capital investment. The results indicated that incremental oil was recovered through the
oil swelling and viscosity reduction effects. The process was to inject 291.7x10° m? of
carbon dioxide in each producer and then shut in for a soak period, after which it was
returned to production. These tests measured carbon dioxide stimulation efficiencies of
27.4 to 33.5 km’/m of pay and carbon dioxide utilizations of 204.8 to 562.8 m*/m3. The
incremental oil recovery reported for these tests were 518.9 to 1,756.3 m’.

Appalachian Basin Project

Cyclic carbon dioxide injection tests were performed in about sixty-five production
wells located in the Appalachian basin® in eastern Kentucky. The field was pressure-
depleted and contains a 32°API oil. It was targeted for carbon dioxide huff ‘n' puff
because of its tight and discontinuous formation and disappointing waterflood results.
These tests were conducted in conjunction with a laboratory evaluation at Lousiana State



University which addressed the potential application of immiscible cyclic carbon dioxide
injection.

The usual cyclic carbon dioxide test procedure was to first pull rods from the well
and inject the carbon dioxide slug down the tubing at a rate of several cubic meters per
minute. The well was then shut in without corrosion inhibitors for one week. After the
initial soak period, the well was then returned to production. Response to cyclic carbon
dioxide injection was a sharp rise in oil production rates which continued for fifteen to
forty-eight months after which production returned to the original hyperbolic decline curve.
The resulting low carbon dioxide utilizations of about 178 sm>/m?> attest to the economic
viability of huff 'n' puff in light oil reservoirs.
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CHAPTER 4
EXPERIMENTAL APPARATUS and PROCEDURE

This chapter presents a description of the apparatus, materials, and procedures used
in the present research. The first part describes the procedure for packing and saturating
the model prior to conducting an experiment, and the second part gives details of how the
diffusivity and solubility of carbon dioxide in oil, in the presence of nitrogen, were
measured. A discussion of the procedure for conducting an immiscible WAG experiment
is also provided.

4.1 Experimental Apparatus

Figure 4.1 gives an overview of the apparatus used for the experiments. As
shown, the apparatus used in this study consists of the physical model, fluids and porous
medium, fluid injection and production systems, and the data acquisition system.,

4.1.1 Physical Models

Two models: linear and two-dimensional, were used in the present research. The
linear model was partially scaled while the two-dimensional model was fully scaled to the
Aberfeldy reservoir in Saskatchewan (Details are given in Section 3.6). The linear model
was built to act as a screening model for the two-dimensional model. It was 415 mm in
length and 98 mm in diameter. Chevron-type fittings were used to seal the ends of the
pipe, as well as forming the injection and production ports.

In contrast to the linear model, the two-dimensional model was more complex.
Much effort was expended in designing and fabricating it’. A brief description of this model
is given below.

- Rectangular shape: 45.7 cm x 45.7 cm x 2.2 cm.

- Three reinforcing members

- Maximum internal pressure: 10.0 MPa.

- Maximum deflections of walls at 10.0 MPa: <0.01 mm.

- Weight of model: 1.0 tonne.

- Number of wells: 9

- Possible patterns to simulate: 5-spot, 9-spot, line drive.

- The model can be rotated for horizontal, inclined, or vertical floods.

38



39

29

NN SeD

J019[[0D
wanyg

o

dumg a1ey wrersuo)

SSaid
uononpold

‘smereddy [euowwadxs 9yl JO oNEWAYSS - [y 3M31yg

dunyg refomn
A[BA
] N kem-e
A 1o "o
. 2 1 1o
ug A
7AA
ATRA
Aem-¢
P
QUL I9TEM Jossaxduwio)) M“._Nxoaw
Yy >
|® prom—
IAJeA |
Kep-
1PPO [E01SAud MO SED [7| mofg 5D
ury asesfay 9
AMSSAUJ ru.:ké&
renuasdng
SSald
uonsafug



40

4.1.2 Fluids and Porous Medium
Oil

The oil used in all experiments was from the Aberfeldy field in Lloydminster,
Saskatchewan. Initially, it contained a large volume of reservoir water; therefore, it had to
be dehydrated by drying in an oil drier at a constant temperature of 40°C. After about four
to five weeks the water content was reduced to less than 0.5% by volume. After
dehydration, the viscosity was measured using a Brookfield viscometer. The initial
viscosity was approximately 4500 mPa.s. Since this value was too high, it was then
reduced to the scaled viscosity of 1058 mPa.s by adding a conventional light oil (Faxam-
100), with a viscosity of 270 mPa.s.

Nitrogen-Carbon Dioxide Mixtures

Nitrogen-carbon dioxide mixtures of various compositions were used in all impure
carbon dioxide experiments. The nitrogen compositions in the mixtures were 4.98, 9.99,
15.0, 20.0, 25.0, and 30.0 mole%. Due to the unavailability of mixing equipment, these
mixtures were purchased from Medigas.

Brine

Aberfeldy simulated brine was used in all runs. It had a refractive index of 1.3446,
which is the refractive index of Aberfeldy brine.

Porous Medium

For the model porous medium, Ottawa Silica Sand from Ottawa, Michigan, was
used to represent the field porous medium since it has a grain size similar to that of the
Aberfeldy reservoir sand (70-140 mesh).

4.1.3 Fluid Injection and Production System

Gas Injection

- A nitrogen-carbon dioxide mixture was injected using a Matheson gas metering
system. This system controlled and measured the gas entering the model. The Matheson
Dyna-Blender helped to control the flow rate of gas. A gas compressor was also used to



maintain the constant gas injection pressure. A Matheson totalizer provided the cumulative
volume of gas injected into the model.

Oil Injection

A positive displacement Milroyal pump was employed to inject heavy oil into the
model. To avoid oil fingering in brine, oil was injected at a flow rate of 7% capacity of the
pump (about 300 cm’/hr), or lower.

Brine Injection

Brine was injected by a constant rate screw-type piston pump. The pump flow rate
was controlled by varying the pump speed.

Fluid Production

The effluent was collected in a glass cylinder at atmospheric conditions (101.325
kPa and 23°C). Oil and water, because of their heavier densities than gas, were collected
at the bottom of the cylinder while gas displaced a volume of water in the upright glass
burette equal to the total volume of gas produced. Since oil and water mixed with each
other at the time of collection, they had to be heat-separated to determine the produced
volumes of each.

4.1.4 Data Acquisition System

The production pressure was controlled by a back-pressure regulator which was
connected to the production end of the model. Two Heise pressure gauges were used to
measure the injection and production pressures.

4.2 Experimental Procedures

In this research, as mentioned previously, two models: linear and two-dimensional,
were used to conduct experiments. The terms 'Linear’ and "'Two-Dimensional' are used
for convenience only; in fact, flow in any physical model is three-dimensional. Much
effort was made to minimize the effect of gravity, the third dimension.
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For both models, the experimental procedures used were identical, except that dry
packing was used for the linear model and wet packing for the two-dimensional model.
The procedures are as discussed below.

4.2.1 Packing
Linear Model

Dry packing was used for the linear model. The packing procedure is relatively
simple. After the bottom Chevron end cap was installed on the production end of the
model, the model was inverted so that the open (injection) end was up and that it was
perfectly vertical. A level gauge was used to check if it was in the vertical position. An air
vibrator was then strapped on the side of the model. Next, Ottawa sand was slowly poured
into the model while it was being vibrated. This way, a tight sand pack was achieved.
Afterwards, the model was left vibrating for eight-to-ten hours. After vibration, the top
Chevron end cap was closed, and a vacuum pump was connected to the top end to evacuate
air from the model while it was again being vibrated for another eight-to-ten hours. The
model was vacuumed at the top to achieve the best vacuum possible. At this point, the
model was ready for pore volume determination.

Two-Dimensional Model

While the linear model was dry-packed, the two-dimensional model was wet-
packed for convenience. Similar to the linear model, the two-dimensional model was first
inverted so that the open cavity was facing up. Next, an aluminium extension was
temporarily mounted on the top of the model, and distilled water was added to the model.
The purpose of the extension was to maintain a 10-cm head of water above the sand level.
An air vibrator was clamped on the top of the model and activated, and Ottawa sand was
slowly poured in until the sand level was about 2 cm above the head of the model. The
model was then vibrated for at least eight-to-ten hours. Afterwards, the 10-cm head of
water, air vibrator, and casing were removed, and the top flange was put on and bolted.
Finally, the model was pressure-tested at about 6.0 MPa to check for leaks. If no leak was
detected, the model was now ready for pore volume determination.



4.2.2 Pore Volume Determination

Linear Model

After the model was vacuumed, a plastic tube from a calibrated cylinder containing
an initially known volume of brine was connected to the bottom end of the model and brine
was drawn up into the model due to the pressure difference between the model and the
atmosphere. By injecting water from the bottom of the model, a more accurate pore
volume and a more uniform water saturation could be achieved. The difference between
the initial and final volumes of brine yielded the pore volume of the model. Whence, the
porosity was calculated by dividing the pore volume by the bulk volume of the model.

Two-Dimensional Model

For the two-dimensional model, determination was more time-consuming than that
for the linear model. First, the model was rotated so that the flange side faced down.
Next, brine with a refractive index of 1.3446 was injected at the bottom of the model using
the constant rate screw-type piston pump, while distilled water was being produced and
collected at the top of the model. Brine injection was continued until the refractive index of
the produced water reached 1.3446. At this time, the model was believed to be 100% brine
saturated, and the injection was stopped. For each sample of water collected, its refractive
index was measured using a refractometer to estimate a gradual change from water to brine
solution. The refractive indices of the first and last water sample were plotted versus the
percent of brine in solution since it was believed that the first sample contained 0.0% brine
and the last 100.0% brine (Figure 4.2). From this plot, knowing the refractive index of
each water sample, the percent of brine in solution could be found. To determine the pore
volume of the model, the percent of brine in solution was plotted versus the cumulative
volume of water produced, and the area under the curve was divided into two equal
portions (Figure 4.3). The pore volume was the cumulative volume at which area A
equalled to area B.

4.2.3 Permeability Determination

For both linear and two-dimensional models, the permeability was measured using
the same approach. Note that after pore volume determination, the model was brine
saturated, thus brine was used as the fluid to measure the permeability of the sand pack.
The horizontal permeability of the model was measured by flowing brine through the

43



Refractive Index

% Brine in Solution

44

1.346
1.344 =
1342
1.340 =
1.338 =
1.336 =
1.334 = 100% Water
1.332 | 1 T
0 20 40 60 100
% Brine in Solution
Figure 4.2 - 2-D Model Fraction of Brine in Solution.
100
B

80

60 =

40 =

20 - A Pore Volume

0 T 1 L T 1 ) ) I
1400 1600 1800 2000 2200 2400 2600 2800 3000
Cumui. Produced, cm’
Figure 4.3 - 2-D Model Pore V- *51 ination.



model in a horizontal position, at a specific flow rate and pressure differential. A known
volume of water was collected at a given time and pressure differential, and the
permeability was determined using Darcy's linear flow equation.

4.2.4 Oil Saturation

For both physical models, the procedures to saturate the model sand pack with oil
were similar. First, the model was inverted so that the injection port was facing up and the
production port facing down, and the model pressure was brought to the experimental
pressure by injecting brine into the model with the production back-pressure regulator
(BPR) closed. Also, oil had to be pressurized to the experimental pressure by activating
the constant rate Milroyal pump, with the inlet valve closed, until the oil pressure was at
least a little higher than or equal to the mode! pressure. Then it was injected into the model
at a very slow rate by fully opening the inlet valve. Right after the oil breakthrough
occurred, injection was stopped and the volume of brine produced was recorded. This
volume of brine was used to predict the initial oil saturation, which is as follows.

_ HCPV
oi Pore Volume

For the linear model:

Brine Volume Produced - Qil Volume in Chevron - Type Caps % 100%

Soi =
Pore Volume
For the two-dimensional model:
S = Brine Volume Produced % 100%
oi Pore Volume

At this time, the model was believed to be oil-saturated and ready for an experiment.

4.2.5 WAG Process, Post Waterflood, and Blowdown

The same procedure was used to conduct an experiment in both physical models.
To start an experiment, the volumes of gas and brine to be injected had to be calculated
first. The calculation procedure is shown below.
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Since it was found by the previous researchers that a total gas slug size of 20%
HCPV and a water volume four times the gas volume, both of which were divided into ten
equal slugs, were optimal, they were used in all experiments in this study.

Total Gas Volume @ Experimental Conditions = 0.20 X HCPV [cm3]
It had to be converted to its equivalent volume at the meter (standard)
conditions

Total Gas Volume @ Meter Conditions

MD @ Experimental Conditions (mol / cm3)

= 0.20 x HCPV x [cm®]

MD @ Meter Conditions (mol / cm3)

Where:
MD = molar density calculated using the Starling Equation of State.

Total Brine Volume =4 X Total Gas Volume @ Experimental Conditions [cm?]
Finally, the total gas and brine volurhes were divided into ten slugs each.

After the preliminary calculations had been completed, the model was prepared to
start an experiment. With the model in the horizontal position, a gas slug was first injected
then followed by a water slug until ten slug pairs of gas and water had been injected, and
the WAG process ended.

The WAG process was followed by the "post-waterflood". This warterflood was
carried out only when, after the WAG process, the producing WOR was still below 20:1.
The model was flooded with brine until the WOR reached 20:1, or higher, when the
waterflood was terminated. The "blowdown" was commenced by first closing the injection
valve and then slowly lowering the pressure to the atmospheric pressure by releasing the
production BPR. Subsequently, the model was left for at least eight hours to make sure all
gas was produced. At this time, the experiment was terminated.

After the termination of the experiment, the model was opened and the sand pack
was removed and discarded. The model, as well as the injection and production ports,
were cleaned first with Varsol, then toluene, and readied for the next experiment. The data
collected were analyzed to determine various parameters indicative of the overall
performance of the experiment. These data are given in Appendix A. A typical run took a
total of two weeks. -
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4.2.6 Data Processing

The experimental data were processed using a previously developed computer
program. The program was modified to process nitrogen-carbon dioxide experimental
data. This program was based on the material balance of oil, water, and nitrogen-carbon
dioxide mixture. The volume of fluids injected was calculated by this program. It also
computed the water-oil ratios (WOR), gas-oil ratios (GOR), oil recovery, the total volume
of oil produced, oil produced-fluid injected ratio (OPFIR), nitrogen-carbon dioxide
retention and nitrogen-carbon dioxide required to produce a unit volume of oil.

The nitrogen-carbon dioxide material balance used the Starling equation of state™,
together with its mixing rules, to calculate the moles of nitrogen-carbon dioxide mixture
injected and produced. The equation of state is as follows:

. C, D, E;,).2 d\s AN
p=2p RT+(B°RT- A, -’_I‘%+#-'_r%)p +(bRT-a--_f)p +a(a+?)p
3
c

+ T[-pT (1 + yp2 )exp(-'ypz)
Where

p = pressure (MPa)

T = Temperature (K)

p = molar density (kmol/m®)

The constants for carbon dioxide in SI units are:

A, =0.176976 B, = 0.024588 C, = 2.451876E04
D, = 1.883482E06 E, =2.631556E04 R =0.008314
a =0.009434 b = 0.003784 ¢ = 1.4197888E03
d = 0.055761 o = 0.0000961229 ¥ = 0.006421

The constants for nitrogen in SI units are:

A, = 0.112428 B, =0.0422649  C, = 1143.6859
D, =8.9909E04  E,=3.11307E06 R = 0.008314

a = 0.00235560 b = 0.00324822 c =43.703149
d = 0.0290594 o = 0.0000736446 ¥ = 0.00428738



For nitrogen-carbon dioxide mixture, the following mixing rules, as proposed by
Starling™, were used to calculate the molar density of the mixture.
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Newton's method was applied to the above equation, together with its mixing rules,
to determine the molar densities of nitrogen-carbon dioxide mixtures of various

compositions. According to Starling™, the above equation predicts experimental density
data with an average error of less than 1.0%.
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4.3 Diffusivity and Solubility Experiments
4.3.1 Diffusivity of Carbon Dioxide into Oil
4.3.1.1 Diffusion Cell

The diffusion cell used in this study is shown in Figure 4.4. It was made up of a
stainless steel cylinder fitted with two flanges. The internal cross-sectional area of the cell
was 32.17 cm? »nd the length was 122.0 cm. The cell was always placed in the vertical
position during the packing and cleaning, as well as the actual experiments. The top flange
was connected to a high pressure nitrogen-carbon dioxide mixture cylinder. A Heise
pressure gauge was also connected to the top flange to measure the pressure inside the cell
during the experiment. The bottom flange was equipped with a two-way high pressure
valve which permitted the collection of oil samples for determining the concentration of
diffused nitrogen-carbon dioxide in oil at the end of the experiment.

4.3.1.2 Diffusivity Experiments

The procedure for conduicting a diffusion experiment was as follows. First, the
diffusion cell was ev..uated for six hours using a vacuum pump connected to the top
flange of the cell. Next, while the cell was still being evacuated, a plastic tube from a
calibrated cylinder containing an initially known volume of oil was connected to the bottom
valve, and oil was drawn up into the cell to obtain an oil column of at least 20 cm, and the
bottom valve was closed. A nitrogen-carbon dioxide mixture at 1.0 MPag was injected
into the cell at the top flange, and the pressure was kept constant during the course of the
experiment. After about twenty days, three samples - one at the bottom, one in the middle,
and one at the top of the oil column - were taken, and the volumes of gas liberated were
measured. The experiment was terminated. The cell was opened and cleaned to prepare for

the next experiment.

4.3.2 Solubility of Carbon Dioxide in Oil

Figure 4.5 presents the schematic of the mixing apparatus. It consisted of a
Milroya! purnp, a mixing chamber, and a gas meter. The procedure to determine the
solubil'ty of carbon dioxide in oil was relatively simpie. The mixing chamber was first
evacuated for two hours, then it was filled with spproximately 1000 ml of oi:  Afterwards,
the top two-way valve was connected to a kigh pressure carbon dioxide cylinder, and oil
was mixed with carbon dioxide at .0 MPa for approximately three days using a Milroyal
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pump. After three days, a sample of oil was withdrawn from the bottom of the chamber
and the volume of gas liberated from oil was trapped and measured.
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Figure 4.5 - Schematic of the Mixing Apparatus.
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CHAPTER 5
PRESENTATION AND DISCUSSION OF RESULTS

This chapter consists of two parts. The first part deals with the presentation and
discussion of the experimental work done to investigate the solubility and diffusivity of
carbon dioxide and nitrogen-carbon dioxide mixtures into a crude oil. The second part
discusses the experimental results obtained using the two physical models: linear and two-

dimensional.

5.1 Solubility of Pure Carbon Dioxide and Nitrogen-Carbon Dioxide
Mixtures in Aberfeldy Heavy Oil

The solubility of carbon dioxide in a crude oil is defined as the volume of carbon
dioxide in sm® per sm® of the carbon dioxide saturated dead oil at the specified pressure
and temperature. In this research, the solubilities of pure carbon dioxide and nitrogen-
carbon dioxide mixtures, with nitrogen concentrations of 9.99, 20.0, and 30.0 mole%
were measured at 1.0 MPa and 23°C, the conditions at which most of the experiments were
conducted.

Figure 5.1 presents a plot of the measured solubilities of pure carbon dioxide and
nitrogen-carbon dioxide mixtures vs. the mole fraction of nitrogen. As is shown, the
presence of nitrogen in carbon dioxide had a tendency to reduce the solubility of carbon
dioxide in oil. The carbon dioxide solubility dropped from 12.5 sm3/sm? (for pure carbon
dioxide) to about 7.45 sm3/sm> (for a 30 mole% nitrogen-70 mole% carbon dioxide
mixture). This reduction is about 40.0% of the pure carbon dioxide solubility. Also, it is
interesting to note that the solubility of carbon dioxide in Aberfeldy heavy oil decreased
linearly as its nitrogen content increased. In other words, the solubility of carbon dioxide
in a mixture is about one-half of what the carbon dioxide concentration in the mixture
would imply.

Based on the data presented by Svrcek and Mehrotra®, nitrogen is much less
soluble in a heavy crude oil than carbon dioxide. Moreover, since it is classified as a "non-
condensible" gas, its solubility in a heavy crude oil is negligible at low pressures.
Therefore, when it is mixed with carbon dioxide, it causes a decrease in the carbon dioxide
solubility in oil. The main reason that is believed to contribute to the reduction of carbon
dioxide solubility in oil is the decrease in the carbon dioxide partial pressure due to
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the presence of nitrogen. Thus, the higher the nitrogen content in a nitrogen-carbon
dioxide mixture, the lower is the carbon dioxide partial pressure; as a result, the solubility
of carbon dioxide will be lowered as the nitrogen partial pressure increases, as was
observed in this investigation.

5.1.1 Effect of Solubility on Oil Swelling

The increase in the volume or "swelling" of the oil is directly related to the solubility
of carbon dioxide in oil and increases as the solubility increases. The swelling factor,
which is defined as the volume of the oil with dissolved carbon dioxide at the specified
pressure and temperature divided by the volume of oil without carbon dioxide at standard
conditions®, is used to measure the swelling of the oil due to the solubility of carbon
dioxide in oil. The swelling factor plot in Figure 5.1 shows a decrease in oil swelling as a
result of a decrease in carbon dioxide solubility in oil due to the presence of nitrogen. The
swelling factor for each gas-oil mixture was estimated using Simon and Graue's
correlation®. As shown, the shape of the swelling factor line is similar to that of the
solubility line. The swelling factor decreased as the solubility of carbon dioxide decreased
or the nitrogen content in carbon dioxide increased.

5.1.2 Effect of Solubility on Qil Viscosity

The presence of nitrogen with carbon dioxide led to an increase in the viscosity of
the carbon dioxide-oil mixture. Figure 5.2 provides the resulting effect of the decreased
carbon dioxide solubility on the oil viscosity. The viscosity values were calculated using
the correlation proposed by Singh, Mutyala, and Puttagunta®. The viscosity of the oil,
when it was saturated with pure carbon dioxide, was estimated to be approximately 300.0
mPa.s, whereas it was about 400.0 mPa.s when it was saturated with a 30 mole%
nitrogen-70 mole% carbon dioxide mixture. This increase was about 33% of the 300.0
mPa.s value. The curve in Figure 5.2 shows an increase in the viscosity of the carbon
dioxide-oil mixture when there was a decrease in the carbon dioxide solubility or an
increase in the nitrogen content.

5.2 Diffusivity of Pure Carbon Dioxide and Nitrogen-Carbon Dioxide
Mixtures into Aberfeldy Heavy Oil

Three experiments were carried out to determine the molecular diffusion of pure
carbon dioxide and nitrogen-carbon dioxide mixtures into Aberfeldy heavy oil at 1.0 MPa
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and 23°C, under static conditions (Experiments DE-1, DE-2, DE-3). Experiment DE-1
was performed with pure carbon dioxide, while experiments DE-2 and DE-3 utilized a 15.0
mole% nitrogen- 85 mole% carbon dioxide mixture and a 30.0 mole% nitrogen-70 mole%
carbon dioxide mixture, respectively. The diffusion apparatus as sketched in Figure 4.4
(Chapter 4) was employed to conduct all three experiments.

After the gas space of carbon dioxide (or nitrogen-carbon dioxide mixture) was left
in contact with a 50-cm column of oil (without any mechanical agitation) for at least 20
days, three small oil samples - one at the bottom, one in the middle, and one at the top of
the oil column - were taken. In experiments DE-2 and DE-3, a 25-cm column of oil was
used instead to reduce the long experiment time which would be needed in the case of a
mixture of nitrogen and carbon dioxide. As recommended by Denoyelle and Bardon*’, a
minimum oil column of 20 cm should be used in any carbon dioxide diffusion experiment
at reservoir pressure and under static conditions to minimize the effect of any convection.
Also, the diffusion of carbon dioxide into oil, or the concentration of carbon dioxide
decreases with increasing distance from the carbon dioxide-oil contact. This is why three
small oil samples at three different places were taken. A better result could have been
achieved if many small samples were taken; but this is time-consuming since for each
sample taken, at least one day must be allowed for the diffused carbon dioxide to be
completely released from the oil.

Tables 5-1 to 5-3 present the data and results obtained for the three experiments.
The molecular diffusion coefficient of carbon dioxide into oil was estimated using Fick's
law of diffusion which has the following finite difference form:

1 AG

D, = - —gm—

AC At
AL

To apply this law to calculate the molecular diffusion coefficient, the following
assumptions were made:

1. The effect of convection induced by density changes was ignored®.

2. The concentration gradient in the oil column was assumed to be linear’.

3. For nitrogen-carbon dioxide experiments, the volume of gas released from

oil was assumed to be carbon dioxide only, i.e., nitrogen volume was very small
and thus neglected.
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TABLE 5-1

Data and Results of Experiment DE-1 (Pure CO2 )

Constant Values
Diffusional Pressure = 1.0 MPa

Diffusional Temperature =23°C

Oil Molecular Weight = 424 g/mole

Oil Density = 0.9324 g/cm®

CO; Molecular Weight = 44.01 g/mole

CO; Density = 0.01908 g/cm’

Oil Column = 52.0 m

Diffusion Time = 1740600 s (483.50 hrs)

Internal Cross Sectional Area of the Diffusion Cell = 32.17 cm?

Bottom Middle Top
Sample Sample Sample
Weight of Oil Collected, g 80.44 82.11 65.94
Mole of Qil, moles 0.1897 0.1937 0.1555
Mole of CO,, moles 0.02286 0.02381 0.02472
Concentration of CO;
in oil, moie/mole 0.1205 0.1230 0.1589
Molar Fraction of Oil, % 0.8925 0.8905 0.8629
Molar Fraction of CO2, % 0.1075 0.1095 0.1371
Concentration Gradient of
CO,, mole/cm’-cm -7.5167E-06 -7.5127E-06 -7.4613E-06
Molar Flux of CO,, mole/s 1.4201E-08 1.3679E-08 1.3133E-08
Molecular Diffusion
Coefficient, cm?/s 5.4312E-05 5.6599E-05 5.9162E-05

" Therefore, the average diffusion coefficient of CO2 in oil was 5.6691E-05 cm?/s (5.6691E-
09 m?/s).
N.B: The negative sign denotes that the carbon dioxide (CO2) concentration decreases with
distance.
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TABLE 5-2

Data and Results of Experiment DE-2 (15 mole% N2-85 mole% CO,)

Constant Values
Diffusional Pressure = 1.0 MPa

Diffusional Temperature = 23°C

Oil Molecular Weight = 424 g/mole

Oil Density = 0.9324 g/cm®

CO, Molecular Weight = 41.61 g/mole

N,-CO; Density = 0.01782 g/cm?

Oil Column = 24.6 cm

Diffusion Time = 1794000 s (498.33 hrs)

Internal Cross Sectional Area of the Diffusion Cell = 32.17 cm?

Bottom Middle Top
Sample Sample Sample
Weight of Oil Collected, g 75.82 99.38 102.48
Mole of Qil, moles 0.1788 0.2344 0.2417
Mole of CO,, moles 0.00323 0.01973 0.03508
Concentration of CO,
in oil, mole/mole 0.0181 0.0842 0.1451
Molar Fraction of Oil, % 0.9822 0.92434 0.8733
Molar Fraction of CO,, % 0.0178 0.0776 0.1267
Concentration Gradient of
CO,, mole/cm’-cm -1.6562E-05 -1.5909E-05 -1.5702E-05
Molar Flux of CO,, mole/s 1.9553E-08 1.0999E-08 1.8024E-09
Molecular Diffusion
Coefficient, cm%/s 3.3829E-06 2.1491E-05 3.8709E-05

Therefore, the average diffusion coefficient of CO; in oil was 2.1194E-05 cm?/s (2.1194
E-09 m%/s).

N.B: The negative sign denotes that the carbon dioxide (CO;) concentration decreases with
distance.
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TABLE 5-3

Data and Results of Experiment DE-3 (30 mole% N»-70 mole% COy)

Constant Values

Diffusional Pressure = 1.0 MPa

Diffusional ‘Temperature = 23°C

Qil Molecular Weight = 424 g/mole

Oil Density = 0.9324 g/cm®

N2-CO; Molecular Weight = 39.21 g/mole

CO; Density = 0.01661 g/cm’

Oil Codumn =26.0cm

Diffusion Time = 1814400 s (504hrs)

Internal Cross Sectional Area of the Diffusion Cell = 32.17 cm?

Bottom Middle Top
Sample Sample Sample
Weight of Oil Collected, g 75.82 64.35 77.54
Mole of Oil, moles 0.1788 0.1518 0.1829
Mole of CO,, moles 0.00122 0.00369 0.00625
Concentration of CO,
in Oil, mole/mole 0.0068 0.0243 0.0342
Molar Fraction of Qil, % 0.9932 0.9763 0.9670
Molar Fraction of COy, % 0.0068 0.0237 0.0330
Concentration Gradient of
CO,, mole/cm®-cm -1.5875E-06 -1.5406E-05 -1.5274E-05
Molar Flux of CO,, mole/s 6.7154E-10 2.0337E-09 3.4419E-09
Molecular Diffusion
Coefficient, cm?/s 1.3149E-06 4.1035E-06 7.0049E-06

Therefore, the average diffusion coefficient of CO; in oil was 4.1411E-06 cm?/s (4.1411E-

10 m%s).
N.B: The negative sign denotes that the carbon dioxide (CO,) concentration decreases with

distance.
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Several observations can be made about the diffusivity of pure carbon dioxide and
nitrogen-carbon dioxide mixtures into oil under static conditions. First, the molecular
diffusion coefficients calculated from the three samples taken at the end of each experiment
show that the diffusivity of pure carbon dioxide and nitrogen-carbon dioxide mixtures
decreased with increasing distance from the gas-oil contact. It is thus obvious that in an
immiscible WAG experiment, the viscosity of oil nearer to the injection end will be lower
than that nearer to the production end. Second, pure carbon dioxide had a larger diffusion
rate than a nitrogen-carbon dioxide mixture, since the molecular diffusion coefficients of
the three samples taken in experiment DE-1 were respectively higher than those taken in
experiments DE-2 and DE-3. Third, the diffusivity of carbon dioxide into oil drastically
decreased with an increase in nitrogen concentration. As shown, the average molecular
diffusion coefficient decreased about three fold and about fourteen fold when the
concentrations of nitrogen in carbon dioxide were 15.0 and 30.0 mole%, respectively.

Comparing the average molecular diffusion coefficient of pure carbon dioxide
obtained in this study with that obtained at 5.5 MPa in a previous study®'’ reveals that the
value obtained in this study is nearly twice as high. The reasons are that a diffusion time of
483.5 hrs was allowed in this study, while only 166 hrs were allowed in the previous
study; and that during the course of the experiment, while gas was diffusing into i, the
gas phase pressure was maintained constant by injecting gas into the cell whenever it
dropped below 1.0 MPa, whereas it was not kept constant in the previous study. Also, the
technique of taking oil samples at the end of the experiment is believed to have contributed
to a lower diffusion coefficient value in the previous study. Oil samples were taken in an
open system; thus, a large unknown volume of carbon dioxide liberated from the carbon
dioxide-oil mixture was not trapped and lost to atmosphere. As a result, the calculated
diffusion coefficient was lower. In this study, all carbon dioxide released was trapped and
measured. That is why a higher value was obtained in this measurement.

A comparison of the values obtained in this work with those reported by Denoyelle
and Bardon*’ shows that the former are lower because of the much higher pressure and
temperature (15 MPa and 80°C) used in the previous study.

Based on the results obtained in this study, the presence of nitrogen in carbon
dioxide drastically decreases the diffusion rate of carbon dioxide into oil. As a result, the oil
viscosity will be lowered less than in the case of pure carbon dioxide.
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58.2.1 Effect of Nitrogen on the Carben Dioxide-Oil Interfacial Tension

Based on the resy.its ;resented in Section 5.2, the presence of nitroge:: also led to an
increase in carbon dioxide-oil interfacial tension. From the molar mass values of pure
carbon dioxide, ritrogen-carbon dioxide mixtures, and oil presented in Tables 5-1 to 5-3,
the interfacial tersion can be evaluated using the Macleod-Sugden correlation®®” which is

expressed as follows:

4
C= P; B _Lg
2 ’{"J Mw, ng},
J
where
O = interfacial tension, dynes/cm
P = parachor

p, = density of oil, g8/ cm’

p, = density of carbon dioxide or nitrogen-carbon dioxide mixture, g/mole

! "W, = molecular weigh: of vil, g/mole

MW, = molecular weight of carbon dioxide or nitrogen-carbon dioxide
mixture, g/mole

For pure carbon dioxi ¢, the interfacial tension was found to be 14.73 dynes/cm
(14.73 mN/m) while it was 21.76 dynes/cm (21.76 mN/m) for a 15 mole% nitrogen-85
mole% carbon dioxide mixture and 22.75 dynes/cm (22.75 mN/m) for a 30 mole%
nitrogen-70 mole% carbon dioxide mixture, These values demonstrate that the presence of
nitrogen increased the carbon dioxide-oil interfacial tension, which is believed to have an

adverse effect on oil recovery.



5.3 DISPLACEMENT RESULTS

The second part of this chapter presents a discussion of the pure carbon dioxide
experiments done in previous studies®" and of nitrogen-carbon dioxide experiments done
in the present study. For the present study, a total of forty-six experiments were
conducted to dtermine the sensitivity of oil recovery to the presence of nitrogen with
carhon dioxide instead of pure carbon dioxide in the immiscible WAG process. Thirty-four
experirnents were successfully completed, while the other twelve were partially successful
due to mrchanical problems such as gasket, BPR, or pump leakage. Tables 5.4a and 5.4b,
respectively, summarize the thirty-two and fourteen experiments carried out in the linear
and two-dimensional models. The prefixes "1" and "2" in run No. refer to linear and two-
dimensional models, respectively. The unreliable values in the tables (for the incomplete
runs) are indicated by a question mark. A typical run took a total of two weeks, depending
cn the type of run.

Figure 5.3 provides an outline of the different experiments conducted in the linear and
two-dimensiona! models. The linear model experiments are divided into two groups. The
first group consists of the experimznts conducted using a 1058 mPa.s oil and nitrogen-
carbon dioxide mixtures containing 4.98, 9.99, 15.0, 20.0, 25.0, and 20.0 mole%
nitrogen at 1.0 MPa and 23°C. The second group contains the experiments conducted
using a 888 mPa.s oil. The second group is made up of two sub-groups. The first sub-
Jroup ¢oatains the experiments conducted utilizing the same experimental conditions and
parameters and gas mixtures used in the first group of experiments. The second sub-group
contains :*.. experiments conducted to investigate the effects of varying slug size and
carbon dioxide/nitrogen partial pressure and volume. As for the two-dimensional model
experiments, they are repeats of the selected linear model experiments, to observe the
character of multi-dimensional displacement.

For each run conducted, the data collected were plotted for analysis. Three
different types of plots were prepared for each run. The first plot is a velumetric balance to
check for experimeatal errors. The second plot is a production history showing producing
WOR, producing GOR, cumulativé oil recovery, and instantaneous oil produced-fluid
injected ratio (OPFIR), all versus cumulative pore volume of fluid injected. This plot also
shows when the gas breakthrough occurred. The third plot shows the oil reco.~ry
distribution for each slug injected during various injection stages.
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5.3.1 Pure Carbon Dioxide Experiments
Linear Model Experiments

In this section, the previous work™!! using pure carbon dioxide will be analyzed to
observe the salient aspects of the process.

5.3.1.1 Effect of Operating Pressure

The pressure at which the immiscible carbon dioxide WAG (Water-Alternating-
Gas) process is carried out is very important in the evaluation of the process efficiency. At
high pressures, carbon dioxide has a smaller volue, is more soluble in oil, and has a
higher diffusivity than at low pressures. As a result, greater oil swelling and viscosity
reduction will occur. Furthermore, at higher pressures, the mobility of carbon dioxide is
lower because of increased viscosity.

Runs LC19D%, LC31", and LC42" (see Table 3.4) were conducted at 5.5 MPa,
2.5 MPa, and 1.0 MPa, respectively, to study the effect of the operating pressure on the
process efficiency. All other experimental parameters and conditions were the same.

Figure 5.4 depicts the comparison of the producing GOR's for these runs. The
producing GOR in Run LC19D’ tends to be lower than those in Runs LC31" and LC42",
as shown. This is s0 because, at 5.5 MPa, more of the injected carbon dioxide is dissolved
in oil than at 2.5 MPa and 1.0 MPa. As a result, the free gas saturation was much smaller
in Run LC19D’ than in Runs LC31" and LC42". Under immiscible conditions, there is
always free carbon dioxide gas because there is insufficient time for the injected carbon
dioxide to dissolv= and diffuse into the oil because of the immediate injection of water
following the injection of carbon dioxide. Under some conditions, the free carbon dioxide
may segregate and form a free gas zone. When water is injected, it will not only mobilize
the carbon dioxide-saturated oil, but also the free carbon dioxide gas. This mobilization of
the free carbon dioxide gas is indicated by the producing GOR curves of Runs LC31" and
LC42"'. High GOR's were recorded in these tw.: runs since large volumes of gas were
collected. The volume of the produced gas was the volume of the free gas plus that of the
dissolved gas. This total volume was used to calculate the producing GOR's.

The effect of the operating pressure on the oil recovery is considered to be the most
significant in the immiscible carbon dioxide WAG process. To examine this effect, the
production histories of all three runs were plotted in Figure 5.5. Among the three runs,
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Run LC31", conducted at 2.5 MPa, produced the highest recovery, 57.0%; Run LC42",
at 1.0 MPa, the second highest recovery, 51.1%; and Run LC19D?, at 5.5 MPa, the lowest
recovery, 42.9%. When carbon dioxide dissolves in a Lloydminster heavy oil, it causes
the precipitation of the solid asphaltenes®®. It is worth noting that the amount of
asphaltenes precipitated depends on the carbon dioxide solubility in oil. For Aberfeldy
heavy oil, asphaltene precipitates when carbonation pressure is greater than 3.5 MPa®.
Therefore, it is believed that asphaltene precipitation occurred in Run 19D%, .onducted at
5.5 MPa. In this run, asphaltene particles plugged the pore channels, reducing the sand
pack permeability, blocked the flow of the fluids, thus causing injectivity and productivity
problems. Oil, because of its much higher viscosity and lower mobility than water, was
affected the most. In other words, it was trapped by the asphaltene particles. Water, being
more mobile than oil, could still flow through the partially blocked pore space, bypassing
the oil. This effect can be seen in Figure 5.6, where the producing WOR's for all three
runs are plotted. The producing WOR curve of Run LC19D’ is much higher than those of
Runs LC31! and LC42", indicating that more water than oil was produced in this run.
The WOR of Run LC19D° reached a value as high as 55.0 sm3/sm>, which is about two
times higher than those for Runs LC31"! and LC42". Also, in Run LC19D’, the limiting
WOR of 20:1 was reached earlier than in Runs LC31" and LC42". That is why a low oil
recovery was obtained in this run.

In addition to the effect on recovery, the operating pressure also affects the carbon
dic ide requirement and retention. Figure 5.7 illustrates on the comparison of the carbon
dioxide requirements and retentions for Runs LC19D’, LC31" and LC42", showing that
the carbon dio.ide requiremnent and retention increased ith increasing pressure due to
increased solubility.

§.3.1.2 Effect of Solution Gas

'To observe the effect of solution gas on the efficiency of the immiscible WAG
process, Run LC40" was conducted using a live oil sample. As previously mentioned,
live oil was prepared by mixing methane gas with dead oil at the experimc.:*al conditions,
i.e. 1.0 MPa and 23°C. The original viscosity of dead oil was 1,046.0 mPa.s. After
solution of methane, its viscosity was reduced to 784.0 mPa.s. This viscosity value was
estimated usidg the correlation of Singh et al.”. Appendix B provides a sample calculation
of live oil viscosity.
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Figure 5.8 and 5.9 provide the slug recovery and production history of Run
LC40", respectively. A comparison of the performance of this run with that of Run
LC42" (conducted using dead oil) is shown in Figure 5.10. It is seen that, at any stage of
the process, Run LC40"! performed better than Run LC42'". This is supported by the oil
recovery noted at each stage. The overall recovery in Run LC40"' was 12.4% higher than
that in Run LC42". This increased recovery was mainly due to the solution gas which
provided an extra internal drive to mobilize oil while water was exerting an external drive
and carbon dioxide was diffusing into oil. In other words, a solution gas drive mechanism
was also active in Run LC40"'. As well, the initial viscosity of the live oil used in Run
LC40" was lower by 262 mPa.s. Besides, the blowdown recovery in Run LC40"' was
about four times higher than that ii- Run LC42". This large blowdown recovery was
basically due to the solution gas plus diffused carbon dioxide which came out of the oil
when pressure was being lowered to the atmospheric pressure, thus providing a driving
force that helped to mobilize oil towards the production well. In contrast, in Run LC42",
only diffused carbon dioxide was released from oil. Based upon this, it is speculated that
the volume of gas liberated was much greater in Run LC40''. As a result, a higher
blowdown recovery was achieved.

Figures 5.11 and 5.12 provide a comparison of the producing GOR's and WOR's
of Runs LC40" and LC42", respectively. The two producing GOR curves in Figure 5.11
shows that gas was immediately produced after injection was started in Run LC40"' and
more gas was produced in this run than in Run LC42". Possible explanations for this
occurrence are that initially live oil was produced, thus at the very beginning of the
injection, only methane gas was produced; and that when carbon dioxide dissolved in oil, it
displaced methane from the oil, thus crzating a free gas zone which firzzced through the
oil. Therefor:, as iniection was continued, volumes of carbon diciis: and methane
mixture wers psoceced. This is why, from the start to finish, more g..; was produced in
Run LC4G*, which also had lower producing WOR's than Run LC42"!, as shown in
Figure 5.12. This indicates that more oil was produced in this run, and a lower oil-to-
water viscosity ratio and improved mobility control of the fluids were operating. Better
mobility control in Run LC40"" was mainly due to the solution gas in oil which contributed
to the reduction in the oil-water interfacial tension, promoting the formation of water-in-oil
emulsions, which tended to damp out the viscous fingering of water in oil, leading to a
better volumetric sweep. Better mobility control also determines the flood life. As
demonstrated in Figures 5.11 and 5.12, Run LC40" had a longer flood life than Run
L.C42" since it took a longer time to reach the limiting WOR of 20:1.
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Summarizing, the presence of solution gas in oil increased the displacement
efficiency of the process, leading to increased oil recovery.

Two-Di ional Model F . I
5.3.1.3 Effect of a Small Total Slug Size and a Large WAG Ratio

Run GTD1! was conducted at 2.5 MPa with a total slug size of 2% HCPV and a
40:1 WAG ratio. For ten equal slugs used, the volume of carbon dioxide injected per slug
was about 0.2% HCPV. The oil recovered in the three stages of the process, i.e. WAG,
post-waterflood, and blowdown, were 28.1, 4.4, and 0.4%, respectively, giving a total of
32.8%. Figure 5.13 provides the oil recovery distribution for this run.

Figure 5.14 shows the producing GOR for this run. It can be seen that since a very
small total volume of carbon dioxide was injected, a very small volume of gas was

correspondingly produced.

To examine how effectively the use of a small total gas slug size of 2% HCPV and
2 40:1 WAG ratio recovered oil, a comparison of Run GTD1"" with Run 11R?, which was
done primarily by waterflooding the model, was made and is provided in Figures 5.15 and
5.16.

Figure 5.15 shows that the producing WOR curve of Run GTD1" tended to be
above that of Run 11R%, which implies that , in Run GTD1", water displaced a highly
viscous oil of the original viscosity (i.e. 1046 mPa.s). The reason is that since a very small
total volume of carbon dioxide was injected, the oil viscosity remained high, i.e. there was
very little or no reduction in oil viscosity in run GTD1". As aresult, water had to mobilize
a very viscous oil, and a very high mobility ratio was encountered. Consequently, a low
oil recovery resulted. This recovery is closely comparable to the low recovery obtained in
Run 11R?, the waterflood (Figure 5.16).

Based upon the above evidence, it can be concluded that the use of a small total gas
slug size and a large WAG ratio is no more effective than a waterflood.

5.3.1.4 Effect of Flow Velocity

Three runs were conducted at three different flow velocities (rates) to investigate the
effect of flow velocity. They were Runs 3D°, GTD9", and GTD6". The velocities used in
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these runs in increasing order were 0.83, 1.29, and 2.6 m/d, respectively. Both carbon
dioxide and water were injected at the same injection velocity, and the same experimental
parameters - a total gas slug size of 20% HCPV and 4:1 WAG ratio at 1.0 MPa and 23°C -

were used in these runs.

Figure 5.17 compares the producing GOR's of Runs 3D’, GTD9'"!, and GTD6'"". It
can be seen from this figure that increasing gas velocity increased GOR's. This is basically
due to the residence time. When carbon dioxide is injected at a low velocity, it has a longer
time to diffuse into the oil phase. Also, the volumetric injection rate of carbon dioxide was
lower at the lower velocity. In Run 3D, since carbon dioxide was injected at 0.83 m/d, the
lowest of the three velocities used, it had the longest diffusion time, thus the highest carbon
dioxide diffusion into oil. As a result of this, the oil viscosity reduction in Run 3D’ was
expected to be greater than those in Runs GTD9'' and GTD6'". Because of greater
diffusion and lower injectivity at a lower velocity, the breakthrough of the injected gas was
delayed also. The breakthrough of carbon dioxide occurred at 0.728 PV in Run 3D’ 0.659
PV in Run GDT9", and 0.44 PV in Run GDT6".

To see how effectively the use of different flow velocities (rates) affected the
displacement of carbon dioxide-saturated oil by water, the cumulative producing WOR's of
Runs 3D°, GTD9", and GTDG6'" were plotted vs. oil recoveries in Figure 5.18. The curves
show that less oil was displaced at the lower velocity and at a higher cumulative producing
WOR than at the higher flow velocity. The total oil recovery for each run is shown in
Figure 5.19. The cumulative recovery was 43.3% for Run 3D’, 46.4% for Run GTD9",
and 51.3% for Run GTD6". An appropriate explanation for low recoveries in Runs 3D’
and GTD9" is the effect of gravity segregation. At a very low flow velocity, the gravity
effect is large. Since Runs 3D® and GTD9" were carried out with low flow velocities (0.83
and 1.29 m/d, respectively), the gravity effects in these two runs were quite large. Thus,
the viscous force to gravitational force ratios (F,/Fg) were too small in Runs 3D’ and
GTD9". As a result, the water injected in these two runs, instead of displacing oil,
segregated at the bottom of the model or flowed downward vertically to the bottom, which
caused the displacing front to be nearly flat or horizontal. Therefore, only portions of oil
near and at the bottom of the model were removed, resulting in a poor volumetric sweep
and hence low oil recovery.

In contrast to Runs 3D’ and GTD9", Run GTD6"' was more successful since the
effect of gravity segregation was reduced due to the high flow velocity. The displacement
of carbon dioxide-saturated oil by water in this run is characterized by low cumulative
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producing WOR's (Figure 5.18) and a steep or nearly vertical displacing front. Thus, a
very good sweep, as well as a high recovery, was obtained.

In addition to the above, the water flow velocity also affected the period of
flooding. Figure 5.20 shows that the lower flow velocity resulted in the shorter flooding
time since the limiting WOR reached earlier at the lower flow velocity. The flood lives of
Runs 3D°, GTD9", and GTD6"' were, respectively, 2.12, 2.14, and 2.36 PV. Besides,
early water breakthrough was also noted at the lower flow velocity. The breakthrough of
water occurred at 0.182 PV in Run 3D, at 0.206 PV in Run GTD9", and at 0.256 PV in
Run GTD6".

Thus, flow velocity is important in oil displacement by the immiscible WAG
process. The use of a low injection velocity led to poor sweep efficiency and loss of
recovery. A higher recovery could have been expected in Run 3D’ if a higher water
injection velocity, e.g 2.6 m/d, were used while the carbon dioxide injection velocity
remained low.

5.3.2 Nitrogen-Carbon Dioxide Experiments

In this and the subsequent sections the experimental results obtained in the present
study will be analyzed.

Li Model Experiment

5.3.2.1. Use of Nitrogen-Carbon Dioxide Mixtures in The Immiscible
WAG Displacement

Six linear model runs, 1DT1 to 1DT6, were performed to determine the sensitivity
of oil recovery to the use of nitrogen-carbon dioxide gas mixtures. The nitrogen
concentrations of the mixtures used in the six runs were 4.98, 9.99, 15.0, 20.0, 25.0, and
30.0 mole%, respectively. In all six runs, a total nitrogen-carbon dioxide gas slug size of
20% HCPV at 1.0 MPa was employed in the 4:1 WAG mode with ten equal slugs. Tables
Al to A6 (Appendix A) summarize the results of the six runs. Figures 5.21 10 5.26 depict
the respective producing GOR's, WOR's, and production histories. These figures are
arranged in the order of increasing nitrogen concentration in the mixtures. Figure 5.27
shows the producing GOR's and production history of Run LC42", which utilized pure
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carbon dioxide. Figure 5.28 provides a comparison of the GOR's for Runs 1DT2, 1DT4,
1DT6, and LC42"'.

Figures 5.21 to 5.27 reveal that the producing GOR increased with increasing
nitrogen concentration in the mixture. The comparison in Figure 5.28 shows this more
clearly. Nitrogen, being non-condensible, remained as a free gas phase, consequently
increasing the relative permeability of the gas phase and increasing the resistance to the
diffusion of carbon dioxide into oil. Further evidence of the increased relative permeability
to gas due to nitrogen is offered in Figure 5.29, based on Zhu's data®. In this figure, the
producing GOR for Run 9Z° conducted with continuous injection of nitrogen is compared
with that of Run 10Z® conducted with continuous injection of carbon dioxide. The two
curves show that a much larger volume of nitrogen than carbon dioxide was produced and
that nitrogen was immediately produced upon injection. This establishes that nitrogen has a
much higher relative permeability and mobility than carbon dioxide. Furthermore, recent
work by Dria et al.” also supports this. Therefore, when nitrogen mixes with carbon
dioxide, the resulting nitrogen-carbon dioxide mixture will have a higher relative
permeability than pure carbon dioxide. As a result of this, the relative permeability curve of
the gas phase is shifted to the left and carbon dioxide-nitrogen easily travels through oil and
causes the production of large gas volumes. This is what happened in Runs 1DT1 to
1DT6, where the gas phase relative permeability increased due to increasing nitrogen
contents, and as a result a larger volume of gas was produced when the nitrogen content in
carbon dioxide increased (Figure 5.28).

The presence of nitrogen in carbon dioxide also had an adverse effect on oil
recovery. The total recoveries noted for Runs 1DT1 to 1DT6 were 49.8, 48.7, 47.6, 45.3,
45.0, and 44.3%, respectively for 4.98, 9.99, 15.0, 20.0, 25.0, and 30.0 mole%
nitrogen, respectively; while a total recovery of 51.1% was recorded in Run LC42"
utilizing pure carbon dioxide. Figure 5.30 compares the production histories of Runs
1DT2, 1DT4, 1DT6, and LC42!. As shown, for any volume of fluid injected, the
recovery was lower for carbon dioxide with a higher nitrogen content. This recovery
decrease is explained by the reduction in the solubility and diffusivity of carbon dioxide
into oil due to the presence of nitrogen, as illustrated in Sections 5.1 and 5.2. As a result,
the effective mobility ratio was lower than in the case of pure carbon dioxide.
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5.3.2.2 Effect of Nitrogen on Oil Production Rate

Figure 5.31 shows the effect of nitrogen on the instantaneous oil production rate,
which decreased as the concentration of nitrogen in carbon dioxide increased. The average
production rate followed the same trend. The overall average oil production rates for Runs
1DT1 to 1DT6 were 0.026, 0.024, 0.024, 0.023, 0.023, and 0.022 cm’/s, respectively;
while it was 0.028 cm®/s for Run LC42", These values show that, for a 5% increase in
the nitrogen content in the carbon dioxide stream, the oil production rate decreased by about
0.001 to 0.062 cm®/s, or 3.6 t0 7.1% (compared to pure carbon dioxide) . This is largely
attributed to the decreased liquid phase relative permeability due to the large free gas
saturation.

5.3.2.3 Effect of Nitrogen on Carbon Dioxide Gas Production Rate

In contrast to reducing the oil production rate, nitrogen had a tendency to increase
the production rate of carbon dioxide, as measured during an experiment. The effect of
nitrogen on increasing the carbon dioxide production rate is illustrated in Figure 5.32. The
carbon dioxide production rate increased as the nitrogen content of the injected gas
increased. The average carbon dioxide production rate increased from 0.092 cm?/s for
pure carbon dioxide to 0.150 cm®/s for a 30 mole% nitrogen-70 mole% carbon dioxide
mixture. The gas rate reached a maximum and then decreases due to continued water
injection after the WAG phase. This is expected because the volume of gas injected is
limited.

5.3.2.4 Effect of Initial Qil Viscosity

Linear model Runs 1DT1 to 1DT6 were conducted using a 1,058 mPa.s viscosity
oil; some of the experiments had been performed in the previous studies®® using oils of
higher viscosities, 4,681 mPa.s and 2,107 mPa.s. None was conducted using a lower
viscosity oil. In this study many experiments were carried out with a 888.0 mPa.s
viscosity oil to examine the effect of a lower viscosity oil on the immiscible WAG process.
Seven runs, 1DT7 to 1DT13, were carried out using this 888.0 mPa.s viscosity oil. The
volume of gas injected in these runs was kept constant at 20% HCPV at 1.0 MP2 and the
WAG ratio was 4:1. Also, the nitrogen-carbon dioxide mixtures used contained 0 to 30.0
mole% nitrogen, in increments of 5.0 mole%. Tables A7 to A13 in Appendix A contain the
results of these seven runs.
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Figures 5.33 to 5.39 show the oil recovery breakdown for each WAG slug for
Runs 1DT7 to 1DT13. They are arranged in the order of increasing nitrogen concentration
in the mixture. The total recoveries were 57.9, 55.5, 54.6, 54.5, 54.3, 52.5, and 51.4%
for Runs 1DT7 to 1DT13, respectively. These values are unexpectedly high for an
immiscible WAG process utilizing a nitrogen-carbon dioxide mixture in place of pure
carbon dioxide. Also, it is noted that, as in the case of Runs 1DT1 to 1DT6 (1,058 mPa.s
oil runs), recovery decreased as the nitrogen concentration increased.

Table 5.5 gives a comparison of the results of Runs 1DT7 to 1DT13 with those of
Runs 1DTI1 to 1DT6. It is noted that, for all nitrogen-carbon dioxide mixtures used, more
oil was recovered in Runs 1DT7 to 1DT13 than in Runs 1DT1 to 1DT6 at each stage of the
process. A lower oil viscosity is believed to lead to an increase in recovery since a less
viscous oil can be displaced more easily by WAG and post-waterflood than a more viscous

oil.

Another explanation for the increased recovery is the increased diffusion.
According to Schmidt's correlation®, the higher the viscosity of the fluid, the lower is the
diffusion of carbon dioxide into that fluid. Based upon this, it is expected that the diffusion
of nitrogen-carbon dioxide mixture was higher in the 888.0 mPa.s oil than in the 1,058.0
mPa.s oil. As a result, a greater reduction in viscosity can be expected for the 888.0 mPa.s
oil, consequently leading to higher recoveries in Runs 1DT7 to 1DT13.

Since more gas diffused into the oil in Runs 1DT7 to 1DT13 due to the lower oil
viscosity, a smaller volume of gas remained as free gas phase, compared to Runs 1DT1 to
IDT6. This helped to reduce the fingering of gas through oil, thus retarding gas
breakthrough. As demonstrated in Table 5.5, gas breakthrough (GBT) occurred later in
Runs 1DT7 to 1DT13 than in Runs LC42" and 1DT1 to 1DT6. As a result, oil recoveries
at gas breakthrough were higher in Runs 1DT7 to 1DT13 than in the other runs.

Furthermore, as a result of higher carbon dioxide diffusivity into the 888.0 mPa.s
oil than into the 1058.0 mPa.s oil, the oil-water interfacial tension was lower, which
increased the possibility of formation of water-in-oil emulsions which helped to stabilize
the post-waterflood, delaying water breakthrough (WBT). Table 5.5 compares the WBT's
for the two different viscosity oils. Water breakthrough was later in Runs 1DT7 to 1DT13
than in Runs LC42" and 1DT1 to 1DT6. In addition, due a greater viscosity reduction, a
lower mobility ratio was realized and thus a better sweep efficiency, as well as a more
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stable displacement front, was obtained. This also contributed to higher recoveries in the

less viscous oil runs.

Table 5.5 - Comparison of Low Viscosity Oil Runs With High Viscosity Oil Runs.

Run N, Oil WAG PWF BD Total GBT WBT Rec.
No. Conc. Viscosity Rec. Rec. Rec. Rec. (PV) PV) @
inCO; (mPas) (%) (%) (%) (%) GBT
(mole%) (%)
LC42" 0.0 1046.0 350 144 1.7 51.1 038 0.29 2277
1DT1 498 10580 362 116 1.3 493 0.38 0.29 25.7
1DT2 9.99 1058.0 33.8 14.1 0.8 48.7 0.28 0.28 21.0
1DT3 15.0 10580 33.7 115 24 47.6 0.21 0.21 16.1
1DT4 20.0 10580 336 9.3 24 453 0.21 0.21 16.2
1DT5 25.0 1058.0 333 9.2 2.5 450 0.21 0.21 16.2
1DT6 30.0 10580 31.5 109 19 443 0.21 0.21 17.8
1IDT7 0.0 888.0 38.1 16.1 3.1 579 0.38 0.30 259
1IDT8 498 888.0 368 159 28 555 0.38 0.30 269
1DT9 9.99 8880 362 129 55 546 0.3 030 2438
1DT10 15.0 888.0 402 101 43 545 0.29 0.29 228
IDT11 20.0 888.0 389 122 32 543 0.28 0.28 22,6
1DT12 25.0 888.0 375 136 14 525 0.28 0.28 219
1DT13 30.0 8880 339 155 20 514 028 028 202

5.3.2.5 Effect of Carbon Dioxide/Nitrogen Partial Pressure

As stated previously, the pressure at which the immiscible WAG process is carried
out is an important factor that determines the process efficiency. When a carbon dioxide-
nitrogen mixture is used in place of pure carbon dioxide, the partial pressure of carbon
dioxide is less than the total pressure since it is equal to the total pressure less the partial
pressure of nitrogen, according to Dalton's law of partial pressure, i.e, pr=pN, + Pco,.

To observe the effect of carbon dioxide partial pressure in the presence of nitrogen,
the carbon dioxide partial pressure was raised to the total pressure of 1 MPa in Runs 1DT1
to 1DT6, using the equation on the next page.
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Pr = 'E'CBL'
Yco,
where
pr = total or experimental pressure,
Pco, = partial pressure of CO,,

Yco, = mole fraction of CO; in the N-CO, mixture.

Since pco, was preset to 1.0 MPa and yco, was known, the required experimental

(total) pressure was easily determined.

Three runs were carried out to investigate the effect of partial pressure. These were
Runs 1DT14, 1DT1S5, and 1DT16. The mixtures used in these three runs contained
nitrogen concentrations of 15.0, 25.0, and 30.0 mole%, respectively. Therefore, to have a
carbon dioxide partial pressure of 1.0 MPa, the experimental pressures were 1.2, 1.35, and
1.44 MPa, respectively. The tabulated results of Runs 1DT14 to 1DT16 are presented in
Tables A14 to A16 (Appendix A).

Figures 5.40 to 5.42 show the production histories of the three runs. These figures
are arranged in the order of increasing nitrogen concentration in the nitrogen-carbon dioxide
mixture and increasing experimental pressure. These production curves show that the
recoveries were 61.0, 56.9 and 55.8% for Runs 1DT14, 1DT1S5, and 1DT16, respectively.
Even though these runs were conducted with the same carbon dioxide partial pressure (i.e.
1.0 MPa) but with different nitrogen partial pressures, they produced different recoveries;
and these recoveries decreased with increasing nitrogen partial pressure in the nitrogen-
carbon dioxide system.

For an explanation, consider the partial pressure and volume of nitrogen for each
run. As already mentioned, the nitrogen partial pressures were 0.2, 0.35, and 0.44 MPa
for Runs 1DT14, 1DT15, and 1DT16, respectively; and the nitrogen partial volumes were
15.0, 25.0, and 30.0 mole%, respectively. It is expected that Run 1DT16, with the highest
nitrogen partial pressure, would yield the highest recovery amongst the three runs. It turned
out that this run gave the lowest recovery. The same thing was noted when comparing
Runs 1DT15 to 1DT14. Another illustration is provided by Figure 5.43, where the
producing GOR's of three runs are plotted and compared. As shown, the GOR curve of
Run 1DT16 is the highest amongst the three. This implies that less carbon dioxide diffused
into oil and a larger free gas phase of relatively higher relative permeability appeared in this
run, compared to Runs 1DT14 and 1DT15. It can be concluded that, under these three
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partial pressures, the non-condensibility of nitrogen gas was the dominant effect and led to
a reduction in oil recovery.

Figures 5.44 to 5.45 provide a comparison of Run 1DT14 with Runs 1DT7
(utilizing pure carbon dioxide at 1.0 MPa) and 1DT10 (utilizing a 15 mole% nitrogen-85
mole% carbon dioxide mixture at 1.0 MPa). Figure 5.44 shows that the presence of
nitrogen in Run 1DT14 led to the production of a larger gas volume than Run 1DT7, even
though the carbon dioxide partial pressure (i.e. 1.0 MPa) was the same. This figure also
shows that Run 1DT10, because of lower nitrogen and carbon dioxide partial pressures
(0.15 MPa and 0.85 MPa, respectively), produced the highest gas volume. The three
production curves in Figure 5.45 demonstrate that a higher oil recovery was obtained with
a higher carbon dioxide partial pressure. Also, the oil recovery in Run 1DT14 was 2.1%
higher than that in Run 1DT7. This extra recovery was probably due to the extra driving
force exerted by the 0.2 MPa nitrogen partial pressure in Run 1DT14.

Similarly, Figures 5.46 and 5.47 show the comparisons of Pun 1DT15 with Runs
1DT12 (utilizing a 25.0 mole% nitrogen-75.0 mole% carbon dioxide mixture at 1.0 MPa)
and 1DT7 (utilizing pure carbon dioxide at 1.0 MPa). Figures 5.48 and 5.49 compare Run
1DT16 with Runs 1DT13 (utilizing a 30.0 mole% nitrogen-70 mole% carbon dioxide
mixture at 1.0 MPa) and 1DT7 (utilizing pure carbon dioxide). The same phenomena as
above were observed, except that the recoveries of Runs 1DT15 and 1DT16 were noted to
be lower than that of Run 1DT7. This was probably due to the large amounts of nitrogen
in the mixtures used in Runs 1DT15 (25 mole%) and 1DT16 (30.0 mole%) which caused
great resistance to carbon dioxide diffusion into oil, resulting in a loss of oil recovery.
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5.3.2.6 Effect of Carbon Dioxide/Nitrogen Partial Volume

Since nitrogen-carbon dioxide mixtures of various compositions were used in this
study, the effect of carbon dioxide/nitrogen partial volume was examined as well. For this
purpose, the partial volume of carbon dioxide in a nitrogen-carbon dioxide mixture was
increased to equal the volume of pure carbon dioxide by applying Amagat's law of partial
volumes, which is stated as follows:

Vi
Vp = =%
Yco,
where
Vr = total volume or total gas slug size,

Vco2= partial volume of COz,
yco, = mole fraction of CO; in the N2-CO2 mixture,

As in the preceding section, Vco, was preset equal to 20% HCPV, and using yco,
the total gas slug size, V could be found.

Three runs, 1DT17, 1DT18, and 1DT19 were conducted to study the sensitivity of
oil recovery to the carbon dioxide partial volume in the presence of nitrogen. As before,
mixtures containing 15.0, 25.0, and 30.0 mole% nitrogen were employed in these runs.
From the law of partial volumes, the total volumes of a gas mixture injected in Runs
1DT17, 1IDTI8, and 1DT19 were 23.53, 26.67, and 28.57% HCPV, respectively. Thus,
the corresponding nitrogen partial volumes injected were 3.53, 6.67, and 8.57% HCPV,
respectively. The conditions at which each run was conducted were 1.0 MPa and 23°C.
The WAG ratio used was 4:1. Tables A17 to A19 in Appendix A contain the results of the
three experiments.

Figures 5.50 to 5.52 depict the slug recovery distribution of the three runs. The
total recoveries were 51.7, 51.6, and 51.4% for Runs 1DT17, 1DT18, and 1DT19,
respectively. These recovery values show an insignificant decrease in oil recovery with
increasing nitrogen partial volume and decreasing carbon dioxide partial pressure.

Figure 5.53 compares Run 1DT17 with Runs 1DT7 utilizing pure carbon dioxide
and 1DT10 utilizing a 20% HCPYV total slug size of 15 mole% nitrogen-85 mole% carbon
dioxide mixture. It is seen that Runs 1DT7 and 1DT17 conducted with the same partial
volume of carbon dioxide gave different recoveries. The recovery for Run 1DT7 was
about 6.2% HCPV higher. Possible explanations are that there was no non-condensible
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Figure 5.53 - Effect of Carbon Dioxide/Nitrogen Partial Volume on Recovery

(Run 1DT17 vs. Runs 1DT7 and 1DT10).



121
nitrogen gas present in Run 1DT7 and that the partial pressure of carbon dioxide in Run
1DT17 was lower. Regarding the production curves of Runs 1DT17 and 1DT10 in Figure
5.53, it can also be seen that less oil was recovered in Run 1DT17 than in Run 1DTI0.
These two runs, having been conducted with the same partial pressure of nitrogen, gave
different recoveries. This was mainly due to the difference in the partial volume of nitrogen
injected: 3.53% HCPV of nitrogen was injected in Run 1DT17 while 3.0% HCPV in Run
1DT10.

Figure 5.54 shows the recovery comparison of Run 1DT18 with Runs 1DT7
utilizing pure carbon dioxide and 1DT12 utilizing a 25.0 mole% nitrogen-75.0 mole%
carbon dioxide mixture. As observed above, the recovery for Run 1DT18 was lower than
those for Runs 1DT7 and 1DT12. A recovery loss of 0.9% HCPV was noted when
comparing Run 1DT8 with Run 1DT12.

Similar to Runs 1DT17 and 1DT18, Run 1DT19 was compared with Runs 1DT7
utilizing pure carbon dioxide and 1DT13 utilizing a 30.0 mole% nitrogen-70.0 mole%
carbon dioxide mixture. The comparison is shown in Figure 5.55, clearly showing that a
lower oil recovery was obtained in Run 1DT19, as compared to Run 1DT7. Also, it was
noted that Runs 1DT13 and 1DT19 had almost the same production history since the two
recovery curves nearly overlay and that the recovery difference was only 0.1% HCPV.
Based upon this observation, it may be speculated that the partial nitrogen volumes of 6.0%
HCPV and 8.57% HCPYV used in Runs 1DT13 and 1DT19, respectively, had an almost
identical effect on oil recovery.

In conclusion, using the same partial volume of carbon dioxide while increasing the
partial volume of nitrogen in the immiscible process lower= oil recovery, as compared to
pure carbon dioxide.

5.3.2.7 Comparison of Partial Pressure Runs With Partial Volume Runs

Table 5.6 gives a comparison of carbon dioxide partial pressure runs with carbon
dioxide partial volume runs. Clearly, the carbon dioxide partial pressure runs gave higher
oil recoveries than carbon dioxide partial volume runs because of the higher carbon dioxide
partial pressures and lower partial nitrogen volumes in the former.
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Figure 5.54 - Effect of Carbon Dioxide/Nitrogen Partial Volume on Recovery
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Table 5.6 - Comparison of CO; Partial Pressure Runs With CO; Partial Volume Runs

Exp. pco/pN, VN/Vco, Recovery  Exp. pco/PN, VN/Vco, Recovery
No, (MPa) _ (%HCPV) (%HCPV) No, (MPa) __ (%HCPV) (%HCPV)
1IDT14 1.0/0.20 3.0/17.0 61.0 1DT17 0.85/0.15 3.53/20.0 51.7
IDT15 1.0/0.35 5.0/15.0 56.9 IDT18 0.75/0.25 6.67/20.0 51.6

1DT16  1.0/0.44_ 6,0/14.0 36.5 1DT19_0.70/0.30 8.57/20.0 S1.4

5.3.2.8 Effect of Total Gas Slug Size

Three linear model runs, 1DT20, 1DT21 and 1DT22, were conducted with total
slug sizes larger than 20% HCPV to observe if there would be an increase in oil recovery.
Run 1DT20 was conducted with a 50% HCPYV slug size of a 4.98 mole% nitrogen-95.02
mole% carbon dioxide mixture. Runs 1DT21 and 1DT22 were conducted with a 40%
HCPV slug size, and 9.99 and 15.0 mole% nitrogen mixtures, respectively. The
experimental results of the three runs are summarized in Tables A20 to A22 in Appendix A.

The recovery distributions for Run 1DT20 were 51.2, 3.2, and 2.7% in the WAG,
post-waterflood, and blowdown phases, respectively, totalling 57.1%. A total recovery of
56.2%, made up of 49.4% by WAG, 4.7% by post-waterflooding, and 2.1% by
blowdown, was obtained for Run 1DT21. Finally, in Run 1DT22, the oil recovered in the
WAG stage was 46.8% followed by the post-waterflood and blowdown recoveries of 4.7
and 3.3%, respectively; this gave a total recovery of 54.8%.

Figures 5.56 to 5.61 compare the results of the linear model Runs 1DT8, 1DT9,
and 1DT10 utilizing a total gas slug size of 20% HCPV and 4.98, 9.99, and 15.0 mole%
nitrogen mixtures, respectively. Examining Figures 5.56, 5.58, and 5.60 reveals that
linear model Runs 1DT20, 1DT21, and 1DT22 recovered more oil in the WAG phase but
less in the post-waterflood and blowdown phases than Runs 1DT8, 1DT9, 1DT10,
respectively; and that the total recoveries of these runs were nearly identical to those for
Runs 1DTS8, 1DT9, and 1DT10 (55.5, 54.6, and 54.5%, respectively). A possible
explanation is that the larger volumes of gas and water injected in the WAG phase in Runs
1DT20, 1DT21, and 1DT22 resulted in a higher recovery in this phase. Thus, after the
WAG phase smaller volumes of oil remained and larger volumes of water appeared in Runs
1DT20, 1DT21, and 1DT22, and lower oil relative permeabilities and higher water relative
permeabilities could be expected. As a result, oil became less mobile and smaller volumes
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of oil were recovered in the post-waterflood and blowdown phases in these runs than in
Runs 1DT8 to 1DT10. This evened out the total recovery.

The main reason why the use of a total gas slug size larger than 20% HCPV did not
lead to any substantial improvement in oil recovery is that under immiscible conditions, i.e.
1.0 MPa and 23°C, and for the residence time involved, only a certain amount of carbon
dioxide injected could diffuse into the oil, while the excess gas volume formed a free
mobile gas zone together with nitrogen. During the course of the experiment, this
phenomenon was observed by noting a large amount of free gas produced along with oil in
Runs 1DT20 to 1DT22. On the producing gas-oil ratio plot, the production of this free gas
is indicated by a distinctly higher producing GOR (Figures 5.57, 5.59, 5.61 show the
comparisons). The free gas can also be thought to exert a drive which helped to move oil
toward the production end. Such a drive was small, and displaced only a small volume of
oil. This is why only small increments (i.e. 1.7, 1.6, and 0.3%, respectively) in recovery
were observed in Runs 1DT20, 1DT21, and 1DT22, compared to Runs 1DT8, 1DT9, and
1DT10, respectively.

In short, the use of a large total slug led to inefficient utilization of carbon dioxide
and did not improve recovery.

Two-Dimensional Model Experiment

This section contains a discussion of experiments conducted in the two-dimensional
model. These runs utilized the parameters of selected runs in the linear model. Thus, ten
linear model runs were repeated in the two-dimensional model. Table 5.4b contains the
results of these runs.

5.3.2.9 Effect of Nitrogen on The Process Displacement Efficiency

Six linear model runs, 1DT1 to 1DT6, were repeated in the two-dimensional model
to study the effect of nitrogen in carbon dioxide on the immiscible carbon dioxide WAG
process displacement efficiency, when the process is applied in the field. The six
corresponding two-dimensional model runs were 2DT1 to 2DT6. The nitrogen
concentrations of the mixtures used in these runs were 4.98, 9.99, 15.0, 20.0, 25.0, and
30.0 mole%, respectively. Tables A33 to A38 contain the tabulated data of the six
experiments. Figures 5.62 to 5.67 describe the producing GOR's and production histories
of the six runs.
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Figure 5.68 compares the producing GOR's of the two-dimensional model Runs
2DT1, 2DT3, and 2DTS with that of Run GTD6". As was observed in Section 5.3.2.1,
the producing GOR increased with increasing nitrogen concentration in the mixture.
Explanations for this phenomenon were given in Section 5.3.2.1

Figure 5.69 shows plots of the cumulative producing WOR versus the cumulative
oil recovery. An examination of the curves in the figure reveals interesting features. In the
beginning, all runs had nearly identical recovery at the same cumulative producing WOR.
This was mainly because a very small volume of gas and water was injected at that time,
and only the portion of oil near the production well had been produced. Subsequently, the
recovery fell off and the cumulative producing WOR rose, depending on the volume of
nitrogen present in the carbon dioxide stream. As shown, a larger volume of nitrogen in
carbon dioxide corresponded to a higher cumulative producing WOR and a lower
cumulative recovery.

The production of a large volume of water and a small volume of oil was the
increased oil-to-water viscosity ratio (i1,/H,,), which was mainly caused from the decreased
solubility and diffusivity of carbon dioxide into oil due to the presence of a non-
condensible gas, i.e. nitrogen, as discussed in Sections 5.1 and 5.2. As a result, in the
runs using carbon dioxide and a high concentration of nitrogen, water displaced less oil at a
higher cumulative producing WOR. Thus, it can be expected that the fractional flow curve
would shift to the left. The slope of the curve at low water saturations was larger and
smaller at high water saturations for runs utilizing carbon dioxide containing a higher
volume of nitrogen. Also, it is obvious that early water breakthrough could be observed
since the fractional flow curve was steeper at lower water saturations. The water
breakthrough occurred at 0.28 PV in Run 2DT]1, at 0.27 PV in Run 2DT2, at 0.26 in Run
2DT3, at 0.20 PV in Run 2DT4, at 0.18 PV in Run 2DTS, and at 0.18 PV in Run 2DTS6.
Consequently, the limiting 20:1 WOR was reached earlier in runs employing carbon
dioxide containing a higher concentration of nitrogen; also, loss of oil recovery and a
shorter flood life were the result.

Summarizing, depending on the volume of nitrogen present in the carbon dioxide
stream, the mobility ratio became more unfavourable. In particular, when the concentration
of nitrogen was 15.0 to 30.0 mole%, the displacement became unstable, leading to a low
sweep efficiency.
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5.3.2.10 Effect of Nitrogen on Carbon Dioxide Retention

Carbon dioxide retention depends on the amount of carbon dioxide left behind at the
end of the flood. This carbon dioxide is largely dissolved in the oil left in the reservoir,
and depends on the solution and diffusion of carbon dioxide into oil. From the results
obtained, it is seen (Figure 5.70) that carbon dioxide retention decreased with an increase in
the amount of nitrogen in the mixture since the solubility of the carbon dioxide mixture
decreases due to the presence of nitrogen. The same phenomena was also observed for the
linear model runs. Table 5.4a shows the carbon dioxide retention values for the linear

model runs.

5.3.2.11 Effect of Nitrogen on Carbon Dioxide Requirement

Nitrogen (Figure 5.71) increased the amount of carbon dioxide required to produce
a unit volume of oil. This is so because carbon dioxide tends to bypass the oil in the
presence of nitrogen. As more gas bypassed the oil, more gas was required to produce a
unit volume of oil. Similarly, the increased carbon dioxide requirement due to the presence
of nitrogen was also noted in the linear model runs. Table 5.4a presents the carbon dioxide
requirements for the linear model runs.

5.3.2.12 Effect of Carbon Dioxide Partial Pressure

Three two-dimensional model runs, 2DT8, 2DT9, and 2DT10, were done in the
two-dimensional model to study the effect of carbon dioxide partial pressure. The gas
mixtures used in the three runs contained 15.0, 20.0, and 30.0 mole% nitrogen,
respectively. The operating pressures were 1.20, 1.25, and 1.44 MPa, respectively. Runs
2DTS8 and 2DT10 were repeats of the linear model Runs 1DT14 and 1DT16, respectively.
The detailed results of the experiments are included in Tables A39 to A41 (Appendix A).

In Run 2DTS8, the oil recoveries in the WAG, post-waterflood, and blowdown
phases were 38.37, 11.47, and 3.03%, respectively, giving a total recovery of 52.3%. In
Run 2DT9, 45.97% of oil was recovered: 32.04, 11.42, and 2.51% in the WAG, post-
waterflood, and blowdown phases, respectively. The total recovery for Run 2DT10 was
45.37%. The WAG recovery for this run was 31.72%, the post-waterflood recovery
11.08%, and the blowdown recovery was 2.57%. Figures 5.72 to 5.74 depict the
recovery distributions of the experiments.
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As noted above, Runs 1DT14 to 1DT16 and Runs 2DT8 to 2DT10 were similar.,
and were also compared with Run GTD6 which was conducted using pure carbon dioxide= -
and at the same experimental parameters and conditions. Figure 5.75 shows the=:zz==
comparisons. Again, as was noted before, Run 2DT8 produced more oil than Run GTD 6 ..
while Runs 2DT9 and 2DT10 produced less oil. The previous explanation of Sectiorm s -
5.3.2.5 is applicable here also.

5.3.3 Reproducibility of The Experimental Results

An important aspect of this study concerns the reproducibility of the experimenta R 2222+
results. Based upon the consistent trends, it is believed that the reproducibility of the=
experimental results was good.

Repeatability of the experiments was examined further by conducting Runs 1DT23
1DT24, 2DT7 to check the reproducibility of the results obtained for Runs 1DT9, 1DT22
and 2DT]1, respectively. Tables A23, A24, and A39 (Appendix A) contain the results o
these three runs. The three pairs of runs had identical operating conditions: pressure
temperature, total gas slug size, flow velocity, gas mixture, and WAG ratio. The=
production histories of Runs 1DT23, 1DT24, and 2DT7 were plotted and compared withnansss———
those of Runs 1DT9, 1DT22, and 2DT1, respectively, in Figures 5.76 to 5.78.

Figures 5.76 to 5.78 show that the reproducibility of the production history wa ss==————===x=
good. It can be seen that the reproducibilities of the total recovery were 0.2, 0.3. and 0. 20 —=
%HCPV for runs 1DT1, 1DT22 and 2DT1, respectively. Rojas® also reported the=
reproducibilities of the total oil recovery within 0.3% HCPV and 1% HCPV. These=
discrepancies are in the normal experimental errors.

5.3.4 Comparison of Linear and Two-Dimensional Model Experiments

Figures 5.79 to 5.81 depict the comparisons of the producing GOR, WOR an<X
production history of Run 1DT1 (linear model) with those of Run 2DT1 (two-dimensiona ¥ re—"ocu=x
model). Figure 5.79 shows that more gas was produced in the linear model Run 1DT
than in the two-dimensional model Run 2DT1. A possible explanation for this highe mu———
volume of gas produced in Run 1DT1 is that more oil was produced in this run, as showsrEaaSS———
in Figure 5.81. The higher oil recovery obtained in the linear model Run 1DT]1 wa Ss=========
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probably due to the 100% sweep efficiency in the linear model. This is clearly shown in
Figure 5.80. More water was produced in the two-dimensional mode! Run 2DT1 than in
the linear model Run 1DT1. The difference in flow pattern (linear flow in the linear model
vs. flow in the two-dimensional model) is thought to contribute to the difference in sweep
efficiency and thus oil recovery.

Also, the diffusion and dispersion of gas in the two-dimensional model were two-
dimensional while they are confined to one dimension in the linear model. It is difficult to
say in which model the diffusion and dispeision of gas were higher; probably the
longitudinal diffusion and dispersion in the linear model were higher than those in the two-
dimensional model.

5.3.5 Comparison of This Study With Previous Studies

The purpose of this section is to compare the two-dimensional model results
obtained in this study with those obtained in the previous studies that employed pure
carbon dioxide (and nitrogen in a few cases) to determine to what extent the presence of
nitrogen in the injected carbon dioxide has an adverse effect on oil recovery.

5.3.5.1 Comparison of Nitrogen-Carbon Dioxide Runs With Those
Conducted With an Initial Nitrogen Saturation

Comparisons of Runs 2DT1 and 2DT3 conducted with 4.98 and 15.0 mole%
nitrogen mixtures at 1.0) MPa, respectively, with Runs 32Z* and 30Z* conducted with initial
nitrogen gas saturations of 4.0% and 15.3% at 2.5 MPa, respectively, were made and are
shown in Figures 5.82 to 5.85.

In Figure 5.82, the higher trend of the producing GOR curve of Run 327*
compared to that of Run 2DT1 indicates that the presence of an initial nitrogen gas
saturation caused an increase in the carbon dioxide mobility and the immediate production
of gas. The gas breakthrough took place at 0.033 PV, which was right at the very start of
the injection of the very first carbern dioxide slug. This shows that the presence of a
nitrogen gas phase substantially increased the mobility and relative permeability to the gas
phase. Itis instructive to look at the way in which nitrogen and carbon dioxide were used.
In Run 2DT]1, a 4.98 mole% nitrogen-95.02 mole% carbon dioxide mixture was used.
This means that nitrogen and carbon dioxide were mixed with each other, which also
implies that carbon dioxide helped to reduce the mobility of nitrogen. Whereas, in Run
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32Z%, nitrogen and carbon dioxide were not mixed, and initially, there was only nitrogen
gas in the model. When carbon dioxide was injected, it diffused through the nitrogen gas,
resulting in the production of gas at the very start of the flood. After some carbon dioxide
had been injected, there were two separate gas regions - nitrogen and carbon dioxide, i.e.,
the nitrogen fegion was in front of the carbon dioxide region. Since nitrogen is known as a
non-condensible gas, it was instrumental in causing channelling of carbon dioxide also,
with less carbon dioxide diffusing into oil. This is why the producing GOR curve of Run
327" is higher than that of Run 2DT1. Because of this, in Run 327%, water had to displace
a more viscous oil at high producing WOR's. Only 32.2% of oil was recovered, as
compared to 45.3% oil recovery in Run 2DT1 and at much lower producing WOR's.
Similar features can be observed in Figures 5.84 and 5.85, where a comparison of Run
2DT3 is made with Run 30Z%.

Comparing the 32.2% and 31.6% recoveries respectively obtained in Runs 32Z*
and 30Z® with the 32.4% recovery obtained in Run 11R® by waterflood shows that the
immiscible carbon dioxide WAG process, with an initial nitrogen gas phase present, is 7o
more efficient than a waterflood. The oil recoveries by the two processes agree within 1%.

In conclusion, based on the above evidence, it is obvious that the use of a nitrogen-
carbon dioxide mixture in place of pure carbon dioxide is more desirable than the use of
pure carbon dioxide in the presence of an initial nitrogen gas saturation in the immiscible
WAG process.

5.3.5.2 Comparison of Impure Carbon Dioxide Runs With Pure Carbon
Dioxide and Nitrogen Runs

Runs 2DT1 to 2DT6 can be compared with runs GTD6" and 5Z°, employing pure
carbon dioxide and pure nitrogen, respectively. Figures 5.86 and 5.87 show these
comparisons.

Figure 5.86 provides a comparison of the producing GOR's of Runs 2DT1, 2DT3,
and 2DT5 with those of Runs GTD6'! and 5Z°. The observations of Section 5.2.7.1 will
apply to Run 5Z" also, e.g., the breakthrough of nitrogen gas took place immediately after
injection and large volumes of nitrogen wcre produced during the experiment.

The loss of oil recovery due to the presence of nitrogen in carbon dioxide, and the
maximum acceptable concentration of nitrogen can be speculated on the basis of Figure
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5.87, where the cumulative oil recoveries of Runs GTD6'!, SZ°, and 2DT1-2DT6 are
plotted. The use of pure nitrogen in the immiscible WAG mode (Run 5Z*) produced the
least recovery, only 32.5%, which is very close to the waterflood recovery (32.4%°).
Considering the 45.3, 44.8, and 44.7% recoveries obtained in Runs 2DT1 (4.98 mole%
nitrogen-95.02 mole% carbon dioxide), 2DT?2 (9.99 mole% nitrogen-90.01 mole% carbon
dioxide), and 2DT3 (15.0 mole% nitrogen-85.0 mole% carbon dioxide), respectively, there
is virtually no difference in oil recovery for the use of carbon dioxide containing 5.0 to
15.0 mole% nitrogen. A similar conclusion can be reached when observing the recoveries
of Runs 2DT4 to 2DT6.

As mentioned earlier, the maximum volume of nitrogen that can be allowed in
carbon dioxide to make the immiscible WAG process effective for field application is the
most important since sources of pure carbon dioxide are very rare in the field. A
comparison of the cumulative recoveries of Runs 2DT1 to 2DT6 with that of Run GTD6
will help to determine the maximum acceptable concentration of nitrogen. As shown in
Figure 5.87, a recovery loss of 6.0 percent occurred when impure carbon dioxide gas
containing up to 15.0 mole% nitrogen was used, While a recovery loss of 10.0 percent was
incurred when impure carbos dioxide gas .ont-ning up to 30.0 mole% nitrogen was
utilized. Therefore, to avwid a substantiz. * .. of recovery, the maximum aliowable
concentration of nitrogen is 15.0 mole%. If carbon dioxide contains a very small amount
of nitrogen, e.g. 1-3 mole%, the performance would be close to that of pure carbon
dioxide.

5.3.6 Scale-up of the Experimental Results

This section concerns the prediction of the field performance of the immiscible
WAG process and the implications of the experimental results for field application.

The scaling groups derived by Lozada and Farouq Ali” were used to scale up the
experimental results to predict the field performance of the process. Keeping in view that
the two-dimensional model was scaled to the field, it is appropriate to scale up the results of
the two-dimensional model runs to predict the recovery performance of the field reservoir.
The following calculations illustrate the procedure for scaling up the experimental results of
Run GTD6" to the Aberfeldy field. The information on the field is given in Table 3.4.
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5.3.6.1 Field Prediction of Injection Rate

The field carbon dioxide injeciion rate could be determined by the scaling group:

hApkBpB Model 4 hApkgpg Field

Re-arrange to obtain
[.‘13_) = (_“_,_G_J (p'g.Model (Aphk)pi_e_@_ )
Pe Field \. g Model Hg,Field (Aphk)Model

( y_) (hk)pigg
\ P Model (hk)Model

5

i
H

When scaling down the diffusive orces, Lozada and Farouq Ali”’ reduced the
permeability by a factor "a", which is equal to field well spacing divided by lab well
spacing. Also, the height of the field was reduced by "a" to determine the height of the
model. Therefore, this equation becomes:

(&J =4(zg_] 22 Krieia
Pe JField Pe JModel  KModel

Given that the model injection rate was

wg _ 3 .3
{-——J = 7.392x10~ m’ / day at 1.0 MPa.
Model

Pe

and knowing kpjeq = 10354 d, Kyjoqe = 124 d, and a = 127.23v2/0.4572

=278.4 led to:
\'Y 2
(._i) = 4%7.392 %10 m> / day x 278.4“ x1.0354 d
Py Field 12.44d

= 191.36 m>/day at 1.0 MPa.



5.3.6.2 Field Prediction of Injection Time

The experimental carbon dioxide injection time can be scaled up by the group:

t(We/Py) - t(We/Pe)
ohw Field ¢hw Model

Re-arranging this equation gives

W w, /\1*
t . =
g, Field ¢hW ¢hw

Model Field
Knowing
tg. Model = 1.13 hrs
Oygoge = 42-1% Opeq = 35:0%
WModel = 0.457 m WEield = 25446 m
hModel =0.022 m hField =6.lm

and the model and field carbon dioxide injection rates give:

tg.Field = 4.5 months

Similarly, the field water injection time can be predicted by the group

-1
wy W,
t — pw pw
w, Field = tw, Modet F Shw
Model Field

Substituting numerical values gave:
tw, Field = 79 months
Note that the total water time included the water injection time in the post-
waterflood phase.
The field *otal injection time becomes

tiotal, Field = (tg + ‘W)Field

tiotal, Field = 7.0 years
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+5 6.3 Field Prediction of Cumulative Production

«ding to Lozada and Farouq Ali”, the cumulative total oil production can be
scaled up based on the dimensions of the physical model since the production pressure was
specified as a boundary condition, not the production rate, in deriving the scaling groups.

Qprod
Qprod, Field = {‘(——S‘fw}de{sz(l ) S“’i)}Field

Given
Qprod, Model = 893.5 cm® (8.935E-04 m’)

Swi, Model = 15.1% Swi, Field = 13.0%

The field cumulative production will be:

Qprod, Fiela = 65434.4 m>.

5.3.6.4 Fieli Prediction of Total Oil Recovery

The total oil recovery was scaled up using

Qprod
(% HCPV Recovery)gield = (ngv X 100gie1d-

Qprod
{(1 R swi )¢hw7 } x 10OField'

Substiiuting the calculated values on the previous page yields:

(% HCPV Recovery)gieq = 54.4%.

Table 5.7 shows the scaled up total injection (production) times, cumulative total
productions, and the total oil recoveries of Runs GTD6 and 2DT! to 2DT6. It can b-. seen
that using pure carbon dioxide yields the highest field recovery.
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Table 5.7 - Prediction of Field Recovery.

Run N2  Injection Gas Water Total Cumulative Total Oil

No. Content  Rate Injection Injection Injection oil Recovery
in (Gas/ Time Time  Time Producticn (%HCPV)
Mixture Water) (months) (months) (years) (sm°)

( mole%) (M*/day)
GTD6? 0.0 191.36 4.5 79.7 7.0 654344 54.4
2DT1 498 208.14 4.4 53.5 5.0 57712.5 48.0
2DT2 9.99 213.39 4.9 52.9 5.0 57153.8 47.5
2DT3 15.0 211.48 5.0 53.8 5.0 56872.1 47.3
2DT4 20.0 185.52 5.1 52.4 48 54022.5 449
2DT5 250 169.01 5.5 60.8 5.5 53889.5 44 .8

2DT6__ 300 183.09 .4 264 5.2 53026.8 44,1

The predicted values are based on experimental results. Due to differsnces in the
geometry and production strategy between the physical model and the field reservoir, these
scaled-up values could prove to be optimistic or pessimistic. Furthermore, in actual
practice, the composition of the flue gas may be different from the compositions used in
this study. The flue gas may contain, in fact, carbon dioxide, nitrogen, and 1 to 2%
oxygen. The oxygen will oxidize the in-place oil. Depending on the oxygen content of the
flue gas, operating conditions (pressure and temperature), and the injection rate, some heat
will be generated. In any case, the oxygen will be converted into carbon dioxide, thus
supplementing the carbon dioxide already injected, and the overall effect may not be
significant.

Ar important aspect of the scaled model experiments is that the reservoir i:
assumed to be homogeneous. Unless the actual reservoir heterogeneities are known,
inclusion of heterogeneities in scaled models is not justified.
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CHAPTER 6
$SJMMARY and CONCLUSIONS

In this investigation, selected experimental results obiained in the previous studies
were reviewed, providing explanations for previously unexplained effects. A total of forty-
six experiments were conducted for this phase of the experimental study to determine the
s asitivity of oil recovery to the use of impure carbon dioxide containing nitrogen as the
diluting gas, in the immiscibie WAG displacement process. These forty-six experiments
were carried out in two physical models: linear and two-dimensional. In addition, the
effects of carbon dioxide partial pressure and volume were studied. Experimental results
were scaled up using appropriate scaling groups to predict performance of a particular flood
for the Aberfeldy field, Saskatchewan.

Based upon the experimental observations, the following conclusions are ~zached:

1. The solubility and difiusivity of carbon dioxide decrease with increasing
nitrogen content, which has an adverse effect on process mechanisms.

2. A comparison of pure carbon dioxide and pure nitrogen runs with nitrogen-
car’on dioxide mixture runs shows that if impure carbon dioxide contains a nitrogen
volume up to 15.0 mole%, the oil recovery is only 6% lower than that for pure carbon
dioxide. The recovery loss increases to 10% for a 30 mole% nitrogen concentration.

3. Increasing the carbon dioxide partial pressure in the nitrogen-carbon dioxide
mixture results in ap increase in recovery, while an increase in carbon dioxide partial
volume shows th + .-orasite trend.

4. With an ir rease in the volume of nitrogen in the carbon dioxide stream, the
sweep efficiency of the immiscible WAG process is reduced, which results in a reduction
in oil rece~=ry. Also, the oil production raté decreases, while carbon dioxide production
rate increasc - as the volume of nitrogen in carbon dioxide increases.

5. The presence of a solution gas (methane) increases the effectiveness of the
immiscible carbox dioxide WAG process by proviaing an internal driving force which
helps to mobilize oil. Cil recovery increases by 10 to 15% due 0 the presence of a solution
gas. :



161
6. The operating pressure has a considerable effect on oil recovery. Oil recovery

decreases with increasing pressure above the pressure at which the asphaltene precipitation
ensues.

7. Velocity is an important factor determining the oil recovery efficiency of the
process. Carbon dioxide should be injected at low velocities to retard its production, and to
promote its diffusion into oil. Water should be injected at high velocities to minimize the
effect of gravity segregation.

8. The use of a large total gas slug size, for example 40% HCPYV in this study, is
no more effective than a 20% HCPYV slug, because of inefficient utilization of gas.
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CHAPTER 7

RECOMMENDATIONS FOR FURTHER STUDIES

The following studies are recommended to extend the scope of this research.

1. Future experiments should be carried out at temperatures higher than 23°C, since
the temperature affects the solubility and diffusivity of carbon dioxide into oil, which are
imporrant to the immiscible carbon dioxide process. At kigher temperatures, the
concentration of the carbonic acid formed by the reaction between the carbon dioxide gas
and water will te higher, which may alter formation properties, as well as oil properties.

2. A three-2:aensional model should be designed and fabricated to study e role of
gravity in the presence of a bottom-water layer. In those cases where the formation is
thick, but still suitable for the application of the immiscible carbon dioxide process, due to
gravity, the injected gas will rise while water will flow down.
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Tabulated Data of All Experiments Conducted
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APPENDIX B

Sample Calculation of Carbon Dioxide-Saturated Oil Viscosity
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The correlation of oil viscosity with concentration of carbon dioxide or methane or
ethane at any pressure and temperature is as below®:

b
( T - 30)s
1+

303.15

-C,*x*exp(-E*T)

- 3.0020| + B, *p*exp(d*T)

Inprp, = 2.302

Where:
u = Viscosity of oil, Pa.s

T = Temperature, °C

p = Pressure, MPag

b =log Kip°c, 0 MPag) *+ 3-0020
s = 0.0066940*b + 3.5364

B, = 0.0047424*b + 0.0081709

d = -0.0015646*b + 0.0061814
moles additdve

moles oil + moles additive

For Carbon Dioxide,
Co =0.021519*b + 0.020952
E = 0.0015469*b + 0.0025339
For Mzthane,
Co = 0.031396*b - 0.031399
E = 0.0024696*b - 0.0017938
For Ethanc,
C, =0.026779*b + 0.0024410
E = 0.0024564*b - 0.0018401

The procedure to estimate the viscosity of carbon dioxide-saturated oil, as
suggested by Singh et al.®, is as shown on the next page.

Data:

x = 19.1239%

M21eC, 1 am = 1058.0 mPa.s

Step 1: obtain b by trial and error.

Trial no.1: assume p3goc = 500.0 mPa.s or 0.500 Pa.s



b =1og Kap°c, 0 Mpag) * 3-0020
= 10g(0.500) + 3.002 = 2.70097
s = 0.0066940*b + 3.5364 = 3.55448

b
In Hapeg, 0 MPag = 2.3026 T 307 - 3,0020
1 +
_( 303.15)
2.70097
= 2.3026 (~+ ” ~-<‘30)3.55448 - 3.0020
L 303.15
= (0.0100753

K21 °c, 0 Mpag = 1.0101 Pa.s = 1010.1 mPa.s

Trial no.2: assume Hagoc = 510.0 mPa.s = 0.510 mPa.s
b =2.70957
s = 3.55454
H21 °c, 0 MPag = 1.0327 Pa.s = 1032.7 mPa.s

The same trial was to be carried out until the calculated W) oc, g MPag) Matched the
expesiments! rsasurement, i.e, 1058.0 mPa.s. The b and s val aes at this trial were used to
compuie By, d g, and E.

b =2.71909

s = 3.55460

B, = 0.0047427*2.71909 + 0.0081709 = 0.0210667
d = -0.0015646*2.71909 + 0.0061814 = 0.0019271
C, = 0.021519*2.71909 + 0.020952 = 0.079464

E = 0.0015469%*2.71909 + 0.0036339 =0.007840

By replacing these values in the correlation, the viscosity of carbon dioxide-saturated oil at
1.0 MPag and 21°C was estimated to be 298.05 mPa.s.
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APPENDIX C

Sample Calculation of Molecular Diffusion Coefficient of Carbs. ° .xide



DATA:

Diffusing Gas: Pure Carbon Dioxide at 1.0 MPag and 23°C

At = diffusion time = 1740600 s (483.5 hrs)

m, = mass of oil = 6594 g

Vco, = volume of carbon dioxide collected = 554 cm?

A = internal cross sectional area of the diffusion cell = 32.17 cm?
AL = length of the oil column = 52 cm

MW, = molecular weight of oil = 424 g/g-mole

MW, = molecular weight of carbon dioxide = 44.01 g/g-mole

Pg = density of carbon dioxide = 0.01908 g/cm’
p, = density of oil = 0.9324 g/cm3

CALCULATIONS:

Since 1 mole of gas occupies 22414 cm?, the number of mole of CO; in the CO,-oil
mixture:

Veo, _ 554 ¢m®
v, 22414 cm® / g- mole

Nco, = = 0.02472 moles

Moles of oil in the CO,-0il mixture:

m, _ 65.94 g
MW, 424 g / g- mole

= 0.1555 moles

n, =

The molar fraction of CO; in the CO,-0il mixture:

Nco, _ 0.02472 moles
nco, + N, 0.02472 moles + 0.1555 moles

Xco, = = 0.1371

and thc corresponding molar fraction of oil:

%o = 1 - %o, = 0.8629
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The specific volume of the CO,-oil mixture at 1.0 MPag and 23°C:
1 1
Vg = UoX, + VUco,Xco, = ";:xo + -—o;"‘c:o2
= L 0.8629 + !

0.1371 = 8.111 cm®
0.9324 g/cm 0.01908 g/ cm’ cm” /g

The concentration gradient of CO; in the CO;-0il mixture:
AC 1
2 - = (c, - C
AL N ( 2 l)

Where C, and C, are respectively the concentration of CO; at the CO-oil contact and
in the oil sample and defined as follows:

1
| = ————
Vco,MWco,
Meo, ,
C, = “Cu, _ Mco,
, = =
mfvf l‘l’lfvt-Nl‘\VCO2

where

m; = mass of oil + mass of CO,

Substituting into the AC/AL expression yields

AL AL kmf vwaCOz ‘l)co2 MWCO;

AC _ l( Mco, 1 J

Substituting numerical values to obtain the CO; concentration gradient
%-E- = -7.4643E-06 g-mole /cm’-cm

(Negative sign means that the concentration of CO, decreases with distance)
The molar flux of CO;, into oil is calculated as follows:

Meo,
AG co,

= 1.4201E-08 g- mole/s
At At



270

Finally, the molecular diffusion coefficient of CO; is estimated using Fick's law of
diffusion.
D, = - 40
° A A_ At
AL
= 5.9162E-05 cm?s.



APPENDIX D

Volumetric Balance Plots of All Experiments Conducted



272

“11q1 UnYy Uo eduDbipg JLBWNOA — | 8Jnbi 4

%¢|e§::_:o_§58c8
o avaa *sbnis o1 oss I (low—6 Z60°0) PdN 0't ® ZN—Z0D AdOH ou&

% WS, %S % 86HE °S *se1ouDp Qe = Y *% E££'SE = a
sDJW 0’850l = xa 0°= AioojoA Mo[J SBDIBAY :SIejelidiDg Jopo
omm D DJN 00°] ‘@AUQ eur] D8l :Suoyipuon) uny eboueAy 310N

[Ad ‘wn)] peoelu| pini4

g8z L ok A 0°Z 91 70 o0 *.o
%‘.loy\.“n||0.||llll| oo = T
@.\m\w\ v %
lllllllll dlmu.\ﬂhl -v - e
— A

oooooooooooooooooooooooooooooooooooo

“‘eoupnjpg [PIIO}DW |DOP|

[1eiom+110+(ZN—~Z02)] IptoL

Ts09 ¢N-Z02D

4. 0 0 +

0°0

Yo

[l

9°1

0T

re

8°C

‘ZN-Z0D Pe3npold

[Ad ‘wnQ] J840M ‘11



273

“Zi0l uny Uo eduDjog JBWNIOA — ZQ eunbiy

%B66:6 = BINPIN Ul UOIDLLIBoL0)
[0 av3a *sbnis o1'ovm 1+ (jow—b 160°0) PN 01 ® IN—Z02 AdOH 02°0
k7 [+
%S .=, S ‘%986 =S ‘Seipp 00L'0b = A ‘% Z8'GE = ¢
SDJW 0'8S0i HS.M ‘P/W $86°0 nv.m:oo_o> Mo} 4 ebnugay :suejellinibg W
2,£T PUD D4 0071 “@Au( 8ur] {deuiq :SUOIPUO) Uny BbDJaAY 310N

[Ad ‘wn)] peysalul piniy

8°Z vz 0°c 9t c°l 80 Yo
a2
TN SL AP e

---- & e

eauD|Dg |D|1ejD} |Dep|

[teiom+110+(2N-209)] iotol

~ 09 ZN-202

g 0 0o _+

o

2°0

rAl ]

9°1

0°¢

e

w4

[Ad “win)] 4840M ‘110 ‘TN—Z0D PeINpOId



274

*c 1@l Uny UO 83uUD|pg JLBWNIOA — ¢ e4nbi4

%00°Gl = adnixij Ul uolinijueduo) g
[o av3a *sbris o1'9VM L:¥ (jow-5 [60°0) PN 01 ® ZN—Z0D AdOH 020

el I8 S sm.x.i..mu..m.%_e%o_m.guv_.xmo.omus
SDJW 0'gS0i = 17 ‘pAu $86°0 = K1io0j8A MO|4 8B0ISAY :s.e{sllioiDd [epopy
9,£Z PUD bdiN 00’ *9AUQ 8u[ jDeuiQ SUOIPLOY UNY 8bnIeAY :3IO0N

[Ad 'wn)] pejoelu) piniy
9°i rAd 8°'0 ) A ¢

——

e2UD|Dg |D|J8IDN [DOP|

(1e1om+110+(ZN—-209)] IpjoL

809 ZN-Z09D

A}

[Ad "wn)] Jeiopm ‘110 “ZTN—Z0J Pednpodd



275

L X4

$1gl UNY UO BdUDDE JLYBLINIOA — $(q eunbiy
%00°QC = ainpqpy Ul uoiinUBdUO)

fio avag .mmz_m o_.o<; 1:¥ (jow—b 060°0) Od 01 @ ZN—20D AdIH 020

= .Nnnmm °S ‘seiuDp 0//£°08 = % ‘% 6S'SE = ¢
60 {00

sodw Q* wno- A]100j8A MO} 860IBAY suajellinID] wovo
o..mN D DdN 0071 "eAU(q eur] jdeJiq suoiipuo) uny sbDJeAY “IJION
Ad E:ou pejoaluj v_:_.“_
A
e 8ouD|DQ |D|10{DN |DOP|
] . [lefom+110+(ZN—-2092)] Ip4o1
Jejom
[ T
i Ts09 ZN-20D

[Ad "wn)] 48jom ‘|10 ‘ZTN-Z0D PedNpoId



276

"G1QI unYy uo edupjpg duewINioA ~ G eunblq

xoo.uueax_zc_co_ﬁtscoou
[0 av3a ‘sbnis o1'ovm 17 (jlow—B 060°0) ©d 071 @ ZN—Z0D AdOH om.&
%Y. s ', gZ'gp = °s ‘sejauop QE90L =2 % gp'ee = P
SDJW 0'8G0{ = 77 ‘P/W 860 = AJo0|eA MO|{ ebo.eAy :sieeLiinio] epo
X x4 Rw: Bdi 00°1 *0AUQ eu[] {9euiq SUOIPUCD UNy Lbtkion 30N

[Ad ‘wng] pejoelu) piny4
A4 02 8l 9°l LA rAl 1} 8°0 8°0 ra NJc

€||I|I|||.IOI|||.I|||...I|IIOII|0|.0 =

\
a

eouD|pg |D|40}DN [DOP| H

[+e4om+110+(ZN-202)] iosoL q

€09 ¢N-203 O

0°0

0'0
z'o
7o
9°0
8°'0
o'
Tl
Al
9l
LN
0°¢

[ A4

[Ad ‘wno] J4e4pM ‘110 ‘TN—-Z0D PeINpOLd



277

"9101 UNy UO eouDDG JAUSLLNICA — g eunbiy

%00°QS = NN Ul UoyDLUedsUo)
(o avag ‘sbnis e.oss k¥ (fow—b 060°0) Od 01 @ IN-Z0D AdDH ow

% 9% = " S 'SoRI0p ge /0 = % 0
SOdW 0'8GoL = 171 P, m mwtoo.o o>< H.E.oE mn.mm
0,52 RE D O 001 ‘SALI] Sur Heliq SUSPLOD Uny SOmIoRy 310N

[Ad "wn)] pejoelu pini4
- D 4 e 0z 9l A | 80 ‘ o

eouDp|og |DI4}DN |DOP|

[Heiom+110+(ZN-Z09)] 1ol

809 ZN—209D

4. g o +

Fro

Tl

9°l

0°C

re

" ) 4

[Ad "wn)] Jejom 110 ‘TN—-Z09 peanpo.d



278

8T

SdW 0’888 =

re

9,52 pup od

% No% .N mm *N_oo_o>

*/1Q} uny uo esupjpg oueWINiOA — /q eJnbly
[lo avaa .mm_,__m Ol'owM Lt (jow—b Z260°0) BN 01 ® 20D AdOH oN.o_

S ‘selau
Mol SBSiony’

M..ov_b%_o._wm ovo

oo._ '9Al(] BUIT jo8U|( SUOHIPUO?) UNYy BBDUBA

[Ad .E:o_ pejoslul pini4

A} 0 0
- —Q - o W— - .\I‘l -
g m\_w\ ;B
....... =% o
_. - ]
— D/

esup|pg |D|18}DN |DOP|

[40ioM+110+209] 10401

809 203

le. |
O
A
O

00
Y0 o
X
(o]
a
| =4
g0 9
o
o
o
1 N
=
9l M
-
[ ]
b |}
P
0z O
3
. O
re <

97



279

‘91 UNY UOC eduDDg JBWINIOA — 8Q einbiy

%86 = NI Ul UOUD{UBOUOY
Fi0 av3a 'sBris o1 "ovm 17 (low—5 260°0) OdN 007 @ ZN—Z0J AdOH 023
Ns%vusm % mm.ﬁn..m UDD OFITL = X '% E4'9E = §
SDJW = 60 = KjioojeA Mol ebnisAy :suejeliining
0888 3£ Fio odi 001 ‘sAuiq Sury {Baiq SUSHIPUGD LNy SBRISAY TUON

[Ad ‘wn)g] peyoelu| pini4
- 4 re 0°'? 9l r A} e°0 0

e32lD|Dg |D|19}DN |DOP|

[1o1oM+110+(ZN-209)] 10401

[Ad "wn)] Je4om ‘110 ‘TN—Z0D P®INPOid



280

*61Q1 UnNY Uo esubipg JuUjBWINIOA — g eunbid

"%66°6 = 8JNIXIN Ul LOLDLUSDUOD 7
[io av3ag “sbnis o1 ‘oM 1:¥ (low-6 160°0) PdN 001 ® ZN—Z0D AdOH 0Z°0
%699 = **s ‘% |46 = °S ‘SeiuDp Oyl Y = % ‘% 90°9% = @
sS4 0’888 = ¥86°0 = .Eoo_o> Mo|{ ebDIBAY :suejellnidDd jepo

9,£C PUD BN 0071 ‘@AU(Q eur] joeJiq suoyipuc) uny eboseAy ;310N

[Ad ‘wn3] pejoalu) piny
(A4 0°Z 81 94 7 ' ot 8°0 9°0 0 N..o - 0°'¢C

e2up|pg |D|10}DN |DOP) z

[eiom+110+(2N-209)] IvjoL

809 ZN~-Z09D 8l

[Ad "wn)] J94DM ‘110 ‘TN-Z0D PeSNPOId



281

‘01101 UNY UO eJUDPY JYSINOA — (i aunbiy

%00°'Sl = eunpap Ui UOLDLLIBoUOT)
fio av3aa 'sbnis e.oss Iy A_oE..m 060° o BN 01 © ZN—-Z02 AdDH 020

% S6° % S '% mo bR 0fcy = A% LGS =@
‘vmm 0= > 3OE >< .m»%_bp_om
X ¥4 &E D B4 00°} “OAL] BUur jDaul(q :SUOKIPUO) uny o&wﬁ‘ 710N

[Ad ‘wn]] peyoalu; piniy
Z°C 02 81 9°] i r A | 0l 80 9°0 o r Al ¢}

SOdWi 0’888 =

eoln|Dg |DI16}DW [DOP|

[4e4oM+110+(ZN-209)] 1bto)

809 ZN—-209D

[Ad “wn)] Jeiom ‘10 ‘ZTN—-Z0D PeINpoLd



282

111Q} UNY Uo eoubjpg JUBLINIOA — |1q eunbiy
%00°QZ = 84njXiN Ul UoLDILBILOD
[0 av3a ‘sbnis o1 ‘ovm Lt (jow—b 680°0) PdW 0’} ® ZN—Z0D AdOH 0Z°0

ol o
x.nm.xw_.um.mo_euomm.__ux.xk.mnue
SOl 0'g88 nmm*m_o 860 .u«..m_oo_ﬁ Mo|4 meo>< :s.8{elunIod JoPoR

9,£7 PUp DdiN 001 ‘9AUQ eur] {oeul(] :SUOHIPUO) Uny eODJBAY 310N

[Ad ‘wn)] pejoslu pini4
r A 4 0°'C 8°l 9°f i r A 3 04 80 9°0 0 A

e2UD|Dg |D|49}DN |DOP|

[fe1om+110+(ZN-202)] IptoL

809 ZN-20D

‘ZTN—-Z09 Peonpod

[Ad "wn)] Je4oMm ‘11



2R3

71101 Uny UO oUDPG JPWINIOA — 71 aunbiy

%00°GZ = eJnyXiyy Ui UoYDNLIBIUOD)
w_oa<ua .mm;m o .o<3$ (low—6 160°0) BN 01 @ IN—C0D AdOH 020

ukm .moa_owps n.xkdme
SDJW O wmw = xa 0= A Moy{ ebn.isAY E%E GIod PPN
oK n« D B4 0071 *9ALQ OUTT JDaAR( SUOYIPUOD LNy AY 3ION

H>m E:ou pejosluj v.:_ 4

eouD|bg |D|19}DN [DEP|

[4oiom+110+(ZN-209)] Ipjoy

" 809 ZN—-209

[Ad "wn)] JeioMm ‘|10 ‘ZTN—Z0D PeSNpPoId



284

*C11q} uUny uo esubjpg ouPWINOA — ¢1q @unbiy
%00°QS = @INJXIN Ul UOLDIUBIUOY) T

[0 av3a ‘sbnis gl'ovm Lt (jow-b 680°0) PdW 0'l ® ZN—Z03 AdOH 0Z°0

0

‘% 91'9p = 'S "Sa1uop 060 = A ‘% ZT'GE = ¢

g BB 7S .
s'D4Ww 0'QR8 p/w +96°0 = A}ji00jSA MO|4 8BpIaAy :s.uejeillinidd JBpoW

womm pUD OdN 001 *@ALIQ BuI S8l SUOKIPUOY UNY 8DDIBAY :JION
[Ad "wng] pajosalu) pinyy

aouD|Dg |DlJ8}D| |DOP]

[Petom+110+(ZN—209)] InjoL

T s09 ZN-209D

0°¢ 9l A 8°0 v°0 0°0
N " N 1 " 1

80

[A]

[Ad "wnQ] J48iom 110 ‘ZN—CC7 P8INpoLd



285

"#11G1 UNY UO BouUDDg JLYSUNIOA — $i(q aunb)y

. m‘m = aUnpXiN Ul uoljniuesuo)
j_ooﬁomm:_m 9 o,ss; A_osl 111°0) odW 21 ® ZN—Z02 AdOH 020

ui..x_m .mo_eooﬁ_.&ommn
o..nN D B OZ') *9AUQ eur] se_a ISUGHIPUOY UNY 8bOIBAY :IION

m>m E:ou pejoalu] piniy4

8z vz (1 34 9} z' 8'0 v0
T J— & — o} — \lOI|0.| .'0'"‘\&‘\\“‘! —
i Lu\n.w\q.\q - %
_ ml\-&l\“w\ﬂ\.ﬂ Z
_ g7 -7 . .\l\\ » °
M ||||| \\\ 0
- O
\E\\ O
\\\\\\ ...
\\\\ -
\\&\
\\\\ “
\\\\ e | Fecsesncevneccencrssessosesstsecesecses
y TR
. l1ejom+it0+(zN-202)] Ibto1 o}
- J8jDpM D
- TTTTTTTTTTTTTTT o o«
) ~s69 ZN—-200 o

¥0

A

971

0°¢

re

8

[Ad "wn)] Je4om ‘110 ‘ZTN-ZCD Peanpodd



286

"G110} Uy UO @oUDIDE OLBWNIOA — Gl aunbly

. %00'SZ = @JnjXIN U} UOYDIUSdOY 7|
o av3a *sbnis o1 “ovm 1:¥ (low—6 ZZ1'0) OdN GS'1 ® ZN—20D AdOH 0Z°0

u!

—— §N LOLREAER S 14 mp_o% T A B S A
uAE o4 mm— ‘aALI] eur joeaqg .mco._s.__ucoo uny ow2m>< 31ON
[Ad ‘wng] pejoalu| pini4

82 LA 0C 9l A} 80 L

eaun|pg |Dlie}D iDOp|

[eiom+110+(ZN-209)] 10401

Ts09 ZN-209

[Ad 'wrio] J84DM ‘110 ‘ZTN—Z0D pPednpo.d



287

"g11(8 Uny Uo eouDg JLBLWINIOA — 9iq aunbiy

%00:0€ = aJNPap Ui uoloiuesuo)
w_ocﬁo.mma_me.o<;n1_oE|mon_.oon_zﬁa@uz..uoo?_oz oﬂn&

%88 =S ‘% A'Sp="S 'S80 020°0L =2 % 1GCE = ¢
SD4W 0’888 = 71 ‘P/Wi ¥86°0 = AJI00[9A MO|4 8brlieAy :siejsiliniDd Iepop
2,£2 Ru_ OdN ¥1 ‘@AL( 8ur] [Deuiq :SUOYIPUOD uny o%hwé 310N
[Ad “win)] pejosluj pini4
87 re 0°¢ 9l rAl 8°0 0 00
: . . ‘ - e a2 ALY
o T B
\ﬂ\hﬂ\tﬂ.\ 4\.M\ 3

- i :
|||||||| o
+l|l|-4 lllllllll AVl . .

_ .

\\\\ () .
\\\\ .
-
- " 8'0
\\\\\ §..c
\\m\\ -..... N-—
a\x T ,

; [ N i e TR R o
_ )

[4ejom+110+(ZN-209)] P40 o}

.-

Jejop O
& = |eeecccaccccaccaan. 0°Z

o ¥

i T8P9 ZN-Z0D O
| ot 4

[Ad "wn3] J94oM ‘|10 ‘TN—Z0D PeINpoId



288

*/11Q1 uny uo eoubjpg ouUPWNIOA — /1 einbiy

%0Q’SH = dnyxiy Ul UOHDLUedIO) T
[0 av3a ‘sbnis g1 ‘ovm 1t (jow—b 901°0) BdN 00t ® ZN—Z0D AdOH ¥Z°0
Ly 7 s 'y mm.mm = %S 'seloipp Op7°0L = X ‘% 19°'GE = §
SDJw 0'888 = 77 ‘p/W $86°0 = AjI90|9A MO|{ 8DDIBAY :SiejsLiinibd JopoN
2,£Z PUD Dd 00} ‘@ALI] eur] joauq :suoyipuoy uny ebnueAy 310N

[Ad "win)] pejoslu) pini4
87 A 0°'C 91 rAl 8°'0 0

e2uDb|pg |D)Je}DN |Dep|

fejom+110+(ZN-209)] ip4oy

809 ¢N-20D

[Ad "win]] J84pMm ‘110 ‘ZN—-Z0D PeINpOId



289

"8110} Uny UO ecuDpg JuewINioA — 81g eunbyy

%00°SZ = SINPAaW U} UOHDLUBDUOD
Flio av3a ‘sbnis o1 ‘ovMm I:¥ eosumu 611°0) ©OdN 01 ® ZN—20D AdOH £Z2°0
% 0f'S =S '% 09'vp = °S "seruop 08T = % ‘% ¥9'SE = ¢
chwm "/ ¥86°0 = AlI90|8A MO|4 ebnieAy :suajsiunidd 0%302
9,£¢ bUup DdW 0071 ‘@AuQ eur] {Deuiq :suoyipuo) uny eboueAy [IION

[Ad “wn3] peyoslu) piny4
rAR 8°C re 0z 9l t ) 8°0 70

SDJW 0'888

esun|pg |D|18}DN |Dep|

[48}oM+110+(ZN—-209)] IpjoL

809 ZN-Z02

[Ad "wng] J4ejpm ‘110 ‘TN—Z0D Pe2npold



290

610} UNY UO eouDjpg JLBWNIOA — 61Q @nbyy

%00°QS = SJNX}N Uj UOUDULSIUOD Z|
flo av3g 'sbns o1'ovM 1t (jow—5"621°0) dN 07F ® ZN—Z0D AdDH 62°0

% 6Ly 7 Ms 'y _wmm =’g .mo_eom 0660l = ) ,.m _m.mm =¢
SDdwl 0’888 = o) 6'0 = A}I00jeA MO|4 eDDUBAY suejellinibd jepo
9,£C Pup bdi 0071 *eAuq eury m&a SUOYIPUOC) uny abnueAy IION
[Ad ‘wn)] pejoelui pin|4

8°c re 0°¢ 9°) el 80 70

eouD|Dg |D|J@}DN |DOP|

[49ioM+110+(ZN-209)] IpjoL

" 8D9 ZN—-20D

[Ad "wn3] Jeipm ‘110 *ZN—Z0D Pe2npoid



291

‘0ZI( UNY UO 8oUDDE JLYSUNOA — 0T(Q unbiy

%8Gy = SINPAN U] uoyDYLBIUO)
:oag.&;mo.dﬁ_i_o:rmhud D 01 © ZN—T0D AdOH 0G0

=S ‘% m 068°01 =% ‘%4 19GE = ¢
mdn_Eowmmn qmmou. MOL4 AY ‘SJejorlinidg
o) nu D DJN 0071 ‘eAud 8_._ jpasq suoyipuo) uny AY 310N

[Ad ‘wn)] pejoslu| pini4
9°t 't 8°C | A 4 0°¢ - F 4 ) 80 ) 0

eouD|Dg |D|19}DN |DOP]

[1ejom+110+(ZN—-209)] IpsoL

“sb9 ZN—-20D

[Ad "wn3] Je4pM ‘|10 ‘TN—-Z0D POINpOLd



292

1Z1() UnY Uo eouDpg JLBLLNIOA — |20 eunbiy

"%66°6 = 8NP U] uoyniuUBdUOD
9_oa<ua.&=_mo_.o<;_i_§|m omm@ u._:co._@Nanooon E..N&

% VES, 5 'S % 99V = 'S 'seriop oo = % nmwmoe

SO 0’888 = 1 'PAU ¥86'0 = A MO|J BueRy Siejelii

B8 5T Ru._ O 50T ‘GG AU euiq SUBHPUGD Uy PBRIeAY TLLON
[Ad “wng] pejoslu| pinj4

Z't 8°7 e ° *

07 91

(4} 80 Yo 0'0

ooooooooooooooooooooooooooooooooooooo

e2uD|Dg [D|10}DN |DOP|
[4eiom+110+(ZN-Z09)] Ioi0L

T809 ZN-202

[Ad "wn)] Jeipm ‘110 ‘TN-Z0D PedNpold



293

"ZZIQL UnY UO eoUDIDY JLUSINOA — ZZQ unByy

Noouenszc_:o_ﬁea:
filo av3a ‘sbnis o1 ‘9vM 1:v (jow—B 8/1°0) bdN 01 @ 2N~20D >&:owx~&

Lo Sl s, R ROR S ERTRh
m.om:o.mmmu m.ou.>; ><
oonwh%on_ 0071 "9AUQ U] {oeui(Q SUOHIPUOD unYy AY 110N

[Ad "wnQj pejosluj piniy4
't 8°Z 44 0°C 9l r A 80 0

eouDjpg [DlaejDN |DeP|

Iieiom+110+(2N=209)] o101

~ 809 ZN—-209D

[Ad “wn)] JeioMm ‘110 ‘ZN-Z0D PeINpOId



294

"£Z10} UnY Uo eoudpg SBWINIOA — £Zq eunbyy

%666 = SN Ul UOYDLLSOUOD
fio avag 'sénis o4 o<; B A_Erm 060°0) OdN 0t © ZN—20D AdOH oN

S ‘% 6 ‘seju =)'% n
Sl 0'888 mbsm §mo| "5.,.3z omEo<
o..nm D B4N 0071 ‘eAu( eur jdeulq éo:_ucoo c:m SN

[Ad ‘wn)] pejoslu) pin4
9z 2 0z 9°l s 80 ro

OO—._U_UQ _U—LO*US _U.v_
[eiom+110+(ZN-202)] 19401

809 ZN—209D

[Ad "wnQ] Jejom ‘10 ‘TN—-Z0J Pe2npo.d



295

"$Z1(B UNY UO BJLDDY JUBWINOA — 20 aunbyy
%00°Si = NP Ul UOYDILISILOD
fio avag ‘sbnis o1 ‘ovMm 1% (jow—b5 8/1°0) OdN 01 & IN—Z0D AdOH OF0

%W =g 'y 68" uomgoa.enx.xmﬁwwﬁ
SDJU 0’888 = <) ‘0 = A obnieAYy siejelLnd
9,82 Ru_ £_ _w.moo._ ‘OAL] ocmomea :SUOHIPUOD UNnY AY “2UON

[Ad ‘wing] peoelu) piniy
07

FAd 87 e 94 (A} 8°0 o
) —Q = s S = =g
e — —e—8— & 9 ° O -
? e
|||d|||||1|lﬂ|..dllﬂl..d...lﬁ.lld-\\m\\ or -
\m\\\m\ .- .
i i
_ h_.\m\ v
_ = o
\\D\\
\\\ .
\\\\\ g
. -
- T —
mﬂ o e2uD|Dg |{D|JOJDN (DOP| -+
_ fiesom+i110+(ZN-209)] Ivio]
5 i0|DM u
é TTTTTTTTTTTTTTT o v
) 809 ZN-202 o

0'0
0°0

L)

80

Tl

0T

re

" )4

(48

[Ad ‘wnglueiom ‘110 ‘ZN—Z0D PeINpOLd



296

‘110z uny uo eoupjpg owsWiNjoA — GZa eunbiy

. , . %867 = aJnixjy ul uolbiuesuoy ¢
[0 avaa 'sbnis o1'ovM L (low-6 Z5I°0) bd 0t ® ZN—Z0D AdOH 020
. % 8L = s ‘% Nw.mw = S 'se10ipp Op'll = A % LL OV =@
s'Ddw 0"gsoL = 11 P/ 009°C = AlioojeA mol4 ebbieAy :suejelliniDd 18poN
5,£C PUD DN 00} Jods—G B Jo Jepipny :suoyipuol uny ebnusAy :3ION

[Ad ‘wng] pejoe|uj pini4

0z 84 9°i ¥l (A ol 80 8°0 LAY z°0 0'0

eoub|bg [D|Je{DW [Dep| +

[484oM+110+(ZN-Z09)] 1oL g

Ts09 ZN-209 O

i

94

g8

0°¢

[Ad "wn)] 484pM ‘110 ‘TN—Z0D PeINpoid



297

"ZIQZ uny uo 8oUDDR JLYBWINIOA — 9ZQ eunbly

Nm.muepzzc_co_gscoo
10 av3a ‘sénis o1'ovM 1 (jow—b om_.mv DdN 01 ® ZN—-Z0D AdOH 020
%EyR=""S % ISE8 = S Serauop 071, =1 % 10t =
SsDdw 0'8G0L = 71 'P/wi 0097 = AIoojoA Mo[{ ebnJeAy :suejsliniDd |OPON
9, PuD DdN 00 mg_mnm D JO Jejibnp :SUOHIPUOY UNY BbDIBAY TJION

[Ad "wng] pejoeluj pini4
0°2 . g8t 9l ¥l [ 0t g8°'0 9°'0 0 0

eouD|bg [D|JejDK |DOP]

[4e1oM+110+(ZN-Z09)] IptoyL

809 ZN-202D

[Ad “wnQ] 484pM ‘|10 ‘TN—Z0D PeINpold



298

*c1QZ uny uo esupjpg ouBwINiopA — /Zq eunbiy

. L %00'GlL = SJUXIN Ul UOlDIUBDUOY 7
[0 av3a 'sbris 01'ovM L:¥ (jow—b 8%1°0) odi 0 ® ZN—Z0D AdOH 020
% L4 = 1S % $668 = °3 'SeuDp 0gzl = 2 9 SieE = @
S'DJW 0'BGO} = 71 'p/l 00G'Z = AHO0|9A MO|4 BBDISAY :SiajsiliniDg JOpO]

3,£Z PUD BN 00 ‘JodS—G D 40 Jefionp :SLUOHIPUOY Uny BHDIBAY TIUON

[Ad ‘wn)] pejos|u) pini4
0°'¢ 8l 9l 1 A} rAN (1 8 8°'0 9°0 0o r A1) 0°'0

- - ———

esup|pg |D|J8{DN |Dep|

Peiom+110+(ZN-209)] 401

T 809 ZN-20D

[Ad "wn)] Jejom ‘110 ‘TN—Z0D Pednpold



299

"#10Z uny uo eduDpg JLBWNOA — BZQJ aunbiy

%00°QZ = aUnpap Ul UoYDYUBIUOD
[lo av3a *sbnis 01'ovMm 1 (fow—6 6€1°0) DdN 01 @ ZN—Z0D AdOH 020
e 28BS % ¥106 = °S ‘Soruop 06/ =% *% al/e = @
SDJW 0'8G04 = 71 'P/W 009°¢ = AlioojeA moj4 ebnisAy isisjouliniog [9pop
9,£Z Pup DJN 00t “JodS—G D jo JeHibnp) :Suolipuo) uny ebnieAy 710N

[Ad "wn3] pejasluj pinig
0°c 8l 9°l o *._. ) [} [+ ) } n.o. 9°0 o 0

o B v

e2UD|DE |D]J8}{DW [DOP|

[1eiom+110+(ZN-209)] IbtoL

g
2
o
=
Q 4. 0O o +

T8D9 ZN-20D

0'0

L )

o

ro

9°0

8'0

0l

¢l

s

91

f-81

o'e

[Ad "wn)] 484DM ‘110 ‘TN—Z0D POINPOId



300

‘Gl(Z uny UO eduDDg JBWINOA — 6Zd eunbly

%oeax_zc_co_ﬁtosoow
[flo av3ag sbnis 9 ‘OUM I:¥ A_osum wi'o w b 07 ©® IN—20D AdOH 020

% SO % S6'6 S ‘SeIOp Y'Y = A% 00'8E = ¢
S'DJW 0'gS0l )/l com 7= _oo_c> Mmoj4 c o, J w._o,ﬁ %uo
2,5 C PUD on_z 007 ‘fods—G D Jo JajdbnY :SUOHIPUOD UnY 8BDJIBAY 310N

[Ad ‘wng] pejoslul pini4
AN A 0°C 8l 9°l ri A o'l 8°0 9°0 1LY rAl/) 0°0

e2uD|Dg |D|Je}DN [DeP| Al

{[4eioM+110+(ZN—2092)] IpsoL

~§09 ZN-20D 8l

‘ZN-Z09 PeINpo.d

[Ad ‘wn]] Je4pm ‘|



301

"g](JZ uUny uUo edubjpg ouewinioA — 0¢q aunbiy

%00°QS = @Unpap Ui UOHDLUSIOY)
[0 avaa *sbnis o1"owm 1:¥ (jow—B6g11°0) bdN 01 ® ZN—-20D AdDOH 0Z0
% 04, nem.NonNNuom.uo_e%oomdux.x czas = ¢

ST4W 0'gG0L = 1 ‘AU 0097 = A1100j3A MO14 86DISAY :SIejeiun.ID JsponN
9,EC PuD on_\,& 001 .,mg_m|m D O Jajibnp :suoyipuo) uny ebousAy :IION

[Ad ‘win3] peyoslu pini4

94 i LA ] o't 8°0 9°0 o T'0 0°0
A 4 " 1 N N Lllr " " " 1 N " ] P Uy 1 o

Py

eouD|pg [DIIe{DW |DeP|

[1etom+110+(ZN-Z09)] Ibtor

~sp9 ZN-202

[Ad ‘wn)] 4e4oM ‘110 ‘ZN—Z0D pedNpoid



302

*/1QZ uny uo edubjpg sueWNjOpA ~ ¢ eunbiy
%86:¥ = 8JNIXIN Ul UOYDUUBIUOY 7|
:oaﬁo.mmz_mo_.o<3_i_osum§.oE:S@uzumooio:omd

% 6LJL,=7S % B6'8R = °S 'SelIop 7O = % ¥ioY =
S '8G0L = 17 ‘P BUSZ = KiooieA Mol eBBIGAY :Sisjeilining jopoy
95T PUD DN 00 ‘fodS—G D 0 Jefiony :SUCHIPLIOY Uny BB0IOAY IION

[Ad ‘win)] pejoalu) pini4
0°7 81 9°l L ) A} 0t c..o. o u.c. 0 0

eoubibg |D|Jejoy |Dep|

[1etom+110+(2N-209)] IpioL

~sD9 ZN-20D

L 4. 0.0 ¢+

[Ad "win)] Je40M ‘110 ‘TN—-Z0D Pe2NPOLd



303

"Q1(JZ uny Uo sauUDPDg JWUBWINIOA — Z¢q eunbiy
%00°Gl = aUnpay| Ul UOLDNLBINIOT
(10 av3a ‘sbris o1'ovm 17 (jow—b 894°0) odN Z1 ® ZN—Z0D AdDOH 0T 0
%681 = >*s ‘% 11'8 = °S "'seiuDp Q191 = A ‘% 1L/S = ¢
SDJW 0'8504 %P m&s 0097 = AjioopA Mol BAY “SueeLlinID d Jopopy
2,£Z PUD DJA OZ1 “jods—G D O JejionY :suoyipuo) uny @boieAy 310N

[Ad ‘wng] pejoslu; piniy
8°C ) ) } A . ) 0°¢ ) 9l rAd 3 8°0 0

eouD|Dg |D|1elDW |Dep|

etom+110+(ZN—-209)] Iptor

~sD9 ZN—20D

[Ad 'who] J94DM ‘110 ‘TN—Z09 PedINpold



304

"610Z Uy Uc eoupjpg oleWNioA — ¢¢q enbly

No.ouueax_:c_co_ﬁﬁscoou
1o avaa'sbnis oi'ovm 1y (jow-b mu.mv OdW SZ'} ® ZN—Z0D AdOH oﬁw_

° = Pq /0 = % *seioup 7l = A %o . =
sod4w o.mmo—kw&.v— .&:moo&m.wouhm.:oo_y MOy mew%>m— "Eho&%._wwm m
3, ¢ PuUD BdN GZ'1 ‘jods—G D Jo Jelubnp :Suolipuo) uny 8bnISAY TJION

[Ad 'wn)] peyaslu piniy
9l rASY

eouD|Dg |D|J0}DWN |DBP]

[4ejom+i110+(ZN-209)] IDjoL

~s09 ZN—-202

[Ad ‘win)] Je4bm 110 ‘TN—Z0D PedINpoId



305

*0L10Z Uny uo 8ouDpPg AYBILNIOA — ¢ eunbyy

%00:0§ = NP Ul UoYDYUBIUOT
flo avaa'sénis oi'owm 1y (jow—bB mo%mvomn_: +¥1 ® IN-Z0D AdOH oNN&

%P>, S %098 = % *satuop QoYY = % ‘% 08'8E = §
SDJW 0°8G04 = 71 'PAU009Z = KlISO[SA MO|| 860IGAY :S10j9LLDID] JSPON
),£¢ puo on_\,& ¥¥1 ‘jods—5 D jo Jelibn suoYIPUOY uny o%%m% UON
[Ad "wng] peyoalu| pini4
8°C o v..N o a..N . o w..- t A ) 8°0 vc
—0— —e— —O0— - T \n g
=9 -V ¥
V- BTV A
——e———-— = V=" - ” > o
y \\D‘\m\m o
- D ......
| \\m\ O O
\\\\
\\k\
\\\\ e
d
- \\ <
g - N i PR S R
| [Feiom+110+(ZN-209)] Ibso1
g iS{oM M_
TTTTTTTTTTTTTTT T o v
) ~s09 ZN-20D O

¥0

8°'0

Tl

Lot

0

re

8¢

[Ad ‘wng] 494D ‘110 ‘TN—T0J PeINnpod



306

APPENDIX E

Production Histories of All Experiments Conducted
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APPENDIX F

Oil Recovery Distributions of All Experiments Conducted
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Figure F2 -

Oll Recovery Distribution of Run 1DT2.
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NOTE: Average Run Condtons: Direct 148 S5a%", 00 MPa and 23°C

Parameters: Average Flow Vi = 0.984 m/d, i, = 1058.0 mPas
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0.20 HCPV C02-N2 © 1.0 MPa (0.091 g—mol) 4:1 WAG,10 Siugs, DEAD OIt]
Conceniration In Mixture = 15.00%
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Figure F3 — Ol Recovery Disiribution of Run 1DT13.
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NOTE: Average Run Conditions: Direct Ling Drive, 1.00 MPa and 23°C
Parameters: Average Flow Vdocl?s= 0.984 m/d, :27: 1058.0 mPa.s
¢ = 35.59 %, k = 10.770 darcles, S, = 9553 &, S, = 4
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Total Oll Recovery = 45.3%

Figure 4 — Ol Recovery Distribution of Run 1DT4.
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NOTE: Average fun Condifons: Direc 148 S7I9% 00 MPa and 23°C

Parameters: Average Flow V. = 0.984 m/d, fﬁ=21058.0 mPa.s

¢ = 35.16 %, k = 10.630 darcies, S, = 9528 %, S,
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FigureF5 - Ol

Recovery Distribution of Run 1DTS.
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NOTE: Average Run Conione: Direc Lind Drive, 1.00 MPa and 23°C
Model Parameters: Average Flow Vi = 0.984 m/d, u, = 1058.0 mPa.s
¢ = 35.70 %, k = 10.730 darcles, S, = 95.54 %, S,, = 446 X

0.20 HCPV C02—-N2 @ 1.0 MPa (0.090 4:1 WAG,10 Slugs, DEAD Ol
Concsniration in Mbdure = S.OO% g-mo) = .
Total Oll Recovery = 44.3X

Figurs F6 — Ol Recovery Distribution of Run 1DTS.
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NOTE: Average Run Conditions: Dimcfs h‘n% 85've°,'1.2o MPa and 23°C
Modsl Parameters: Average Flow Velocity = 0.984 m/d, u, = 888.0 mPa.s
¢ = 35.90 %, k = 11.690 darcies, S, = 95.51 %, S = 448 %

0.20 HCPV C02-N2 @ 1.2 MPa §0.111 g—mol) 4:1 WAG, 10 Slugs, DEAD oiL]
Concentration in Mixture = 15.007%
Total Oil Recovery = 61.27%

Figure F7 — Oil Recovery Distribution of Run 1DTW4.
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NOTE: Average Run Conditions: Direct Line Drive, 1.35 MPa and 23°C

Model Parameters: Average Flow Velocity = 0.984 m/d, 1., = 888.0 mPa.s
¢ = 35.43 %, k = 10.780 darcies, S, = 95.12 %, S, = 4.88 %

0.20 HCPV CO2-N2 @ 1.35 MPa (0.122 g—moi) 4:1 WAG, 10 Slugs, DEAD OIL]
Concentration in Mixture = 25.00%
Total Oii Recovery = 56.9% :

Figure F8 - Oil Recovery Distribution of Run 1DTI5.



Oil Recovery, ZHCPV

40
Legend
3 Bl Blowdown [BD]
S [ Post Waterflood [PWF]
2] Brine [WAG)
Y C02-N2 [WAG]
30
25
20
N
15 <
B
04 & 8
© N
AT ® e
7R 2
S / / R B ORI 2t h
/ / 74 7 > & 3 % 8 @
AN AT o A 5 7
NN\
0
AL T S L e S T A S
‘ ‘jrder o
NOTE: Average Run Conditions: . “ve, 1.44 MPa and 23°C
Model Parameters: Avera; ‘ad fy = 0.984 m/d, u, = 888.0 mPa.s
¢ =3551% k=10.020 ¢ =95.12%,5, = 488 %

0.20 HCPV COZ—H2 @ < k. 3.2 g—mol) 4:1 WAG, 10 Slugs, DEAD OIL]
Concentration in Mixtura = 2. . .J%
Total Oil Recovery = 55.8%

Figure F3 — Oil Recovery Distribution of Run 1DT16.
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Concsniration in Mixture = 4.98%.
Total Ol Recovary = 57.1%

Figure FI0 ~ Ol Recovery Distribution of Run 1DT20.
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NOTE: Average Run Conditions: Direct Line Drive, 1.00 MPa and 23°C

Model Parameters: Average Flow Velocity = 0.984 m/d, 5"$t=% 888.0 mPa.s

¢ = 35.93 %, k = 1450 darcles, S, = 94.66 %, S,
0.40 HCPY CO2-N2 @ 1.0 MPa (0.180 g—mol) 4:1 WAG, 10 Slugs, DEAD oiL]
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Figure FI1 — OIl
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NOTE: Average Run Condifions Direct 118 898 "1.00 MPa and 23°C
Model Parameters: Average Flow Velocity = 0.984 m/d, u, = 888.0 mPa.s
¢ = 35.83 %, k = 11050 darcies, S, = 94.14 %, S, = 5.85 %

0.40 HCPV C02—-N2 @ 1.0 MPa (0.178 g—mol) 4:1 WAG, 10 Slugs, DEAD oit]
Conceniration in Mixture = 15.00%
Total Oll Recovery = 54.8%

Figure Fi? — Oil Recovery Distribution of Run 1DT22.
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NOTE: Average Run Conditions: Direct Line Drive, 1.00 MPa and 23°C

Model Parameters: Average Flow Velocity = 0.984 m/d, 4, = 888.0 mPa.s
¢ = 3573 %, k = 11.220 darcies, S, = 94.92 %, S = 08 %

0.20 HCPV CO2—-N2 @ 1.0 MPa (0.090 g—mol) 4:1 WAG, 10 Siugs, DEAD OiL]
Concentration in Mixiure = 9.99X
Total Oil Recovery = 5442 :

Figure F13 — Oll Recovery Distribution of Run 1DT23.
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Figure Fi4 — Ol Kacovery Distribution of Run 1DT4.
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0.20 HCPV C02—-N2 © 1.0 MPa (0.152 g—mol) 4:1 WAG,10 Siugs, DEAD OIl]
Concentration In Mixture = 4.98%
Total Oll Recovery = 45.37%

Figure F15 — Oll Recovery Distribution of Run 2DTL
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NOTE: Average Run Condltions: Quarhru a '5—'5&». 1.00 MPa and Z3°C
Modoi Parameters: Average Flow Vel = 2.600 m/d, u, = 1058.0 mPa.s

é = 40.4 %, k = 11120 darcies, S, = 89.51 %, S, = 1049 R
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Conceniration in Mixture = 9.99%
Total Oll Recovery = 44.8X

Figure F16

— Ol Recovery Distribution of Run 2DT2.
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