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ABSTRACT
Emulsions constitute an important part of all EOR methods,
yet the mathematical modelling of emulsions is still largely
empirical. This is due to the lack of physical as well as
mathematical descriptions of emulsion flow. This research
addresses both aspects of this problem. Experimental work
was first cafried out to observe the physical mechanisms that
occur when a stable emulsion flows in a porous medium. More
comprehensive work was done on emulsion rheology and droplet
capture for different kinds of emulsion flow in two types of
porous media, especially for the system of comparable drop
and pore sizes. The results show that the change in emulsion
rheology in a porous medium has an overall trend similar to
that in a viscometer for the shear rates of interest.
Furthermore, the emulsion droplets were found to be captured
according to a filtration process. These mechanisms were
then represented mathematically and incorporated intoc a one-
dimensional, three-phase (oleic, aqueous, and emulsion) model
which accounts for interactions of a surfactant, oil, water,
and the rock matrix. The developed model was used to
simulate linear core floods of stable emulsions. Simulated
and experimental production histories were compared. It was
found that a multiphase, non-Newtonian rheological model of
an emulsion with interfacial tension-dependent relative
permeabilities and time-dependent capture gave the best
predictions of the simulations of the experimental core

floods.
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1. INTRODUCTION

Application of emulsiong in the oil industry has received
considerable attention for several decades. Recent
investigations have shown that emiisions can be used in
secondary recovery as blocking agents to improve
waterflooding performance in layered reservoirs or under
bottom-water conditions. Moreover, they occur in most
enhanced oil recovery processes and are involved in certain
modes of crude oil transportation. Recently, increasingly
more complex compositional simulators have been developed for
EOR processes. These require a detailed understanding of the
mechanisms involved during the displacement process.
Therefore, there is a need for understanding the physics
contreolling the flow of an emulsion in a porous medium.
However, very little research has been carried out in the
area of the flow mechanics of emulsions in rorous media.
Additionally, emulsion rheology and drop capture were
investigated separately for certain conditions. These
conditions restrict the model to specific applications. This
leads to the question of how emulsion transport occurs in a
porous medium in the case where emulsion drop size and the
pore size are comparable, which is often the case.
Furthermore, no attempt has been made in the literature to
gimulate macroemulsion flooding performance compositionally
by including the physical property changes: that occur

simultaneously during multiphase displacement. The present



study investigates these subjects to achieve a better
mechanistic understanding of emulsion flow and its
mathematical representation. This will provide information
that can be applied in any EOR process involving emulsion

flow.



2. REVIEW OF THE LITERATURE

2.1 Emulsions and Their Applications in 0il Recovery

An emulsion is defined as the dispersion of one liguid
(internal or dispersed phase) within another liquid (external
or continuous phase) in the presence of surface-active agents
(emulsifiers)l, The emulsifier helps to form an extended
interface by reducing the interfacial tension between the
liquids and also helps to stabilize the dispersed droplets

against coalescence. It can be classified as a macroemulsion

if the droplet size is larger than 0.1 um and as a
microemulsion if the droplet size is smaller than 0.1 lm,
Generally, most droplet diameters in macroemulsions are
greater than 1 um, which is of the same order of magnitude as
the pore constrictions. There are two types of emulsions:
water-in-oil (w/o) and oil-in-water (o/w). The f@rﬁer type
has a viscosity higher than that of the o0il ane water
constituents, while the latter has a viscosity lower than

that of the oil constituent?Z.

Most of the world's crude o0il is produced in emulsion form
because natural emulsifiers exist in petroleum reservoirs.
These natural emulsifiers can be formed from the following
materials: asphaltenes found in heavy crude3/4; asphaltic and
resinous materials found in cruded; oil-soluble organic gcids
such as naphthenic acids, fatty acids or aromatic acidsé; or

cyclic compounds (cyclic aromatics) such as toluene, benzene,



decalin, methylcyclohexane and cyclooctane in crude oil?.

King and Flock propcsed four hypothetical emulsion

classifications®:

(1) very viscous crudes, containing very high concentrations
of asphaltenes and resinous acids;

(2) viscous crudes with moderately high concentrations of
asphaltenes and resinous acids;

(3) moderately . viscous crudes with intermediate
concentrations of asphaltenes and resinous acids; and

{(4) low viscosity c¢crudes with low concentrations of
asphaltenes and/or resinous acids.

Crude oils from Group 1 (e.g. Athabasca bitumen) geherally

will not form emulsions at room temperature because of the

high viscosity. Crude oils from Group 4 {e.g. Bonnie Glen

crude) also will not form emulsions because of low natural

surfactant content, Crude o0ils such as Wainwright and

Chauvin crudes, from Group 3, readily form stable emulsions.

However, if an artificial surfactant i§ employed, stable

emulsions of crude ¢0il from each category can be created.,

Emulsions of produced crude oil are generally of the water-
in-o0il type, which are more viscous than either of their
constituents, Therefore, chemical and heat treatment are
applied in the oilfield to separate these emulsions into
their less viscous components to maximize oil production. On
the other hand, ocil-in-water emulsions have lower viscosities

than the oil constituents. This fact has been considered by



some investigators®:10 in the development of systems for
producing and transporting crude o0il as an oil-in-water
emulsion. A surfactant can be injected with the produced
water to form an oil-in-water emulsion downhole, which makes

it easier for the oil to be pumped to the surfacell.

In addition,-emulsions can be formed in-situ in many enhanced
oil recovery methods such as chemical flooding, carbon
dioxide flooding, steamflooding and fireflooding. The
emulsion banks formed seem to improve oil displacement

efficiency, under some conditions.

In chemical flooding, the mechanism by which spontaneous
emulsification occurs is due to mass transfer of surfactant
between the o0il and water phases. The shearing action at the
oil/water interface during surfactant flooding may be
sufficient to cause emulsification’. 1In-situ emulsification
and entrapment of emulsion droplets during caustic flooding
results in reduced water mobility, which improves both
vertical and areal sweep efficienciesl?. In immiscible carbon
dioxide flooding, a narrow emulsion bank seems to form which
improves oil displacement efficiency without appreciably
increasing the pressure drop. Similarly, in hot water/steam
injection experiments, emulsions are formed by the surface-
active compounds generated from low temperature oxidation of
oil, such as organic acids, phenols and sulphuric acid.
Chung and Buﬁler13r14 found a high emulsified water-oil ratio

in the produced fluid in the steam-assisted gravity drainage



process in their laboratory experiments. The primary
mechanism for in-situ water/oil emulsification during the
thermal recovery process is the condensation of steam in
contact with bitumen. Chen et al.l® presented both laboratory
and field evidence for the in-situ formation and flow of

emulsions in-porous media.

In the further development of new methods of secondary
recovery, high viscosity emulsionsl®, emulsion slugsl?/18, and
controlled viscosity microemulsionsl!® can be injected

externally to enhance oil recovery.

2.2 Experimental and Field Studies on Emulsion
Properties and Flow Mechanisms
Many laboratory studies have been conducted to understand the
rheological behaviour of emulsions and mechanisms of emulsion
flow through porous media. This helps in the understanding
of how o0il recovery can be improved by in-situ emulsification
or by injecting emulsion externally. The following is a
review of experimental and field studies qf emulsion flow in

porous media.

Cartmill2?®, with the aim of investigating the mechanism of oil
migration through reservoir sandstones, carried out
experiments on the flow of stable crude oil-in-water
emulsions through packed beads having differing permeability
zones in series. He found considerable amounts of oil drops

retained at the junction of different permeability =zones,



with maximum retention at the front portion of the low
permeability zone. Consequently, permeability of the porous
media was reduced. He also pointed out that electrostatic
forces may be Jjust as important as capillary forces in
causing permeability reduction. Uzoigwe and Marsden2?!
observed no retention of droplets within porous media during

the flow of oil-in-water emulsions through glass bead packs.

McAuliffe2? conducted laboratory studies to show that oil-in-
water emulsions can be used as a selective plugging agent to
improve oll recovery in waterfloods. " The result from
injecting caustic oil-in-water emulsions with various drop
sizes into Berea sandstone under a constant pressure showed
larger reduction in water permeability of sandstone with
larger drop-size to initial permeability ratio. Furthermore,
permanent permeability reduction was observed even when the
emulsion was followed by many pore volumes of water. He also
observed that the rate and amount of permeability reduction
decreased with increasing injection pressure. He called this
flow behaviour pseudo non-Newtonian, regardless of the oil
content of the emulsion. For parallel cores of different
permeabilities, an oil-in-water emulsion was found to reduce
proportionally the permeability in high permeability cores
more than low permeability cores. Finally, it was observed
that oil-in-water emulsions displaced oil more efficiently
than water. He postulated that the injected emulsion entered

the more permeable zones first, restricting the flow, and



thereby causing the fluid to flow in the less permeable
zones, resulting in improved sweep efficiency. It was also
suggested that for an emulsion to be the most effective, the
droplets of o0il in the emulsion should be slightly larger
than the pore-throat constrictions in the porous medium.
Once oil droplets plug the pores, they can only be forced
through the constrictions if the applied pressure can
overcome the capillary retarding force. Field tests23
substantiated the laboratory observations. Qil-in-water
emulsions were found to reduce water channelling from
injection to production wells, thus increasing oil recovery,
lowering water-oil ratios, and considerably increasing the

volumetric sweep efficiency.

Cooke et al.?% argued that permeability reduction by the
formation of water-in-oil emulsions was due to the formation
of an o0il £film (lamella) across the pore throat, which
restricted the flow path, reducing the mobility of the

flowing filuid.

Johnson25 suggested that either emulsions formed in-situ or
emulsions injected externally were useful for recovering
viscous oils and oils in heterogeneous reservoirs where sweep
efficiency is poor. He pointed out that although the
potential of emulsions for improving oil recovery was well
established, the cost of o0il for emulsification and injection

was a serious deterrent to wider field use.



Radke and Somerton?®é suggested the alternative of using dilute
emulsions, instead of polymers, to improve mobility control
in caustic flooding. The advantage of using emulsions is
that the emul;ion effectiveness 1is quite insensitive to
temperature and alkalinity. Emulsions would also be less
expensive mokility-control agents than polymers because they
can be easily prepared using acid California crude oil in
alkaline water with no synthetic surfactants. They also
studied emulsion displacement both in homogeneous cores and
in heterogeneous systems to ascertain possible improvements

in sweep efficiency.

Soo and Radke?7:28 studied experimentally the flow mechanism
of dilute, stable oil-in-water emulsions in porous media by
determining the transient permeabilities, the pore size
distribution of the porous medium, and the inlet and effluent
drop concentrations and size distributions. The oil droplet
migration in the porous medium was also observed by means of
a visual micromodel. They argued that dilute, stable oil-in-
water emulsions did not flow in porous media as continuous,
viscous liquids or by being squeezed through pore
constrictions; rather they flowed by the capture of the
;dispersed phase with a subsequent reduction of permeability
to the continuous phase. This droplet capture mechanism was
found to be similar to a filtration process. Soo and Radke
explained that during the transient permegbility reductiqn

caused by droplet retention in pores, the drops not only
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block pores with throat sizes smaller than their own
{straining), but also are captured on the surface of sand
grains and in crevices or pockets formed by the sand grains
(interception). The capture of these small droplets on the
rock surface depends on the surface chemistry of the drops
and the porous matrix, especially the pH and ionic strength
of the aqueous phase. Steady state 1is reached, once all
capture sites are occupied, because liquid droplets cannot be
captured on top of one another. Soo and Radke concluded that
the overall permeability reduction is controlled by two
factors: the volume of drops retained, and how effective
these drops are in restricting flow. As the drop size of the
emulsion increased, the drop retention also increased because
of the higher probability of capture. However, at identical
volume retentions, smaller-sized drops were more effective in
restricting flow during the transient state. Once steady
state flow was obtained, the larger droplets caused a larger
permeability reduction than the smaller droplets due to the
combination of these two factors. Finally, it was noted that
the viscosity of the oil phase had little effect on both

effluent concentration and transient permeability histories.

Schmidt et al.?9 proposed the hypothesis that for continuous,
linear, secondary oil displacement by an oil-in-water
emulsion, the displacement was improved by microscopic
mobility control through entrapment or local permeability

reduction, not through viscosity ratio improvement. For
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parallel core flooding, displacement was improved through
macroscopic mobility control by diverting flow to the lower

permeability core.

French et al.30 suggested the use of emulsions for mobility
control during steamflooding. Their observations support the
emulsion fl&w mechanism proposed by Soo and Radke. They
observed that there was a permeability reduction caused by
plugging of emulsion droplets both larger and smaller than
the pore throat size, and that a permeability reduction
occurred when a waterflood followed an emulsion flood. They
also showed that emulsions formed in-situ did not perform as

well as those prepared externally.

Islam and Faroug A1i31/32,33,34 jnvestigated the blocking
mechanism of emulsions and their effectiveness in controlling
mobility, while waterflooding an oil reservoir, both with and
without a bottom-water zone. They cencluded that the
reservoir and fluid properties, such as oil-to~water zone
thickness, oil-to-water permeability ratio, oil viscosity,
and emulsion slug size, affected the blocking action of
emulsions as well as their oil content in a reservoir with a
bottom-water zone. The study showed that the lower the oil-
to-water zone thickness was, the lower was the ultimate oil
recovery for 1low to moderate oil-to-water permeability
ratios. However, for high ocil-to-water permeability ratios,
the o0il recovery was found to increase slightly as the

thickness of the bottom-water zone increased. For high-
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viscosity oils, significant improvement in performance was
observed by using an emulsion flood, as compared to that
obtained using a conventional waterflood. A minimum of one
pore volume (bottom-water zone) of emulsion slug was required
for successful blockage with emulsion, while the optimum slug

size was 2.5 .pore volumes.

Yeung and Faroug A1i35,36 suggested three different
displacement proéesses, the Emulsion Slug Process (ESP), the
Alternating Water Emulsion Process (AWE), and the Dynamic
Blocking Procedure (DBP), to dimprove vertical sweep
efficiency during the waterflooding of botfom—water
formations. For low surfactant emulsions (C.016 to 0.04%)
the DBP and AWE processes were found to give higher oil
recoveries than the ESP process under bottom-water
conditions. The reverse was true for emulsions with higher
surfactant concentrations {(0.4%). Furthermore, the higher
the viscosity of the injected fluid, the greater the amount
of crossflow that occurred ahead of the flood front. Yeung
and Faroug Ali also found that a high surfactanth
concentration did not necessarily give a higher oil recovery

for both homogeneous and bottom-water conditions.

Mendoza et al.37 found that o0il recovery was sensitive to
injection rate for both oil-in-~water and water-in-oil
emulsion floods. The flood rate determined the extent of
mobility ratio variation, which in turn depended on the drop

size, type, and rheological behaviour of the emulsion. 0il
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recovery, as a function of flood advance rate, showed a
minimum about a rate of 10 m/day. The type of emulsion slug
(water-in-oil or oil-in-water) determined whether recovery
increased or decreased with an increase in slug size. They
concluded that water-driven emulsion slugs may provide a

viable alternative to thermal recovery of moderately viscous

oils.

Fiori and Faroug Ali38 proposed the use of solvents in
adjusting the emulsion characteristics for increased oil
displacement efficiency. Emulsion slugs were then injected
into partially waterflooded cores resulting in incremental
recoverieé of up to 70%. They concluded that carefully
designed crude oil emulsions (water-in-oil) can be. used as
0il recovery agents for heavy oil reservoirs with low primary
conductivity, poor response to waterflocoding, -and low

potential for thermal recovery applications.

2.3 Mathematical Modelling of Emulsion Flow in Porous
Media

As mentioned previously, emulsions are formed in-situ in most
EOR processes or injected externally, alone or alternating
with other fluids, to improve displacement efficiency by way
of their mobility control properties. Therefore,
guantitative representation of emulsion flow in porous media
becomes increasingly important, especially since more
comprehensive simulators for these EOR processes are bheing

developed. Thus, an understanding of the flow behaviour,
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transport properties of emulsions, and the physical laws
controlling flow is necessary to model emulsion flow. These
characteristiecs of emulsion flow must be included in ECR

simulators to predict reservoir performance more accurately.

There are three main mechanisms describing emulsion £flow
behaviour poétulated by Uzoigwe and Marsden?l, and later by
Alvarado and Marsden2:39, McAuliffe?2, and Sco and Radke?7,28,
based on their laboratory observations. A review of the
mathematical models formulated for the postulated mechanisms

is given below.

Alvarado and Marsden2:39 developed the bulk viscosity model in
which emulsion is viewed as a homogeneous, single-phase
fluid. They studied experimentally the flow c¢f oil-in-water
macroemulsions through both porous media and capillary tubes.
They found that the rheological behaviour of the flow of
these oil-in-water macroemulsions through porous media is
practically the same as that of flow through capillary
viscometers. Results showed that emulsions with oil
concentrations less than 50% behaved like Newtonian fluids,
while those with concentrations greater than 50% behaved like
pseudoplastic fluids for the range of shear rates from 103 to
104 sec~l. The value of the emulsion quality associated with
the transition from Newtoniaﬂ to non-Newtonian rheological
behaviour depended on the emulsifier concentration. Alvarado
and Marsden derived a simpler correlation to describe

successfully the flow of non-Newtonian oil-in-water
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macroemulsions through porous media for the range of shear
rates investigated, 103 to 10% sec™l. This correlation can be
reduced to Dazxcy's law for oil-in-water Newtonian
macroemulsions including permeability reduction caused by
partial plugging. The parameter ﬂ=uﬂ””, which depended on
both the tortuosity of the porous medium (&) and the
rheological nature of the flowing fluid (n), was proposed for
calculation in a trial-and-error graphical algorithm that
brought the two rheograms ftom the capillary tubes and the

porous medium into agreement.

In conclusion, this model considered an emulsion as a
homogeneous, non-Newtonian fluid that did not follow Darcy's
law due to the change in bulk viscosity with shear rate. The
final permeability was used to account for the plugging
effect which caused permeability reduction. Alvarado and
Marsden pointed out that the above 1limiting value of
permeability depended on the emulsion gquality. The
tortuosity and pore size distribution of the porous medium,
and the rheological nature, drop size distribution, and
quality of the emulsion influenced only the bulk emulsion
viscosity, resulting in a simple correlation of pressure drop
and average flow velocity. Therefore, the viscosity model
was limited to a description of the flow of high-
concentration emulsions with small drop-size to pore-size

ratios which approached steady state quickly.
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Devereux?0 proposed a droplet retardation model, based on the
mechanism postulated by McAuliffe, for describing the flow of
stable oil-in-water emulsions in porous media, including
capillary effects, but neglecting gravitation and
compression. In Devereux's study, continuous injection into
a solid saturated with the external phase of the emulsion
under conditions of constant saturation and pressure drop
yielded a closed-form equation for the total volume of
emulsion injected wversus time with three experimental
parameters. Tﬁese were the flow constants for each phase and
the capillary factor. A fit of experimental data to this
egquation providéd these parameters. The capillary factor was
seen to represent a real force per unit wvolume, capable of
physical interpretation. This relation was compared with
results from experimental studies of c¢rude oil-in-water
emulsion flow in sandstone?l. Emulsion concentration and
pressure difference across the experimental system were
varied. It was found that Devereux's relation provided an
accurate description of the results except for high emulsion
concentrations, where the high saturation values observed
were presumed to cause interaction of the emulsion droplets,
and for low pressure differences, where the capillarity
factor (capillarity force per unit volume of porous solid)
became dominant and restrictions in the simplistic model

.became detrimental.
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In conclusion, Devereux considered the flow of two phases,
dispersed and continuous, in porous solids with the capillary
effect included. He proposed that the emulsion drops flowed
slower than the continuous phase because of a capillary
resistance force encountered during their flow through pore
throats smaller than themselves. Therefore, this capillary
retarding force, which depends on the drop size distribution,
was included in the pressure driving force of the dispersed
oil phase in this model. The model derived for the case of
constant velocity flow?? can properly predict transient
permeability reduction, That is, the model predicts larger
permeability reduction with lower flow rate and higher drop
size-to-pore size ratio. However, this retardation model
could not predict the permanent permeability réduction
observed in the laboratory when an emulsion flood was
followed by many pore volumes of water. Instead, the

permeability prior to the emulsion flood was predicted.

Abou-Kassem and Faroug Ali43,44,45 podified the viscosity
model, making 1t practical for both Newtonian and non-
Newtonian emulsions and suitable for use in numerical
simulations of EOR processes. For non-Newtonian emulsions,
the correlation was presented in the form of a modified
Darcy's law which is suitable for incorporating into
reservoir simulators. The correlation provides for a
quantitative description of the effect of pore size

distribution and tortuosity of porous media on flow. It also
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gives pressure drop predictions accurate to within 2.4% of
the average absolute relative deviation based on Alvarado and
Marsden's experimental data. The proposed model 1is
recommended for use in the one-dimensional, isothermal,

single—-phase flow of non-Newtonian fluids in porous media.

In conclusion, the model was derived using assumptions
similar to those used by Alvarado and Marsden in their
viscosity model. The difference is that Abou—-Kassem and
Faroug Ali replaced the flushed permeability (&) with Fkinitial,
where F is the ratio of damaged permeability-to-original
permeability, and included the effect of interaction between
the flowing fluid and the porous medium (F) in the parameter
Y, where y=ad?7. They alsc introduced a simpler and more
direct analytical procedure for estimating the parameter ¥
than the trial-and-error graphical procedure used by Alvarado
and Marsden to force agreement between the core rheogram and
the capillary rheogram. This parameter, ¥, which depends on
pore size distribution and toruosity of the porous.medium,
and reflects reduction in permeability, accounts for the
shifting of the capillary viscometer rheogram and the porous
medium rheogram. It is important to note that this model
should be used only in describing emulsion flow in porous

‘media, where the average shear rate is in the range that the

rheological parameters K and n are estimated.

Soo and Radke?2:46-48 proposed a flow model describing the

flow of stable, dilute .emulsions in unconsoclidated porous
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media based on deep-bed filtration concepts. This model
takes into account the interactions between the flowing
droplets and the pore constricticns. This helps to predict
more accurately how emulsions are transported in porous
media. In the model, emulsion droplets can be captured in
pores by both straining and interception, causing
permeability reduction. Transient flow behaviour 1is
characterized .by three parameters, namely a filter
coefficient, a flow-redistribution parameter, and a flow-
restriction parameter. The filter coefficient controls the
sharpness of the emulsion front, The flow-redistribution
parameter dictates the steady-state retention as well as the
flow redistribution phenomenon. The flow-restriction
parameter describes the effectiveness of retained drops in
reducing permeability. Expressions for these filtration
parameters were derived and compared with those measured
experimentally. Good agreement was achieved and it was
concluded that the dependence of these parameters on
retention was weak. Therefore, they may be treated as
functions of drop size and pore size distribution only.
Comparisons among the filtration model and the previously
developed emulsion flow models showed that only the
filtration model successfully represented all the
experimental observations, such as permanent permeability
reductioen. This model represents the underlying physical
mechanisms correctly and is reliable for predicting emulsion

flow behaviour in porous media.
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Islam and Farouq Ali3¢ introduced a model to investigate
emilsion flow in a multiphase system, A fully-implicit,
three-phase, three-dimensional black o0il reservoir simulator
was developed to simulate emulsion flooding in the presence
of a bottom-water zone. They assumed that the effective
permeabilities were only functions of the saturation of each
phase, Thus, there was no interference effect among the
three phases. 'History matching with experimental data was
conducted by changing the relative permeability curve for the
emulsion. This model incorporated permeability reduction as
a function of the initial permeability of the porous medium.
The transient permeability reduction was not included in the
simulation. An empirical correlation was used for the
permanent permeability reduction which was restricted to a
particular set of fluid/porous medium systems and led to
difficulty in matching emulsion breakthrough, Also, this
model could not explain the relationship between pore throat
size and emulsion droplet size, even if excellent agreenent
was obtained with experimental results for a particular oil-

in-water emulsion.

Later, a more complete formulation, including the blocking
mechanism of the emulsion, transient permeability reduction,
and emulsion breaking and formation, was presented, Islam
and Farouq Ali%® developed three different models, one for a
stable emulsion and the other two for in-situ generation of

emulsions. In the stable emulsion model, two-phase flow (oil
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and aqueous phases) was formulated, and included drop capture
with local permeability reduction based on the filtration
theory of Sco and Radke. The stable emulsion model showed a
better agreement with the experimental results than the
previous simplified model. The first model of in-situ
generation of emulsion used a multiphase formulation
incorporating surfactant propagation. The surfactant
adsorption, capillary number and relative permeability were
treated as functions of the surfactant concentration. This
model.could not predict an increase in injection pressure due
to in-situ emulsion generation in the porous medium, The
reason for this unexpected behaviour was the absence of mass
transfer between the o0il and water, even if surfactant was
allowed to partition in both phases. Therefore, the flow
restriction, caused by the kPlocking mechanism and which
increases the injection pressure, was not properly
formulated. The second model of in-situ generation of
emulsion was a single-phase treatment, which included an
increase in the aqueous phase viscosity due to the
concentration of the o0il droplets formed in the agueous
phase. Because of the high aqueocus viscosity predicted by
this model, the high injection pressure which occurred after

emulsion generation was obtained.



22

3. STATEMENT OF THE PROBLEM

The transport of a macroemulsion in a porous medium isg

complex and is not yet fully understood, especially for the

case of multiphase flow. This study was carried out with the

purpose of investigating the following problems.

To observe the mechanisms of the emulsion flooding
process for‘the recovery of light and medium gravity
oils, for the same emulsion characteristics. The case in
which the pore and drop sizes are approximately_the same
is of particular interest as it is commonly encountered
in oil recovery.

To analyze the existing limited physical property models
and extend their application to the present system.

To develop a multiphase emulsion flow simulator
consisting of a three-phase system with a stable emulsion
and incorporating observed physical property models as
well as other property models.

To employ the experimental data obtained to wvalidate
the develcoped numerical simulator, to determine to what
extent the experimental results can be simulated, and to
determine what effect these mechanisms have in improving

the simulated result.
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4. EXPERIMENTAL WORK

A number of experimental core floods were conducted in this
study. This chapter describes the experimental apparatus,
the preparation of the cores and the emulsions, the
procedures for determining the properties of the porous

media and the emulsions used, and the results of the core

floods.

4.1 Experimental Apparatus

Figure 4.1 shows a schematic of the core displacement
apparatus. It consists of a piston-type constant rate ISCO
pump, cylinders for injected fluid, a cylindrical core
holder, an automatic sample collector, and a recorder for
the continucus monitoring of the core injection pressure and
the differential pressure across the two taps 2.5 cm apart

midway along the core.

The desired fluid was injected into the core by displacing
it with mercury, which was in turn displaced by water,
pumped by the ISCO pump. At the same time, the injection
pressure and the differential pressure were measured by
pressure transducers and recorded on the chart recorder.
The effluent was then collected in an automatic sample

collector, and the produced fluids were characterized.
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4.2 Porous ¥edium Preparation and Determination of Itse
Properties

Ottawa sand and Berea sandstone were used as the porous
media in the core displacement tests. The Ottawa sand packs
were prepared by dry packing in stainless steel core
holders, 61 cm in length and 6.26 cm in diameter. Berea
sandétone cores of the same length and 5 cm in diameter were
prepared by painting them with epoxy resin and casting them
in stainless steel coreholders using Cerrobend, an alloy
with a low melting point (158°F). The ends were machined

and the cores were fitted with flanges.

The cores were placed under vacuum for twelve hours and then
the core properties, namely pore volume, permeability, and
porosity, were determined. Pore volume was determined by
imbibition ©f brine with a concentration of 1% or 2% by
weight brine. The absolute permeability was found using
Darcy's law at several flow rates. Once the core properties
were found, the cores were saturated with the same brine and

the core displacement tests were begun.

The pore size distribution of a porous medium has a
significant influence on the flow of emulsion through it.
The pore size distribution of the Berea core was determined
by the Purcell mercury injection method. The method
involves forcing mercury under pressure into the evacuated

pores of the core. Thig vyields the pressure-volume



Table 4.1

Capillary Pressure Curve Data for Berea Sandstone

(1) (2) (3) (4) (5) (6)

Pressure Volume Volume Vol. of Syg * P ox*
(kPa) (m3x106) (m3x106) Injected (kPa)
w/o w Sample Mercury
Sanple ) <100
(3) - (2) 0.834

377 0.060 0.140 0.080 9.59% 380
653 0.060 0.278 0.218 26.14 656
929 0.070 0.420 0.350 41,97 932
1205 0.082 0.568 0.486 . 58.27 1208
1480 0.091 C.667 0.576 69.06 1483
2170 0.113 0.805 0.692 82.97 2173
2859 0.135 0.888 0.753 80.29 2862
3549 0.165 0.9240 0.775 92.93 3552
4238 0.196 0.990 0.794 95.20 4241
4928 0.220 1.034 0.814 97.60 4931
5617 0.248 1.068 0.820 898.32 5620
6307 0.270 1.100 0.830 99.52 6310
6996 0.298 1.132 0.834 100.00 6999
s = Volume of Injected Hg

Ha Total Volume of Hg (Total PV) '

* *k Pc = p + qu.....g_.h,
9.

where

P, = capillary pressure, Pa

P = exerted pressure, Pa

Py, = mercury density = 13,597 kg/m3, and

h = Theight from the upper reference line to the core

sample = (.02 m

9ge = conversion factor = 1 (kg.m)/(N.s2)
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Table 4.2

Pore Size Distribution Data of Berea Sandstone

Range of Range of Mean Mean Frequency
Saturation Radius Radius* Diameter Percentage**
{pm) (pm) (Hm) (%)
0.00 - 0.20 > 1.55 2.67 5.34 4,23
0.20 - 0.40 1.55 - 0.93 1.24 2.48 9.75
0.40 - 0.60 0.93 - 0.65 0.79 1.58 14.83
0.60 - 0.80 0.65 - 0.39 0.52 1.04 22.70
0.80 - 0.88 0.39 - 0.29 0.34 0.68 13.46
0.88 - 0.92 (0.29 - 0.24 0.27 0.53 8.53
0.92 - 0.96 0.24 - 0.18 0.21 0.42 10.71
0.96 - 1.00 0.18 - 0.12 0.15 0.30 15.79
« 5 = 25cos8'
F,
where
P, = Capillary pressure (N/m2), and
8 = Interfacial tension of mercury = 0.48 N/m
® = Contact angle of mercury = 140°

* %

The frequency-percentage of occurrence of pores in the
interval r,-r; is given by

5y
[P ds
fin-n) = 1——3’ x 100.
JR.ds
0
The integral is determined by using the Simpson rule,

b
[rxas = 2000) + 4f) + 202) + 4f3) + fa),
wher;

b-a
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relationship given in Table 4.1 and the capillary pressure
curve shown in Fig. 4.2. Table 4.2 shows how the pore size
distribution was obtained from this data, and the log-
probability plot of the distribution is plotted in Fig. 4.3.

The mean pore size was found to be 0.80 Hm.

4.3 Emulsion Preparation and Characterization

The type and properties of an emulsion are, to a great
extent, dependent on the type of surfactant used as well as
the method employed for creating the emulsion. Two kinds of
emulsions, caustic and surfactant, were formulated and
investigated in the core displacement tests. An Alberta
crude oil, "Horsefly crude", was used for the preparation of

both emulsions. ‘Table 4.3 shows the properties of this

crude.

Table 4.3

Properties of the Horsefly Crude59

Density at 24°C 0.886 g/ml

Viscosity at 24°C 18 mPa.s

Water content 0.2% by volume

Acid number 1.88 mg KOH/100 g crude
Interfacial tension between |22.1 mN/m

crude and 2% (wt.) NaCl
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A detailed description of the methods used to obtain the
above properties is given in Ref. 59. Density was measured
by a Paar Digital Densitymeter; viscosity was measured using
a Brookfield LV viscometer with the UL adaptor. Water
content was determined by the method of Dean and Stark which
was done by distillation of the crude with excess toluene
until no more water was collected as distillate. Water
content was then calculated from the volume of the crude
distilled and the volume of water collected. The acid
number was found according to the ASTM Standard D 1962-67.
The interfacial tension between the crude and the 2% (wt.)

NaCl was measured using a Du Nuoy tensiometer.

4.3.1 Caustic Emulsions

When sodium hydroxide (caustic) is in contact with a crude
oil that contains acid compounds, a surfactant forms as a
result, and the interfacial tension between the crude oil
and the aqueous solution is reduced. An emulsion can then
be formed when the mixture is agitated. Because of the
availability and relatively low cost of caustic, caustic
emulsions were chosen £for use in some of the core

displacement tests in this study.

4.3.1.1 Method of Preparation
Emulsions were prepared by the agent-in-water method. The
crude o0il and caustic solutions were mixed in known

proportions and homogenized for five to ten minutes using
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the Brinkmann homogenizer. The emulsions were then
transferred to graduated c¢ylinders and allowed to
equilibrate over several hours until the phase volumes
became constant. The phase volumes were noted periodically
and the different phases were examined under the microscope
to determine the type of emulsion formed; that is, water-in-

olil (w/0o) or oil-in-water (o/w).

A series of emulsions were prepared using various ratios of
Horsefly crude and caustic solutions having concentrations
of 0.1% and 1.0% (weight/volume, or w/v; e.g., 0.1% = 1
g/litre). When the emulsions were allowed to equilibrate
over twelve hours, water-in-oil emulsions were formed in the
oil-rich phase and oil-in-water emulsions in the water-rich
phase. The emulsions were then aged at room temperature for
two weeks. The stability of the emulsions is classified
based upon the phase volume changes at the end of this aging
period. The stable water-in-oil emulsions, named H1 and H2,
were chosen for further investigation of their properties,
and were also used in core displacement tests. Emulsion Hl
is the upper phase of a mixture of one part oil to three
parts 0.1% w/v caustic solution. Similarly, emulsion H2 is
the upper phase of a mixture of one part oil to three parts

1% w/v caustic solution.
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4.3.1.2 Characterization of Emulsions
Characterization of the emulsions H1 and H2 consists of
determination of the percent gquality, the rheological

properties, and the drop size distribution.

A. Quality

The emulsion quality is the veclume percentage of the
dispersed phase in the emulsion (percentage of water in
water-in-oil emulsions, for example). The quality of water-
in-oil emulsions was found by distilling a known volume of
the emulsion with excess toluene until no water was
collected as distillate. The volume of emulsion distilled
and the volume of water collected were then used to
calculate the quality. Emulsion H1 had an average quality

of 29%, while emulsion H2 had an average of 55%.

B. Rheological Behaviour of Emulsions

The Brookfield LV model viscometer was used with the UL
adaptor or spindle #1 to measure apparent viscosities of the
emulsions at different shear rates (Table 4.4). All
measurements were performed at room temperature. The shear
stress-shear rate relationships for injected emulsions H1
and H2 are shown in Figures 4.4 and 4.5, respectively. Both
emulsions generally displaved pseudoplastic behaviour.
However some batches were found to behave like a dilatant

fluid, e.g. Batch 3 of emulsion H2 had the n wvalue of



Table 4.4

Rheological Data for Emulsions H1 and H2

Emulsion H1

RPM Shear Dial  Factor Mapp®2 Shear Stress
Rate Reading (mPa, s) {(N/m2)
(s71) T=Happ (Pa.s)XY(s"1)

0.3 0.36 4.7 19.1282 89.90 - 0.03236

0.6 0.73 5.1 9.5641 48.78 0.03561

1.5 1.83 12.3 3.825¢6 47.06 0.08612

3.0 3.67 25.3 1.9128 48.39 0.17759

6.0 7.34 51.6 0.9564 49.35 0.36223

Brookfield LV Model Viscometer with UL Adaptor was used.

Emulsion H2
RPM Shear Dial  Factor Happ®2 Shear Stress
Rate Reading (mPa.s) (N/m2)
(s~1) T=Happ (Pa.s)}XY(s"1)
0.3 0.36 1.0 200 200.0 0.0720
0.6 0.73 1.7 100 166.7 0.1217
1.5 1.83 4.2 40 166.7 0.3051
3.0 3.67 8.5 20 169.3 0.6213
6.0 7.34 17.1 10 171.3 1.2573

Brookfield LV Model Viscometer with Spindle #1 was used.
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1.0717, even though the same preparation technique was

applied.

C. Drop Size Distribution

The drop size distribution of an emulsion has a strong
influence on its characteristics and effectiveness as an EOR
agent. The Alpha Omnicon Image Analyzer was used to
determine the drop size distribution. Drop~size
distribution data, which is shown in Table 4.5, was obtained

by examining photomicrographs of the emulsions under the

Image Analyzer.

Emulsion Hl was found to contain small, medium, and large
droplets that were loosely packed. Most of the particles
were between 1 and 3 Um in size. A log-probability ﬁlot of
the size distribution gives a mean drop diameter of 1.91 pm
({Fig. 4.6). Emulsion H2 had mostly small particles that
were densely packed, with most of them between Q.9 and 1.9

Mm in size and a mean drop diameter of 1.44 pum (Fig. 4.7).

4.3.2 Surfactant Emulsions

A number of surfactant stabilized emulsions were prepared
using the Horsefly crude oil, various surfactants, and
brine. These emulsions can be grouped into two types
according to the trade name of surfactant used, PetroSEep
emulsions and SD1000 emulsions. Emulsions were
characterized by stability, quality (percent dispersed

phase), rheological behaviour, and drop size distribution in



Table 4.5

Drop Size Distribution Data of Emulsion H1

36

Drop Size Number of Frequency of Cumulative
Range Drops Drops Freqguency
(Mm) (%)
0.0 - 0.5 0.0 0.0 0.0
0.5 -1.0 6.0 8.4 8.4
1.0 - 1.5 17.5 24.5 32.9
1.5 - 2.0 14,5 20.3 53.2
2.0 - 2.5 13.5 18.9 72.1
2.5 - 3.0 9.5 13.3 85.4
3.0 - 3.5 2.0 2.8 88.2
3.5 - 4.0 1.5 2.1 90.3
4.0 - 4.5 2.0 2.8 93.1
4.5 - 5.0 4.0 5.6 98.7
5.0 - 5.5 1.0 1.4 100.1
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order to select suitable emulsions for core displacement

tests.

4.3.2.1 Petrostep Emulgions

A. Method of Preparation

Emulsions were prepared by homogenizing the crude oil and
aqueous solutions in a Brinkmann homogenizer for five
minutes at 5000 rpm. The surfactant was digpersed in the
oil first. The'aqueous phase was then added with continuous
agitation in the homogenizer. The soclutions were
transferred to graduated cylinders and sealed. They were
allowed to equilibrate over a period of 24 hours at room
temperature (24°c), and the phase volumes were noted. The

top and bottom phases were then sampled and characterized.

Of the various surfactant emulsions prepared, a water-in-oil
emulsion (S9T7') and an oil-in-water emulsion (S9B') were
chosen for core displacement tests. These emulsions were
the eqguilibrium phases formed upon mixing the Horsefly
crude, 1% sodium chloride brine, and petroleum sulfonate

(Petrostep B100) in the following proportions (% volume).

Horsefly crude - 31.65
1% sodium chloride brine - 63.35
Petrostep E100 - 5.00

Another petroleum sulfonate emulsion (S10B) was prepared by

the agent-in-¢il method. Water was added tc a mixture of
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Horecfly crude and 1% (by weight) Petrostep B110 (o:w =
1:8), and mixed by a homogenizer at 5000 rpm for 25 minutes.
The bottom phase, which was a dilute oil-in-water type

emulsion, was chosen for characterization and use in core

flood #21.

B. Cl . . f Emulsi 397
This water-in-oil type emulsion was stable at room
temperature and showed no signs of phase separation over a
period of two months. Its quality, rheological behaviour,

and drop size distribution were determined.

B.1 Quality of Emulsion S9T'

The quality (volume percent dispersed phase) of the emulsion
was found by distilling 25 ml of the emulsion with excess
toluene for six hours. The quality range of the emulsion

S9T' prepared three times was calculated to be 1 to 6%.

B.2 Rheoloagical Behaviour of Emulsion S9T'

Emulsion rheological behaviour was determined with a
Brookfield viscometer. The shear stress-shear rate
relationghip of emulsion S9T' is shown in Fig. 4.8.
Dilatant behaviour was apparent from the value of 1.1383 for
the fliow behaviour index. The reproducibility of the
rheological properties of this emulsion was rather poor.
Although they were prepared using the same procedure, some

bat.ches were pseudoplastic, while others were dilatant.
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B.3 ] . stributi £ Emuls o

Drop size distribution of the emulsion was determined from
photomicrographs using an Alpha Omnicon Image Analyzer., It
was found that most of the droplets were between 0.9 and 1.2
Um in size, with less than 3% of the droplets larger than 2

Hm and a mean diameter of 1.32 um (Fig. 4.9).

C. Characterization of Emylsion S9B'
This oil-in-water type emulsion showed good stability at
room temperature, and was characterized by rheological

behaviour and drop size distribution.

C.1 Rheological behaviour of Emulsion S9B'
The emulsion showed pseudoplastic characteristics (n =

0.7239, shown in Fig. 4.10).

C.2 Drop Size Distribution of S9B'

Based on an analysis of photomicrographs, it was found that
this emulsion had a drop size distribution smaller than that
of the water-in-o0il type emulsion S97T'. Most of the
droplets were between 0 and 0.8 Hm in size, with a mean drop

diameter of 0.50 um (Fig. 4.11).

p. g o £ Emulsi g

The rheological behaviour and drop size distribution were
found using the previously described procedures. The
emulsion showed pseudoplastic behaviour (n = 0.6388, shown

in Fig. 4.12). Furthermore, it had a relatively small drop
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size, with most of the droplets between 0 and 1 Um in size.
A mean drop diameter of 0.97 pum is shown in the log-

probability plot (Fig. 4.13}.

4.3.2.2 8D1000 Emulsions

The surfactant used was Chevron Chaser SD1000, manufactured
by the Chevron Chemical Company, which is an anionic alkyl
sulfonate. It is a hydrophilic surfactant, meaning it forms

good oil-in-water type emulsions with crude oil and brine.

A. Preparatiopn and Characterization

Emulsion H3 was prepared using the agent-in-oil method. It
was a (water-in-oil)-in-water type double emulsion, meaning
that it is essentially an oil-in-water type emulsion except
that the oil droplets have smaller water droplets dispersed
in them. The formation of this double emulsion is thought
to be due to the surfactant being dispersed in a medium
contrary to its characteristics. That is, in preparing the
emulsion, the 8D1000, a hydrophilic surfactant, was first
dispersed in the o0il. The agueous phase was then gradually
added to the oil-surfactant mixture. No significant signs
of flocculation or coalescence were observed, although many
of the o0il droplets were irregular in- shape and not
perfectly spherical. The emulsion remained stable to phase
separation over several weeks. The: emulsion was
pseudoplastic (n = 0.4702) with the consistency index of

0.3425 Pa.sM, The apparent viscosity ranged from 450 to 31
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mra.s for shear rates between 0.36 and 73.40 s-!, which is
the maximum rpm of the Brookfield viscometer used. Emulsion
batches prepared at different times showed good rheological
reproducibility. In fact, the change in apparent viscosity
was between 0 and 2 mPa.s for all shear rates used. The

rheological behaviour of the emulsion is shown in Fig. 4.14.

Emulsion H4, an oil-in-water type emulsion, was prepared
using the agent-in-water method. Some flocculation and
coalescence were observed. Excess brine separated from the
emulsion about eight hours after it was prepared. The
emulsion was pseudoplastic (n = 0.4685) with the consistency
index of 0.3590 Pa.s®., The apparent viscosity ranged from
500 to 33 mPa.s at shear rates between 0.36 and 73.40 s-1.

The emulsion rheological behaviour is shown in Fig. 4.15.

Emulsion H5 was the stable emulsion formed when emulsion H4
was aged for two days. The free water that separated from
H4 was removed and the top phase, emulsion H5, was used in
core flooding experiments. The emulsion composition was
found using material balance and UV methods for surfactant
content. This water-in-oil type emulsion had pseudoplastic
characteristics (n = 0.4381, shown in Fig. 4.16). The
apparent viscosity was higher than that of H3 and H4 at the
same shear rates. This can be seen from the consistency
index of 1.5174 in comparison with that of 0.3425 for

emulsion H3 and that of 0.3590 for emulsion H4.
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Compositions of the surfactant emulsions H3, H4, and H5 are

shown in Table 4.6.

Table 4.6

Composition of Surfactant Emulsions

Emulsions Composition (% volume)
Type Horsefly 1% w/v Surfactant
Crude NaCl SD10¢00
H3 o/w 41.0 50.0 9.0
H4 o/w 44.5 47.8 7.7
H5 w/o 57.7 38.1 4,25

4.4 Core Displacements Tests

The following is a discussion of the core floods chosen from
the core displacement tests carried out in Ref. 59, which
are grouped according to their objectives. 2 summary chart
of the selected runs is shown in Fig. 4.17. Summaries of

these core floods are shown in Tables 4.7, 4.8, and 4.9.

4.4.1 Experimental Core Floods to Observe Rheological and
Filtraticn Behaviour

The following set of core floods was carried out with the

purpose of observing rheological behaviour and confirming

the filtration process postulated by Soo and Radked7.48,

This occurs during the flow of both oil-in-water and water-

in-0il emulsions through porous media.
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4.4.1.1 Caugtic Emulsion Floods

Two types of caustic emulsions, Hl and H2, were used in this
set of five core floods. Emulsion Hl was used in core
floods #1 and #9, while emulsion H2 was used in core floods

#2, and #11.

A. General Flood Description

The porous medium was initially saturated with 2% Nacl
brine. The desired emulsion was then injected at varying
flow rates until approxiimately two poiz volumes had been
injected. During this period, the injection pressure and
differential pressure between two taps midway along the core
were measured using pressure transducers and recorded by the
chart recorder. These data were later analyzed to compare
tie rheological behaviour of emulsion flow in a porous
medium with the rheological behaviour of an injected
emulsion as measured by a viscometer. The produced
emulsions were characterized and compared with the injected
emulsions, which permitted an interpretation of the emulsion
transpott mechanism in porous media to be made. The pH of
the produced water was also measured in each core flood to
distinguish between the water in the emulsions and the

reservoir water.

In addition to a general flood description for core floods.
#9 and #11, a 2% NaCl waterflobd followed the emulsion flood

- at varying flow rates until about two pore volumes of the
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brine were injected. The effluent emulsion produced during
the waterflood wa.. characterized and compared with the
effluent emulsic:i produced during the emulsion flood in
order to observe the effect of injection flow rate on

captured droplets.

B. Results

The emulsion breakthrough occurred at 0.8 to 0.9 pore
volumes (PV). ‘The rheological behaviour of the injected
emulsion H1 (Batch 1 and Batch 2) is shown in a plot of
shear stress versus shear rate (Fig. 4.18 for core flood #1
and Fig. 4.19 for core flood #9), while the rheological
behaviour of the same emulsion during the flow through
porous media is shown in a plot of pressure drop versus
velocity (Fig. 4.18 for core flood #1, which used Ottawa
sand, and Fig. 4.19 for core flood #9, which used Berea
sandstone}. By comparing the two rheological behaviours
within the same average shear rate range, emulsion Hl was
found to exhibit non-Newtonian behaviour in the same degree
of deviation from Newtonian behaviour. This can be seen
from the almost identical slope in the two rheograms within
the average shear rate range of 4 to 40 s-! for the Ottawa
sand for the velocity range of 3.6 X 10-6 to 3.6 X 10-5 m/s,
and 50 to 500 s-1 for the Berea core for the velocity range
of 5.7 X 10°% to 5.7 » 10-5 ml/hr. & similar result was
found for emulsion H2, which was used in two different

porous media, namely Ottawa sand and Befea sandstone. These
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media were used in core floods #2 and #11, respectively
(Figs. 4.20 and 4.21). 1In conclusion, these results show
that the rheological behaviour of emulsions H1 and H2
during flow in porous media is bractically the same as that

in a viscometer over the same range of average shear rates.

The characteristics of the injected and produced emulsions,
which are the quality, rheological behaviour, and drop-size
distribution, were compared to determine how emulsion
droplets are transported through porous media and to
determine if the droplet capture mechanism described by Soo
and Radke could explain what was observed. A summary of
these characteristics for each core flood is given in Table
4.10. All of the produced emulsions obtained during
emulsion flooding at various flow rates were used to

determine the produced emulsion characteristics.

The quality and viscosity of the produced emulsions were
lower than those of the injected emulsions. Furthermore,
the droplet size of the produced emulsions was smaller than
that of the injected emulsions. The only exception to this
trend was observed in core flood #9. In spite of the fact
that the water content of the effluent was only 1% during
the emulsion flood and the subsequent waterflood for this
core flood, the viscosities of the produced emulsions in
both cases were surprisingly higher than those of the

injected emulsions.
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By analyzing the foregoing observed characteristics of the
injected water-in-oil emulsions, the emulsion flow
mechanisms can be interpreted as follows. The lower quality
of the produced emulsion before steady state is attained
indicates that the dispersed phase must encounter
constrictions in the core that delays its flow relative to
the continuous phase. In other words, the loss of water
droplets due to filtration in the porous medium accounts for
the lower quaiity and the reduction in produced emulsion
viscosity. Further evidence of this filtration process was
found by comparing the drop size distribution .0of the
injected emulsions to that of the produced emulsions when
they flow through porous media of a known pore size
distribution. Core floods #9 and #11, which used emulsions
Hl1 and HZ, respectively, and Berea sandstone cores, were

used to investigate this aspect of the flow mechanism.

The pore size distribution of the Berea core was calculated
from the capillary pressure curve data. Capillary pressure
curve data and the pore size distribution data of the Berea
core are shown in Tables 4.1 and 4.2, respectively. Figure
4.3 shows the log-probability plot to the pore size
distribution of the Berea core, which has a mean pore

diameter of 0.80 um.

Figure 4.6 shows the log-probability plot of the drop size

distribution for the injected emulsion H1l {Batch 2 for core
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flood #9). The injected emulsion has a mean drop diameter
of 1.91 um, which is larger than the mean pore diameter
observed for the Berea sandstone. The emulsion produced
during emulsion flooding in core flood #9 had only a 1%
quality, and appeared as clear oil under the microscope.
This confirms that the straining mechanism described by Soo
and Radke was dominant. This can be explained in that the
injected emulsion droplets had a mean diameter that was
large relative to the mean pore diameter. Therefore, these
large droplets plugged the smaller pore throats. Since the
mean drop size to pore size ratio for this system is 2.39,
Soco's findings verify the use of the straining mechanism as
an explanation for the experimental results. Only small
droplets would be able to percolate ahead of the larger ones
in the porous medium, and this would explain the low water
content in the effluent emulsion. Given the size of the
droplets relative to the pores, it would take a long time
for this system to reach steady state. The produced water
during the waterflnod waé more alkaline (pH = 9.35) than the
in-place brine (pH = 8.01). The increase in pH might be due
to the larger droplets, that had previously plugged the

pores, being forced out during the waterflood.

The drop size distribution of emulsion H2 shown in Fig. 4.7
gave a mean drop diameter of 1.44 um and a mean drop to pore
size ratio of 1.80. According to Soo's observations, thisg

ratio indicates that the drop capture which tock place
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during the initial emulsion flooding in core flood #11 was
predominantly due to straining. During the waterflood that
followed the emulsion flood, the emul=zion that was produced
at a low frontal velocity of 11.44 m/day had a mean drop
diameter of 0.53 pum (Fig. 4.22), whereas the emulsion that
was produced at a high frontal velocity of 22.88 m/day had a
mean size of 1.52 pm (Fig. 4.23). These observations can be
explained by droplet squeezing. At the initially low
waterflood rate, the larger drops in the injected emulsion
become plugged in the pore throats, while the smaller drops
are able to move ahead through the core. Thus, only the
smaller drops are eluted, and the resulting produced
emulsion has a mean drop size of about one-half of that of
the injected emulsion. When the flow rate is doubled, the
pressure gradient experienced by the drops plugged in the
pore throats becomes sufficient to squeeze these drops
through the constrictions and cause them to be eluted.
Hence, the resulting emulsion effluent has a mean pore size
which is slightly greater than that of the injected

emulsion.

Summarizing the previous findings, when the mean drop
diameter to mean pore diameter ratio is wvery high, the
produced emulsion will contain only the very smallest drops,
the rest being captured in the pore throats. 1In the case
where drop size is comparable to pore size, an increase in

flow rate can raise the pbressure gradient within the porous
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medium sufficiently to squeeze captured drops through the

pore constrictions and cause them to elute.

4.4.1.2 Surfactant Emulsion Floods

Surfactant emulsions S9T', S9B', S10B, and H3 were used for
this set of experimental runs. As described in garlier
sections, emulsions S9T' (water-in-oil) and S9B' (oil-in-
water) are the equilibrium phases formed upon mixing
Horsefly crude, 1% NaCl brine, and petroleum sulfonate
(Petrostep B1l00), while emulsion S10B (oil-in-water) is the
bottom phase formed upon mixing Horsefly crude, brine, and
Petrostep B110. Core floods #19 and #20 were chosen to
represent the study of the flow of oil-in-water and water-
in-0il surfactant emulsions (S9B' and S9T'), respectively,
in a fired Berea core. Furthermore, core flood #21 was
carried out to examine the flow mechanism of emulsion S10B,
which has a drop-size that is small relative to the pore-
size of the core. The final run for this group of studies
was core flood #22, in which the surfactant emulsion H3, a
mixture of Horsefly crude, bfine, and SD1000, was used in an

Ottawa sand.

A. FElood Description

For core floods #19 and #20, the cores were initially
saturated with brine (2% sodium chloride in distilled
water). The emulsion flood was then started at a rate of

400 ml/hr and continued until emulsion breakthrough.
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Following breakthrouch, the rate was varied from 400 down to
40 ml/hr in several steps to examine the effect of pressure
gradient on the produced emulsion characteristics. The
effluent was sampled at the different flow rates and its
drop size distribution analyzed. The injection pressure and
the core mid-point pressure differential were monitored
throughout the flooding process. The rheological behaviour
of the emulsion before, during, and after flow through the
porous medium was compared using viscosity measurements and
correlations of shear stress versus shear rate and pressure
drop versus velocity. The flood description for core flood
#21 is similar to that of the previous core floods, except
that the brine used to saturate the core was 0.2% (w/v)
sodium chloride in distilled water. The flooding rate was

75 ml/hr initially, and was increased to 400 ml/hr in

several steps.

For core flocod #22, a continuous emulsion flood was
performed in an Ottawa sand pack core saturated with 1% NaCl
brine at a rate of 400 ml/hr until emulsion breakthrough.
The flood rate was varied in a similar way as described
above until about 2.5 PV of the emulsion were injected.
Following the emulsion flood, a 1% NaCli waterflood was

carried out until about 5.2 PV were injected.



64

B. i ! S9!

Emulsion breakthrough occurred at 0.96 PV injected and an
injection pressure of 43% kPa for the flow of the oil-in-
water emulsion S9B' in core flood #19. It occurred at 0.73
PV injected and an injection pressure of 2928 kPa for the
flow of the water-in-oil emulsion S9T' in core flood #20.
Injection pressure varied from 439 to 212 kPa in core flood
#19, compared with 2928 to 460 kPa in core flood #20 for
flow rates between 400 and 40 ml/hr. The higher injection
pressure is required to make the more viscous emulsion flow

at the same rate.

Figures 4.24 and 4.25 show the rheological behaviour of the
injected emulsion S9B' in core flood #19 and that of
injected emulsion S9T' in core flood #20, respectively. The
rheclogical behaviours of the same emulsions flowing in
fired Berea cores are also shown in Figs. 4.24 and 4.25,
respectively. The rheograms for the oil-in-water emulsion
S9B' and the water-in-o0il emulsion S9T' were compared within
the same shear rate range. The resemblance between the
rheological behaviour of the emulsions in the porous media
and those formed in a viscometer was not as close as it was
in the case of the caustic emulsions. This can be seen from
the greater difference between the slopes in Figs. 4.24 for

emulsion S?B', and Figs. 4.25 for emulsion S97T'.
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The characteristics of injected and produced emulsions for
cere flood #19 were found to be Newtonian with viscosities
of 6 mPa.s and 5.4 mPa.s, respectively. When viewed under
the microscope, the effluent at various shear rates was an
unstable double emulsion. That is, it was a (water-in-oil)-
in-water, (w/o)/w, and an {oil-in-water)-in-oil, (o/w)/o,
co-existing with small droplets of oil dispersed in water.
The double emulsion droplets were unstable, large, and
irregular in shape. However, when this emulsion was allowed
to settle at room temperature for several hours (about 12
hours), the droplets became redistributed and formed an oil-
in-water type emulsion, similar to the injected emulsion. A
comparison of the drop size distribution of the injected
emulsion and a cumulative sample of the produced emulsion,
as shown in Table 4.11 below, revealed a higher percentage
of smaller droplets in the produced emulsion than in the
injected emulsion.

Table 4.11

Prop-Size Distribution of Injected and Produced Emulsions

S9B' (CF #19)

Sice % Drops in % Drops in
Range Injected Produced
{}tm) Emulsion Emulsion
0 -1 73 84
1.-2 14 10

> 2 13 6




67

The mean drop size of emulsion S9B' to mean pore size is
found to be 0.63. This indicates that interception, or the
capture of small droplets on the surface of the sand grains,
is most likely a key mechanism for this fluid-rock system.
The high flow rates used during the £flood enabled the
viscous force to overcome the van der Waals force, thereby
making the small emulsion droplets more difficult to
capture, Furthérmore, the large droplets were broken into

smaller ones which added to the number of small droplets.

Emulsion S9T' showed generally pseudoplastic behaviour in
both the injected and produced emulsions, with the exception
of core flood #20 which showed dilatant behaviour. For this
core flood, the injected emulsion behaved like a dilatant
fluid with the n wvalue of 1.2379, while the produced
emulsion behaved like a dilatant fluid with the n value of
1.0272 (Fig. 4.26). Since the mean drop size of emulsion
S9T' to mean pore size is 1.65 for core flood #20, the
straining mechanism was dominant. This is confirmed by
examining the drop size distribution of the effluent at
different flow rates. The results showed that only small
droplets, 1 MUm or less in size, were produced at low flow
rates (40 to 120 ml/hr). The larger droplets, 2 to 3 Bm in
size, were retained at the low flow rate and produced at the
higher rates (200 to 400 ml/hr). The droplets which were

larger than the pore size of the porous medium may have been
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lodged in the pore throats and retained at low flow rates.
Under a large enough pressure gradient, these droplets were

mobilized and produced.

C. Regults for Emulgion S10B

For core floed #21, which utilized oil-in-water emulsion
S'0B in Berea sandstone, the injection pressure varied
between 219 and 460 kPa for flow rates between 75 and 400
ml/hr; the breakthrough pressure was 218 kPa. This core
flood had a ratio of mean drop size to mean pore size of
1.21, which meant that interception dominated the Ilow

mechanism for this fluid-rock system.

Both the 1injected and produced emulsiocons showed
pseudoplastic bechaviours with the flow behaviour indices of
0.6388 and 0.5495, respectively. Figure 4.27 shows the
similarity of the rheological behaviours of the injected
emulsion and the produced emulsion at high flow rates (360
and 400 ml/hr). The similarity of the emulsion rheological
behaviour in the porous medium to that in a viscometer is
also shown by the slopes of the plots of shear stress versus

shear rate and pressure drop versus velocity (Fig. 4.28).

As mentioned earlier, interception dominated the flow
mechanism, and had a capture behaviour of moderate ionic
strength (0.03 M). The 0.2% NaCl brine was used as a drive
fluid. The log-probability plots of drop size distribution

of the produced emulsion at flow rates of 320, 360, and 400
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ml/hr are shown in Figs. 4.29, 4.30, and 4.31, respectively.
The flow behaviour of surfactant emulsion S10B in Berea
sandstone can be understocod by comparing these drop size
distributions and explained using the double layer theory of

particle capture behaviour.

Emulsion breakthrough occurred at 1 PV injected. The pH of
the effluent was found to be higher than that of the brine
in place, and approached that of the injected emulsion (pH =
8.45). 211 of the droplets were captured and only the
continuous phase of the emulsion was produced at low flow
rates (75, 120, and 150 ml/hr). The agqueous phase of the
reservoir brine and the continuous phase of the emulsion
were distinguished by their different pH values. Therefore,
when the pH value of the produced aqueous phase changed, it
indicated that emulsion breakthrough had occurred; only the
continuous phase of the emulsion was being produced, leaving
all of the droplets in the porous medium. According to
double layer theory42, weak capture of small droplets can
occur in the secondary minimum at low wvelocities or under

small hydrodynamic forces.

At a moderate flow rate (200 ml/hr), some small droplets
were produced because these droplets were pulled out of the
secondary minimum and re-entered the flow stream at a higher

velocity.
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At a higher flow rate (320 ml/hr), the effluent contained
more droplets. Furthermore, the drop size distribution of
the produced emulsion is similar to that of the injected
emulsion with close values of mean drop sizes (Figs. 4.13
and 4.29), except that a higher percentage of large droplets
was produced at a flow rate of 320 ml/hr. These large
droplets may be the ones that were retained in the porous
medium during the low flow rates, and were eluted when a

high enough pressure gradient was applied.

The flow rate of 360 ml/hr produced a greater viscous force
than the interfacial force, and caused the captured droplets
to break up. This is why, the drop size distribution (Fig.
4.30) shows a high percentage of small particles and a

smaller percentage of large particles with the mean drop

size of 0.69 um..

The drop size distribution of the produced emulsion at a
fiow rate of 400 ml/hr, illustrated in Figure 4.31, shows
the combined effect of drop breakup and strong capture of
small droplets in the primary minimum. Drop breakup is
indicated by the lower percentage of large droplets. Strong
capture is shown by an eluted percentage of small droplets
that is lower than that found at a flow rate of 360 ml/hr.
This strong capture of small droplets in the primary minimum
occurs once the hydrodynamic force is high erough to

overcome the repulsive energy barrier.
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D. Regults for Emulsion H3

Emulsion H3, an oil-in-water emulsion, had an apparent
viscosity of 174 to 31 mPa.s at shear rates of 3.67 to 73.40
s~l. The emulsion produced during emulsion flooding was a
stable, water-in-o0il type with some double emulsion of the
(water-in-oil)-in-water type. Surprisingly, the quality of
the emulsion (% dispersed phase) increased from 50 to 66%
vol., and the viscosity of the pseudoplastic produced
emulsion more than doubled, reaching values from 390 to 70
mPa.s. However, the emulsion that was produced during the
waterflood following the emulsion flood remained
pseudoplastic; its viscosity decreased to a range of 50 to

16 mPa.s, and its quality dropped from 66 to 60% vol.

Similarly to the previous core floods, core flood #22 was
carried out to confirm that oil droplets of a size smaller
than the mean pore diameter could be retained on the pore
surface. Hence, an Ottawa sand pack, which has a mean pore
diameter greater than that of Berea sandstone, w&s used as
the porous medium. The effluent at emulsion breakthrough
and at 2.5 PV of emulsion injected resembled each other in

drop-size distribution.

The flushed permeability after injecting 5.2 PV of 1% NacCl
brine was calculated using Darcy's law and was found to be

3.4 pm2, compared to an initial value of 5.7 umZ2. This
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confirms that the captured drops caused a permanent

permeability reduction.

In conclusion, both the caustic and surfactant emulsion
rheologies of emulsions flowing through either consclidated
or unconsolidated cores behave very much like those under
the same shear initiated in a viscometer. The similarity
was found to be closer for flow in a Berea sandstone core.
Furthermecre, both the straining and interception capture
mechanisms postulated by Soo and Radke can be used to
explain observations of the flow of emulsions with both low
and high drop size to pore size ratio through a porous

medium with a known pore size distribution.

4.4.2 Experimental Core Flood to Obtzin Surfactant Recovery
and Surfactant Adsorption to Porous Media
As regards the transport of the surfactant in the emulsion,
it is desirable to know how much surfactant could transfer
between phases during displacement and how much could adsorb
onto the rock surface. The following core floods were
carried out to determine adsorption of surfactant SD1000 on
the rock surface and its distribution among the oleic,

aqueous, and emulsion phases.

A. [FElood Description of Emylsion H4
Core floods #23, #24, and #25 were performed using emulsion
H4, an oil-in-water type emulsion. This emulsion behaved asg

a pseudoplastic fluid with the flow behaviour index (n) of
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0.4685. BAn Ottawa silica sand pack was used as the porous
medium. The cores were initially saturated with 1% NacCl
brine. Emulsion slugs of 20%, 10%, and 50% PV were injected
for core floods #23, #24, and #25, respectively, each at a
rate of 400 ml/hr. This was followed by a brine flood until
about 5 PV of brine was injected. The summary of these core
floods is given in Table 4.8. The effluent in all three
floods was observed to be a dilute oil-in-water type
emulsion. The produced emulsion was broken by adding salt.
The 0il and water phases were then analyzed by infrared and
ultraviclet spectroscopy to determine the surfactant

concentration.

B. Elocod Desgcription of Emulgsion HS

Core floods #28 and #30 were conducted similarly to core
floods #23 and #24, except that emulsion H5 was used and an
oleic phase was introduced to the system. Ottawa sand packs
were used as the porous media, and they were initially
saturated with 1% NaCl brine and flcocoded with oil to
irreducible water saturation. An emulsion slug was used
under secondary conditions by indjecting a 20% PV-size slug
in core flood #28 and a 10% PV-size slug in core flood #30,
each followed with a 1% NaCl brine flood. An emulsion slug
of the same size as the first one was then injected for each
core flood, followed by another brine flood. The resulting
effluent was treated with an emulsion breaker to separate it

into o©il and water. The o011l recoveries were then
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calculated, and surfactant loss and distribution between the

phases were determined by analyzing the effluent using the

Infrared method.

C. Results for Emulsions H4 and HS

Almost all of the surfactant partitioned into the water
phase, and almost no surfactant was recovered from the oil
phase. This was because surfactant Sp1000 is preferentially
soluble in water. The partition coefficients of the
surfactant between the different phases, as well as that of
oil and water, were calculated (Appendix A). Figure 4.32
shows the loss of surfactant to the porous medium versus the

slug size of the injected emulsions for core floods #23,

#24, and #25.

It can be seen in Table 4.12 that the ratio of surfactant
SD1000 partitioned between the aqueous and emulsion phases
was approximately within the same range for all these core
floods. Therefore, a constant partition coefficient may be
used for surfactant SD1000 during its transport through a
porous medium. A similar result was obtained for the
distribution of o0il and water among phases. The partition
coefficient for each component is approximately constant
when the emulsion is stable enough so that there is no

change in the number of phases in the system.

For core flood #25, the brine flood following the emulsion

floocd was continued until about 10 PV of the brine was
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Table 4.12
Comparison of the K-values Obtained

from Different Core Floods

Core

Flood Koom K, o L Ko K o K,
24 0 1.7037 0.0484  2.4390 0 0
25 0 1.6976 0.1333 2.4390 0 0
28 0 1.6984 0.0769  2.4390 0 0
30 0 1.6948 0.0697 2.4390 0 0
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injected to determine i1f more of the surfactant could be
recovered. No additional surfactant was recovered by

injecting additional brine.

In conclusion, the emulsions used in the laboratory core
floods were sufficiently stable so that no breakdown
occured. The effect of gravity, which could cause
coalescence of the droplets, was negligible for the high
flow rates used. In other words, the emulsion always flowed
as an independent phase in the system, with a constant
partition coefficient for each component between the

emulsion and the other phases.

4.4.3 0il Recovery Experiments

The experimental runs to determine how effective the caustic
and surfactant emulsions were in enhancing oil recovery are
discussed below. The o0l recovery core floods are grouped

according to the emulsion type used.

4.4.3.1 Caustic Emulgion H2

Core flood #4 was carried out to evaluate the performance of
the emulsion in the porous medium at an irreducible water
saturation. Emulsion H2 was used in an Ottawa sand pack, at
a frontal wvelocity of 8 m/day. The core was initially
saturated with 2% NaCl brine,. An irreducible water
saturation was established (Soi = 83.68% PV) by pumping

several pore volumes of the Horsefly crude. The emulsion
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flood was then started and continued until 1.86 PV of H2

were injected.

The production history of core flood #4 ig shown in Fig.
4.33. It can be seen that there is a change in the slope of
the injection pressure as time proceeds. It is also
apparent that the injection pressure at later times
increases more slowly than that at earlier times. This can
be explained in that fewer droplet capture sites are
available as time proceeds. Therefore, the absolute
permeability reduction is decreased, which reduces the
injection pressure required to maintain a constant flow
rate. Emulsion breakthrough occurred at 0.88 PV injected.
It can be seen that the injection pressure drops slightly
near the end of the flood. This could be due to elution of
the captured drops and the trapped oil. The captured drops
caused the pressure gradient to increase to the point that
it was able to sgueeze these drops and the trapped oil out
of the core. This opened new contiguous channels for the
emulsion to flow through, reducing the required prescure
gradient and increasing the oleic recovery slightly. The
effluent was sampled and analyzed for emulsion type,
guality, and rheological behaviour. The effluent emulsion
was a water-in-oil type, with small droplets packed tightly.
The effluent emulsion quality was 10% lower than that of the
injected emulsion. The injected emulsion was pseudoplastic

(n = 0.8676), while the produced emulsion had dilatant
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behaviour (n = 1.1528). Cumulative oleic recovery is also
shown in Fig. 4.33, with a maximum recovery of 87.54% IQIP.
Oleic recovery includes the recovery of the oil in place and
the oil from injected emulsion. The o0il recovery after
correcting for the amount of oil injected in the emulsion

was 34% of the original oil in place.

Core flood #5 was designed to observe the performance of
emulsion H2 in an unconsolidated poreous medium at residual
cil saturation. This flood was analyzed in detail using the
simulator developsd in this study (Chapter 7). The core was
first waterflooded with 2% NaCl brine to establish a
residual oil saturation (Sor = 24.9% PV at WOR of 18.2:1).
This was followed by a continuous emulsion flood until 1.8

PV of emulsion H2 was injected.

The production history of core flood #5 is shown in Fig.
4.34., During the emulsion flood, the pressure drop across
the core increased from 163 to 653 kPa. This increrse in
injection pressure is larger than that observed in the
secondary stage (core flood #4), and can be attributed to
the higher flow resistance force due to the trapped oil.
This was confirmed by the late emulsion breakthrough, which
occurred at 1.01 PV injected of emulsion, as opposed to 0.88
PV injected of emulsion in core flood #4. In tertiary
recovery, some of the pore space is initially occupied by

residual oil which is trapped during waterflooding.
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Therefore, there is less pore space available for droplet
capture, which means that there should be fewer droplets
captured during emulsion floocding under tertiary recovery.
Analysis of the effluent emulsion shows that there was only
a 6% reduction in quality, compared to 10% in core flood #4.
The injected and produced emulsions displayed dilatant (n =
1.0717, shown in Fig. 4.5) and pseudoplastic behaviours (n =
0.8443), respectively. This is contrary to what was
observed in core flood #4. Emulsions prepared at different
times showed significant variations in rheological
properties. This is possibly due to fluctuations in the
ambient conditions. It is shown in Fig. 4.34 that the
maximum oleic recovery is over 100% IOIP. This indicates
that some o0il from injected emulsion was produced together
with the residual ocil. Oleic recovery in this flood was
128% of the residual o0il in place, while o0il recovery after
correcting for the oil in injected emulsion was 82.6% of the

residual oil in place.

The above results indicate that the recovery efficiency of
water-in-oil emulsions was higher under tertiary flooding
conditions. It could be that the trapped oil was mobilized
by reduced interfacial tension caused by the surfactant in
the emulsion. Another possible explanation is that when
drops plug the pore throats of pores containing trapped oil,
the increased pressure gradient causes the trapped oil to

mobilize.
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Core flood #5 is used for comparisons with the simulation
results in Chapter 7 to determine whether the mathematical
model developed based upon the physical properties and
mechanisms observed gives results comparable to the

experimental data.

£.4.3.2 Surfactant Emulsion H5

This set of core floods was performed to evaluate the oil
displacing characteristics of the emulsions. Emulsion slr.gs
were used before and af:-er waterflcocoding to determine the
effect on o0il recovery. The composition and properties of

emulsion H5 are described in Section 4.3.2.2.

Four core floods, wviz. #27, #28, #30, and #31, were
conducted using emulsion HS to evaluate its effectiveness in
displacing ©0il. The cores were initially saturated with 1%
NaCl brine and flooded with o0il to irreducible water
saturation. Emulsions were used under secondary conditions,
with 10% and 20% PV emulsion slug being injected for core
floods #30 and #28, respectively. Each slug was followed
with a 1% NaCl brine flood. A second emulsion slug of the
same size as the first was then injected for each core
flood, followed by another brine flood. For core floods #31
and #27, the emulsion slug was used under tertiary
conditions by first waterflooding the cores to residual oil
saturatioﬁ. Emulsion slugs 10% and 20% PV in size were

injected for core floods #31 and #27, respectively, followed
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with brine flooding. The effluent was treated with an
emulsion breaker, and the 0il recoveries were calculated.
The summary of these core floods is shown in Table 4.9. The
production histories for core floods #27, #28, #30, and #31

are shown in Fig. 4.35 to Fig. 4.38, respectively.

In core flood #27, waterflooding was carried out for about
3.4% PV injected and followed by injecting a 20% PV emulsion
slug. It is shown in Fig. 4.35 that once the emulsion slug
was injected, a large increase in injection pressure was
observed, This indicates flow restriction due to the
droplet capture mechanism angd also the flow of a higher
viscosity fluid in the porous medium. It is followed by a
decline in the injection pressure once water was injected.
The emulsion breakthrough occurred after injecting water for
about 0.6 PV. It was found that the waterflood recoveries
in these experiments were 77 and 72% of original oil in
place for core floods #27 and #31, respectively. A similar
trend in injection pressure for core flood #31 was observed.
There was only a slight increase in cumulative oleic
recovery at the tertiary stage (8% of oil in place) after

waterflooding was stopped at an oil cut of 1.5%.

There was a sharp increase in injection pressure when an
emulsion slug was injected in core floods #28 and #30 (Fig.
4.36 and Fig. 4.37). This was followed by a sharp decrease

in injection pressure during waterflooding. Emulsion
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breakthrough occurred after 0.6 PV of water was injected for
core flood #28 and about 0.5 PV for core flood #30. The
cumuelative oleic recoveries for core floods #28 and #30 are
shown in Fig. 4.36 and Fig. 4.37, respectively. However,
after correcting for the amount of o0il injected with the
emulsions, the oil recoveries were found to be 79 and 77% of
original o0il in place for core floods #28 and #30,
respectively. This indicates that an emulsion slug prior to
the waterflood did not improve recovery by any significant
amount. Fig. 4.39 compares the waterflood recovery and the
0il recovery when an emulsion slug is used prior to a
waterflood. Injecting emulsion as a slug prior to

waterflood did not seem to improve the recovery.

In conclusion, as emulsion HS5 is viscous and has a 38%
quality, it was first thought that it should be a gcod
mobility control agent. However, only a slight improvement
in 0il recovery was observed when it was injected as a slug.
The drop size-to-pore size ratio may not have provided
sufficient permeability reduction, the slug size may have
been too small, or that it should have been followed bv a
polymer buffer. Further experimental investigations need to
be done to find a suitable injected emulsion and the best

injecticn sequence.

The preceding observations may be summarized as follows.

First, observations were made of the rheological behaviour
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of the caustic and surfactant emulsions for the system of
comparable drop to pore size. Slight differences were seen
when the emulsions flowed in porous media and in a
viscometer. This is probably due to an interaction between
drops and pores. Rheological similarities were closer for
flow in a Berea sandstone than for flow in an Ottawa sand
pack. The similarities were alsc closer for a caustic
emulsicn than for a surfactant emulsion. Second, for the
system of drop size-to-pore size ratio investigated,
observations indicated that the capture mechanism operated
by a filtration process. Third, for a system with the
conditicn that three phases must exist at all times, the
partition coefficient between the emulsion and the other
phases for each component was found to be approximately
constant. Finally, it was found that the recovery
efficiency of water-in-oil emulsions was higher under
tertiary flooding conditions for a continuocus emulsion
flood. However, an emulsion slug injected prior to the

waterflood was found not to improve recovery significantly.
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5. DEVELOPMENT OF THE MATHEMATICAL MODEL

A three-dimensional, three-phase, three-component simulator
was developed to simulate the emulsion flooding process. The
simulator was based on the mechanisms occurring in the
displacement of o0il and water by an externally injected
stable emulsion. A one-dimensional version of the model was
validated by comparing the simulation results with the
experimental results. Afterwards, the sensitivities of the

injection pressure, o0il recovery, and breakthrough time to

the key variables were studied.

5.1 Simulator Assumptions

The model developed allows for the flow of three phases,
oleic, aqgueous, and emulsion, simultaneously with interphase
mass transfer of three components, o0il, water, and
surfactant, among the phases. Emulsion flooding is a complex
EOR process involving several mechanisms that occur at the
same time during displacement. To represent the flow of
multiphase, multicomponent fluids and the control mechanisms
mathematically, the following assumptions were made to

simplify and limit the scope of the study.

1. The flow is isothermal.
2. All phases are incompressible fluids.

3. No change in volume results from mixing.



87

There is no salinity gradient in the system; i.e.,
reservoir brine, water in emulsion phase, and drive water
have the same sgalinity and physical properties.
Compositions, equilibrium coefficients, and £fluid
properties are pressure independent.

There are always three phases present in the system
{emulsion injected is sufficiently stable that no
breakdown or coalescence occurs).

Instantaneous equilibrium between phases occurs.  The
partition coefficients are assumed to be constant or
independent of phase compositions because three-phase
flow is assumed at all times.

Adsorption, desorption, and retention of surfactant occur
instantaneously, and the amount adsorbed is controlled by
the adsorptive capacity of the rock.

Only molecular diffusion is considered which is allowed

only in the case of the surfactant.

5.2 Formulation of the Problem

The mass balance for each component in three dimensions can

be written as,

V-(C,-,p,%Vd’),) + V-(Chp,kﬁ" Vd),] + V-[C,.,,Ipm kﬁ"” Vdi,,,]

(] a m

+ V[p¥(pc)] + V[DV(pc)| + V[DV(p.CL)| + m

= %(Q’Capzse + ¢C.p.S, + ¢C,-,,,pmSm) for i=o,w,s, (5.1)
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where m; is the mass injection rate of component { per unit
volume (kg.m3.s-1), Equation 5.1 isg shown as a generalized

parabolic equation with second order derivatives of highly

nonlinear terms on the left hand side,

The potentials for oleic, aqueous, and emulsion phases are

replaced by phase pressures as follows:

P = p - pgD, (5.2)

®, = p, - peD, (5.3)
and

®, = p, - p.aD. (5.4)

Equation 5.1 becomes,

kk kk,,
V'[Capt"lf'(vﬂ - PlgVD) + CmPaT(VPa = pagVD)
1

kk
+ C,.p, u'“’

(Vp, - pmgVD)] + V[D,.,V(p,C,,) + D,V(p,C,)

+ Dbnv(pmcim)] + m = 'gt—(‘pCﬁP:S; +  ¢C.P.S5,

+ ¢C,p,S,) for i=ow,s. (5.5)

For the oil mass balance, oil capture, p,0, is added in the

accumulation term for an oil-in-water emulsion. Similarly,

p,0 is added for a water-in-oil emulsion. For the surfactant

mass balance, surfactant adsorption, pil—q));%, will be
dMm™~sm

included in an accumulation term.
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The above mass balance equations for a system of three

compeonents in three phases involve the following fifteen

unknown variables:

P, = oleic phase pressure,

P, = aqueous phase pressure,
P. = emulsion phase pressure,
§, = oleic phase saturation,

S, = agueous phase saturation,

n
It

m emulsion phase saturation,

C; = mass fraction of component i
in the oleic phase (i =o.w,s },

C.. = mass fraction of component i
in the agqueous phase (i =o,w,s5 ),
and
C;» = mass fraction of component i
in the emulsion phase (i =o,w,s5 ).
In order to solve for these unknowns, the following
independent relationships are required in addition te the
mass balance of oil, water, and surfactant to complete the

formulation of this system. The relationships are the phase

saturation constraint,

S, + 8 + 8, =1, (5.6)

the capillary pressure relationships,

F, = p - b, (5.7)
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and

and

and

5.3

The

and

a preferentially water-wet rock, and

mass fraction constrairts,

the phase equilibrium relationships,

Initial and Boundary Conditions

initial conditions can be stated as follows.

pi(x,3.2,0)
Pu(x,,2,0
Pa(x.%.2,0
S&yJO

S(xsz

100

{5.8)

(5.9}

(5.10)

(5.11)

(5.12 - 5.14)

- 5.17)



Ci(xy.20) = C,
C.(x.y,2.0) = C,
C,.(xy:20) = C

émy
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for i=o,ws.

Generally, the initial conditions of a reservoir are those

before the

secondary

stage when it 1is o©il £flooded.

Therefore, the initial conditions for the uniform system are

as follows:

and

Pa(x.ya Z,O)
5,(x,y,2,0)

S

2

S,(xy.20) =
S.(x,y,2,0) =

C,(x,y.2,0)
C,.(x.y,2,0)
Ca(x::2,0)
Cou(%,3,2,0)
C.o{%:¥.2,0)
C,,(x.y.2,0)
C,.(x,y.2,0)
C,n(x..2,0)

Csm (‘x' y’ zZ 0)

&

-

-

- ~

O OO = O

-

0

o
3
-3

O

Wy ¢

My |

The initial aqueous and emulgsion pressure values can be

obtained through capillary pressure relationships and

correlations.
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For the case of a waterflooded reservoir, the following
initial conditions are given.

p.(xy.2,0) = p, .,
S{x.,y.20) = §,,
S,(xy20) = 1 - &, ,
S.(x.5.2,0) =
Cu(x,3,2,0) =
Cu(xy.2.0) =
C,(x,y,2,0)
Coo(%.3,2,0)
C,.(x,y,2,0) =

C,(x.,y.20) =
C,.(x,320) = C,

C,.(xyz20) = C

H
O o O o = 9

LI
and
Co(¥,3,20) = C,. ]
Similarly, oleic and emulsion pressure values

can be
calculated through capillary pressure relationships and

correlations. It should be noted that all these pressures

can be assigned the same initial pressure.

In this model, the reservoir boundaries are assumed to be

closed with no flow of fluid crossing them. Thus, the

necessary boundary conditions along the entire exterior

surface of the reservoir normal to the x, y, and z directions

for all phases are
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= 0 for i=ows and j=lam,

where n is a unit vector normal to the boundary and points

outwards away from the boundary surface.

The fifteen equations of the component mass balances and
auxiliary relationg with specified initial and.boundary
conditions are solved by the method developed by Coats et
al.50, and Faroug Ali and Ferrer5l, and modified by Al-
Seehati52 to simulate a micellar/polymer process. This
method involves reducing the above svstem to five equations
with five unknowns. These unknowns are written in the form

O, which is the change in f at the consecutive time steps

(f"“—f"). The new system of equations are given in the
following forms with the £ive variables &p,, 85, 85,, 6C, ., and
ac,,, .

Ci8C,n +Cp0C,, + (388, +Cu8, + Csp, = A(T;ASp)+ Q™ +R, (5.18)
CybC,p + Cpp0C,, + Cy08, + Coy 85, + Cos0p, = A(T;ASp,)+ Q™ +R,, (5.19)

Cy18C,,, + C,8C,,, + Cy88, + C,, 88, + Cysp,

AT ASp)+ Q™" +R;, (5.20)

Cn8C,, +Cp0C,,, + Cy88,+ C, 85, + Cifp, = 0, (5.21)
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and

C5,8C,, + C,8C,,, + Cy38S, + Cy,8S, + Csi0p, = 0. (5.22)

where the definition of the accumulation coefficients C% is

given in Appendix G. These definitions are derived from the
time-difference expansions of the accumulation terms shown in
Appendix C, while the definition of R, is given in Appendix D.
The derivation of Egns. (5.18) to (5.22) is shown in

Appendices B through E.

5.4 Flow Mechanisms During Oil Displacement by Emulsion
¥looding
Emulsion f£looding can be used as a secondary recovery process
to recover the oil left in a reservoir after it has been
depleted of its energy through primary production. Emulsion
flooding can also function as a tertiary recovery process to
recover the residual oil left behind after waterflooding.
Care should be taken in <c¢reating a mathematical
representation of the displacement process physics to match
the expevimental results. The following is a description of
the modeling of the process mechanisms, the fluid properties,
and the rock-fluid properties involved in the simultaneous

flow of o0il, water, and emulsion in a given reservoir.

First to be considered are the microscopic processes taking
place in a unit element as proposed by Payatakes et al. and
reported in Soo%2. Such an element in a porous medium can be

described as a bundle of tubes of different diameters and
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lengths. The pore size is generally proportional to the pore
length. That is, the larger pores tend to be longer than the
smaller ones. For simplicity, a unit bed element is used to
represent the tube bundle. This element retains the various
tube diameters, but uses the same weighted average length for
all the tubes to ensure the pressure drop across each tube is

the same,

Next, consider the injection of a polydisperse emulsion into
a reservoir with oil and brine in place and a pore-size
distribution. At first the larger emulsion droplets are
captured in pore throats that range in size from about twice
the drop diameter down to the smallest pore throat diameter.
Because the number of capture sites is greater for the large
droplets than for the small ones, the smaller dropletg are
able to move ahead through the reservoir. As the emulsion
that first breaks through is only composed of these smaller
droplets, the eluted emulsion concentration will initially be
less than that of the injected emulsion. This has been
observed in laboratory core flood tests. As the emulsion
flood proceeds, the larger droplets will continue to flow
through the porous medium, occupying the remaining capture
sites until they too begin to elute. The droplets that are
captured will either block or restrict pores such that the
flow will be redirected to a contiguous network of larger
pores. As the number of available capture sites for the

larger droplets decreases, more of the larger droplets will
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be eluted, and the effluent emulsion concentration will
increase until at steady state it wili: be equivalent to the

injected concentration.

Returning to a typical unit bed element in this reservoir,
the element first experiences the encroaching flcod as an
emulsion consisting of smaller droplets with a low
concentration relative to that of the injected emulsion.
This emulsion exhibits nor-Nawtonian behaviour at the local
average shear rate inside the porous medium. When the larger
droplets reach the element, some of them will be captured in
the tubes, and the flow will be redirected to the larger
tubes. Since the capture sites of the small pores are now
occupied, the larger dropletgs can procezd through the
element. This increases the emulsion concentration and
causes it to flow with a different rheological behaviour for
that particular concentration and shear rate. The droplet
capture mechanism just described also causes a reduction in
absolute permeability of the porous medium in the zone swept
by the emulsion flood. The reduced permeability in the
displacing zone will lower the mobility of the displacing
fluid in a homogeneous reservoir. In a heterogeneous
regervoir, the Dblocking effect will enhance the
redistribution of fluid from the higher permeability layers
to the lower permeability layers, resulting in better sweep
efficiency. In :ummary, displacement is improved by

microscopic mobility control through local permeability
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reduction for a homogeneous reservoir, and through
macroscopic mobility control by diverting flow to less
permeable layers for a stratified reservoir. Besides losing
droplets through the capture mechanism, the emulsion phase
can also lose surfactant because this component can diffuse,
disperse, and adsorb onto the sand grain surfaces. At the
flood front, where the emulsion is in contact with the
reservoir oil and brine, interphase mass transfer of
surfactant to the oleic or agueous phases can occur,
depending on the affinity of the surfactant. For a low
concentration hydrophilic surfactant, the amount of oil that
dissolves in the aqueocus phase is negligible. Similarly, for
a lipophilic surfactant, it is assumed that a negligible
amount of water is transferred intc the oleic phase. The
oleic and aqueous phases are always immiscible, and hence
cannot transfer surfactant to each other. Changes in the
physical properties of each phase, namely density and
viscosity, are influenced only by changes in the phase
composition, not by changes in the phase pressure. For the
rock-fluid properties, such as the relative permeabilities of
each phase and the capillary pressure between phases, the
presence of surfactant will reduce interfacial tension
between the phases. This brings about lower residual
saturations in each phase and enhances the relative
permeability because the two-phase relative permeability
curves approach those ¢of complete miscibility as the amount

of surfactant present is increased. 1In conclusion, the mass
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balance of each component must be maintained when all of the
mechanisms and properties just described are included in the
mathematical model. The following section explains how each

of the mechanisms and properties are modeled.

5.4.1 Emulsion Rheological Behaviour

As explained earlier, there are more capture sites available
for the larger droplets than for the smaller ones.
Therefore, the smaller droplets percolate ahead of the larger
droplets and are the first to be produced in the effluent.
During this flow of small droplets, the emulsion can be
viewed as a homogeneous fluid with a low concentration and no
interaction between the droplets and the pores. Hence, only
one set of rheological behaviour data is required for the
emulsion for this low concentration at different shear rates.
As the larger droplets flow through the porous medium, more
of the small pores are blocked and the flow ig redistributed
to the larger pores. An increasing number of the larger
droplets can now move through the porous medium without being
captured, and therefore the emulsion quality in these large
pores increases with time. Eventually, steady state is
reached, and the emulsion flows with the same injected
concentration throughout the porous medium through the
remaining open channels. It is clear that what is required
for modeling the non-Newtonian behaviour of the local
emulsion in the porous medium is a rheological correlation as

a function of emulsion quality and shear rate. This function
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can be independent of the droplet size due to the homogeneous

nature of the emulgion during flow.

The emulsion rheological behaviour for single phase, one-
dimensional flow will first be derived. The derivation is
shown in Appendix I. It will then be modified to describe
three-dimensional, multiphase flow. The rheological model
used for single-phase, one-dimensional flow is based on the
correlation developed by Alvarado and Marsden3?, later

modified by Abou-Kassem and Faroug Ali43.44,45,

The apparent viscosity of the emulsion for single phase and

one-dimensional flow is as follows.

8K (3n+ly/zm
Ho = (aF\ 4 )(7) : (5.23)

where

- 3ﬂ+1\ 4‘7
. .24
v ( 4n )¢[a2Fk)“2 524
¢

Eqne. (5.23) and (5.24) were derived based on the assumption
that emulsions are viewed as homogeneous £fluids and on the
observation that the rheological behaviour of emulsions
during flow in porous media is similar to that in a

viscometer. That means Equations (5.23) and (5.24) can be
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applied only for the emulsion with small droplet sizes in

comparison to pore sizes.

For the mathematical model describing emulsion flow in porous
media developed in the present work. the system dealt with is
for the case in which drop size is comparable to the pore
size. This rheological model cannot describe the rheological
flow opehaviour for this system on a macroscopic level.
However, the model can be applied microscopically for the
flow of small emulsion droplets inside the large pores. This
occurs when the small pore openings are plugged and the flow
is redirected to larger pores. As time passes, the droplet
capture sites are occupied, the drop retention decreases, and
more and more of the larger drops flow through the large pore
openings. The concentration or gquality of the emulsion in
the large pores changes with time and position in the porous
medium. The change in emulsion gquality in the pores may
affect the change in emulsion rheological behaviour during
its flow in a porous medium. This is supported by the
experimertal results described in Chapter 4,which compare the
rheological behaviour of the emulsion during its flow in the
porous medium to shearing in a viscometer. It is shown in
Chaptar 4 that within a given range of shear rates, the slope
of the porous medium rheogram varies slightly while the
slope of the viscometry rheogram is constant. This
difference is probably due to the fact that the viscometry

data were obtained for a particular emulsion composition
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while there i¢ a change in emulsion quality during flow in
the porous medium due to the filtration process. Therefore,
one set of K and n values from viscometry data is not enough
to describe emulsion rheological behaviour in a porous medium
throughout the whole range of shear rates of interest. This
is true when the emulsion drop sizes are about the same as
the pore sizes of the medium. Although the change in K and n
as a function of emulsion guality shouvldi be further
investigated to understand this relationship in greater
detail, overall the two rheograms have very similar slopes.
Therefore, constant values of K and n were used for an
injected emulsion composition to model the emulsion

rheological behaviour in the porous medium.

The correlation in Egn. (5.23) will be referred to as a
single phase non-Newtonian correlation later on in the
discussion of the simulation results. In the case of
multiphase flow, the shear rate correlation is modified to
account for the shear rate in the emulsion phase only and the
following equation for one dimension will be referred to as

the multiphase non-Newtonian correlation.

W, = (ai;;)z (3';:1)(?,,.)"'1, (5.25)

where,
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= 3n+1 4v,
L = _— (5.26)
4n ¢(a2Fk
¢

For one dimension and neglecting capillary and gravity
effects, the superficial velocity of the emulsion phase is as

follows.

LN

Vv = Imy | 5.27
; 2 { }

For three-dimensional flow in porousgs media, the average

velocity in block i,j,k is given by

e = (&), - &) ®).]
@), @).]

2112
+ (—‘IA) +(2"—'-) . (5.28)
A ij ki A ijkl

The average shear rate f' in each block, which corresponds to

the average velocity in that block, is calculated using Eqn.
(5.26). The apparent viscosity of the emulsion at that

position and time can then be obtained from Egn. (5.25).
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5.4.2 Three-Phase Relative Permeabilities
The following correlations were used for modelling three

phase relative permeabilities

5.4.2.1 Naar-Wygal-Eerderson Model60
The simplified forms for the relative permeabilities to oleic

(kr1), aqueous (kya), and emulsion (krm), by considering the

emulsion phase as a middle phase, are as follows.

3 — —
ky = 2= 42S““’), (5.29)
(l_Sm'r)
4
k, = [————-S“I:SS“"’}, (5.30)
$3(1-8, +85,-25,,)
kn = 1=s.) . (5.31)

5.4.2.2 Pope's Model53.54

The mathematical model in the present study was developed by
considering the three phases in the system as immiscible.
These three phases are the oleic (oil-rich} phase, the
aqueous (water-rich) phase, and the emulsion (surfactant-
rich) phase. In reality, the oil-in-water emulsion is
usually miscible in water and the water-in-oil emulsion tends
to be miscible with the oil which is the continuous phase.
This partial miscibility is incorporated into the model
through the lower interfacial tension between phases due to

the presence of surfactant. Furthermore, the reduced
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interfacial tension helps to reduce the residual saturation

and thus increase the relative permeability.

A. Interfacizl Tension

The interfacial tension is calculated using the empirical
relations of Reed and Healy as quoted in CamilleriSS which can
be summarized as follows. The interfacial tension between
two phases is a function of the amount of solubilized water
or oil relative to the amount of surfactant in the emulsion
phase. For three-phase compositions, two interfaces are

present and the interfacial tensions are computed using

log¥.,, = G, + CG” ' {5.32)
Gyl == + 1
1<)
and
logy, = G, + Gy . {5.33)
G Com + 1
23 C,m

Interfacial tensions are used in the calculation of capillary
numbers. The residual saturations are then calculated from a

capillary desaturation correlation.

B. Regidual Saturations
The capillary number is defined as

N, o= H

¢ ]

Y
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where
U = Darcy velocity [m/sl,
4 = viscosity [Pa.s],
and
Y = interfacial tension [N/m].

The residual saturations are calculated from capillary
degsaturation curves which are modeled using the following
equation for two-phase flow>4:56,

S.

Jw

S, S,
—£ = Ty(logN, + T,) for 0 <1 (5.34)
Jw

I

where %m is equal to the residual phase saturation at low

capillary numbers or high interfacial tension for an

oil/water system.

The parameters T; depend on fluid/rock properties, such as

contact angle and pore-size distribution, and to a lesser

degree on viscosity, which will be neglected in this case.

The capillary desaturation curves as conceptualized for two-
phase flow éan be further extended to three-phase flow
without any theoretical or experimental justification. This
follows from the assumption that for three-phase flow where
the third phase has intermediate wettability between the
other two, a third curve can be drawn such that for any
capillary number, the residual saturation of the third phase

is between the residual saturation of the other two.
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Pope's model®3:%4 as mentioned in CamilleriSS, an empirical
model which quantifies the residual saturation, was used for
calculating the residual saturations and relative
permeabilities. Pope's model assumes that the third phase is
trapped according to a function similar to that used for the

two-phase flow. Therefore, the residual saturations for the

three phases are

S, = S,,,,T,l(zogi‘& + 1‘,2), (5.35)
TJ’M
u
Sar = Samnl(log £ + 7;2)' (5'36)
and
S = T, + T,logN,. {5.37)

It can be seen from the above egquations that the residual
saturations for the oleic and agueous phases are calculated
in the same manner as used for two-phase flow. Furthermore,
the residual saturation of the third phase is independent of
the other two phases and is only a function of the capillary
number. The capillary number used in Eqn. (5.37) is the

larger of the two possible for the three-phase case.
Parameters I, and T,, are adjusted to give a residual

saturation §, Dbetween that of the agueous and the oleic

phases for a given capillary number.

The normalized saturations (§,), which require values of the

residual saturations of each phase, can be calculated using



117

S.-5.
Sy = Tf——f; where j'=lam. (5.38)

i
L

That is,
S, - S
S i I , 5.39)
S -8
S = & . (5.40)
" 1-(S, + 8, +8,)
and
Sm = 1-8,-5_. (5.41)

Note that the condition §, + S, + §,, <1 is necessary, which

sets an upper limit on §,, if §, and §, are given.

c. Tt biliti

The relative permeabilities for three-phase flow are modeled

using relations similar to those for two-phase flow, namely

k; = k()" (5.42)

where

k;= end point relative permeability of phase j, and

¢;= curvature of relative permeability for phase j.

The simple functionality shown above has the fecllowing

merits,

1. when §.=8,, k;=0.

jrt g
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2. When §, =1-§ -5, k,=k; (the end point), and

similarly for the aqueous and emulsion phases.

3. k; reduces to k, and k, when S =0, that is, when there is

nc emulsion phase.

The basic requirement that k,; approaches the proper limit as
the capillary number, and hence S,.,, changes for three-phase

flow is similar to the requirements for two-phase flow. The

requirements are:

l. k; should approach the water-oil (with no surfactant)

value as the capillary number decreases.

2. k,;f should approach the phase saturation as the capillary

number increases (straight line relative permeabilities
where §, =0).

The end points k; must change as residual saturations change

because of detrapping. However, the relative permeabilities
must approach the proper 1limits. Therefore, 1linear
interpolations of the end point relative permeability and
curvature between the high tension or low N, values and the
low tension or high N. values are performed based on the

change in the residual phase saturations S‘,-r as follows:

\)

anv—Sar

ko= k4 = (ke 5, ) (5.43)
k= k + ﬁ”ﬁi’-(k;c—kfw), (5.44)
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Sere = Sar
e = ¢, + —-—S;—-—(ek—e,w), {(5.45)
and
Siw = S
e, = e, + T(e“‘_ € - (5.46)

Subscript w designates a water-oil (no surfactant) system
with a low capillary number or high interfacial tension,
while subscript ¢ designates a large capillary number or low
interfacial tension. Generally, k; and ¢, are assigned the
value of 1.0, which corresponds to a high capillary number
and zero residual saturation for the trapped phase. That is,

the system behaves like a single-phase flow.

In the present work, ¢ and e, are calculated by setting e,
and ¢, equal to 1.0 and obtaining ¢, and ¢, £from the oil-
water relative permeability curves. Alternatively, ¢ and e,
can be read in as an input data directly. Similarly, k., and

¢, can be read in directly.

5.4.3 Adsorption
Surfactant adsorption is allowed to occur according to the

Langmuir isotherm

AC
C, = —i==_ {5.47
® 1+ BC, )
The above Langmuir equilibrium adsorption isotherm is derived

from the Langmuir adsorption kinetic equation,
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%c,, = Kl[l—%]q - k%, (5.48)

Le

Using the initial condition of C,=0 at r=0, the general

solution for constant C, is

KCC|1- e[%}_w

cC. = =, {5.49)
= KC, + K,

fimulation time is assumed to be much longer than the time
needed to achieve equilibrium; i.e., t approaches ¢. Hence,
the general solution is reduced to the Langmuir equilibrium

adsorption isotherm,

KCC
C, = —l="=_., (5.50)
" KC, + K,
or
AC
= —&E—, (5.51)
? 1 + BC,

The present model assumes that surfactant is adsorbed on the
rock surface only through the emulsion phase. Hence, the

adsorption model used is

AC
C = —dom __ (5.52)
e 1+ BC,,

Thus, the total amount of surfactant adsorbed (kg of

surfactant] is

Ad Crm

prr(l-‘pim)cmm = prr(1—¢"aﬂ)1 + BC ' (5.53)
d™sm
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5.4.4 Droplet Capture Mechanism

It was found in the experimental work described in Chapter 4
that the droplet capture mechanism proposed by Soo and Radke
can explain the flow of emulsions through porous media for
the system investigated. Therefore, it was decided to modify
the filtration model47.48 to include the re-entrainment
effect and then incorporate it into the numerical simulator
to account for the droplet capture mechanism. The following
is a summary of the filtration mod=l derived Ly Soco &~d
Radke47:48 and a description of the extended model to include

the re-entrainment effect.

5.4.4.1 No Re-entrainment
Listed below are the assumptions of the filtration model for

the case of no re-entrainment of captured droplets into the

flowing stream.

Assumptions:
1. There is no re-entrainment when there is significant
electrical double layer repulsion between drops, and
between drops and sand grains, high drop tensions,

and relatively low flow rates.

2. For highly stable emulsions, it can be assumed that

droplet coalescence does not need to be accounted

for.
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3. For dilute, monodisperse emulsions, drops will be

captured one at a time; i.e., there is no
simultanecus multiple-drop capture. Hence, the
filter coefficient for a given pore throat size is

independent of drop-volume concentration.
4. Drops are not captured on previously retained drops.

The drop capture kinetics can be written as

%‘t’_ - ;{s,[1_%‘1]ue. (5.54)

The solution with no drop retention as an initial condition

is

o

-Aﬂuﬂg—l
c = ﬁ(l-e °i). (5.55)

Local permeability is expressed as

—_. {5.56)

The above correlations for drop retention ¢ and permezbility

.,k . . .
ratio — are for the case of one dimension and single phase

P

flow.
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5.4.4.2 With Re-entrainment

The above drop capture kinetics can be modified to account
for the re-entrainment of droplets into the flowing stream.

When this is done, the following equation is obtained:

do aoc oo
—_ = Ag|l-—@-A, ul—1. (5.57)
o s,.( ¢‘_)u [Q_)

The sclution with no drop retention as an initial condition

is

A ‘,9 :E(As,lew‘t )r
2,9 [l—e“ * ] (5.58)

aias,laus,z)

The above drop retention equation will be referred to as the
time-dependent capture correlation which is for the case of
one dimension and a single phase. It can be modified for
multiphase flow by assuming that drops are captured only from

the emulsion phase. Hence, for one dimension and neglecting

capillary and gravity effects, u, = %—"‘-u will be used

i3

instead of u. Then, for three dimensions, the expression can

be modified further by using the following average velocity

u, for an emulsion phase:
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T, = (B+u,+i)
2 2 2%
= I:(umnu.: +umi-l.i-l) + (u"'i-i+u +u"'i.:'-u) + (u""'-IM +u'""-!*-') :|
2
bé - o -
= _kxkﬂ Mial m; ) — kx km m; ¢""i-l
Hn Ax M, Ax
i =
- D — b
+ kyﬁm ( Mjﬂ.Zi MLJ - k’ﬁm [ ”’i A mj_y J
m y " y
+ H
2y %
b - b —-P
+ —&Eﬁ- — T ] ,Eﬁ- — T . (5.59)
u, Az U, Az
h-} a-§
Similar to the case with no re-entrainment, local

permeability can be calculated from the following equation.

LA -1 (5.60)

k; ¢
Equation (5.58) can be simplified to a form similar to the
Langmuir Adsorption Isotherm by considering that the capture
time is quite small compared to simulation time; i.e., ¢
approaches e, Thus, the following instantaneous droplet

capture correlation is obtained.

Ag 0.
s, 9:0 or o = A8

a(Ag,6+A4y,) 1+ B0

: (5.61)

where,
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Ag
B, = =2, (5.62)
'lsrz
4 = g, (5.63)
o
and
9 = Enc, . (5.64)
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6. DEVELOPMENT OF THE COMPUTER MODEL

The mathematical model developed in Chapter 5 is transformed
into a computer program which consists of a main program and
twelve subroutines. The program flow diagram is shown in

Fig. 6.1. The following is a description of the main program

and all the subroutines.

6.1 Main Program

The reservoir data and initialization data are first read in
and then printed out as the input data. The constant part of
the transmissibilities is then calculated. The
transmissibilities and the dispersion term are written at
time level n in the mass balance equations. Therefore,
properties, such as the phase density, phase viscosity, and
relative permeability, are found using the variables at the
previous time level. These calculations are then followed by
the computation of the transmissibilities and the dispersion

coefficients, which remain the same during an iteration.

The cycle of computation is started by setting the time step,
the number of reduced time step sizes, and the iteration
number. The values of the unknown variables at time level
n+l are assigned by extrapolation for the first iteration.
Next, the rock-fluid and fluid properties are recalculated as
functions of the new time level variables which are required

during the computation of chord slopes. The mass flow rates
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START
INPUT
READ IN
RESERVOIR DATA

v

INIT INITIAL CONDITION
READ IN ROCK-FLUID PROP. DATA
INITIALIZATION DATA FLUID PROP. DATA
v

PRINP
PRINT OUT ALL
INPUT DATA

_/r_

TRANSC
CALCULATE CONSTANT PART
OF TRANSMISSIBILITIES

2
PROP
CALCULATE INITIAL PROPERTIES

v

SET TIME STEP
TIME = 0.0D+00

v

@_. START NEW TIME STEP
T=T+AT

v
TRANS
CALCULATE TRANSMISSIBILITIES
AT TIME LEVEL n

v

DISP
CALCULATE DISPERSION
COEFFICIENT AT TIME LEVEL n

Fig. 6.1 Program Flow Diagram.
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¢

SET NO = NUMBER OF REDUCED TIME STEP SIZE = 0

v

ASSIGN XN FOR FIRST ITERATION

v
PROP
CALCULATE ALL ROCK-FLUID & FLUID PROPERTIES
AT THIME LEVEL n+1

®

START NEW TIME
@ NO—P " stEP SIZE
YES

4

SET ITERATION NUMBER
m=20 ¢ '

v

5 START NEW ITERATION
> m=m+1

RATE
CALCULATE MASS FLOW RATE FOR INJECTION WELL

v

ACCOEF
CALCULATE ACCUMULATION COEFFICIENTS
g
\ 4
RTERM
CALCULATE Ri TERM

v

(CONTINUE 1 )

Fig. 6.1 (continued).




129

(CONTINUE 1)
v

TRIAN
CALCULATE ALL MATRIX COEFFICIENTS & VECTORR
AFTER TRIANGULARIZATION

y

COEFFP
CALCULATE Z, B, D, E, F, H, S, AND RHS TERMS
FOR PRESSURE EQUATION

v

MATRIX
REARRANGE ALL THE COEFFICIENTS AND RHS
TERMS

v

DLSARG
SOLVE FOR PRESSURE DISTRIBUTION
BY GAUSSIAN ELIMINATION

v

B CONVRT

CONVERT B(l) TO SOLUTION VECTOR P!

QPROD
SOLVE FOR MASS PRODUCTION RATE

v

UPDATE

SOLVE FOR 8Si, 6Sa, dxom, AND Sxwm,
AND UPDATE ALL VARIABLES

PROP
UPDATE ALL PROPERTIES

Fig. 6.1 (continued).
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CHECK CONVERGENCE
oP, 8Si, 8Sa, 8Xom, 8Xxwm < €

No»@v b@
NO

ES
i, YES
CALCULATE MATERIAL _
BALANCE STOP

NO

CALCULATE OUTPUT
DATA REDUCE TIME STEP

PROUT, TABLE2 é
PRINT OUT RESULTS
o

YES

STOP
Fig. 6.1 (continued).
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for each component for an injection well are then calculated.
This includeg the calculation of flow rates in each layer
depending on the mobilities of the injected fluid in that
layer for a stratified reservoir. Following this, the

accumulation coeffficients C; and the R terms, shown in

Appendices G and D, respectively, are calculated. The matrix

coefficients and the R terms of the system are then
triangularized. The pressure equation (Eqgn. F.10) described

in Appendix F is then solved for dp, by Gaussian elimination,

followed by the mass production rates for each component.

Finally, the remaining unknowns, which are &S5,, 45,, oC,, and

om !

o6C, . are solved explicitly by back substitution, followed by

an update in all the variables at time level n+l.

Once all the unknowns are solved and all the properties are
updated, the convergence of these variables is checked. The
tolerances used for the changes in the absolute values of the
variables over one iteration, i.e. &g””,d%“”,and.acgm’are 115,
0.0001, and 0.0001, respectively. If all the wvariables
converge, the mass balances of the oil, water, and surfactant
are calculated, and the output data computed and printed out.
The program computation then proceeds to the new time
interval or stops if the simulation time has elapsed. If the
solution does not converge, the updated wvariables and
properties are used for the next iteration. If convergence
is still hot achieved after reaching the maximum number of

iterations allowed, the time step size is reduced and the
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calculation procedure in the cycle is repeated, An error

message is printed if convergence is not reached within a

given maximum number of reduced time steps.

6.2 Subroutine INPUT

The following reservoir data are read in: number of
dimensions, number of blocks in the X, ¥, and z directiong,
grid index, block length in x, Y. and z directions, depth
below sea level, permeabilities in x, ¥, and z directions,
porosity, rock compressibility, rock density, pore volume of
the core, and well information including the number of wells,

the location of the wells, and the injection rate and

composition.

6.3 Subroutine INIT

This subroutine reads in the initialization data. The
initial condition data of pressure, saturation and phase
composition, and original oil in place are first read in.
The rock-fluid and fluid property data are then read in.
These property data are the relative permeability parameters,
viscosity of each component, emulsion rheological parameters,
density of each component, dispersion coefficient of each
component in each phase, surfactant adsorption data, and

filtration parameters.

6.4 Subroutine PRINP
All the reservoir and initialization data read in earlier are

printed out by this subroutine.
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6.5 Subroutine TRANSC
The purpose of this subroutine is to calculate the constant
part of the transmissibility in the x, y, and z directions

depending on the number of dimensions.

6.6 Subroutine TRANS

The transmissibilities of o0il, water, and surfactant in the
oleic, aqueous, and emulsion phases are calculated by this
subroutine in the x, y, and z directions. The phase
potentials for an upstream block are first checked. The
transmissibilities of each component in that phase are then
calculated using the upstream properties. For instance, the
transmissibility of the oleic phase for component { can be

computed as follows.

To, = wTp + (1-w)T,

n
i il i

for i=ows,

where

w,=1 if & >or

Lia g

pCk, )
wal

ijh

and

a AZ kx
T:'b.',-_ ix Ax

. is obtained from subroutine

Ak,
The constant part,
Ax figas

TRANSC.
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6.7 Subroutine DISP
This subroutine calculates the coefficient of the dispersion
term, For constant dispersion coefficients, the harmonic

mean is used for averaging, as shown in the following

example,
n
n — Az ¢D il
dilx -
ek ix Ax besdk

2A‘m.j,. (¢Dﬂ)m# Az,,“ (¢DH)
A.rm,j; (¢Dli) Ax“, + Ax,-_# (¢DJI)

(587

il

ijt el ji

6.8 Subroutine PROP
The purpose of this subroutine is to calculate the following
rock-fluid and fluid properties using the selected physical

pProperty correlations:

1. Phase densities using a weighted-average correlation.

2. 0Oleic and agueous phase viscosities using a weighted-
average correlation.

3. Relative permeabilities to the oleic, aqueous, and
emulsion phases using the Naar-Wygal-Henderson model or
Pope's model.

4. Emulsion viscosity using a weighted-average correlation,
a single-phase non-Newtonian correlation, or a multiphase
non-Newtonian correlation.

5. Absolute permeability correlation using the filtration

model.
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6.9 Subroutine RATE

This subroutine can also handle the calculation of the
volumetric injection flow rate for each block in the case
that a well penetrates more than one block. The mass flow

rate is then calculated.

6.10 Subroutine ACCOEF
The calculation of the accumulation coefficients shown in

Appendix G is performed in this subroutine.

6.11 Subroutine RTERM

The calculation of the R term derived in Appendix D is

carried out in this subroutine,.

6.12 Subroutine TRIAN
The purpose of the subroutine is to determine all the
coefficients of the matrix C, the identity matrix, and the

vector R after the triangularization shown in Appendix F.

6.13 Subroutine COEFFP
The purpose of the subroutine is to calculate Z, B, D, E, F,

H, §, and thé RHS terms for the pressure Egn. (F.10).

6.14 Subroutines MATRIX, DLSARG, and CONVRT

The subroutine MATRIX rearranges the coefficients Z, B, D, E,

F, H, and § from &p, and the RHS terms of the pressure
equation into the form, AA-8p,=BB. This matrix equation is
then solved by Gaussian elimination using the subroutine

DLSARG to provide the solution vector. Finally, the
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subroutine CONVRT is used to convert the solution vector into

the block dimensions of &p,, .

6.15 Subroutine QPROD

Volumetric productiorn rates at time level n+l for the oleic,
aqueous, and emulsion phases are calculated for the
production block with a specified pressure according to the
equations in Appendix F for a linear core flood. The mass
production rates for each component at time level n+1 are

then calculated.

6.16 Subroutine UPDATE

Subroutine UPDATE is called to solve the remaining unknowns,
os,, 65, &C,,. and &C,,, according to Eqns. (F.15), (F.17),
(F.19), and (F.21),respectively shown in Appendix F. The
values of all unknown variables, oleic pressure, phase
saturations, mass fraction of the emulsion phase, are then
updated for the new time level. This is followed by a
calculation of the mass fractions of the oleic and aqueous

phases.

6.17 Subroutines PROUT and TABLE2

The subroutine PROUT is called to print out the results,
including the calculated values of the unknown variables, a
well summary, and a time step summary at the selected value

of pore volumes injected.
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7. RESULTS AND DISCUSSION

Although the multiphase simulator described in Chapter 5 was
three-dimensional, only the one-dimensional wversion was
tested. This simulator was validated by comparing the
simulation results with the results from a linear core flood
performed in the laboratory. The comparison was made using
different physical property models and testing different
mechanisms to determine which combination best followed the
core flood observations and measurements. The experimental
data of laboratory core flood #5 was chosen for verifying the
simulator developed. It was carried out for tertiary oil
recovery by injecting caustic emulsion H2 (water-in-oil)
continuously. A diszcussion of the validation of the emulsion
flood simulator developed and the sensitivity study is

presented in the following sections.

7.1 Validating the Simulator

Simulator wvalidation was undertaken by comparing the
experimental and simulated production history of core £lood
#5. It was tested by incorporating different physical
property models, such as the relative permeability model, the
emulsion rheological model, and the dreop capture and
permeability reduction model. The effects of these physical
properties on the prediction of the emulsion £flooding
performanée in comparison to the experimental observations

are discussed below.
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7.1.1. Effect of Different Emulsion Viscosity
Correlations

Simulation Runs %/1 and 5/2 (5 refers to core flood #5) were
carried out using the Naar-Wygal-Henderson correlation for
three-phase relative permeabilities (Egns. 5.29 - 5.31), but
using different rheological correlations to calculate
emulsion viscosity. The purpose was to determine the
rheological effect on the production history prediction.
Other rheological correlations which better predict emulsion
viscosity were us=2d in subsequent investigations. The
emulsion wviscosity for Run 5/1 was calculated from the
weighted average of the viscosities of the three components:

1 = Eéﬂ + Ekﬁ + Eél. This run simulated core flood #5,

Ho Mo B B

neglecting capillarity, emulsicn droplet capture and absolute
permeability reduction, and surfactant adsorption. Table 7.1
shows the input data for Run 5/1 and Fig. 7.1 to Fig. 7.5
show the comparisons of the experimental and the simulation

results.

It is shown in Fig 7.1 that the simulated pressure required
for injecting emulsion at a constant flow rate of 0.0096
m3/day (400 cc/hr) was quite low in comparison with the
experimental pressure., Also, the shape of the curve does not
follow the trend found in the experimental data. This

indicates that either the three-phase relative permeability
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Table 7.1

Simulation Input Data for Run 5/1 - 5/8

2.l Core Data

Dimensions of Ottawa Sandpack 0.05 m?2 area

X 0.61 m length
Pore Volume, m3 723 x 10-6
Porosity, fraction 0.3851
Absolute Permeability, m? 0.7950 x 10-11
Initial ©0il in Place, m3 627 x 10-6
Irreducible Water Saturation, % PV [13.28
Residual 0il Saturation, % BV 24.86

A.2 Pressure After Waterflooding {(kPa)

Block 1 2 3 4 5 6 7 8 9 10
No.
Pres. |128.90 | 125.84 | 122.77{119.71 | 116.65] 113.58 | 110.52]107.45]| 104.40 | 101.33
B. Horsefly Crude 0il Data
Density, kg/m3 886
Viscosity, Pa.s 0.018
C. 2% {(wt.) NaCl Brine Data
Density, kg/m3 {1000
Viscosity, Pa.s 10.107 x 10-2
D. Injected Emulsion Data
T™vVDpe w/0
Composition Horsefly Crude 0il, vol % 51.61
1% {wt.) NaOH, vol % 48.39

Injection Rate, m3/s

0.1111 x 10-6

Frontal Velocity, m/s

0.9373 x 10-4
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model, the emulsion rheological model, or both of the models

are inadequate.

The comparisons in cumulative oleic recovery (Fig. 7.2) and
phase cuts (Fig. 7.3 i Fig. 7.5) provide further information
about the simulation. The shift of the simulated oleic,
aqueous, and emulsion cuts to the left of the experimental
ones indicates that the mobilities of these three phases were
greater than those which actually occurred in the core flood.
It indicates that the Naar-Wygal-Henderson correlation
predicts relative permeabilities that are too high. It is
also shown that oil and emulsion breakthrough times are about
the same. The early breakthrough of the emulsion phase might
be explained by a predicted emulsion viscosity that is too
low. The low simulated oil cut and cumulative oleic recovery
are attributed to poor mobility c¢ontrol during the
displacement. A comparison of simulator and experimental
data shows this to be the case. The average enulsion
viscosity is calculated by the simulator to be 0.018 Pa.s,
whereas the injected emulsion in fact has an average
viscosity of 0.264 Pa.s. The corresponding breakthroughs
occurred at 0.35 PV injected in the simulation and at about 1
PV injected in the laboratory. Based on these observations,
it is clear that both the relative permeability model and the
emulsion viscosity correlation are unsuitable for modeling

flow in the core flood.
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The simulated saturation history is shown in Fig. 7.6, while
gsaturation profiles at four different pore volumes injected,
namely 0.1067, 0.1977, 0.3920, and 0.6054, are shown in Figs.
7.7 to 7.10. These saturation profiles sequentially show the
flow of each phase through the core. It is easily observed
that only a very slight o0il bank is formed. The relative
permeability for each phase as predicted by the Naar-wvgal-
Henderson correlation for Run 5/1 is plotted versus the phase

saturation in Figs. 7.11 to 7.13.

Since the simple weighted average correlation for the
emulsion viscosity does not provide a good approximation for
the emulsion viscosity, Run 5/2 was conducted to correct this
problem. The experimental work showed that on the whole,
there was a similarity between the rheological behaviour of
emulsion H2 when it was sheared in a viscometer and when it
flowed in a porous medium, as described in Chapters 4 and 5.
This information can provide a reasonable approximation of
the rheological parameters that are sufficient to properly
model the emulsion rheological behaviour. Viscosity
measurement of the injected emulsion H2 showed non-Newtonian
behaviour (n = 1.0717) within the range of 0.220 to 0.289
Pa.s for shear rates of 0.36 to 14.68 s-! (Fig. 4.5). A
single phase non-Newtonian correlation, given by Egns. (5.23)
and (5.24) in Chapter 5, represents the non-Newtonian

behaviour of an emulsion during single phase flow. This
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correlation was incorporated into the simulator to model

emulsion viscosity during the displacement.

Table 7.1, which was previously shown, and Table 7.2 show the
input data for Run 5/2. Appendix H shows how to estimate the
value of the rheological parameter aJﬁ-from the experimental
data. This correlation and the parameters predict an
emulsion viscosity of 0.278 Pa.s compared to the actual value
of 0.264 Pa.s for the injected emulsion. For one dimension
and a constant flow rate with a specific consistency K and a
flow behaviour index n for the injected emulsion composition,
it predicts a single value of emulsion viscosity. This
correlation may not represent emulsion viscosity precisely,
but an improvement is apparent in the production histories

shown in Figs. 7.14 to 7.18.

Figure 7.14 shows an increased injection pressure due to a
prediction of higher emulsion viscosity. This high viscosity
emulsion is a better mobility control agent, giving a sharp
increase in the cumulative oleic recovery (Fig. 7.15). The
superiority of the mobility control in Run 5/2 over that of
Run 5/1 is confirmed by viewing the saturation profiles,
namely Figs. 7.7 to 7.10 for Run 5/1 and Figs. 7.20 to 7.23
for Run 5/2. When the higher viscosity emulsion of Run 5/2
displaced the coil, a larger oil benk was formed with a lower
residual oil saturation behind the bank. However, there is

still a decline in the injection pressure when emulsion
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Table 7.2
Simulation Input Parameters for Run 5/2

Non-Newtonian Rheology

Viscosity Value

Parameter

K, Pa.sb 0.63105
n 0.6948

oF 2.5
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breakthrough occurs corresponding to a gradual increase in
the cumulative oleic recovery. This is due to the use of the
Naar-Wygal-Henderson relative permeability model. This
effect can be seen more clearly by observing the saturaticn
profiles after emulsion breakthrough, both for Run 5/1 in
Figs. 7.9 and 7.10, and Run 5/2 in Figs. 7.22 and 7.23.
These profiles show that the Naar-Wygal-Henderson model
predicts a gradual decline in the oleic phase saturation to a
new residual o0il saturation. This explains the gradual
increase in the cumulative oleic recoveries for Runs 5/1 and
5/2. Obviously, if there is less o0il to be displaced, a
lower injection pressure is required; hence, the decline in
injection pressure. The oleic, aqueous, and emulsion phase
cuts shown in Figs. 7.16 to 7.18 indicate a better mobility
control predicted by using the single phase non-Newtonlan
correlation. This can be ssen from the later emulsion
breakthrough time for Rum 5/2, which occurs at 0.85 PV
injected compared to 0.33 PV injected for Run 5/1, and the
much higher oleic cut for Run 5/2. However, all three phases
still break through sooner than is indicated by the

experimental data.

7.1.2 EBffect of Different Relative Permeability Correlations
Since the single phase non-Newtonian correlation used in Run
5/2 gave a good match to the experimental data, it was used
again in Run 5/3. However, Run 5/3 utilized a different

relative permeability model. This model, developed by Pope,
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incorporates the effect of interfacial tension. This is
especially important in the case of trapped o©il, and can
reduce the residual o0il saturation. Table 7.3 gives the
relative permeability parameters and rheclogical parameters
for Run 5/3 in addition to the base input data shown in Table
7.1. It should be pointed out that the same value of avF =

2.5 was used in both Run 5/2 and Run 5/3.

Figs. 7.24 to 7.28 show the injection pressure, cumulative
oleic recovery, and the oleic, aqgueous, and emulsion phase
cuts for Run 5/3, respectively. The improvement brought
about by using Pope's relative permeability model can be seen
in that it improves the cumulative oleic recovery from a
maximum value of 82.3 to 96.3% OIP and predicts a stabilized
injection pressure after emulsion breakthrough. This differs
from the Naar-Wygal-Henderson prediction in Run 5/2 which
predicts the decline in injection pressure after emulsion
breakthrough. This is not unexpected because the Naar-wygal-
Henderson model does not include the effect of interfacial
tension. The saturation profile following emulsion
breakthrough, shown in Figs. 7.30 to 7.32, is consistent with
these observations. That is, instead of a long, gradual
decline in the oleic phase saturation behind the oil bank,
the decline to a new residual o0il saturation is much more
rapid. The faster decline to a constant residual oil
saturation combined with a constant aqueous phase saturation

following emulsion breakthrough requires an emulsion injected



Table 7.3

Simulation Input Parameters for Run 5/3

A. Pope's Relative Permeability Model Parameters

155

A.l Interfacial Tension and Capillary Desaturation Parameters

Parameter Value Parameter Value
GL1 13.1 TL1 -0.5
GLZ2 -14.0 TL2 0.222
GL3 0.0221 TAl -0.428
Gal 13.1 TA2 -0.415
GA2 -14.0 ™1 0.0
GA3 0.0221 ™2 0.0
IFTW -1.70

A.2 End Point Relative Permeabilities and Relative
Permeability Exponents for Each Phase

End Point Relative
Relative Value Permeability value
Permeability Exponent
Ker,. 0.57 e 1.5
o 1.0 e, 1.3
k;m 0.1 e, 1.0
:a,_.,. 1.0
ke, 0.8

B. Non-Newtonian Rheclogy

Viscosity Parameter Value
K, Pa.gnh - 0.63105
0.6948

n
oF 2.5
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at a constant pressure to displace the oleic and aqueous
phases in the core. These factors also account for the
almost constant cumulative oleic recovery. Furthermore, the
oleic and aqueous phase relative permeability curves (Figs.
7.33 and 7.34) seem to predict lower relative permeabilities
than those that occurred in the core and cause the delay in
cleic phase breakthrough time (Figs. 7.26 and 7.27).
However, the emulsion phase still breaks through sooner than
observed experimentally. The emulsion breaks through in Run
5/3 at about the same time as in Run 5/2 due to the same

predicted value of the emulsion viscosity.

7.1.3 Effect of Oleic and Agueous Relative Permeabilities
and Emulsion Rheological Behaviour
Up to this point in the investigation, Pope's relative
permeability model generally predicts the relative
permeability of each phase better than the Naar-Wygal-
Henderson approach because the latter does not include the
interfacial tension effects. However, the injection pressure
required fo; displacement in Run 5/3 is higher than that
found during the core flood. An emulsion viscosity of 0.278
Pa.s is produced by setting the value of ovF to 2.5.
Therefore, Run 5/4 was carried out to see the effect of
emulsion rheological behaviour on the injection pressure.
The value of 5.0 for avF was used which produces an emulsion
viscosity of 0.086 Pa.s. The simulation predicts a lower

injection pressure, with a stabilized pressure of 700 kPa in
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Run 5/4 (Fig. 7.36) compared to that of 980 kPa found in Run
5/3 (Fig. 7.24}). Furthermore, the effect of the oleic and
agueous phage relative permeabilities on the phase
breakthrough time is ocbserved. The lower oleic and agueous
relative permeabilities, through increasing the exponents of
the relative permeability curves, predict a later oleic phase
breakthrough time (Figs. 7.38 and 7.39). Consequently, the
emulsion breaks through at a later time (Fig. 7.40)}. As a
result, a slightly higher total oleic recovery is obtained

(Fig. 7.37).

7.1.4 Effect of Different Droplet Capture Models

Thus far only the effects of the phase mobilities on the
simulated results have been analyzed. The effects of other
mechanisms, such as droplet capture and absolute
permeability, were not considered. The inclusion of these
mechanisms can enhance the predictive capabilities of the
simulator. To investigate this possibility, Run 5/5 was
performed by incorporating a droplet capture model. This
capture model is simplified for the case of instantaneous
equilibrium (Eqn. 5.61), and yields a correlation similar to

the Langmuir adsorption isotherm.

Table 7.5 shows the simulation input parameters for Run 5/5.
The injection pressure is given in Fig. 7.45, cumulative
oleic recovery in Fig. 7.46, and cleic, aqueous, and emulsion

phase cuts in Fig. 7.47 to Fig. 7.49, respectively. There is
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Table 7.4

Simulation Input Parameters for Run 5/4

A. Pope's Relative Permeability Model Parameters

A.1l Interfacial Tension and Capillary Desaturation Parameters

Parameter Value Parameter Value
GL1 13,1 TL1 -0.5
GL2 -14.0 TL2 0.222
GL3 0.0221 TAal -0.428
GAl 13.1 TAZ2 -0.415
Gaz -14.0 T™M1 0.0
GA3 0.0221 ™2 0.0
IFTW -1.70

A.2 End Point Relative Permeabilities and Relat ive
Permeability Expcnants for Each Phase

End Peoint ) Relative
Relative Value Permeability Value
Permeability Exponent
L 0.57 e 1.7*
e 1.0 e, 1.5%
k;n 0.1 e, 1.0
:am 1.0
ko 0.8

B. Non-Newtonian Rheology

Viscosity Parameter Value
K, Pa.sn 0.63105

n 0.6948

a~F 5.0%

* Values changed in Run 5/4 compared to Run 5/3

_g
i



1400

1200

et
=
=]
=

800

600

400

Injection Pressure (kPa)

200

Fig. 7.36

140

A
5 105
B
o
g
g 70
&
g
=
<)
2 35
k]
-
g
=
O
0
Fig. 7.37

| i 13 1 ! | I 14 L

C Expcriment |
- — Simulation

o

T I T I T ! T 1 T

0 0.4 0.8 1.2 1.6
Pore Volumes Injected

Comparison of Experimental and Simulated
Injection Pressure History for Run 5/4

for Emulsion Flooding.

1 ] H L 1 1 ] ] 1

0ODD 00O O0QDO0CO OO0OCGCOC

© Experiment
— Simulation
] 1 ¥ T
0 0.4 0.8 1.2 1.6 2
Pore Volumes Injected
Comparison of Experimental and Simulated

163

Cumulative Oleic Recovery History for Run 5/4

for Emulsion Flooding.



164

*ButpooTd uUoTSTNWI I0J
p/G unyg IoF AICGISTH 3IND °o5elyd UoTSThUE
pejeTnuls pue Tejuswitadxy jo uostredwod 0f'L cBTd

Da)RI0] samanoA alod

z L8 | A § 80 ] 0
1 1 L [ Ao nhbh.oals aoslo o olo o o
-] uope[nlg — -
wewpadkg ©
- - 07 o
g
. » E
n
]
- - 0% b
S |
-0 B
=
F#
- 08
: 7 0L

-Sutpoold uoIsTnul I03 . - BuTpoOTd UCIBTNWE 103

»/5 uny 103 AIOISTH IND @6vyd snosnby s/5 uny 103 ATo3sTH InD @8BUd O1910
pajeinuTs pue rejusutIadxy jo uosTiedwod gE°L “BT4 pejernuIs pue Tejusutisdxg Jo uos(Iedwod gg°L "B
pajpefuy sawinjoy alog . popalu] wmnjo) 3304
T 1 1 g0 ¥o 0 4 9T (A 4] 0 1]
l- 1 1 1 L 1 1 1 1 _...._ s ala lo i L i [} 1 ] Q
L Wl ™ o Wi
s *o
- s .
a9

. - u

4 g ] e
g &

- [ | w
S g

. m N 2
2 o

N =4 7 =

3 3 i ¥

1 [Fommms — 7 [ vonsinas —

= | ieurdsy o < | oymedxg o

T T T T T ¥ T



165

. . e
pejoefur Ad TED6°0 B ‘pa1oafur Ad £96€°0 3®

einut -1 Bt
§/¢ uny Io] STI3oid uoijeANIES pIIR{rWIS FPL "ONd §/¢ Uy 103 aT11jold uoTlIRINIES peleTnuls £p L -Bra
damsyq renorReig soamsq Puonwg
1 80 90 ¥o To o . g0 oo vo 0 0
B 1 B 1 5 1 o Ll i & i Y L1 B 1 B 1] Y c -
0
4 e
ve wu wolSjny O m
£ ’ g
g moonby @ E
o B 2
90 F M0 O £
2 8
80
1
‘paioafur Ad ¥160°0 3® “p/S unyg 107 YooTd
¥/5 uny 103 a17I0Id uojirvanies padlernuis Zp-r "BTA uorionpold i AIO3sSTH UCTIBRINIES Pajeimils T§°L 513
aaumey] [RUOKIBA] papsful wmnjop alog
1 3 1] 90 b0 <0 1] 4 9T T 80 b0 o
P T TS ES 1 1 1 L -0 -] - - -
- - T0
0 W 1 Fa It L3 D fal d d
i n_bmn__.—ﬁ_m [a] | _V-c Wu o
soanby @ E 1 m
n - o
o210 o] £ m,
- - 9'G = - -1
i - 80
T Ll T T ] T T ] ¥ T Ll T L] ¥ T L T 1 N-ﬂ




166
Table 7.5

Simulation Input Parameters for Run 5/5

A. Pope's Relative Permeability Model Parameters

A.1 Interfacial Tension and Capillary Desaturation Parameters

Parameter vValue Parameter value
GL1 13.1 TL1 -0.5
GL2 -14.0 TL2 0.222
GL3 0.0221 TAL -0.428
GAl 13.1 TAZ2 -0.415
GAZ2 -14.0 ™1 0.0
Ga3 0.0221 TM2 0.0
IFTW -1.70

A.2 End Point Relative Permeabilities and Relative
Permeability Exponents for Each Phase

End Point Relative A
Relacive Value Permeability value
Permeability Exponent
L 0.57 e, 1.7%
k2 1.0 €, 1.5%
LT
k2, 0.1 - 1.0
kgam. 1'0
k? 0.8

B. Non-Newtonian Rheology

Viscosity Parameter Value
K, Pa.sh 0.63105

n - 0.6948

oF 5.0"

* Values changed in Run 5/5 compared to Run 5/3
Run 5/5 also included droplet capture mechanism.
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some fluctuation in the simulation results for the injection
pressure and the aqueous and emulsion phase cuts. The
capture mechanism model may be inadequate and has a
convergence problem. It is also possible that an
instantaneous ecuilibrium capture assumption is not suitable
or over simplified. It could also be that the flow rate in
the system is so high that when the droplets in the flow
stream come 1in contact with the pore constrictiong,
equilibrium cannot be achieved instantaneously. Another
notable feature is that all the plots of the simulated
results, whether or not they include capture and permeability
reduction, generally coincide. This can be explained in that
the instantaneous drop capture correlation does not depend on
the velocity of the emulsion phase. It depends only on the
quality of the emulsion and the ability of the given rock and
fluid system to capture droplets. Therefore, no change in

the injection pressure or saturation is observed.

Since an instantaneous capture model seems to provide little
information, a capture model which includes re-entrainment as
a function of emulsion velocity and time is used in Run 5/6.
The parameters used are shown in Table 7.6. It should be
pointed out that the curvature of the oleic phase relative
permeability is 1.5, and that of the agueous phase relative

permeability is 1.3.



Table 7.6

Simulation Input Parameters for Run 5/6

A. Pope's Relative Permeability Model Parameters

2.1 Interfacial Tension and Capillary Desaturation Parameters

. Parameter Value Parameter Value
GL1 13.1 TL1 -0.5
GL2 -14.0 TL2 0.222
GL3 0.0221 TAl -0.428
Gal 13.1 TAZ -0.415
GA2 : -14.0 TM1 0.0
GA3 0.0221 ™2 0.0
IFTW -1.70

A.2 End Point Relative Permeabilities and Relative
Permeability Exponents for Each Phase

End Point Relative
Relative L Value Permeability Value
Permeability - Exponent
k:]_“ 0.57 e1 1.5
kzha 1.0 e, 1.3
k?mn 0.1 = 1.0
kia“ 1.0
k? 0.8

B. Non-Newtonian Rheology

Viscosity Parameter Value
K, Pa.sn 0.63105

n 0.6948

oF 5.0%

* Value changed in Run 5/6 compared to Run §/3
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Ia comparing Run 5/6 and Run 5/3, several facts should be
noted. Run 5/3 did not include the capture mechanism and
used a value of 2.5 for avF which gave an average emulsion
viscosity of 0.278 Pa.s. Since this high viscosity yvielded a
high injection pressure, Run 5/6 has the value of aF set to
5.0, which gives a low viscosity of 0.086 Pa.s. Run 5/6 also
includes the capture mechanism in order to determine whether
these two modifications together can improve the overall

simulation results.

Injection pressure, cumulative oleic recovery., and oleic,
agqueous, and emulsion phase cuts for Run 5/6 are shown in
Fig. 7.51 teo Fig. 7.5%6, respectively. Even though droplet
capture restricts the flow and requires a higher injection
pressure to maintain the same flow rate, a lower injection
pressure is observed in Run 5/6 than in Run 5/3. The
injection pressure stabilizes at 700 kPa compared with 980
kPa in Run 5/3. Although the fluid in the system is
displaced by a much less viscous emulsion in Run 5/6, both
runs display similar results for the oleic¢ recovery and the
phase cuts. Permeability is reduced from 7.9 x 1012 m2 to 3.6
x 10-12 n2 in Run 5/6 (Fig. 7.61). This indicates that the
absolu;e permeability reduction caused by the plugging of
pqreS"in the porous medium plays an important role during
displacement, It 1ig apparent that adjustments to the

relative permeability and emulsion viscosity alone are not
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sufficient to provide a better representation of the

experimental observations.

7.1.5 Effect of Multiphase Emulsion Rheological Behaviour
and Emulsion Relative Permeability
The simulation runs discussed above have given a clearer
picture of the physical flow of emulsion in a porous medium,
thereby yvielding results more similar to the experimental
observations. For Run 5/7, a multiphase rheological model,
given by Eqns. 5.25 and 5.26, was used by entering constant
values for K and n, particularly for the injected emulsion.
Figure 7.74 illustrates the emulsion viscosity as a function
of shear rate. The emulsion viscosity varies from 1.8 down
to 0.1 Pa.s. It should be noted that a value of 6.0 was used
for a+F to slightly reduce the emulsion viscosity and
therefore ensure that the injection pressure would not be too
high. To maintain sufficient emulsion mobility, which is
increased by reducing the emulsion viscosity. the emulsion
relative permeability was reduced by using an end point value
of 0.7 instead of 0.8 and maintaining the same curvature.
Table 7.7 gives the values of relative permeability and
rheological parameters used for Run 5/7. The injection
pressure in Fig. 7.62 shows a low stabilized value of 330
kPa. Tt can also be seen that the simulated injection
pressure does not increase as sharply as the experimentally
observed pressure. This may be caused by the lower emulsion

viscosity at higher shear rates. Apparently, a multiphase
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Table 7.7

Simulation Input Parameters for Run 5/7

A. Pope's Relative Permeability Model Parameters

A.l Interfacial Tension and Capillary Desaturation Parameters

Parameter Value Parameter Value
GL1 13.1 TL -0.5
GL2 -14.0 TLZ 0.222
GL3 0.0221 TAl -0.428
GAl 13.1 TAZ -0.415
GAZ -14.0 TM1 0.0
GA3 0.0221 ™2 0.0
IFTW -1.70

A.2 End Point Relative Permeabilities and Relative
Permeability Exponents for Each Phase

End Point Relative
Relative Value Permeability Value
Permeability Exponent

gln':' 0.57 e1 l .5
Lm 1.0 e, 1.3
gam 0.1 e, 1.0
zam 1.0
Ko 0.7%

B. Non-Newtonian Rheology

Viscosity Parameter Value
K, Pa.snh ) 0.63105

n N 0.6948

aF 6.0"

* Values changed in Run 5/7 compared to Run 5/3
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rheological model gives a better prediction of the injection
pressure than does the single-phase model. The saturation
history and saturation profiles are shown in Figs. 7.67 to
7.70. The cumulative oleic recovery and phase cuts, shown in

Figs. 7.63 to 7.66, are similar to those observed f£or Run

5/6.

7.1.6 Effect of Droplet Capture Mechanism and Permeability
Reduction
At this stage it is apparent that the multiphase non-
Newtonian rheoleogical model can produce a less steep
injection pressure curve than that predicted by a single
phase non-Newtonian correlation due to its lower viscosity at
higher shear rates. Also, the injection pressure c¢htained in
Run 5/6 is too high. The following simulation, Run 5/8, was
conducted to determineuthe effect of the capture mechanism in
improving the injection pressure prediction. The input data
used in Run 5/7 was also used in this run. Furthermore, the
time-dependent capture model is included for this run. The
results of Run 5/8 are shown in Figs. 7.75 tec 7.88, and the

input parameter data are given in Table 7.8.

An improvement in the injection pressure is obtained in Run
5/8, as expected (Fig. 7.75). For this run, the injection
pressure before emulsion breakthrough was observed to be
higher than that for Run 5/7. This is mainly due to pore-

plugging which caused an absolute permeability reduction.
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Table 7.8

Simulation Input Parameters for Run 5/8

A. Pope's Relative Permeability Model Parameters

A.1 Interfacial Tension and Capillary Desaturation Parameters

Parameter Value Parameter vValue
GL1 13.1 TL1 -0.5
GL2 ~14.0 TL2 0.222
GL3 0.0221 TAl -0.428
GAl 13.1 TAZ -0.415
Ga2 -14.0 ™1 0.0
GA3 0.0221 ™2 0.0
IFTW -1.70

A.2 End Point Relative Permeabilities and Relative
Permeability Exponents for Each Phase

End Point Relative
Relative value Permeability Value
Permeability Exponent
Kol 0.57 e 1.5
.kghm 1.0 e, 1.3
kimﬂ 0.1 e, 1.0
:am °
k? 0.7"

I

B. Non-Newtonian Rheology

Viscosity Parameter Value

K, Pa.sh - 0.63105
n 0.6948
a~F 6.0%

* vValues changed in Run 5/8 compared to Run 5/3
Run 5/8 also included droplet capture mechanism.
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Furthermore, there is a lower stabilized injection pressure
of 330 kPFa for this run, compared to 700 kPa for Run 5/6.
Cumulative oleic recovery and phase cuts are illustrated
Figse. 7.76 to 7.79. The cumulative oleic recovery, oleic
cut, and agqueous cut of Run 5/8 are similar to those of Run
5/7, while a slight improvement in the emulsion cut of Run
5/8 is observed. It is apparent that the modifications made
to the model brought the simulation results more in line Qith
the experimental observations. The injection pressure is
higher before emulsion breakthrough and closer to the
experimental data, while the oleic recovery and phase cuts
still remain close to the experimental data with some
improvement. This is because the multiphase non-Newtonian
model and the time-dependent capture model were used in
conjunction with a lower emulsion relative permeability and a
lower emulsion viscosity. Finally, the saturation history,
saturation profiles, instantaneous capture history and
profiles, and the total capture history are shown in Figs.
7.80 to 7.88. The saturation profiles of Runs 5/6 and 5/8
are similar, while a slightly larger oil bank is formed in
Run 5/8 compared to Run 5/7. This results in a slightly
higher oleic recovery. Capture profiles show the propagation
of drop capture along the core, with a maximum capture of
0.0026 kg of water droplets for this rock and fluid system
which reduces the absolute permeability to 3.6 x 10-12 m? from

an initial value of 7.95 x 10-12 p2,
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In conclusion, the simulator developed which includes the
multiphase non-Newtonian emulsion rheological model, Pope's
relative permeability model, and the time-dependent capture
model are able to predict the production history of the

laboratory core flood.

7.2 Sengitivity Study

A sengitivity study of the injection pressure, cumulative
oleic recovery, and breakthrough time of core flood #5 was
carried out to determine what effect the process variables

have on the predictions made by the model.

7.2.1 Sensitivity Study of Injection Pressure

The injection pressure shows no response to an increase in
the end point agqueous relative permeability at a high
interfacial tension (Fig. 7.89). This means that noc matter
how permeable the porous medium is to the agueous phase; the
pressure required to inject a displacing emulsion is the
same. However, an increase in the end point emulsion
relative permeability leads to a lower injection pressure
(Fig. 7.90)." A linear increase in the pressure reguired to
inject a more wviscous emulsion is demonstrated in Fig. 7.91.
Figure 7.92 shows the injection pressure necessary for the
different rheological models used to predict emulsion
viscosity, viz. a weighted average correlation and a single-
phase non-Newtonian correlation. As expected, it was

observed that the more viscous a fluid is predicted to be,



193

+g1epoy [waibolosny 3ueIaljid Aq pe3aTpaid AQTH0ISTA

uote[nwy O3 2Insseld UCTIR[UI Jo AJTATITBUAS E6°L 614
{rugw) L1y SopyREry
ool [ " " o ]
i 1 1 L 'l 1 1 L] — .
. - 40T E
2
- L~ 802 m
- L
§
- — o
L] T L) T T ¥ T T T 8“

‘UOTBUBI

Te1oRIIesul YbTH 39 AITITqueuTed PATlRIsy snosnby
qurodpuy o7 einssaid uotloalul Jo A3TATaTsuss p6°L ‘D14

SQOTINTOIIOD
upInOImMAN-UON eseyd a1buls Ag peioipald A3rscosIa

voTEINWY O3 2angaid uotidalful Jo AJTATITBULS [6°L "Br3

(v gm) insoday wOpMERE

[ 1] ol o "l "

L L 'l L L L 1 §
. - 00§
-1 b 009
-] = WL
- - o8

T T T Y T T T 006

‘uoysULy

TefoRza0lUl UGTH e AITTIqesureg eAjie(ey snoenby

jujedpul 031 eaInsselg uolildeful Jo AIrataysuss 8- L "B
UORBGL [F1Ha0) 411 1 "miag MpeRy saowmby jerodpug

Lypqeseng ey aoanmy ujedpug

£6°0 0
i

580

%0

§L0

ooy

(34

005

055

009

(edx) amssaag uonfay

o

€0

z0

1

1o

1143

OTET

(van) saneeas moppafur

{vdx) Jassaag ooppafog



194

the’higher is the pressure required to make it flow at a
given rate. A higher injection pressure, and thus a higher
pressure drop across the core, is also required when the
fluid flow rate is increased (Fig. 7.93), a result that
follows from Darcy's law. Figure 7.94 indicates that no
change in the injection pressure is required to displace the
system in the case of different initial oil saturations in
the core. However, if the o0il is more viscous, a higher
pressure is needed to inject a displacing fluid to displace
that oil (Fig. 7.95). For oil-in-water emulsions, it is
generally true that a higher mass fraction of oil in the
emulsion produces a more viscous emulsion that therefore
requires a higher injection pressure (Fig. 7.96}). Thus, in
reviewing the sensitivity of the injection pressure, it is

found that it behaves in the manner anticipated.

7.2.2 Sengitivity Study of Total Oleic Recovery

The total oleic recovery is next analyzed for its sensitivity
to the same process variables just examined, i.e., end point
agqueous relative permeability at high interfacial tension,
end point emulsion relative permeability, emulsion wviscosity
predicted by a single phase non-Newtonian correlation,
emulsion viscosity predicted by different rheclogical models,
and injection rate. The model predicts a lower oleic
recovery if the end point agqueous relative permeabilility at
high interfacial tension is increased (see Fig. 7.97). A

possible explanation is that if the porous medium is made
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more permeable to the agueous phase, more of the oil will be
trapped, thereby lowering the amount of o0il that can be
recovered. Similarly, when the end point emulsion relative
permeability is increased, the oleic recovery is again
lowered. This is so because increasing the emulsion relative
permeability increases the likelihood that the emulsion will
finger through and bring about a poor displacement efficiency
(Fig. 7.98). By using a more viscous displacing fluid,
better mobility control is achieved and the oleic recovery is
higher (see Fig. 7.99). A similar result is obtained when
different rheological models are used (Fig. 7.100). These
¢miations are the weighted average and single-phase non-
Newtonian correlations. When the injection rate of the
emulsion is increased, the total oleic recovery is increased.
This can be interpreted as follows. Increasing the flow rate
has the effect of increasing the vigcous force acting on the
trapped oil. This results in lowering the residual oil

saturation and increasing the oleic recovery (Fig. 7.101).

7.2.3 Sensitivity Study of Emulsion Breakthrough Time

The last variable to be studied is the emulsion breakthrough
time. It can be seen that the emulsion breakthrough time is
more sensitive to the end point aqueous relative permeability
than the oleic recovery based on the steeper slope shown in
Fig. 7.102. The greater the ease with which the aqueous
phase can flow, the later the emulsion phase will break

through. Naturally, an increase in the end point emulsion
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relative permeability permits the emulsion to move through
the porous medium more easily. Therefore, it allows the
emulsion to break through sooner, as is the case in Fig.
7.103. In addition, the expected trend in the emulsion
breakthrough time is observed when the emulsion viscosity is
increased. That is, a more viscous emulsion appears to be a
more effective displacing fluid due to a lower emulsion
mobility, a later breakthrough time, and a higher

displacement efficiency (Fig. 7.104}.

It should be noted that the degree of sensitivity of the
injection pressure and the emulsion breakthrough time to the
emulsion wviscosity is about the same. Similarly, the
sensitivities of the injection pressure, the cumulative oleic
recovery, and the emulsion breakthrough time to the end-point
emulsion relative permeability are about the same. In
conclusion, the model developed gives results indicating that
the physical properties and mechanisms involved in the

displacement are modeled in a consistent manner.
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8. CONCLUSIONS

The present study investigated the physical mechanisms when
stable emulsion flows in a porous medium. These physical
properties were then modeled and incorporated into a three-
phase simulator. Finally, the simulator developed was tested
by simulating a linear laboratory core flood using a stable
emulsion. A variety of effects were sxamined. The following

conclusions were reached based on the system studied.

1. The study of emulsion rheology shows that the rheology of
an emulsion during flow in a porous medium varies while
the rheology in a viscometer isg consistent over the same
range of shear rates for a system ln which the drop sizes
are comparable to the pore throat sizes. However, the
overall trend shows a similarity between the rheologies
when the same emulsion flows in the porous medium and in a
viscometer. It is speculated that the change of emulsion
guality in the pores due to droplet capture causes this
effect, while the emulsion guality remains the gcame
throughout flow in a viscometer.

2. An improved filtration model describing emulsion droplet
capture in a porous medium, for both oil-in-water and
water-in-oil emulsions at various mean drop size to mean
pore size ratios, was developed.

3. Experiments were carried out in two types of porous media,

using a series of emulsions. The production data for the
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0il recovery experiments in the present study show that
the emulsions used were stable enough s¢ that there were
always three phases in the system with a constant
distribution of each component among phases.

The three-phase emulsion flood simulator incorporating
various physical property models, predicted the production
history with a trend similar to the experimental
observations, The best production data predictions were
obtained when a multiphase non-Newtonian rheological
model, relative permeability model incorporating
interfacial tension effects, and a time-dependent droplet
capture model were used to describe emulsion rheology.
three-phase relative permeabilities, and the droplet
capture mechanism, respectively.

The sensitivity study provided information on the trends
of selected process variables as the parameters
controlling the investigated properties and mechanisms

were varied.
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APPENDIX A
ESTIMATION OF THE PARTITION COEFFICIENTS OF EACH
COMPONENT BETWEEN PHASES

A.l Seqﬁence of Injection

Core flood #24: 10% PV of H4 followed by waterflocding.

A.2 Composition of Injected Emulsion H4

Component Dengity (g/mil) % Weight
Horsefly Crude 0il 0.886 41
1% NaCl 1.004 50

Sp1000 1.127 9

A.3 Analysis of the Agqueous Phase During Waterflooding for
Surfactant Content

One millilitre of the effluent was first diluted to 100 ml in

a vwvolumetric flask. The sample was then analyzed for

surfactant content using the UV Spectrophotometer. The

following data were collected during the waterflood in core

flood #24.

Sample Volume Type Effluent Surf. Total Wt.
No. {ml) Wt Conc. surf. Fraction
(g) (g/ml) Wt. of Surf.
(g) in
Effluent
1 2000 Emulsion 1922 29.5%10-3 5.9 0.0031
+ Brine
2 1000 Brine 1004 0.19%10-3 0.19 0.0002

3 500 Brine 502 - 0.08x10°3 0.04 0.0001
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.4 Calculation of the Partition cOefficient

Using the above data, it is found that

K, =—= =00484.
wl

m

It is assumed that the amount of surfactant that transfers to
the aqueous phase is low enough so that the amount of oil
which can dissolve in the agqueous phase is negligible. That
is, no oil is transferred from the emulsion phase to the

agueous phase. Hence,

K,..,= 00.

oam

The following table shows the weight fraction of water in

each sample of effluent for core flood #24.

Sample Type Total Wt. Wt. Fraction
No. cof Water of Water in
{g) Effluent
1 Emulsion 1128 0.5869
+ Brine -
2 Brine 1004 0.92998
3 Brine 502 0.9999

Using the assumption that K_,= 0.0, the weights of water in

the aqueous and emulsion phases can be calculated. Thus,
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Since surfactant SD1000 is hydrophilic, it is assumed that
the surfactant only dissoclves in the agqueous phase. This

means that the only o0il present is in the oleic¢ phase.

~ Hence,

K, = 2439, K,, =90, and K, = 0.
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APPENDIX B

MATHEMATICAL DEVELOPMENT OF FLOW EQUATIONS

The mass balance equations for each component can be written

as follows:

J k 3@ k, dP, Kom oD,
k - k, = Ax
ax( ii IAx ax an a ax Jmpm ”m ax ]
d d
+ éz[qubDil'a_x'(PtCil) + A ¢ ia ax( a uz) + Ax¢Dim -_(pmcim)]Ax
k, 3@ k 3@ k., o,
DAk, + C.p Ak~ + CpnAk,— Ay
5&( uPiy K, ay Ay ﬂ% 3? infm ", I ]
J a d d
+ E[Ay(PDd"a_y( lcl'l) + Ay¢Dh-(paCia) + Ay¢D|'m-5;(meim)]Ay
d K 341 k. ad’ k_ dP
-+ Ak, C.p.A C,.pnA Kk —
oz (C‘,p, ;u, o T b ke ,u‘, o CmPef ) :
440, 2(pC) + AIDZ(PLC) + AID ﬁ-(pc.)]m
a n' a ™~ a—ia 'z im az mim
+ O'(kg,/sec) = ACC, for i=ows, (B.1)
where Qf is the mass flow rate of component I (positive value

for injection and negative value for production) and ACC; is

the accumulation term of component { which is defined in

Appendix C.

The above equation may be re-written as

k

(p,C,,Ak ,u” Vo ]A + V- [paC Akkave )A

+ v-(pmc,.,,,Ak-‘ZﬂVd&m)A + V-[A¢D,¥(pC,)|A

+ V- [aDV(p.C)|A + V-[ADV(p.Clld + O
= ACC,, (B.2)
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k.
or, by substituting n,-=Akj"-, as
i

V'(plc"ﬂ'nlv¢l)A + v'(pacianavcpa)‘d + V(pmcmand)m)A
+ V. [apV(pC)|a + V-[4eD,V(p,C,)]A
+ V-[A¢D,¥(p,C.)]A + @ = ACC. (B.3)

After writing @ implicitly and transmissibility at the nth
time level, the resulting expressions can be added and
subtracted in order to write @ in terms of 8P and produce

the following:
V-[(p,Ci,n,)"Vc?@,]A + v-[(pac,-am)"va@a]a
+ V-[(me,.,nnm)“V&Dm]A + O™+ V-[(p,c,.,n,)"vqs;']a
+ V-[(p,C,.ana)"Vdi,‘,‘]A + v-[(p,,,c‘.mn,,,)“vqs;]a
+ V- [ADV(pC) A + V-[AtprV(paCia)]"A}

+ V.[4¢D,.V(p.C.)[ 4 = ACC. (B.4)

Substituting the expressions,

@, =p,—~pgD ., (B.5)
@®, =p,-p,eD, (B.6)
& =p,-p,.eD, (B.7)
Fu=D—D.: (B.8)
and
Fon =Dy = Pn: (B.9)

into (B.4), the following equation arises:



: 215
V[(ecm)Venla + V-{(p.cun,)Vap 4

+ V[(o.Cna) Voo + g - V-[(oCimy v8(peD)|a
= V{(p.Cn.) V(P + p.gD))A
= V-[(puCuma) V8 (B, + p,8D) ]
+ V{ecm)yverla + vp.cm)ve:)a
+ V|(puCam ) VOI|a + V-[49D,5(pC,)] 4

+ V-[4D,V(p.C,) 4 + V-[4D,V(p,C, )4 = ACC,. (B.10)

This may be re-written as

ACC, = V[T, + T, + TYV&JA + o™ + R, (B.11)

where

T, = pCm.

T, = PCulls

I, = pC.71..

and

R = -VTvs(pgD)la - V-[:V8(P,, +p.eD)]A

- V[GV8(P,+p.eD)]a + V-(LVE)A + V-(TVer)4
+ V(TVe)a + V. [aDV(pC)'a + V- [aeD,V(p,C.) A

+ V-[44D,¥(p,C.)] 4. (B.12)
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APPENDIX C
EXPANSION OF THE ACCUMULATION TERMS IN THE MASS
BALANCE EQUATION

';‘;rle accumulation terms for each component are described by
ACC, = %%[qb(co,p,s, + CupS, + Cop.S,) + p.o]. (c.1)
for o/w emulsions,
ACC, = Vb—g;[qb(cw,p,S, + Cup.S, + C.p,S.) + p,o], (C.2)

for w/o emulsions, and

ACC: = VIJ%[¢(CH IS! + C.m aSa + CsmpmSm)

P, A (1- ¢)pmcm]_ (c.3)

1+B,C_

The common terms (FLU;) in the three previous equations can

be re-written as

FLU, = V,2[0(GoS + CpS, + Cub,S)

_ Y Y Ye
- Ata(‘pcnfpfsl) + At5(¢cmpasa) + At6(¢cunpmsm)

= O, + Ag, + Em,. (C.4)

-~ For an instantaneous droplet capture, the capture term (CAPT)

in (€.1) and (C.2) is developed as
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a a Ac-p_mcim a A
= P: 5.,
CA.PT = V —\| 0.0 = V- | — e = V- ) (o i
i bat(pi ) b at p; 1+B B@_C bat[p‘(pi'i'B‘,meimJ}
p
2
=L B4 8(PnCin) (C.5)

At (pl + Bcpmcim)2

The adsorption term (ADSPs) in (C.3) can be re-written as

ADSP, = Va[ Adt=0)PuCon | _ Vo LA~ 0i) ) 5(0,C..). (c.6)

orl 1+Bp,C. | At (1+B,p,C..)

C.1 Expansion of the Common Flowing (FLU;) Terms

The term Ol in (C.4) is further developed as follows:

o =

Zo(9cs) = =[0Cos)™ - (sCos)]
= Zl(gps)"ac, + Cia(ons)]
= g‘-’-{(qbp:&)"”r?cu + Cilen)™ss, + 5:8(0p)]
= Zlgpsyrec, + Cilop)™ss + Cist(6™6p, + piow)]
[ 8, + Ci(9p,)"8s, + (C,pS) 8¢

+ (C‘,-,S,)"gb"“ap,] : {c. 7

Using the definitions,

a+l n
6¢ = (-¢n+| ¢ Japl - ¢’6pj , (C . 8 )
o -p
. n+l __p n+l _p p:"'" _ p
apf = [Cn-i-l Cn ]60::! + (Cn«}-l Cm Jacwf + (C;;"’l C“ Jac,, A {C.9 )

anéi



&5, + 85, + 85, = 0,

substitutions are made into (C.7), giving

A+l

_ V o n+] n p - p"
OIo - "A_br¢ 1[(;0:'5‘1) + (Ca!SJ) (Mj]acor

} b 4n+l n P? * P?
+ —=¢ C.S)iH—Ll |60

ntl _ an
+ %¢n+l (CNS,)”( pi P; ]i|6csl+ _Vi‘puﬂ(ca

i Cﬁ”-—(ﬁ At
V, "L,
+ 'A—:(CMP;S;) ¢ SPI'

A+l

Y of P —Pr
o. = <Lt {(Cc 8| Ll
w At¢ I:( wi J) (C::.l _C;):I(SC‘,,

A+l

V S+ n+. n - p;
+ 22 (8" + (Cus) (—g—:g—ﬂ&c

-

A of o - pf
At ¢ -( wf l) (C;;-H - C:: 5!
3

V [ n o Vi LY
+ j't"ib +I(wapa H)SS: + A—bt(Cw,p,S,) ¢’ép,,

and

V - a pn+l - pn
] = b an+l [} !
O 'z At ¢ [(C"S‘) (C:’-!-l _ C:! acal

V a puﬂ _pu ]
+ _b.¢n+l (C,S ( i ! 5Cw
2?5 e )P

|

V n+ L3 n -por
- Zolosr + )Gz,

atl _ o
\Csl ~sl

V, n n .t Vi Wy
+ A_E;‘P H(C::P{ i)asx + —A-"’—t(C,,p,S,) ¢’dp, .

218

(C.10)

{(C.11)

(C.12)

{C.13)
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These three equations can be expressed in a more general form

as

it

]/ V V V nt N it
0j, -A%A,,.ac,., + A—:Bﬁac,, + -j;c,,.acz, + A—btcp (Chpr™)8S,

!

|Z n o,
+ A_I}(CHPISI) ¢°p,. (C.14)

n+l

wo= olasr + (2]
it il

4l

= o™ (c.s )| Lo —P )|
B, = ¢ L(C"S‘)( )]

CITH - Cl';
and
l=w and 2=5 when i=o
R pn+l _pu )
C, = o"N(CS)|E5—==1| for {l=o0 and 2=s5 when i=w.
l it Cn+1 - Cn
2 2 l=0 and 2=w when i=s

To expand (C.14) further, the oleic phase constraint must be

applied. It is known from this constraint that

G
It therefore follows that
(% = K%MCMr (C.16)

and thus
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5Cit = a(K;‘bqu)
= K."“:Scb,, + C':n3K‘-hn

ilm

(k2 — Ko KiK.
e+ (B (E ),
B i Ci.:l -G Cn:l -G 1

A+l _ n
Kip — Ki ac,,. 1. (C.17}
Com' = Com )

Making the substitution,

8C,, = -8C, - &C,,. (C.18)

m

the next three equations follow:

[ grn+l n. \ nHl _
5C, = KI&C, + C;"{L(Kih KilmJ _ (Kilm K.'rmI|5Cim

cr-c )~ \ar-e,
K™ — Ko ) K -k
i iln || i i |{5C G (C.19)
G —Cin ) Cn —Cam
: (e -x) (K -k
&, = K;'&C, + Clm{l:[ 65’::1 _ (;5) - [CE;I — CE: I|6C"’”
atl _ g ntl | prm
+ Kuml Kim | _ .I_(_l_bf.l_K_l,!ﬂ 5C,,. +. (C.20)
Clﬂ ,: - Clnm C;m - C;m
and

" . Kn+l - Knm Kn-l-l _ Knm
8C, = K;,0C,, + sz{[(_grm__(:%:_') - (Ezr:mﬂ__—c_z:_]ilacm
im im m 2m

ntl _ grn atl _ pra
+ -—-———K”';l Kim | - ——sz':l 216G f - (C.21)

Clnm —C{.m CZm _CZm
Substituting (C.19), {(C.20), and (C.21) into (C.14) for &C,,

6C,, and 8C,, it follows that



221

!

ol = AA,‘-SCim + BB6C, + _AV;_tqﬁnﬂ(Cg "”)53;

V. 4,
+ Zz'(cuptsr) ¢"0p,. (C.22}
where
Vo | 2 { o K3t - Ko K™~ gn
AA, = —=<AGKM L (e =mim i | it ilm
[ At h[ ilm lm[ Cl:-:-l _ C:“ C;,:l - C;m J}

ntl __ pra n+l __ gra
+ Bﬂclﬂm[%:& _Iélr:m - Iélale . Icclh]
im im 2m 2m

. . K.M-l __Kn Kn-:;l _Kn
N =)
im im im Im

ntl " _n+1 - K"
BB,‘- = _VL Akc:n Kifrzl K:Im _ Kab:] Kum
At Cin —Cin A

. i Kn;;l - Krl Kn'-:l _ Knm
+ BKY + C [-#d Cl",m - Cl‘:“ C:v
Im — “m 2m ~ “Im

(Knﬂ _ Ku Ku.,.l -k
+ Cg,- "Kf,:,l + C;m —2m__ T 2m 2im 2im ,

I \ G’ =), c -G,
{ n+l —_ At
A, = g™ (Pts.r)m + (CHSJ)" ’?Lan_ElT '
\Cu ‘Cu

n+l

B = o"{c.SY P —pr ,
& ¢ ( it l) (le;-l-l_clr;

and

n¥l _ an
Ck‘ = ¢n+l(C!HS‘)"[ pl pl

A+l n
Czr = Cz:

l=w and 2=s5 when i=o
)for l=0 and 2=5 when i=w.

l=0 and 2=w when i=s
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Beginning with the terms Ag, and Em, in (C.4), expansions

similar to those made for O can be performed to arrive at

the expressions

Y

Aq = AAm'acfm + ‘BBm'aclm + A t ¢"+l (C':"p:-"l )6Sa

[

and

Em, = AAC, + BB/SC, - %w“(c;p“'\ﬁs,

m

Y
At

0 (Cor)8S, + ~E(CupuS.) 060 (c.24)

where

atl n !;+1 _ "
AA, = li Aﬁﬁzﬁ + C& Eﬁ%.jﬁﬂ - E%Z Ko
At A

n K’::: _Knam KT: —K’:zm
+ BC(T;C— T oo
im im 2m 2m

Kn+l - Kn Ku-l-l _ Kn
+ C i _Kn+1 + Cn 2am 2am - 2am Qam ,
a.t|: 2am ZM( C::! - C:,, C;;;l _ C;m

BB. = _Ez_ n Kn:::l“Ksln _ Ki:::l_Ki';m
“ At T\ G -G, Con = Cym

+ B . Ku-l-l + Cn Kll:: — K;‘am - Kl:: - Klnam
ai lam im Cn+l - Clnm Cg;l - C;m

1m

. . n:”li - Kunm Kn:-l - Kn
+ Cﬂ‘[—Kza’}' + sz( C?ni-l - Czn - C?nr] _ Cz:’" !
1m 1m 2m 2m

R

s
o
i
:f:ﬁ

R

s




n+l

= Y nt Pn=Pn _ P -ph
M = Lolps)” + (7 I

n+l L +1
o, oar-c,

n+l a A+l n
BBmi _ V;: ¢n+1(CmSm) pmﬂ P - pml Pm ,
At Clnm Clnm C;; C;m

and A;, B;, and C; are the same as in (C.22).

C.2 Expansion of Adsorption (ADSP;) Term

Starting wich (C.6),

apsp, = v, 2 AP Co | | Vo PA(=0u) 500y,
*at| 1 + BpC,, At(1 + Bp,C.)

the equaticon

+ ( ¢|m:)
’,; (1 + den+lcn+l )

can be substituted in. By then using the definition of

from (C.9), the following expression is produced.

ADSP, = Vt .

s = T80, + ClLdp)

n+l nl

= b ,ya-i-l{pm-lac + Cn(Pm —pm 5C + pm pm 6C

C:;l - Cn om Cn+1 — Cn
atl _ an
+ pl."ﬂ—pf."scm
Csm C.m
n+l

Vb +1 n+l " P P PM P"
= — + C n n, _ Em_ Im 150
At '}’: {|: m (Cnﬂ C:m C:,:l C:m om
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m

n+l n atl __ an
+ [p;” + c:,,,[i’-m—ﬁ- - u"-Hac,,,,,}. (C.25)

C-Cu G -C
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C.3 Expansion of Capture (CAPT;) Term

Two types of droplet capture models, so called an
instantaneous capture and a time-dependent capture, were used
to model the droplet capture mechanism.

C.3.1 Instantaneous Capture

Beginning with (C.5),

9 Ap.C, v, p2A
CAPT, = V,—|p; e = = —= %) nCin ) +
b at[p'(pl + BcmeiM)] dr (p + B‘.mebﬂ)z (p )

3

the equation

pLA,
(Pi + BprCh! )2

can be substituted in and the expression expanded to give

7n+l -
c

CAPT, = Z—bty:“( MEC, + CLop,). (c.26)

By then applying the definition of dp, from (C.9), the

specific expressions for the oil and water components are

CAPT, = Eb_.},nu {|: a4+l + Cn (p::!-l _p:u — p’:ﬂ ._.p"; ]:lac

At cr-c, - or-c,
pn+l __pn pn+l _pn
+ C""‘(cf;‘ - _CEJSCW}, (c.27)

and

V. pn+1 _pn pn-H _pn
CAPT = b an+l c" m m - m m 5C
T {“’"(c::‘ S

4+l n+l

+ [:,+1_ + C:m[g;:1 :g: - g;-l:gr }]SCW}. (C.28)
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C.3.2 Time-dependent Capture

The capture term can be represented as follows.
d Vv,
CAPT, = V,—(p.o) = ~%6F, .
; A at(p, ) - (C.29)

where

F = po

A 0.0 bulF} O+ag, It
5, 9P )[1-.8»““ )]. .30,

Substituting the following relationship into {C.30}.

e = Eﬁxi,,,,
P
and considering that droplets are captured only from the

emulsion phase, it becomes

po = At 0K |- _ e':‘:" [as,l "”_-‘-,,_ +’-sr;]' |
a[/lsr, '(:)_mxm + g, ]'.

(C.31)

For one dimension and neglecting the capillary and gravity

effects,

u, = %-'-"'—u, (C.32)

r

For three dimensions, %, can be averaged as follows.
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= u+u +u

2 2%
- "'m.}.l "’H ;z + (u"'uou +u”‘i.j—u) + (u’"f.,-'.m +u""i.j.!—l) }

2

Mm - d> J k krm (djﬂ"i - ¢mi—l )
Ax u. Ax
# -}

M1k

k ®, -9, k o, -,
+ —ky #m ._%._J_ _ ky,ﬂﬂ i Ay -1
" Mt
. 2y %
- -
P P O Wl Y B Nl R | O (C.33)
#,, A ) T, R

Recalling that CAPT, = %%SF, where F is a function of

pressure, saturation, and composition, it is clear that

carr = Gl FE)-FloL ), FlSE)-FlSt) o

i n+l n n+l n L4
Ar P i =P L S’“l‘,j,k _Smi.j.k
n+l n n+l n
+ F(x"M.-.;.a)_F(x‘"”-'.i.s) Sx + F(x“’"'f.f.t)_F(x“’"f-:‘vk) Sx
atl  __ n om xn+1 _eft win
O ik oMy 1k ‘ Wk x“"’":.j,t
Flap )-F(xz, )
+ L — 28 | (C.34)
Ty 4 S g
Making the substitutions &5, = -85, - &5, and &, = -éx, — &r,,,

the preceding equation becomes
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corr - B[l FoL),
A4t p ‘::.1! —h J& ‘
F{sz ) F{sn F(s )~ F(s:
- (S;il)_sf‘.“ i )68, (Smi;)_s( i )55
\ [F(x ) Plit) Pl )Pl )}&
x:':l.i _x:"': * x-:::l: = Kam,, "

. [()() A )-rlen, )M
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APPENDIX D
EXPANSION OF THE REMAINDER (Ri) TERMS

The expression for R,,as derived in (B.12), is
R = V-|pcm)yverja + v-[pe.con)ver)a
+ V|(euCam ) VL]a + V-[49D,V(pC,)] 4
+ V. [A¢DV(p,C)4 + V-[A¢D,V(p,C. )] A
- V(o) Va(peD)|a - V-[(p.C.n.) VE(RL +p.gD)]A

- V :(Pmcunnm)nva(‘Pdm +png)]A 4 (D. l)

Taking the finite forward difference, and making the

substitutions,
]:'j: = E-‘Lj::_m'
7 = PG
mn Ay
Ax¢Di'
T = g
. ¢D|"
Thw = ij
and
A¢D;
T = =4

the above equation is transformed into the following:
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i % o1t i Gk
2

o (@n,.-9n)) - 1o (@8, -

Foppal \ - Gidan % palTTe d)a e Shidt

(P: u) |

T;:'Lr 1 (pl :f)

whirk L je ifk ]
Tﬂ. —
dilx Lk (P: ll)”, (p‘ ");-: it |
n
Td I‘fy‘.i L] (plq’) LI (pl l!)f-ﬂ
1 J

T;'uyu, (Pz ")m (P, ")uu

2

Eﬁzzm % [(P,C,-g):m: - (P; ")m]
T:ﬂzm i\ [(plc"’ ):,, . (P;Cit):;.t-x]
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T | (P ) - (e “‘)

bngoia L LI ik
7}":“%“ (Pacnm - aCa)._”J
T, [(0:C), - (b.Cu),,|
T:i,,,u_%,( AR XA
Ty P4 = G,
| (p.C.), - b.C),,
T, [(0:Ca),, - (p,,‘cl-,.,):,,:

Y Y (pm :m) = (P.-n !m)

izl K s

TdnunyL (p mC‘M) - (pmcim ):jJ ]

i**; bt
T [0:C), = (.01,
T | '(me.-m)'f. - (p,,,C,-,,.):j,:
T, [0C, — (0,

T g{ (o1 —p1)D)

- [(er-e1)o] }

1k

giller-p)] - [(er-p0)D]

Lk

(pr* - p; D] - [(or* -pr)D]

ijeLk ik

|
|
Laer - [lor-ee] |
J
|

I, g {[ el - [( - pf)DL,,
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- [e-m), - (-m)

Hpla L HLjA ik

+ T [(m-pn) - (R-BS)

s Lk Lk
- T" n+l -p ) - (Pn-H —p° )
i la la
“”,,,.%J ] i € ey
4 L i1k

[l AN A A

LA+l

(

+ T (P,;'“ -FL), - (Pe-P)
(
(

wi~PL) - (Pa'-PL)

n igkel ]

] n+l ]
- T 1 (R:Im - P )
“_2-' TN 4Lk

- (B -F3)

Ljk

+ T, |(PR-EL) - (P-FL)

1
[y
rL

-1, |em-r) - (e -EL)

]
]
]
(P PJL (Pot - %)..,,.-u]
]
]

un)fu ‘_;_ +L I clm
+ [ >
n+l n n+l n
- ,[Pchn P::im (Pc:m _‘Pclm)__
l.i v i jdel ijk
[ n+l n n+l L
oo (e -rs) - (R -R), (D.2)
Lid~— ijk=1

It should be noted that when i=¢ or w, the dispersicon terms

in the above equation become zero. That is,
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it L “Lik

djvlk

digy | _(pacia)ﬂJJt - (pacia)n

oY i £j-1k
if 2)

+ I Lire _(P,,C,-a)”m - (pacia)l.f-l |
— nﬂm-‘.])—; ..(pac;a)f.i.t - (pac"a)"“-l-

o ol ]
+ T 0, - 6.0
= Tim, [0C), -~ 0G|
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il jA
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_(pacs‘a):“— (acia)"_ |

disy -(pacia)n - (pacia)"

ijk |
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Ljt ]
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233

(D.3)
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D.1 Transmissibility Terms
The transmissibility terms in the x direction that appear in

Equation (D.2) are defined as

T.—f,‘%# = w6 + (1-w )T, - (D.4)
Tay, = Vol * (L wa )T (D.5)
and

T;,,‘%“ = Wl + (~Wu)lis,,, (D.6)
where

Ak kY
T, = — Cu '_r‘”)
ja
) Ax l;—,j}:k H Lk
. Ak, kY
iz 1 Ax ( ICM E) ’

. Ak ( k, )
iax, = — p nCJ'a _m} 4
i+LjA

ax u«%.u Ha #LjA

. A ( k Ju
= 2= C. =

XLk mim

Ax P B ija
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n A

— X

Tm. .=
Lk Ax

k "
C, —= ,
[p #mJ..

h-;-, m Bl

and where, by using the average harmonic mean,

Axkx 2Axm J& TivLjh " Figk X
;.%,p A‘uw k"nmAx ijh + A Tiia k’mA FLiA
and
Ax - Xiap, ki jh
Ax] | A Ax Lt A N
.-‘;J‘ i+1,jk i,k

Similarly, another set of equations can be developed such

that

Ti;i—:j) = ]:;UJ + (1 WL')I"-': 14’ ({D.7)
T.-;',‘_# = wuln, + (-wl ) . (D.8)
and

Th:xi-é'!-* = me‘:“”* + (1 v, )T’l imxy ) g * (D.9)

Equations (D.4) to (D.9) can also be developed in the y and z

directions.

D.2 Dispersion Terms
. , . A . .
The oleic phase dispersion term at r+5 in the x direction

that appears in (D.2) is defined as

. (D.10)
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Tor a constant D,, and using the average harmonic mean,

ZAXMJA (¢D" )m.u A“-i—' (¢D“)m {(D.11)
Ax_ +A_ (D) Ax_ '
It

Figk ( WE Lk

T =
din A, (¢D.)

LA

Similarly,

Y 54 - 2A‘HJA (‘PD” )s-u.t A"--‘-t (¢Du)i.i.t
ditr 1, A, (¢D)) Ax +A (¢D,.,)m A .

Expressions like those in (D.11) and (pP.12) can also be found

(D.12)

Ljk

for the agueous and emulsion phases.



APPENDIX E
MASS FRACTION CONSTRAINT EXPANSION

Beginning with the cleic phase mass fraction constraint,

&, + &, + &, = 0,

237

(E.1)

an expansion can be performed similar to that in equation

(C.17) such that the expression is in terms of the emuision

+ C

om

phase as follows:
Kon =Ko Kot ~Ka s
cr-c, oar-cn )l

&
1 +1
+ Crl K:f:l _K:bn - K:fm — :lm ac
am Cn+1 - Cn Cn+l - Cn wim
wm wm L] sm

o [ Ko~ Ko Ko = Ko
- olfe - B Je-
[ Kn+1 ~ K" KM-] ~-K"
n+l n win w. wim wim
R e - e

. J;+l_ J'Ibn K";H"“ r;
n+ n sim 5| sim sim
+ —lem + Csm Cn-i-l - Cll . - W 6Cam
. o | Kim — Ko K =K,
+ [-KSJ;' + Cm(w —ELW’— 5C,, = 00. (E.2)
Similarly, the aqueous phase mass fraction constraint,
6c, + 6C,, + 6C, = 0, (E.3)

can be expanded into
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K,,.,,l "'Kﬂ Kn+l __Kn
Kn+1 + C" oam gam _ oam zam 1 AC
[ - ( e T oar-c, J] .

atl _ g n+l _ pen
. c (Li_r_fﬂ _ M_};C

om A+l " n+l n Win
Cwm - Cwm C;m _Cm

oC,

om

Kn-!-l _Kn Kn+1 _ Kn
+ Cn wam woem o wam - wam
‘“"( cr-c. | c-c J

\ . (KB -ka, K-k )]
+ [KM 4 Cwm[m T emilen 5C

wm

. (Ko -Ki, _ Kmi-Kn)]
+ ___K‘;"l + Csm[ Cn+1 __Cn - Cn+1 - C.u ) SCW“

ntl _ prn a+l _ rrn
+ I:_K:“:’I + C:m[’lé%_%m - %ﬂ&m = 0.0. (E.4)
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APPENDIX F

SYSTEM OF EQUATIONS AND SOLUTION

Starting with equation (B.11l) and making the appropriate
substituti:mg of the expanded terms, the mass balances for

0il, water, and surfactant may be expressed as follows.

For the oil mass balance,
C,0C,, + C,6C, + C;85 + C,65 + Csop
= A(Tra%p) + @™ + R. (F.1)
Similarly, the water mass balance is expressible as
C,0C,, + C,8C,, + Cn85, + C,85, + Cudp
= A(T;A8p) + O + R, (F.2)
and the surfactant mass balance as
Cy8C,, + Cué6C,, + Cu6S, + (.85, + Cidp,
= A{T'A8p) + O™ + R,. (F.3)

The expanded expression for the oleic phase mass fraction

constraint, given in eqguation (E.2), may also be expressed as

CndC,, + CnoC,,, + Cu05 + C,85, + Cudp, = 0. (F.4)
The aqueous phase mass fraction constraint from (E.4) can

also be written in the form,

Cy0C,, + Cu8C,, + CubS, + Cu8S, + Ciép, = 0. (F.5)
The values of the coefficients in equations (F.l) to (F.5)

are given in Appendix G.
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The system of five egquations just shown can be represented in

matrix form as CX = 1Y + R, or

' oo ~

After triangularization by Gaussian elimination,

o o O = O

SO = oo

o TR o i e i

PLLPQ

o

= = =]

ngﬂgﬁzﬁ

2

system is transformed into C'X = BY + R', or

1
ﬁl
21
"
31
Lidd
41

Iy
3t

0
1

17
32
rer
42

rirr

43

44

-(:11 (:32
0 C,
0 0
0 0

0 0
0 ©
0 0
1 0

v

2P

52 53 54

(:;3
¢

Ca
"

33

0
0

1-

Cis 6C,, |
Cos &C,
Css o5,
Cas as,
Css_,-,j,k | op, ]
[ A(T748p,)+ 0" |
A(T;Adp, )+ 0™
A(T;Adp)+ 0™
0
0

LSk

C14 CISW acom
C;, Ci ac,.
cy cgl - as,
Cu Cis 85,
CS';".i,j.t L 3p, JdiLj.k
[ A(T;A8p,)+ 0™
A(T;A8p,)+ 0™
AT Adp,)+ 0™
0
L. 0 Ji,j.k

o o FF R

the

}a;l
IE?IP
4

L)

{F.6)

above

i, ik

(F.7)
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The last equation in the above system,

CoonnOp,, = BaA(T;A%p) + BiA(TiAdp) + PBiyA(T;Adp,)

+ ﬂ”” "n+l + sf.zrnQ‘:nfl + ;;”Q::_H + R;Ir;: , (F . 8)

i .k Lik ok
is a parabolic difference equation in p. By expanding it

using the forward difference method, it becomes

ﬁ;;:;[ 2 (o, -dp,) - T, (8, -0,,,)

'_'2"""

+ I L (5p o apmu) - T::.;-;-A (5p i —op - “)

Lpg

+ 7::“ X (517 b 5,0, ,.) B T,',:“_% (5p hija - dp lijant )]

+ ﬂgz::;*[ w ,l*(apa‘.-ﬂ_,-; —‘5,0;”1) - T“"l. . (ap lija —&p "-'-:.u)

P
7

+ T: 1 (apfu'u - ap’i‘j.t) - T':, R (5‘0':,1; - 5p‘u-u)

1
sz i

+ T (%, -op,,) - T,;u_;(ﬁp,m -8, ., )]

* ﬁ;;;,;[ T, (P =) - ARCIEL N

T, (@
L

P poa P:, ,,) - T::I I, (517:,5.M —5].7,‘_‘_“)
2

1
*‘?

Projan 9p 'i.u) - T’: ! (5p s op Yya )]

3]

rPPE N - L *r+] - 1 *a+l 7204 0+l _ e
Css,_j_..‘Splr“,t = 51 Qau, 52 me 53 Q:,,,_. Rs,_,, .
(F.9)

This may be re-written as

Z-‘.J,t ap Lijaa + Bu.a 8p YT + D:,,u 5[’ b + E ap s

L& iLj4
+ F &%L“ + H égwu'-+ Su‘&%#d

[

- e ytatl ey eytadl rrreyael rrrr
= =p;"0 52 me'_ i O R, (F.10)

0 ik g Sija
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where
—- rrrepn rerrn 2e44n
= BTy o+ BRI o+ BT
UJ—; t.i.t—z i,j,l—z
—_ e (21, ol ] 170
B = BTy .+ BT, .+ BT
b gt bt
— rrtepn rerrpn e
DIJ‘ - ﬂSl e + ﬁSZ Tw 1 + ﬁ53 T;., ’
i—;.l-l 3—;.!) l'?i.l
- LIFE, o] rrEMN 4Ly sl
Fm = BT, + ByT,, + BT, .
io?.j.t h;.].l HEJ.E
— I Lds ol PPF " ldar sl
H,J‘ - 51 %e + BSZ Tw 1 + ﬁSS P
LA Ljsga Lirgk
44
= BT+ BTy |+ BT
LIx ‘, p«'z- Ljdeg ik
and
E = —(Z + B + D + F + H + § + C;;f_’).
LA LA ik ik £k Wk ik ik

The one-dimensional pressure distribution can now be solved
by specifying a pressure for block N_1,1, the last block, and
then solving for & from block 1,1,1 to block {N,~1}L1, the

second last block.

The next step is to calculate the production rate at block
N_,11. This is accomplished, based on the core floods
experiment carried out, by specifying a pressure of one
atmosphere for the last block, and then calculating the flow
rate required to satisfy this constant pressure. The

resulting relationship is
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2200 ¥ nt) rrre ¥l r2re ey il - _ 2y
a1 Q"N;u + Ps wa.n + Ps Q‘N..u - DN..uap e Rsﬂ..u -

(F.11}

Substituting for the variables Q:,“+1 Q;:“L, and QO™', the

Nadd Sxa1t

following equation arises:

A, [
{qlplcl + QIZ_,PaCoa + qlT’meamJ

Neld

n+l
I l /1
+ 52 (qlp! wi + QJ ;L pacwa + ql l pm wm]

n+l
A A
+ By apCa + @22pCu + ¢ —ﬂpmcm)
[ i ’l [ ll s

Ll

Nold apb‘,_m - R - (F - 12 )

5":-1.1

= -D

solving for g it is found that

Y
q _ N4 4 g1 R5~,,n
a1 uu A+l un A+l rer n+l
b .. - as
PoCut), + B oCu+) + BpCote)

(F.13)

A. n+l ﬂ. n+l]
n+l —_ a n+l] — hid. 3
The cases where Dy, = (—i-q,] and Gy s = ( 2 q,) can now
! Nell ! Noldd
be solved. Following this, wvalues can be found for the

L]
variables Q,,:’: QJ:L ., and Q,:ﬂ

The next steps involve solutions for the saturation and

composition. Starting with equation (F.7), the relation

involving &S,,
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€8, + Ci,on, = Pis(TAd) + BiA(12A%)

ﬂ“) 45‘4‘

+ ﬁm (T,"Aapl) + ﬁ.w ‘:f-:l + ﬂm *n+l ﬁm *a+1 + RIII'

(F.14)
can be re-written as
oS, = -—L—{Z op + B &p + D dp
LTI e e Flpa ax Flipg aia e
LI
it yntl
+ EJJ) 5P Lin + FLM 5p /R + Hu.& 6[7 L + Si.i.k 5]3 LI +* Pa Q’-’Jﬁ
FOpEO + Bad™ + R, (F.15)
in order to solve for dS,, where
¥/ "’
Z,,, = PyT, , T BT, , T BsT ..
' WA Lk g
— nrrpn 1+ rpn ) 2t R
ija - 41 T:? 1 + ﬁ42 TW 1 + 43 T ’
L 1k u-*,:
- " e pn .
D,“ - 41 T;"l + ﬂ42Tw‘l + B '
h b ik
—_ I/ d n nr n ”’
Lk - 411; 1 + 42 Tw'l_ + ﬁ '
‘*;J-t it b ,}.t
H = "’ Tﬂ + ’I’ Tﬂ + "’ ﬂ .
L ipta ok ﬁ Lt
— nm n ”’ " Tﬂ
S, = Tl+)3 +l+ﬂ43;r
g 3
and
E, = -(z, + B, + D, + F, + H, +5_ +Cz)
Ljx ifA LiA (] hLik £k ijk ijk

Starting again with (F.7), the expression containing &5,,

Coi 5S‘L# + G5, Gy, " op. Tuja BsA (I?A 5p,)

+ PrA(TiAdp)+ BrA(TrA%p) + Big™ + Baor + Baoi

+ R, (F.16)
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can be solved by re-writing it as

1
SS'EJJ - cr (zi-i* o fogaa + Br.u dp hjon + ik op URYN
B
. e
+ E-‘..u 6p Liga + . Fi,j.k 5p Tt jx + H-‘.J.t 5p UFRY + Sf.u 5}3 ligas + ﬁ Hxo,
” ntl At ’” ”
+ ﬁszQw‘qu + ﬂsa "I'J..I + R3 - 34"}‘ 6Sal‘.‘u ) ] (F N 17 )

— mn L L h ”n
z;.i‘ - ﬂglj-; + ﬁ32Tﬂ | + ﬂS.BT.; ¥ !
fojhm—= U.&—z

2

_ o 7 on v
Bm = BT, ., T BT, . BT, Lt
2# ‘.I-?l U'-?!

- #en rn rn
D, = Bl + BuIy .+ BT
"'E-f* "‘-E.M f—z-]-l

_ non o nrpn
F,6 = Bry. o+ PR+ BaT
HE.J)' =+:£.j.t H?J'Jv

H, = BT, + B, + BT,
"y

i bigh

. |
I.]M;

- 2w wen wopn
S BiT; .+ BuLy |+ BELY .
-'.#*3 -'.J.h;

and

ik

—(Z + B + D + F + H + § + ”).
ik ijk ijk

LA ijk Lk 35440

The expression containing 6C,, in (F.7},

Cézi-i# 5CW"'LJJ + C;31.j,t 65‘1,;; + C'J:."A.-_# 53"‘# + C;:st.# sp fu.p
= BA(Ta%p) + BLA(IiA%) + BiOl + BuOll + R,

(F.18)

is re-written to solve for 8C,, as
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w1y ’ (z:.,u P Fjaa Bm 5p h s + Du.t 5}.’7 v

+ Em Sp,m + Fm 5p,M# + H 5p,w + S ép,

ija itk Elijan
*n+] *n+l ’
+ ﬁ;lQou_. + ﬁz’:zQw,-,,, + R, - 2':*.,._,-,&5-)‘:5’:,_Jut - C2’4.-.“6‘S‘au*)'
(F.19)

where

- ’ n ¢ n
zu) - ﬁilj:a 1 + ﬁZ.'ZTw T
At LAy

B = BT, + BT .
Lisa

N
e i

’ n r n
‘D,“u ﬁlen 1 + ﬁﬁTw 1 !
[T —Lix
2 2
e - + n ’ 70
F "" ﬁZth') + ﬁujw ¢
LA p 1

74 i

-— ? 0 L ol
H ur ﬁle; L + Bzsz y !
J Lpgh Lk

tn
]

L4 Likeg

I o+ BuI .,
i.i.h-;
and

= —(z,+ B, + D, +F,+H_ +5 +Cs)
ik Lik ijA Lfk 1171 ijk ik

ik

Finally, the relationship involving 8C,, in (F.7),
O
a.amlu‘ + C13._’“ 5S .'..J‘ + Cl 4”_‘ asai“
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+ Cs, %, = BLA(T A%p)  + B + R, (F.20)

is solved by rearranging it as
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1
% - (Zw o, LS + Bm 6pf.u-u + D apj'.

oMy ix iJa i-LLe
;0

S,

+ E.i',j) ap ga + Fi.f.tap L ju + Hi.}.& ap b + [37] ap lijan + ﬁ 11 Q".‘::l

where
A =
iJx
B =
Ljk
D =
Ljx
F, =
H =
H
S =
Ljk
and
E =
17

+ R - Gy 8, — Cu,8, - G,8,,) (F.21)

ija T ST

n
ﬁuT; !
¥

4=

BT,

Lk

ﬁnT:: R

z.i.l

ﬁuT: P!

i,
i

n
BT |
L

#-_“-.t

n
B.I .
l-ﬂ'-‘;

(2, + B, + D, + F, + H, +5, + Gy ).
ijr ifa ija [ A ija i j4



For the oil

and

The terms AA;,

Cis

APPENDIX G

DEFINITION OF COEFFICIENTS

mass balance,
= AA, + AA,

BB, + BB,

n+l

b ¢n+l(

v,
Tb n+l n n+1
97(C

A7

Al ( wP:) 9’

+

AA,. AA.. BB,, BB,,

equation (F.1),

+ A4,

BB, .,

mo

Cu n+1)

Cn n+l )
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(Cab S8 + (ConbuSa) ]

and BB, have already been

defined in Appendix C in egquations (C.22) and (C.24).

For an o/w emulsion,

accumulation coefficients shown above. Hence,

CII

and

Y,
C + b antl| ontl
¥,
C b +1 Cn
12 AtY: I om(
Cl3'
Cl4 r

- ot -p oo
+ C ( C:H-l Cn E:T':l—
ot —pr o -ph
crl-cn c;;:‘ c

oil capture should be included in the
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For the water mass balance, equation (F.2},

C, = BB, + BB, + BB

wiw !

sz=AA,w+AAW+AAm,

V |+ n n+ n A+
Cy = Ibt‘pn !(wa :l - Cwmpml)r

C24 = % ¢n+l (C: :+l - C:mpnﬂ) ,

and

v n n a
C25 = - (Cw!plsl) ¢’ + (Cwa.pasa) ¢' + (Cwmpmsm) ¢’ -
Ar

For a w/o emulsion, water capture should be included in the

accumulation coefficients above. Hence,

n+l a+l

_ A R _
G = G + zb;y:lcm(afl_—c;' - g;?l__?;”}]'

V . pn+I _pn pn+] _pn
cC. = C +_£'..+1"+1+C__.m__._m_._"'.__m_’
2 22 AIY: _pm Wﬂl(c:;l_c;ﬂ C,’::]—C;”
C23 C23:

Cp = Cy.
and
Cs = Cy

To determine the coefficients in the surfactant mass balance,

the equation,
6Cm = _6Cam - acwm'

is substituted into the general equations for Ol;, Ag;, and

Em;, namely (C.22), (C.23), and (C.24). Hence,
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win

= (-4A,+BB,)6C,, - AAC,, + b¢"+1( i8S,

V,

+ Ar ( PrS, )¢5Ptf

& a

Agq, = (~AA,+BB))C,, - AAGC, + %w“( m,o;“)a

v, »
(¥ ‘ép,,
+ At( lapasa) ¢ pi‘

and
Em: = (_Mrm‘ +BBm)6Cam - AAmacm - b ¢n+l(cn n+1)5$,
_ V n+l n+l ‘/b L)
At¢ ( -""p )ag + At(cmpmsm) ¢ apf'

Therefore, the accumulation coefficients in equation (F.3),

including surfactant adsorption, are:

¢, = —AA, + BB, - AA, + BB, - AA, + BB

V; " " . pn+1 pn pn-i-] pn

— + C 2 mo L m ],

2 [ Pm [c"“ ¢~ ctocn
C, = —AA, — AA, - AA,

Yo or| s (oot o
2 +1|:pm+l+cmm—“géff—c—;”:

V n l oA n
Cy = Ibt‘p +1(C:l i~ Cop +1)

C34 = ‘_‘;Lt¢u+l( :ap:ﬂ - Cmp"+l)

and

C35 l= V ( .rlpl )¢ + (CtapaSa)n¢’ + (Cmpmsm)nqﬁ' .
At |



For the oleic phase mass fraction constraint, equation (F

Kn-ﬂ _ Kﬂ Kn+l - Kn
— n+l ndl n Im olm olin alm
C4l - Kolm Kﬂm + Com( C}:l _ C:m C;:.; _ C:,m
a+l n n
+ Cll (Kw;n - K:Im Kw:ml lem ]
wimt n+l n a+l n
Con —Com Co —Ci
n n i+l R
+ Cﬂ (K.ﬂ:ll —Ksbu K.r!:n _K.#MJ
L) n+l n n+1 n '
Con —Con Con = Cim
Kn+l __Kn Kn+l - Kn
n+l +1 n olm olm olm olm
C42 Kw&n K:hn + Com( C:,:.l _ C:m C::l _ C:m
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C“ = 0.0 r
and
Cs = 00.
For the aqueous phase mass fraction constraint,

(F.5),
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.43,
eguation
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Co = Ko - Ko + G

om

(K:;’,f -k,  Km- K:m)
n+l n n+l a
Con —Con Con — Con

Kn+l _K’ﬂ Kn-H -K"
i C""'( cia-c.,  Cor-c, J

KM»I -K" Kn+1 —-K"
+ n xam sam - sam fam ,
o(EE - &8

n n n K:::-K:m K:;:—K:am

Wit

, o (KK, _ Kl -Ki,
cui-C., ~ cr'-c

(KoL, KoK
v Glemen T area )
C, = 00,

C, = 0.0,

and
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APPENDIX H
ESTIMATION OF RHEOLOGICAL PARAMETERS

The following analytical correlation suggested by Abou-Kassem

and Farouqg Ali44 is used to estimate the parameter .

2a+1 n
a‘\[F - 2 KLC (3"'1‘1)

+1
- 4n

kY2
z ny
(J ¢

where,
and

_(gmY -
© = (n¢2J[c""—1)'

Viscometric Data of Emulsion {(Batch 1) and Flow Data in

Ottawa Sand Pack for Core Flood #2

Consistency, K' 0.6311 pa.s®
1.0976
Vouter "
C '}Mﬂ'
Flow Behaviour Index, n 0.6948
Intercept of Log-Log Plot of 1.785 x 10° Pa/(m?/s)n

Ap Vversus Q, I
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Core Data for Core Flood &5

Core Length, I, 0.61lm
Absolute Permeability, k 7.95 X 10-12 @2
Porosity, ¢ 0.3851

Hence,

aJF = 1.8.
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APPENDIX I
DERIVATION OF SINGLE PHASE NON-NEWTONIAN RHEOLOGICAL
MODEL

Alvarado and Marsden found a similarity between the
rheological behaviour of macroemulsion flow through a porous
medium and a capillary tube viscometer for the range of sghear
rates between 103 and 104 sec!. Therefore, the correlation
for modeling non-Newtonian behaviour can be derived by
coupling the capillary model (or the hydraulic radius model)
for porous media with a specific rheological model, the
Ostwald-de Waele model, which is also widely known as the

power-law model.

I.1 PFlow of Fluids Through Capillary Tubes
For steady state laminar flow of an incompressible non-

Newtonian fluid in a long uniform capillary tube having a

radius r, and length L, Alvarado? and Alvarado and Marsden??

reported the eguation

T, = Ky, (I.1)
where
T, = ﬁégﬁ, (£.2)
2L

and
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Ve = (-ﬂ) = (3"” LA (I.3)
¢ ar Jie,, 4n r )’ )

<

A logarithmic plot of 17, versus ¥, yields a straight line
with a slope equal to n and an intercept (at 7, = 1) equal to
K. It is noted in Ref. 61 that the values of K and n are
independent of the type of viscometer used to measure the
rkeological properties of a particular fluid. That is, K and
n represent the true physical indices. However, the shear
rates obtained from a Brookfield viscometer are the apparent
shear rates. Therefore, shear stress and shear rate data
obtained from a Brookfield viscometer®3 give the intercept
value KXK', not K. By using the following relationship, the

value of K can be obtained.

] -'{\_
K = -5%, (I.4)
£
where
S D
—1 (nng'é’—zﬁ—_"l—, (I.S)
and
¢ = lowr (I.6)
T

inner

I.2. Flow of Fluids Through Porous Media
The following assumptions, which are mentioned in Abou-Kassem
and Farouqg Ali%44, are incorporated in the flow modei of non-

Newtonian fluids through porous media.
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1. The emulsion is homogeneous on a macroscopic scale.
2. The porous medium is represented by a bundlie of uniform

capillary tubes.

3. The average pore velocity is related to flow velocity
through the Dupuit-Forchheimer equation; i.e., V'=%§.

4. The rheological behaviour of the flowing fluid is of
purely viscous nature; i.e., it is independent of the
geometry of the porous medium.

5. The rheological behaviour of the flowing fluid is
represénted by the power law which is valid in the range
of shear rates over which its parameters were estimated.

6. Laminar flow conditions prevail and viscoelastic effects
are absent.

7. Pore blockage and adsorption on rock surfaces as a result
of fluid flow through a porous medium may cause permanent
permeability damage regardless of the subsequent flowing
fluid. This damage reaches a limiting value depending on
the gquality of the emulsion. Plugging affects
permeability significantly. The effect on porosity is

negligible. Therefore, the new permeability of the

porous medium k,, which is called the flowing or flushed

permeability, can be expressed as k,=Fk.

For steady state laminar flow of a Newtonian fluid:in a
bundle of uniform tubes, the Hagen-Poiseuille law may be

written as



By using the Dupuit-Forchheimer eguation,

7=k,
[
Darcy's law can be written as
v = kAR
¢ ULc

(I.7) and (1.9) gives

8 - ¢

Combining Eqns.

el

3
2

or

%
= 24/2.1-L.
" 'r
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(I.7)

(I.8)

(I.9)

{I.10)

As the porous medium usually deviates from the model of a

bundle cf capillary tubes,

may be expressed as

“off s (5

where

the equivalent capillary radius

(I.11)
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& = a parameter that depends on pore size distribution
and tortucsity of the porous medium
F = wztio of flushed permeability (kJ to initial

permeability (k), fraction

It should be noted that both k& and k; can be obtained by

flowing a Newtonian fluid through the porous medium before
and after an emulsion flood, respectively, and applying

Darcy's law.

The average shear stress in a porous medium, 7., can be
defined by using Egn. (I.11) to define an r, for Egn. (I.2) as

follows.

2 12
(5]

T = ~— I.12)
¢ 2L, - (

Similarly, the average shear rate in a porous medium, Y., can

be defined by substituting Eqns. {I.8) and (I.1l) into Egn.

(I.3), giving,

5 - (Sn-i-l) W | 1.13;
dn ¢(oﬁFkJ
¢

Based on the assumption that the rheological behaviour of the

flowing fluid is independent of the geometry of porous media,
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the rheological equation describing the flow of emulsions
through porous media can be expressed in a similar way to

that of the capillary tube Egn. (I.1) for a given range of

shear rates. This expression is
T, = K7:. (I.14)

Substituting Egns. (I.12) and (I.13) into Egn. (I.14) and

solving for V. gives

n+l

( asz)T 5

Vo= - ¢ AF., (I.15)

2(2"*"(——3"+1)" KL,
4n

Equation (I.15) can be expressed in the form of the modified

Darcy's law for non-Newtonian fluid flow through porous

media,
7, = LAk, (1.16)
ueﬁ' L
where
n+l 1 "_"1 "_"1
2 Ya(3n+1\ (k[ AP.}»
= 2 K| — —£ . (I.17)
ad [ONFJ (4n) ((i)) (LC)
or

Lo
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For Newtonian fluids n = 1, K = g, F =1, and a = 2v2.

Alvarado and Marsden3® suggested a trial-and-error graphical
procedure to calculate a parameter that forces the core
rhecgram and the viscometry (capillary) rheogram to coincide.
Their parameter f as mentioned by Abou-Kassem and Farouq

ali44 is related to the parameter avF by

n+l
B = (c°F)7 . (I.19)
Abou-Kassem and Faroug Ali¢% estimated analytically the

parameter aVF which brought the porcus medium rheogram and

the viscometry rheogram into agreement. Core data (4F. and
'i"z-) plotted on a log-log scale yields a straight line with a

slope n and an intercept I. Mathematically,
AR, = IV?,

or

logAF, = logl + nlogV,. (I.20)

Solving for the best estimate of I by the least squares method

gives

N
AP. X AP, X «us
I = |[——a” | | (T.21)
OQ‘X K%><"J

where N equals the number of core flow data points.

As explained previously, the rheological eguation for a

porous medium can be written as
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7, = Ky?, (1.22)

where the intercept K is expressed by an equation similar to

Eqn. (I.21},

1IN
T X T X oo
K = f’ Tc, o (I.23)
(ycl x ycz X-")

Substituting for 7%, and ?C from Egns. (I.12) and (I.13),

respectively, Egn. (I.23) becomes

nt+l

a’Fk T¢n N
K = ¢ ( 4n J" AF, X AF, X --

- (I.24)
20 \3n+1 (@lx%x...)
or
!
2
[apk) o1 .
= 4’(2“ ( ”). (I.25)
20 \3n+1
Then, solwving for a\/F,
_ 1
aF = ztmnﬂfm”“)n (I.26)

2\ 4
k 2
— "I
(¢) ¢

Recalling Egn. (I.18),
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o2 YT(3n41Y Eizﬂ" "
Ha = z[a«/f) (4n )K(ﬁb) J '

The apparent viscosity of the emulsion can also be written in

x|

the form,

_ 8K (3n+1) =
Mo PR )(7) , (1.27)

where

- 3n+1 4V
( ym ) T (I.28)
)

¢




