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Abstract ’

Some heavy oil reservoirs under primary production have shown higher recovery than
expected. Many studies have shown that gas mobility in these reservoirs is low
contributing to improved oil displacement and also that gas mobility may depend not only
on gas saturation but also on depletion rate and oil viscosity. Despite the observed effect
of oil viscosity and depletion rate on gas mobility, it is not yet clear to what extent these
factors affect relative permeability and critical gas saturation. The major objective of this
research is to investigate the effects of depletion rate and oil viscosity on solution gas

drive process in heavy oil systems.

This research is divided into two parts. In the first part, a two-phase numerical model
was developed to study solution gas drive in heavy oil. In the model, the relative
permeability to gas is allowed to change with local parameters in addition to gas
saturation. It is shown that a relative permeability function that depends on parameters
other than gas saturation, can model many features of solution gas drive in heavy oils
including the high recoveries obtained at high viscosities and high depletion rates. The
local parameters (local velocity and oil viscosity) are combined using two terms; a well-
known ‘capillary number’ term and a newly defined ‘depletion index’. These terms, in the

model represented the ratio of viscous forces to capillary forces.

In the second part, depletion experiments in a linear unconsolidated sand-pack were
conducted. Three oils were used, with oil viscosities that varied by a factor of 30. The
experiments were conducted at two different depletion rates for each of the oils.
Experimental results show that as oil viscosity or depletion rate increases, critical gas
saturation increases, gas mobility decreases, and oil displacement becomes more
‘effective. Furthermore, it is found that relative permeability to gas decreases as
withdrawal rate or oil viscosity increase. In the analysis of the experimental results, the
effects of oil viscosity and withdrawal rate are combined in the form of a depletion index,
such that oil recovery increased as the depletion index increased. The experimental
results are simulated using a commercial simulator and a correlation between gas

relative permeability endpoint and depletion index is obtained.
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NOMENCLATURE

a,b,c,d = Correlation constants
A = area, m? -
B = Formation volume factor, m¥/ m®
D = diameter, m
f = Friction factor
g = Gravitational constant
h = Transfer coefficient
I = Depletion index, m'*?* sec™ ("¢,
J = Nucleation rate, bubbles /s
k = Permeability, Darcy
K = Relative permeability
L = Core Length, m
N = Number of bubbles
Nea = Capillary Number
P = Pressure, Pa
P = Capillary pressure, atm
Peq = Equilibrium pressure, Pa
= Flow rate, m%/s
R = Rate constant
Re = Reynolds number
Rso = Solution gas oil ratio
S = Saturation
s = Supersaturation
Sgi = Constant in critical gas saturation correlation
t = time co-ordinate

T = Temperature, °K
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v = Local velocity, m/s
Vig = Volume of continuous gas flow, m®
Vi = Constant
w = Free energy
X = Distance, m
Z = Constant
z . = gas compressibility factor
AP = Pressure drop
AT = Transmissibility
Hp = Viscosity ratio
Bm = Eigen Values
[ = Viscosity, ¢cp
o = Surface Tension, N/m
= Contact angle
P = Density, kg / m®
a = Depletion exponent
n = Diffusivity constant
y = Gas constant, Pa. m*/Kmol.°’K
= Phase mobility
= Porosity
) = Kinematic viscosity, m%/s
subscripts
9,.G = gas
/ = phase
0 = oil
w = water

Xiv



org = value at residual saturation

r = relative value
sc = standard conditions
nw = wetting and non-wetting phase
org S= residual oil saturation
gc = value at critical gas saturation
superscript

0 = endpoint value

n = time step number

g, = Corey Exponent
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CHAPTER 1

INTRODUCTION

1.1 Background

Heavy oils are hydrocarbon liquids occurring naturally in porous media. Heavy
oils are often classified as haVing API gravity between 10 and 20 degrees and viscosities
ranging from 200 to 30,000cp. They contain only small percentage of volatiles and easily
distillable hydrocarbons, a high percentage of asphaltenes, and significant quantities of
oxygen, nitrogen, and sulphur-bearing compounds. Due to the high viscosity of these
“ails, there is a challenge in getting these oils out of the reservoir. There are different
types of drive mechanisms used to recover hydrocarbons from reservoirs. As a rough
estimate, the recovery factors of various recovery mechanisms are shown in the Table

1.1 below [Bora et al (2000)].

Table 1.1: Recovery factors for different mechanism

Recovery mechanism Recovery factors
Solution-gas drive 5-25%

Gas Cap Drive 30-50%

Water Drive 40-80%

Gravity Drainage <60%

‘Solution-gas drive’ which is the major recovery mechanism in cold production of
heavy oil typically has the lowest recovery factor. However, some high recoveries have
been observed in heavy oil reservoirs particularly reservoirs in Canada and Venezuela

producing under solution-gas drive. Numerous research works into solution-gas drive in



heavy oils in recent times is as a resuit of these observed abnormal behaviors. A better

understanding of solution-gas drive process is-the major objective of this work.

1.2 Solution-gas drive mechanism

Solution-gas drive mechanism occurs when a reservoir, which is originally above its
bubble point, is depleted. As the oil is produced, the pressure within the reservoir
decreases. Initially, the oil is expelled from the reservoir by the expansion of the rock
and the liquid phase. When the average reservoir pressure drops below the bubble point
pressure of the hydrocarbon mixture, gas bubbles start to evolve from the oil.” Since gas
evolves internally, this mechanism is called “internal gas drive”. With further reduction in
pressure, more and more gas bubbles evolve out of solution. When gas saturation within
the reservoir reaches a certain value, it coalesces and starts to flow as a continuous
phase. After gas evolution, the oil is expelled from the reservoir by the expanding gas
bubbles. The above-described mechanism is an overview of what happens during

solution-gas drive.

1.3 Effect of viscous forces 7

Various research results have shown that during conventional oil solution-gas drive
in light oils, capillary forces control the distribution and flow of gases but during solution-
gas drive in heavy oil reservoirs, viscous forces become important on a microscopic
scale. Peculiar to solution-gras drive in heavy oil reservoirs is the fact that the recovery
observed during depletion is dependent on viscous forces [Kumar ef al. (2002)].
Depletion rate and oil phase viscosity are major contributors to the viscous forces, and
these parameter have been looked at extensively in literature. Although the individual

effect of either viscosity or depletion rate has been extensively reported in literature, we



3

are unaware of any investigation of the combined effects of depletion rate and oil

viscosity.

1.4 Research objectives

The overall objective of this research is to improve our understanding of how viscous
forces affect the flow of gas during solution-gas drive in heavy oil reservoirs. In this work,
the role played by oil viscosity and depletion rate on gas mobility during solution-gas
drive is investigated. ‘

With better understanding and proper modeling of solution-gas drive in heavy oil
reservoirs, higher recoveries can be achieved at a lower cost. Furthermore, the reservoir
can be optimally produced in such a way that subsequent application of thermal
processes is more effective.

Kumar et al (2002) observed that gas mobility under solution-gas drive is low and that
gas relative permeability is dependent on viscous forces. Part of this research work is to
further investigate these conclusions and in addition develop a correlation between gas

mobility, depletion rate and oil viscosity.

1.5 Research methodology

In this work, we conducted depletion experiments in a sand-pack. These
experiments were conducted at different rates and with oils of three different viscosities.
The properties of the oils were very similar except for viscosity. From these experiments,
we estimated recoveries and hence determine the effect that viscous forces have on the
gas mobility. Critical gas saturation was also estimated. The results of the depletion
experiments were then correlated with a parameter that combines both rate and

viscosity.



The application and technical contribution of this study include:
1) An overall understanding of the role of viscous forces (combined effect of rate
and oil viscosity) on solution-gas drives in heavy oil reservoirs.
2) Understanding the quantitative variation of critical gas saturation and gas mobility
with viscous forces. A new mobility correlation is proposed.
3) Establishment of an equilibrium technique to model solution-gas drive in heavy

oil reservoirs while accounting for viscous forces.

1.6Layout

This study starts with a literature review in Chapter 2. Chapter 3 describes the
development and validation of the equilibrium model. In Chapter 4, the detailed
experimental work on gas mobility dependence on viscous forces is described. Chapter
S discusses the experimental and simulation results. This study is concluded in Chapter6

with summary, recommendation and future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
At the fast rate at which conventional oil reservoirs are been depleted, heavy oil
in recent times has been looked at as a viable alternative. A number of these heavy oil
reservoirs have been produced in the recent past and there are a lot more production
coming up. There are several ways by which oil can be displaced and produced from the
reservoir; these are referred to as reservoir mechanisms or drives. When one
mechanism is dominant, the reservoir is considered as operating under that particular
drive. However, most reservoirs operate under a combination of drive mechanisms.
Solution-gas drive is one of the numerous drive mechanisms and it typically
results in low recoveries. However, some reservoirs in Canada and Venezuela have
shown good recoveries from primary production sometimes called ‘cold production’. This
has triggered a lot of research into solution-gas drive, which is the basic mechanism in

these reservoirs. In this chapter, the literature on solution-gas drive is reviewed.

2.2 What is solution-gas drive?
2.2.1 Traditional solution-gas drive mechanism

Solution-gas drive mechanism is a kind of recovery mechanism in which the
reservoir energy is obtained from gas coming out of solution. As the pressure of an
undersaturated reservoir is reduced below the thermodynamic bubble point pressure,
the gas phase is generated. |

During classical solution-gas drive mechanism, displacement occurs by
expansion of the gas. When the pressure in a solution-gas drive reservoir falls below the

reservoir bubble point pressure, gas bubbles start to form within the pore space. The gas



phase, which is the non-wetting phase, occupies the large pore spaces, which
contributes to fluid flow through the reservoir. The presence of small gas saturation
drastically reduces the permeability of the oil phase. As the gas saturation builds up and
increases above a certain critical value, known as the 'critical gas saturation’, the gas
‘begins to flow as a continuous phase and the producing GOR rises exponentially. This

leads to the rapid decline in the reservoir pressure and results in low ultimate recovery.

2.2.2 Unconventional solution-gas drive

Heavy oil solution-gas drive that is encountered in many Canadian and
Venezuelan heavy-oil reservoirs during production is a slightly different form of two-
phase flow. Unlike normal two-phase flow, which requires a fluid phase to become

continuous before it can flow, it involves flow of dispersed gas bubbles.

It is expected that the uitimate recovery of oil during solution-gas drive in heavy oils
be lower than that for light oils because of the higher oil viscosity. However, experience
from the field has shown high recoveries from these reservoirs. Some other anomalous
behavior during the primary production of heavy oil reservoirs has also been observed.
Some of the characteristics of solution-gas drive in heavy oil reservoirs are listed below.

1) Slower decline in pressure. '

2) Lower than expected GOR.

3) High flow-rates.

4} High ultimate recovery (10-15%).

:From the above, it is evident that solution gas process in heavy oil reservoirs
maybe different from the solution-gas drive process in conventional reservoirs.
There are different explanations for the abnormal characteristics observed during

solution-gas drive in these heavy oil reservoirs. These explanations can be divided into



two categories: one deals with sand production as a plausible explanation for the above-
mentioned anomalous behavior while the other category attributes these observations to
abnormal fluid properties. |

Sand production has been reported for many Canadian fields. It is believed that
the sand production increases the fluid mobility in the near-well zone by increasing the
permeability in the affected zone [Dusseault and El-Sayed (2000)]. The enhancement of
fluid mobility resulting from sand production can explain the improved flow-rates of cold-
production wells, but it does not explain the improvement in the primary recovery factors.

Some authors have suggested that in addition to sand production, the high
primary recoveries during solution-gas drive in heavy oil reservoirs can be attributed to
leid properties. In the next section, the various explanations for these abnormal

behaviors are discussed.

2.2.3 Low viscosity model

Smith (1988) was probably the first to propose a reduced oil viscosity model in
order to explain the enhanced oil rates during solution-gas drive. He concluded that the
apparent insitu viscosity of the oil was below the oil viscosity and above that of the gas
viscosity. Islam and Chackma (1990) from their mathematical model also concluded that
the viscosity of a gas oil mixture is lowered during solution-gas drive. They conducted
flow experiments in a core and capillary tubes and externally generated microbubbles,
which was injected into the core. This external drive approach has raised some concerns
about the applicability of the results to solution-gas drive mechanism, which is an
internal drive. Claridge and Prats (1995) supported the theory of Smith. They suggested
that gas bubbles are stabilized by asphaltenes accumulation on the bubble interface.

The separation of asphaltenes from the oil leads to the lowering of insitu viscosities.
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However, Sheng et al. (1999) and Maini ef al. (1999) did not observe any effect of
asphaltenes in their experiments.. Shen and Batycky (1999) also proposed a correlation
for effective viscosity with lubrication effects. They suggested that the favorable behavior
for heavy oil reservoirs is due to increased oil mobility due to nucleation of gas bubbles

at the pore walls.

2.2.4 Pseudo-bubble point model

Kraus et al. (1993) described a "pseudo-bubble point" model for primary
depletion in heavy oil reservoirs. In this model, the pseudo-bubble-point pressure was an
adjustable parameter in the fluid property description. It is assumed that all of the
released solution gas remains entrained in the oil phaée until the reservoir pressure
drops to the pseudo-bubble-point pressure. Below this pseudo-bubble-point pressure,
only a fraction of the released gas remains entrained with the rest forming free gas
phase. They suggested that the entrained gas fraction decreases linearly to zero with
declining pressures. The entrained gas is considered a part of the oleic phase, but its
molar volume and compressibility are evaluated with those of the free gas. This model
(used in a reservoir simulator), was used to explain three anomalous production
characteristics observed during solution-gas drive in heavy oil reservoirs, namely high oil

recovery, low producing GOR, and natural pressure maintenance.



2.2.5 Modified fractional flow mode'l

In order to explain the high recoveries during solution-gas drive, Lebel (1994)
described a model that assumes that all released solution gas remains entrained in the
oil phase up to a certain system-dependent limiting-volume fraction. Conséquently, as
the gas saturation increases from zero, the fractional flow of gas increases linearly with
saturation until the limiting entrained gas saturation is reached. Beyond this limiting
volume fraction of dispersed gas, further increase in gas saturation results in free gas
flow. The effective viscosity of the oil was assumed to decrease marginally as the
volume fraction of gas increases. The density of the oil was taken as a volume-weighted
average of the densities of the oil and gas components. The equilibrium gas-in-oil PVT
relationship was assumed to be applicable. This model is equivalent to a manipulation of
the gas relative permeability curve, which, up to certain adjustable gas saturation,

becomes a function of oil viscosity and oil relative permeability.

2.2.6 Reduced gas mobility model

Firoozabadi and Pooladi-Darvish (1999) édvocated a relative permeability-based
approach similar to Lebel (1994). Their main idea is that the improved recovery results
primarily from reduced relative permeability of gas, which decreases as the oil viscosity
increases. Assuming that the relative permeability concept can be applied to disbersed
gas flow, the decrease in gas relative permeability with increasing oil viscosity is
expected when it is the pressure gradient in the oil that is causing the dispersed bubbles

to move.
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Kumar and Pooladi-Darvish (2002) later incorporated very low values for gas relative
permeability along with increased sand permeability to match the production data of a
typical well in the Frog Lake and Lindbergh reservoirs. The increased permeability was

related to sand production observed in the field.

In the next section, we examine the mechanism that constitutes the solution-gas

drive process.

2.3 Gas generation and flow during solution-gas drive in heavy oil
During depletion of heavy reservoirs, below the bubble point pressure, gas

comes out of solution. It initially forms small bubbles, then these bubbles grow in larger
dispersed bubbles and finally these bubbles join together. Although most of the various
stages involved during the gas formation and flow during solution-gas drive has been
thoroughly investigated in the literature, there are still discrepancies as to what actually
happens during flow in porous media. Howéver, all thesg ideas- share one thing in
common; gas forms (nucleates), grows (bubble growth), coalesce and flows. In this
work, the fundamental steps involve during solution-gas drive in heavy oil reservoirs is
divided into early time and late time processes and the individual processes are
described below:

> Early-time processes

a) Supersaturation

b) Bubble nucleation

c) Bubble growth

> Late-time processes

d) Bubble coalescence, breakup and flow
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The limitatibn of using the above classification is that both the early time and late
time processes may overlap. However, the importance of the early time processes
reduces with time as the so.lution—gas-drive méchanism progresses. Due to the size of
the reservoir, a part of the reservoir may be in the early time while the other part may be

going through the late time processes.

2.4 Early-time processes

This term describes non-equilibrium processes like supersatuartion, nucleation
and bubble growth that occur during the early stages of solution gas drive, and refers to
the duration (hours, days or months) when gas comes out of solution and accumulates

(before critical gas saturation).

2.4.1 Supersaturation

Lots of experimental data has shown that the oil under solution-gas drive could
exist in a supersaturated state upon fluid depleﬁon [Kumar et al. (2002)]. A liquid system
is supersaturated with gas when the amount of gas in the liquid solution exceeds the
equilibrium concentration at the existing pressure and temperature [Karmath and Boyer
(1995)]; the oil contains more dissolved gas than that predicted from .equilibrium
relationships. Kennedy and Olson (1952) observed supersaturations up to 770psi. They
observed that bubbles formed rapidly and with considerable violence. They observed
that the rate of bubble formation decreased with decreasing supersaturation. Kumar et
al. (2002) concluded from their analysis that oil may remain supersaturated even after
gas nucleate for many reasons.

In terms of pressure, supersaturation is defined as the difference between the

system pressure and the equilibrium bubble point pressure.
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AP:Peq—Psyt (2‘1)
P., is the equilibrium pressure while P, is the system pressure.

Supersaturation is the driving force for the evolution of bubbles in a gas-oil
solution. The manner in which the bubbles form and grow controls the displacement of
oil during solution-gas drive. Therefore it is believed that displacement of oil depends on
the degree of supersaturation. The greater the supersaturation, the higher the recovery
efficiency, due to the larger amount of bubbles formed [Stewart et al., (1954].

Various factors have been reported to affect supersaturation. The presence of
asphaltenes has been reported to increase supersaturation [Bora et al (2000)]. Higher
depletion rates resulting in higher supersaturation has been reported by several
researchers [Wall and Khurana (1972)]. Recent experimental results [Guo-Quig and

Firoozabadi (1999), Kumar et al.(2002)], have also confirmed similar results.

2.4.2 Bubble nucleation

A bubble is formed in the body of a liquid when the molecules of the liquid vaporize
into a cavity in the liquid. This can occur due to the lowering of pressure below the
bubble point pressure. Bubbles grow out of nuclei. A nucleus is a bubble at the
threshold of growth. A nucleus can grow cont'inuously leading to rupture of the liquid
phase or it can re-dissolve in the liquid with equal probability (Bernath 1952). Nucleation
can be into two types:

1) Primary nucleation

2) Secondary nucleation
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2421 Primary nucleation

Primary . nucleation can be further classified into homogeneous nucleation and
heterogeneous nucleation. |

A) Homogeneous Nucleation: It involves formation of bubbles in the absence

of any pre-existing bubbles or foreign matter like porous media. It is

described as nucleation in a bulk liquid. Nucleation starts with the

formation of an embryo. The spontaneous formation occurs in a liquid

when the thermodynamic fluctuation of sufficient magnitude occurs to

form a cluster of certain critical size bubbles [Bora (1998)]. This process

requires a considerable amount of supersaturation [Hemmingsen (1975)]

and a large number of small bubbles are formed. For homogeneous

nucleation, the expression for rate of nucleation is given by the following

equation (Wankat, 1990)

W 1670°

J=9N _7eFT _ 7g WTERY 2.2)

dt

where N is the number of nuclei per unit volume and W is the energy of

nucleation. Equation (2.2) suggests that nucleation rate is enhanced by

increasing supersaturation and retarded by increased interfacial tension.

B) Heterogeneous Nucleation: This process involves the formation of nuclei
in the presence of pre-existing bubbles, impurities or a rough surface.
Nucleation in porous media is believed to be heterogeneous [Firoozabadi
and Aronson (1999)]. The presence of other particles lowers the
supersaturation required for nucleation. Rate of bubble nucleation during

heterogeneous nucleation may be described with an equation of the form

of,



14
25
J=Ze & (2.3)
where sis the supersaturation and J is the rate of bubble nucleation per unit time.
Moulu (1989) gave an example of nucleation rate expression for a given crude oil in

porous media as

-16.5

L)
J=9%x107%¢ ®F (2.4)

2422 Heterogeneous nucleation: Progressive and instantaneous
nucleation
The formation of a new gas/liquid interface during gas bubble formation requires
energy. Therefore, the liquid becomes supersaturated. Supersaturation is the driving
force for gas formétion. Depending on the nature of formation of gas bubbles, nucleation
can be divided into two categories [Firoozabadi and Kashchiev (1993)]
1) Instantaneous nucleation

2) Progressive nucleation

1) Instantaneous nucleation

In this type of nucleation, all the t;ubble nuclei are formed at a single
supersaturation, after which they grow. No further nucleation takes place afterwards.
It is an idealization of the progressive nucleation in which the nucleation takes place
over a short span of time. This is very likely when depletion rates are high. Kénnedy
and Olsen (1952) reported from their experiment that pressure decline rate affects
supersaturation and moreover that bubbles in porous media occur instantaneously.
Theoretical analysis by Firoozabadi and Kashchiev (1993) showed that pressure

decline rate has a strong effect on instantaneous nucleation.
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2) Progressive nucleation

In this type of nucleation, new bubble nuclei appear continuously. Bubbles
nucleate at all values of supersaturation. The porous media offer active nucleation
sites for the bubbles to be nucleated at any supersaturation.

The question about whether the nucleation in porous media is instantaneous or
progressive is still a subject of active debate. Yortsos and Parlar (1989) defined
nucleation as the appearance of macroscopic bubbles, which arise from various sites
on the walls containing trapped gas. The sites become activated when the local
saturation exceed the capillary pressure of the site. Kashchiev and Firoozabadi
(1993) proposed progressive and instantaneous nucleation.

The effect of various depletion parameters on nucleation has been investigated
in the literature. Several researchers [Danesh ef al. (1987), Wall and Khurana
(1972), Kumar ef al. (2002)] have reported that faster depletion rate leads to
nucleation of more bubples and hence higher oil recovery. The micromodel study of
Bora et al (2000) showed that fast drawdown lead to very high bubble density and a
slow depletion leads to conventional solution-gas drive. Wong et al (1999) reported
that the number of bubbles fprmed is independent of fluid viscosity. However,
Pooladi-Darvish and Firoozabadi (1999) and later Guo-Quig and Firoozabadi (1999)
reported more number 9f pubbles when conducting experiments with heavier oils as
compared to that observed with light oils. Bora ef al (2000) also reported similar

results.
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2.4.2.3 Secondary nucleation

Secondary nucleation is the process'_of formation of nuclei induced by pre-
existing nuclei or cavities. Yortsos et al (1989) describes this nucleation as nucleation
that occurs in the presence of cavities at the pore walls containing pre-existing or
trapped gas, which acts as nucleation sites. Yortsos and Parlar (1989) were probably the
first to introduce this idea to solution gas drive. This method is utilized in crystallization
techniques in which the seed crystals are added purposefully to a solution to induce

nucleation.

243 Bubble growth

The process of solution-gas drive involves nucleation of bubbles in the oil as
pressure falls below the thermodynamic bubble point pressure after which the nucleated
bubble grows. Growth of an isolated bubble is controlled by mass, momentum and heat
transfer across the bubble-liquid interface, and by compression and expansion. Bubble
size growth typically obeys a form of growth model. A gas bubble can grow by diffusion
of gas into the bubble and by expansion due to pressure reduction. Smaller bubbles
have a lower growth rate than larger bubbles because of their higher amount of surface
energy to unit volume [Kumar (2000)]. The forcés that determine the growth of a bubble
can be broadly classified into two. One is hydrodynamic (inertia, pressure and viscous)
force and the other is diffusion force [Kumar (2000)]. Many of the authors have looked at

the effect of one or more of these forces on the bubble growth rate.
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2431 Bubble growth in porous media

Scriven (1959), Patel (1980), Szekely and Martins (1971) reported that a number
of factors: viscosity, initial bubble radius, surface tension, and diffusivity play a significant
role in the determination of the rate of growth of a bubble. Various experimental and
theoretical works have been done to investigate these factors.

Moulu (1989) developed a theoretical model for heterogeneous bubble
nucleation, followed by bubble growth and nucleation. He obtained a good match with
experimental data. He however neglected the moving boundary term in the diffusion
growth equation.

Kashchiev and Firoozabadi (1993) in their work reviewed many limiting models

when either hydrodynamic or mass transfer forces. It was shown that in some cases, the

growth rate could be modeled by the bubble growth R =atP. They used this model to
match experimental data of gas phase growth during the solution-gas drive process. In a
recent work, Kumar (2000) studied bubble growth rate in a system producing at a
constant depletion rate. They incorporated both hydrodynamic and diffusion terms. They
suggested that a simple power law model might not be adequate for simulating bubble
growth in a closed domain. They noticed that the rate of bubble growth in light oils is
larger than the rate of bubble growth in heavy dils due to the smaller diffusion coefficient
in heavy oil systems. They observed that viscous forces and in general hydrodynamic
forces have no influence on bubble growth and that only diffusion controls the rate of
bubble growth in heavy oil systems. Li and Yortsos (1991), (1993) combined pore
network visualization experiments with pore network models to investigate bubble
growth. They identified four regimes during bubble growth: early-time, percolation,
transition and viscous regime. They concluded that the rate of growth depend on mass

transfer, growth pattern, and competition between capillary and viscous forces.
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2.5 Late-time processes

Late time processes determine phase saturation distribution and flow during

solution-gas drive and hence has a strong influence on phase mobility.

2.5.1 Bubble coalescence and breakup

This is defined as merging of gas bubbles and occurs when two bubbles come
close to each other. With continued pressure decline, gas bubbles grow to such an
extent they coalesce through the pore throats and form gas channels. Pooladi-Darvish
and Firoozabadi (1999) reported that the bubbles in porous media do not remain isolated
in heavy oil reservoirs but coalesce to form bigger gas phase before flowing. An
alternative hypothesis by Maini et al. (1999) concerning the nature of foamy-oil flow
suggests that as the growing bubbles migrate with the oil, they breakup into smaller
bubbles. This counteracts the effects of bubble coalescence hence maintaining
dispersed flow.

Coalescence is affected by different factors including: bubble size, liquid property
and porous media. Dusseault (1993) reported from experiments that coalescence
happened more rapidly in light oils than heavy éail due to the high viscosity of the oil and
capillary forces. Bora et al (2000) showed from experiments that the presence of
asphaltenes stabilizes the bubble and hinders coalescence. Kovscek and Radke (1994)
extensively discussed the effect of porous media on coalescence. They concluded that,
in porous media, coalescence occurs when the lamella reach the pore throat.

The role of bubble coalescence cannot be overemphasized. As gas coalesce and
flow towards the well bore, it ﬂowé rapidly due to its high mobility and becomes less

effective in displacing the oil. When gas exists as discrete, dispersed bubbles, the
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evolved gas improves the displacement efficiency. On the other hand, when bubbles join
together, to form a continuous phase, the reservoir looses energy. The most favorable
situation for solution-gas drive is that after coalescence of gas bubbles, large amount of

gas is trapped in the reservoir.

2.6 Critical gas saturation

As pressure reduces during solution-gas drive below the bubble point pressure,
gas is generated. Initially, the gas saturation is too low for gas flow to occur. As depletion
progresses, the gas phase grows by diffusion, pressure reduction and coalescence. At a
certain gas saturation known as ‘critical gas saturation’, gas starts to flow as a
continuous or dispersed phase. Critical gas saturation has been defined in different ways
by different researchers. Li and Yortsos (1995) defined critical saturation as a sample-
spaning cluster at which gas flows. Kumar and Pooladi-Darvish (2002) defined critical
gas saturation as the gas saturation at which gas flow is sustained, though intermittent.
Sahni et al. (2001) describe critical gas saturation as gas saturation when the producing
gas oil ratio becomes greater than the solution gas oil ratio. Bora (1998) defined critical
gas saturation as the minimum,satur.ation at which a continuous gas phase can exist in

the porous medium under capillarity-controlled c;onditions.

There is a large difference in the values of critical gas saturation during solution-
gas drive in heavy oils reported in literature. Firoozabadi et al. (1992) reported very low
critical gas saturation values (0.5%-1.5%) in their experiments using heavy oils
suggesting that high recovery durihg solf.ltion-gas drive in heavy oils may not be
explained by high critical gas saturation. In recent experiments, Kumar and Pooladi-
Darvish (2002) also reported low critical gas saturation (3-4%). However, Loughead and

Saltuklaroglu (1992), Sarma and Maini (1992), Islam and Chackma (1990), have all
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reported high critical gas saturation. Treinen et al. (1998) reported high critical gas

saturation (about 9%). They used this to account for good oil recovery.

2.7 Factors affecting cﬁtical gas saturation

The (critical) gas saturation at which gas flows in the reservoir may depend on a
multitude of factors, including bubble density, oil viscosity (diffusion coefficient) fluid
characteristics and chemistry, geometric or topological features of porous media as well

as interaction between capillary and viscous forces.

Numerous researchers including Firoozabadi et al. (1992), Karmath and Boyer
(1995) have studied .the effect of depletion rate on critical gas saturation. In a set of
recent experiments, Kumar et al. (2002) concluded that high depletion rate results in
high supersaturation and high critical gas saturation. Firoozabadi et al. (1992) related
critical gas saturation to supersaturation and pore structure. They also concluded that

critical gas saturation decreases with decrease in supersaturation.

The effect of other parameters on critical gas saturation has also been reported
in literature. In some recent.experiments, Tang and Firoozabadi (2001) suggested that
an increase in solution GOR increases the c;ritiéal gas saturation significantly. They
concluded that high solution GOR resulted in a larger number of nucleation sites and this
causes a higher gas saturation build up before other gas bubbles can coalesce to form a

continuous phase.

Various authors have investigated the effect of oil viscosity on critical gas saturation.
Higher viscosity has been observed to impede the growth of gas bubbles and gas
bubble clusters because of low molecular diffusion. Firoozabadi and Aronson (1999)

conducted constant rate depletion experiments in a special transparent vertical core
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holder. They used three kinds of oils for their depletion experiments. THey concluded
that critical gas saturation for heavy oil systems is not very high: it is within the same
range for lighter oils. Tang and Firoozabadi (2001) also obséwed minimal variation of
critical gas saturation with oil viscosity in their experiments. Akin and Kovscek (2002)
recently conducted a series of depletion experiments using a mineral oil (220cp at 20 °C)
and heavy Hamaca crude oil in order to investigate the mechanisms of heavy oil
solution-gas drive. They observed that the lower viscosity mineral oil showed
conventional solution-gas drive while the heavy oil showed foamy flow. Observed critical

gas saturation was about 3-4% for both oils.

To a lesser extent, initial water saturation has also been reported to affect critical
gas saturation. Tang and Firoozabadi (2001) reborted lower critical gas saturation for
higher water saturation. High water saturation may impede the diffusion of gas phase
from the oil, resulting in lower amount of gas evolution and hence smaller gas
saturations. Gas gets connected at lower saturations and hence lowers critical gas

saturation for higher water saturation.

Dumore (1970) investigated the effect of permeability on critical gas saturation. He
concluded from solution-gas drive experiments using bead packs that gas connected
earlier in the lower permeability medium. Gas remained dispersed for a longer time in

the high permeability medium, which implied higher critical gas saturation.

The knowledge of critical gas saturation is important for estimating recovery in a
solution-gas drive process. The value of critical gas saturation determines when gas
flows in the reservoir. It is highly beneficial if critical gas saturation could be predicted

taking into account most if not all the factors discussed above.
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2.8 Gas flow in heavy oil solution-gas drive

At saturations above critical gas saturation, gas flows in the reservoir. The way gas
flows after critical gas saturation has attracted a lot of attention in literature because this
determines the amount of gas that stays in the reservoir and hence recoveries during
solution-gas drive process.

Several microscopic and macroscopic studies have been conducted to understand
and model gas flow in porous media. In general, two types of flows have been reported
in literature: ‘Capillary dominated’ flow and ‘Viscous dominated flow’. Bora et al (2000)
observed that at slow depletion tests, the bubbles do not vacate the original pore and
migrate towards the outlet before coalescence. Thus the slow depletion tests displayed
classical solution-gas drive behavior. They observe a contrary behavior for the fast
depletion tests. The bubbles were observed to nucleate, grow and then move towards
the outlet end. in this process, the bubbles split and the split bubbles would then grow
and split again as they move towards the outlet. This was referred to as ‘Foamy flow’.
Kumar and Pooladi-Darvish (2002) also-observed two types of gas flow: Dispersed flow
and continuous gas flow through gas channels. According to them, dispersed flow
represents low gas mobility whereas gas mobility in continuous flow is higher. Wall and
Khurana (1972) conducted‘ pressure depletion experiments and reported an increase in
flow rate leads to intermittent gas flow at higher equilibrium saturation.

High depletion rate is not the only condition for viscous dominated flow during
solution-gas drive. High viscosity has also been reported to lead to viscous domiinated
flow. Pooladi-Darvish and Firoozabadi (1999) during their depletion experiment with oil
of two different viscosities observed intermittent, dispersed flow in the more viscous oil.

In terms of reservoir characteristics, dispersed flow is more likely to occur when the
permeability is high, the oil is viscous, and the interfacial tension between the oil and the

released solution gas is low. To generate the required viscous force, a high drawdown
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pressure is required. The viscous trapping force decreases when the pore-body/pore-
throat aspect ratio becomes low. Therefore, dispersed flow is more likely to occur in well-

sorted unconsolidated sands [Maini (1999)].

2.9 Foamy flow

A slightly different kind of flow behavior called ‘Foamy oil’ flow has been widely
reported in literature. Maini et al. (1993) reported from their sand-pack experiments that
oil continuous foam is present in the sand-pack. They suggested that this situation does
not imply that the gas bubble and the oil would have the same average interstitial
velocity. They suggested that promoting this type of flow requires conditions that
generate high-pressure gradients in the reservoir. The required pressure-gradient
magnitude depends on the oil characteristics and the interfacial tension between the oil
and the released gas. They concluded that such foam delays the formation of a
continuous gas phase and thereby acting as a natural pressure maintenance

mechanism.

In some recent experiments, Maini (1999) also suggested that because the gas
remains dispersed in the oil, the produced GOR remains low, and a higher recovery
factor is obtained. They argued that the trans'ition between the conventional flow and
dispersed flow does not occur abruptly at a certain critical capillary number. It is a
gradual transition that occurs above a threshold capillary number. Their foamy flow
model is also consistent with visual observations of Bora et al (2000) in microrﬁodels.

The conditions required for this type of flow to occur is summarized as follows.

1) Viscous forces acting on growing bubbles should exceed the capillary trapping

forces.
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2) Gravitational forces should not be capable of inducing rapid gravity segregation of

the two phases.

3) Interfacial chemistry effects that hinder bubble coalescence also may be needed

2.10 Gas mobility

Regardless of the type of flow in porous media: foamy, dispersed or intermittent
flow, the more favorable flow type is one that causes the gas to stay in the reservoir (low
gas mobility). Gas mobility typically refers to the late time processes of gas flow after
critical gas saturation, which involves bubble coalescence and gas flow. By definition,
the mobility of a particular phase is the ratio the effective permeability of that phase to
the viscosity of that phase. In an oil-gas system, gas mobility is typically orders of
magnitude higher than oil mobility due to the small value of gas viscosity. Beca'use the
gas viscosity varies insignificantly with pressure and temperafure, gas relative
permeability is often representative of gas mobility.

Reduced gas mobility, as a plausible explanation for high oil recovery during
solution-gas drive has in recent times gained wide acceptance among many
researchers. Many researchers have studied gas relative permeability’ during solution-
gas drive in heavy oil reservoirs and have reported low values. Pooladi-Darvish and
Firoozabadi (1999) attributed the improved heavy oil recovery under solution-gas drive
to discontinuity of the gas phase and low gas mobility. They suggested that Iqw gas
mobility is due to dispersed flow and increased number of bubbles. This theory was later
supported by Guo-Quig and Firoozabadi (1999). Kumar et al. (2002) reported low gas
relative permeability (1x 10 to 1x 10*), which decreased with increasing depletion rate.
Otero et al. (1998) and Kumar et al. (2001) had to reduce gas relative permeability

significantly to match field data. A major objective of this work is to investigate gas
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relative permeability of solution gas drive in heavy oil reservoirs. The next section
describes the relative permeability concept and how phase relative permeability is

obtained.

2.10.1 Relative permeability concept

Flow in porous media is defined by a system of equations. These equations are
material balance, momentum balance and energy balance across the porous media.
One of the equations that define flow in porous media is Darcy’s equation. This equation
relates superficial velocities to individual pressure gradient and viscosity. Darcy’s law for

single-phase flow in a horizontal porous media in one-dimension can be described as

_kAdP

i (2.5)

where q is the volumetric flow-rates, k is the absolute permeability and is the phase
viscosity.

in solution-gas drive, once the pressure goes below the bubble point pressure,
gas forms. After the critical gas saturation, the gas starts to flow. This flow may be
represented by a modified Darcy’s equation for two-phase flow, which involves the use
of relative permeability to define the flow of each phase.

Effective permeability is the permeability of a phase in the presence of another
phase. Relative permeability is defined as the ratio of the effective permeability to a
phase divided by the absolute permeability. This implies at single phase, the relative
permeability equals one. The Darcy's two-phase flow equation is given by

_ kkyAdP,

2.6
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q, =

where k.is the phase relative permeability.
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Relative permeability functions are an important property of porous media and are
essential for understanding multi-phase flow behavior. Accurate estimation of this
property is important for reservoir productionvforecasting. Since the reservoir itself is
inaccessible for determination of relative permeability, this property is often determined
through laboratory experiments. Relative permeability functions are then inferred from
the analysis of various experimental data.

Typically, relative permeability is a function of saturation only for a particular
porous media and at typical interfacial tension [Honarpour et al. (1994)]. A number of
measurements have been done in the lab to determine phase relative permeability
entirely as a function of phase saturation. Osaba et al. (1951) and Richardson et al.
(1952) determined two phase relative permeability by flowing two phases simultaneously
until the flow become steady state. On the other hand, Efros (1956), Johnson et al.
(1959), Watson et al. (1988), Helset et al. (1998), Sarma and Bensten (1990) have all
determined relative permeability by displacing one phase with another. This is an
unsteady state process. In steady state experiments, each experimental run gives only
one point on the relative permeability curve (relative permeability vs. saturation). The
experiments are made at different flow fractionsﬁ in order to make a reasonable
determination of the whole curve.

Either steady or unsteady state, relative permeability determined from these
experiments involves external drive processes and these results have been applied
directly to predict performance during solution-gas drive. However, the mechanism for
external gas drive processes is different from that of an internal gas processes like
solution-gas drive.' Stewart et al. (1954) pointed out that there is a difference in the
relative permeability under external drive and solution-gas drive. Tang and Firoozabadi

(2003) recently suggested a simple mathematical mode! for the estimation of gas and oil



27

relative permeability from 1-D depletion experiments that are under two-phase pseudo-

steady state conditions and exhibit a small capillary pressure gradient.

Jns
2kA(AP + p,gLsing)

Ky =( (2.7)

where k; is the phase relative permeability and pis the phase density.

When the phase relative permeability is estimated, the phase saturation also
needs to be determined. Several methods are used to determiné phase saturation in the
core. Earlier methods involve core weighing [Osaba et al. (1951), Richardson et al.
(1952)] and rmaterial balance calculations [Fatt and Dykstra (1951), Rapport and Leas
(1951)]. Others have determined “in situ saturation” by using non-intrusive techniques.
Oak et al. (1990), Oak and Ehrlich (1998), Morgan et al. (1950)] used X-rays, Sarma and
Bensten (1990), Parsons (1975)] used microwave, Hoyos et al. (1990), and Kalaydjian
(1992) used ultrasound, Chardaire (1989) used gamma rays. In more recent
experiments, Burns (1999) used digital image analysis to examine saturations in porous
media. Sahni et al. (2001) used CT scanning to determine in-situ saturation after
conducting depletion experiments on a core.

When it is impossible to determine the relative permeability through experiments,
appropriate correlations may give a good estimate. These correlations are at most times

expressed as a function of saturation only. Examples are Corey type equation.

ko =kpS™ (2.8.1)

k,=kS(1-8)® ’ (2.8.2)

where
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S, -S
_ 1_89 - (2.8.3)

gc org

Due to the different recoveries observed during solution-gas drive in heavy oil
experiments, it is possible thét gas relative permeability depends on other factors apart
from saturation. In order to estimate values of relative permeability as a function of
saturation and other parameters, history matching field or experimental data has been
suggested. Andarcia ef al. (2001) determined relative permeability end points by history
matching production data from their depletion experiments. They later used these
relative permeability endpoints for field simulations. |

As mentioned above, a number of studies of solution-gas drive in heavy oils refer to
the slugs of gas being produced and intermittent gas flow [Sheng et al. (1999), Pooladi-
Darvish and Firoozabadi (1999), Kumar and Pooladi-Darvish (2002), Tang and
Firoozabadi (2003)]. The concept of relative permeability may therefore be invalid for
flow of a discontinuous gas phase. In the absence of mathematical models that account
for the intermittent flow of gas, current simulation models use the relative permeability to
characterizé the two-phase flow of gas and oil. In the past, the concept of relative
permeability has been successfully used for other forms of discontinuous flow of the:
phases [Vassenden and Holts (2000)]. In this work, relative permeability may be a
function of other parameters in addition to phase saturation. Here, it is assumed that the
concept of relative permeability applies to solution-gas drive in heavy oils, and the
dependency of the relative permeability functions to gas saturation, withdrawal rate and
oil viscosity is examined. Non-continuous phase flow (Dispersed, intermittent, or foamy

flow) is approximated by low gas relative permeability flow.
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2.10.2 Role of viscous forces on gas flow during solution-gas drive in
heavy oils. -

Hydrodynamic, diffusive and capillary forces are the major forces acting in
porous media during fluid flow. Hydrodynamic forces represents the force causing flow.
They are sometimes referred to as viscous for.ces. Pressure gradient and buoyancy are
the major contributors to this force. Capillary forces on the other hand occur due to thé
interfacial tension between multiple fluids in minute pore spaces. Capillary forces
depend on the surface tension between the two fluids and also on the pore sizes and
local saturations. Capillary forces determine the-distribution of different saturations in
porous media. In porous media, capillary forces are typically larger than viscous forces.
In viscous dominated flow, the difference between these two forces reduces.

Both capillary dominated flow as well as viscous dominated flow has been
reported in literature for heavy oil reservoirs. It is likely that during solution-gas drive in
heavy oil reservoirs, the flow goes from capillary to viscous dominated flow. As
described earlier, during capillary dominated flow, the capillary forces determine phase
distribution and relative permeability is strictly a function of saturation. One consequence
of this assumption is that the fluid distribution is the same under static and flowing
conditions, and it is not affected by the local pressure gradient. Another consequence is
that the gas phase must become continuous before it can start flowing, with isolated gas
bubbles remaining trapped by capillary forces. However, this assumption may not be
valid in solution-gas drive in heavy-oil reservoirs. Because of the high oil viscosity and
high drawdown pressure used in cold production, the local capillary number may be high
enough to mobilize isolated bubbles [Maini (1999)]. This leads to dispersed flow. This

research focuses on viscous dominated flow and how viscous forces affect solution-gas
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drive in heavy oils. Two dimensionless groups are often used to differentiate capillary /
viscous dominated flow: Capillary number and Viscosity ratio.
1) Viscosity ratio is the ratio of the viscosity of the different phases in porous media.

Viscosity ratio is defined as

pg =2 (2.9)
Hy

where n and w represents the non-wetting phase and the wetting phase respectively
Odeh (1959) conducted relative permeability experiments at various viscosity

ratios for different oil —brine systems and observed that the relative permeability for the

non-wetting phase decreases with decreasing viscosity ratio.

2) Capillary number is the ratio of viscous forces to capillary forces. Capillary number

has been defined in many ways in literature. Chatzis and Morrow (1981) defined
. kAP . .

capillary number as — Du Prey (1970) and Erlich et al. (1974) defined capillary

number as shown in equation 2.10. In this work we have adopted this nomenclature.

N, =2£ (2.10)

A large value for capillary number, suggests viscous flow. Capillary number has been
used extensively in literature in gas condensate modeling and to a hlesser degree in
heavy oil research. Blom and Hagoort (1998) while modeling gas condensate reservoirs
explicitly found a capillary number dependent correlation for relative permeability in order
to model viscous dominated flow. Pope and Wu (1998) also used a similar approach. In
heavy oil solution gas research, Javadpour and Pooladi-Darvish (2001) used capillary

number to investigate the effect of viscous forces on gas mobility.
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2.10.2.1 Depletion experiments

Core depletion experiments give a good representation of solution-gas drive.
Pooladi-Darvish and Firoozabadi (1999), Kumar ef al. (2002) and Maini et al. (1999)
have all used core depletion experiments to simulate the solution-gas drive process.
Firoozabadi and Aronson (1999) used a special core holder to visually observe formation
of gas bubbles on the rock surface. The porous media used in these experiments are
usually core or unconsolidated sand in a core holder with or without confining pressure.
Flow is typically in one-dimension and usually two-phase.

Because bubble nucleation is driven by supersaturation, the | degree of
supersaturation required before nucleation occurs depends on the depletion rate.
Therefore early time processes are likely to be more significant in laboratory depletion
experiments, which are run on a much smaller time scale compared with the field case.
Nucleation and growth of bubbles becomes less significant when the time scale moves
from a few hours or a few days in the laboratory to years in the field.

Although core depletion experiments improve our understanding of solution-gas
drive, these experiments may be highly system -specific and hence may not be
applicable to other cores or fields. In the nexf section, the effect of various depletion

parameters particularly depletion rates and viscosity is reviewed.

2.10.2.2 Effect of depletion rate on gas relative permeability

An important factor contributing to viscous forces is the depletion rate at which
the reservoir is produced. The effect of this parameter on gas relative permeability has
been extensively reported in literature. Kumar et al. (2002) reported results of depletion

experiments in heavy oil. Their objective was to examine the effect of depletion rate on
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the process. They investigated both the early-time non-equilibrium effects and the late-
time mobility effects. They reported that recovery efficiency improved with increased
depletion rate. The analyses of their data coﬁfirmed that gas relative permeability in
these experiments was low (10°-107%). Turta et al. (2001) investigated the effect of
pressure gradient on the gas-in—oil dispersions during solution-gas drive in heavy oil
reservoirs. They used special sand-pack with three different sections to produce three
different pressure gradients. They concluded that oil mobility in two-phase flow varies
with pressure gradient. They also suggested that oil relative permeability could exceed
one in two phase gas flow. Sahni et al. (2001) conducted depletion experiments on a
sand-pack at two different rates using CT scanning to determine saturations. They
concluded that higher depletion rates resulted in higher nucleated bubbles, higher gas

saturation and higher recoveries.

2.10.2.3 Effect of viscosity on gas relative permeability

The oil viscosity can affect the early time processes of bubble nucleation and growthl
and may also affect the late time process of gas flow.
Handy et al. (1958) in their experiments observed higher recoveries with viscous oils
during solution-gas drive experiments. They concluded that low diffusion coefficients
produced the same effects as high depletion rate. Wall and Khurana (1972) showed that
relative permeability to gas decreases with increase in oil viscosity.
Kumar and Pooladi-Darvish (2001) analyzed a set of recently published experimental
data where effect of temperature on solution-gas drive was studied. They reported that
changing temperature results in change in oil viscosity. Analyses of the data showed
that gas mobility decreased as temperature decreased (oil viscosity increased). In a
theoretical study, Javadpour and Pooladi-Darvish (2001) studied gas relative

permeability using a 2-D network model. Effect of various parameters such as oil



33

viscosity, interfacial tension and capillary number were investigated. The results
indicated that by increasing oil viscosity, the relative permeability to gas decreases.
Tang and Firoozabadi (2001) studied the effect of temperature on gas and oil relative
permeability during solution-gas drive in heavy oils. They used a visual core holder to
perform depletion experiments with Hamaca crud‘e oil (API = 8.75). They varied the oil
phase temperature from 35 °C to 46 °C this changed the oil phase viscosity from
54,000cp to 22,000cp. They observed that an increase in temperature decreased the
gas relative permeability by one order of magnitude (10° at 46°C to 107 at 35°C). In a
recent study, Lago et al. (2002) studied depletion in a series of heavy oils and light oils.
They concluded that more bubble nucleate in heavy oils due to high supersaturation. 7

Despite the clear effect of oil viscosity and depletion rafe on gas relative
permeability from the above studies, it is not yet clear why these factors affect gas
mobility. 1t is possible that higher oil viscosity affects the early-time phenomena of
bubbie nucleation and growth (because of change is diffusion coefficient for example).
Alternatively, it is possible that it is the late-time phenomenon of flow that is affected by
increasing the ratio of viscous forces to capillary forces, when oil viscosity increases.
Similar to effect of oil viscosity, higher.depletion rate my affect the time-dependent
phenomena of bubble nucleation and growth- or it may affect the late time flow by
increasing the Capillary number. It seems as if the two possibilities exists during

solution gas drive in heavy oils and both have been extensively investigated in literature.

2.11 Modeling solution-gas drive in heavy oils

The modeling of gas flow during solution-gas drive is a comprlex process at
microscopic level. A proper comprehensive modeling should take into account the non-

equilibrium phenomena: Supersaturation, nucleation, bubble growth, coalescence,
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breakup, gas flow and the effect of porous media among other parameters. At
macroscopic levels, Darcy’s equation can be altered to represent the flow. Numerical
simulation of primary depletion in foamy-oil reservoirs is still based primarily on empirical
adjustments to the conventional solution-gas-drive models. The two-phase flow of oil
and gas mixtures is described by relative permeability relationships, with some
adjustment to the relative permeability curves and/or o other fluid properties to account
for the effects of viscous flow. The rock/fluid properties that have been adjusted in such
simulations include the critical gas saturation, oil/gas relative permeability, fluid and/or
rock compressibility, pressure-dependent oil viscosity, absolute permeability, and the

bubble-point pressure.

In general, three routes have been reported in literature for modeling solution-gas
drive in heavy oils. The first route involves pore scale detailed, mechanistic modeling of
all the non-equilibrium processes. One of the challenges in using mechanistic models is
that multitude of processes included. Such modeling requires knowledge of a large
number of parameters, often difficult to obtain. These models are discussed in the next
section.

The second is an extension of the equilibrium models to include the dependence
of the rate constants on flow conditions. The third route is to make flow parameters in
equilibrium models functions of flow conditions.

All the models proposed in literature are still unique to the system they represent
and extending the concept involved in one model to another is difficult. However, they all

account for observed results during solution-gas drive in heavy oils.
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2.12 Non-equilibrium model: “mechanistic model”

It is readily apparent that the initial proceé_ses involved during solution-gas drive in
heavy oil reservoirs are time and reservoir condition-dependent. Therefore,‘the flow
behavior of viscous dominated flow can be expected to be a function of time as well as
of the imposed flow conditions. Mechanistic models attempt to capture the time-
dependent changes in the early time processes of solution-gas drive in heavy oil

reservoirs.

Sheng et al. (1999) developed a dynamic numerical model including the early-time
processés of bubble nucleation and growth. Multi-phase flow was described with usual
relative permeability curves. The authors used the model to match their depletion

experiments and observed that recovery increased with increased depletion rate.

Egermann and Vizika (2000) developed a mechanistic model where an exponential
function similar to that of homogenous nucleation was used to represent bubble
"nucleation. Bubbles were allowed to grow based on a diffusion-dominated growth
equation in the bulk and then flow. The authors examined their model against two-
phase flow data obtained from light-oil experiments and showed good matches. Arora
and Kovscek (2002) developed a mechanistic population balance model for describing
bubble nucleation and growth. This model gave a good match with experimental data
for the initial period of solution-gas drive before the onset of gas flow. The model did not

consider gas mobility and critical gas saturation.

2.13 Dynamic models

This is a blend between pore scale non-equilibrium mechanistic model and

equilibrium macroscopic model. Coombe and Maini (1994) described a model that
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accounts for the kinetics of physical changes occurring in the morphology of the gas-in-
oil dispersion. It defines three nonvolatile components in the oil phase: dead oil, -
dissolved gas, and gas dispersed in the form of microbubbles. The dissolved gas
changes to dispersed gas by means of a rate process that is driven by the existing local
supersaturation. The dispersed gas changes into free gas by a second rate process. The
model was implemented in a commercial simulator by use of existing chemical-reaction
routines. Both rate processes were modeled as chemical reactions with specified
stoichiometry and feaction-rate constants. The rate constant was determined by history

matching.

A similar approach was used b); Sheng et al.,, (1996) who modeled the rate of
release of solution gas by exponential decay of the local supersaturation and assumed
that the gas evolved from solution remained initially dispersed in the oil. The dispersed
gas disengages from the oil to become free gas at a rate that is proportional to the
volume fraction of the dispersed gas in the dispersion. Thus, two sequential-rate
processes with associated rate constants described the kinetics of the process involved
in transfer of the solution gas to the free-gas phase. This model was used successfully
for history matching laboratory solution-gas-drive experiments. However, it was found

that the rate constants depended on the depletion rate used in the tests.

2.14 Equilibrium models

The motivation for developing such models comes from their ease of
implementation by use of existing reservoir simulators that assume complete local
equilibrium between different phases. Most simulators also assume that the mobility of
fluids is independent of the viscous forces. Consequently, such models are inherently

incapable of accounting for the non-equilibrium effects and, generally, cannot predict the
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effect of operating conditions on solution-gas-drive performance. As suggested above,
non-equilibrium concepts are incorporated infco equilibrium models by altering flow
parameters. However, such models have been successful in attracti'ng considerable
attention in the literature and continue to be used in reservoir simulation studies.
Pooladi-Darvish and Firoozabadi (1999), Tang and Firoozabadi (1999) used a
commercial simulator, with low relative permeability to gas to match their heavy oil

experiments.

2.15 Network models

Network models are simplified mathematiéal representation of the real porous
media. The porous network model provides an idealization of the complex geometry of
real porous media, so that the related fluid can be treated mathematically at a
manageable level of complexity. [Javadpour et al (2001)]

Constantinides and Payatakes (1996) used network simulation to investigate the
effect of viscosity ratio on gas relative permeability. Javadpour and Pooladi-Darvish
(2001) investigated effect of oil viscosity and other parameters on the mobility of
dispersed bubbles using a converging—diverging network model. Their network model

results were in qualitative agreement with most of the previous experimental works.

2.16 Modeling summary

Most of the equilibrium modelsi described above have been used in a history-
matching mode and the predictive ability of many remains questionable. The modeling
approach suggested in this work differs from the detailed mechanistic modeling by trying
to introduce a limited number of processes, thereby reducing the number of unknowns

needed. Such modeling, although may not include all the microscopic phenomena, could



38

prove useful if it could provide a good representation of the key processes affecting

recovery.

In order to model the effect of viscous forces in heavy oil reservoirs during
solution-gas drive using a relative permeability concept, the relative permeability of the
gas phase and/or the critical gas saturation must be correlated against viscous forces.
Urgelli et al. (1999) conciuded from their experiments that in order to mimic the behavior
of gas phase during simulation of cold production process, it is necessary to use a
critical gas saturation, which depends on depletion rate and consequently the distance to
the producers. Foulser et al. (1992) modeled the oil release mechanism of surfactant
flooding by making the relative permeabilities a function of capillary number. Egermann
and Vizika (2000) have recently reported the experimental verification of the differences
in relative permeability in the far field and the near-wellbore region. They concluded that
a model based on capillary-number-dependent relative permeability would not account
for the changes in dispersion properties with time, but may be a reasonable
approximation for fully developed flow in the field.

Hence it is important to develop a correlation between simulation parameters (for
example gas relative permeability and critical gas saturation) and viscous: force
parameters in order to account for viscous forces in equilibrium models. In the next

section an equilibrium numerical model is presented.
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CHAPTER 3

NUMERICAL MODELING

3.1 Objective

As discussed in the previous chapter, both the early time and the late time
processes during solution-gas drive in heavy oil reservoirs may be affected by viscous
forces. Viscous forces may become ‘important at high depletion rate as well as at high
viscosity. Also in the previous chapter, the effect of viscosity and depletion rate on gas
mobility was extensively discussed. The objective of this chapter is to develop a
simulator that accounts for the effect of these factors on gas mobility on a local scale.-
Although the simulator developed in this chapter combines the effect of viscosity,
interfacial tension and rate into a single group called capillary number (defined earlier),
the experimental data simulated only shows the rate dependence of gas mobility during
solution gas drive. Nevertheless, we use the capillary number as a correlating factor as
this dimensionless group is one of the important dimensionless groups affecting two-
phase flow. In Chapter 5, it will be shown that a more general term known as depletion
index better explains the combined effect of depletion rate and oil viscosity on solution
gas drive in heavy oil. |

The effect of depletion rate and oil viscosity on bubble nucleation and growth in
porous media is incorporated in the modeling work by making critical gas saturation vary
with these factors. Both critical gas saturation and gas mobili"ty are varied independently
with capillary number in a way that is inline with recent experimental observations.

ltis important to note that thé objective of this modeling work is not to develop a
universal numerical model but to show that a depletion rate and oil viscosity-dependent
mode! can be developed to model different flow conditions and recoveries. Hence, an

equilibrium model is developed using Darcy’s law, which accounts internally for the
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dependence of flow on viscous forces during solution-gas drive in heavy oil. In other
words, the model will be able to adjust internal parameters (iike relative permeability)
depending on the local flow conditions. This wfll be very useful in modeling the different
recoveries observed at different depletion rates during solution-gas drive in heavy oil
systems. Although this equilibrium approach does not allow modeling of kinetics of the
solution gas process, it involves fewer variables in comparison to the more detailed
‘mechanistic models’.

In the following, the basis of the modeling approach, the supporting evidence and

the assumptions are discussed.

3.2 Numerical modeling (overview)

Numerical models solve mathematical equations describing physical behaviors of
the field. Figure 3.1 depicts the major steps involved in building the model. The result of
the formulation is a set of coupled non-linear PDE’s that describes flow in porous media.
The equations derived from this formulation process, if solved analytically (exactly),
would give the pressure, saturation and production rates as continuous functions of time
and location. Because of the non-linear nature of the equations, analytical techniques
cannot be used and solutions must be obtairied from numerical methods. Numerical
solﬁtion gives the pressures and saturations only at discrete points in the reservoir.
Discretization is the process of converting the PDE’s to algebraic equations. Several
numerical methods can be used to discretize the fluid flow equations; however, the most
common approach is the finite difference method. Once the model equations have been
linearized, one of several linear-equation solving techniques can be used to solve them.
The techniques fall into two categories: direct and iterative methods.

There are different methods proposed in literature for approximating the resulting

PDE’s. These methods differ in the way the functions are treated. The method used in
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this modeling work is called the .LM.P.E.S (implicit pressure and explicit saturation
method). Other methods include: fully implicit method, Sequential solution method

(SEQ) and the Simuitaneous Solution method (S.S).

3.3 Physical models

Physical models are used to make direct measurements of flow properties in
porous media. Two types of physical models are used in petroleum industry. The first
are core flood and sand-pack experiments while the other category uses geometrical-,
mechanic- and thermal-similarity concepts.

Core flood, sand-packs and slim tubes experiments generally run on linear cores.
They are probably the most common physical models used in the industry today. One
detrimental feature of these models is that the experiments are conducted at a scale that
is not representative of the actual reservoir scale. Consequently, the results of these
experiments must be scaled up to more representative scales. In the second type of
physical model, areal geometry, thickness, porosity, and permeability of the model and
the fluid properties are scaled so that the shape and dimensions of the model are
proportional to those in the reservoir. The drawback about these models is that the
mechanism or process being represented may be slightly different from what happens in
the field.

This work specifically targets modeling sand-pack experiments, which has been used
extensively for investigating solution-gas drive experiment. The modelled system
consists of sand packed in a core holder. Flow is assumed to be one-dimensional and
two-phase. Gravity effect is negligible. The sand is assumed to be uniform, isotropic,

chemically inert and non-deformable.
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The sand-pack is originally saturated with live oil above the bubble point pressure of
the oil. The live oil, which is in single phase, is then produced from one end of the sand-

pack (depletion) until two-phase flow is generated in the system.

3.4 Methodology
The methodology involved in this modeling approach is to set up and solve the
material balanc-e and energy balance equations for a one-dimensional multi-phase core
depletion problem. The model accommodates for dispersed flow with low gas relative
permeability values. The dependence of flow on depletion rate and oil viscosity is
introduced into the flow equations by making gas relative permeability and critical gas
saturation a function of capillary number. In this model, a base relative permeability
function and critical gas saturation function is predefined into the simulator and the
simulator is allowed to accommodate for change in flow conditions (capillary or viscous-
dominated) by adjusting this base relative permeability functions.
Specifically, the model:
1) Calculates local oil velocity from local ﬂh‘ow conditions
2) Determines capillary number from local velocity using the capillary number
function
3) Determines relative permeability as function of saturation and capillary
number.

4) Calculates pressure, saturation, recovery and production terms.

Figure 3.1 shows the flow diagram for the methodology.



Various input parameter; porosity,
depletion rate, water saturation,

viscosity, pore geometry, bubble
point pressure

SIMULATOR MODEL

K, =f(N_..,S,)

S, =f(N,)
OUTPUT

Figure 3.1: Methodology for modeling dependence of viscous forces on gas flow
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3.5 Assumptions

The model assumes the following: -

1) Fluid flow is one-dimensional even' on a microséopic scale, no vertical
movement and no gravity segregation.

2) Fluid flow obeys Darcy’s law regardless of a non-continuous gas phase.
Dispersed, intermittent or foamy flow is represented in the model as low gas
relative permeability values.

3) Viscous forces do not affect the shape of the relative permeability curve. Only the
endpoint value (magnitude) is affected.

4) Viscous forces do not affect oil mobility.

5) The effect of viscous forces on early time non-equilibrium processes is only
accounted for by modifying the critical gas saturation. Furthermore, the model

assumes equilibrium between the gas and the oil during gas flow.

3.6 Applicability

This modeling work is highly applicable to solution-gas drive in sand-pack
depletion experiments. However, the correlation used in the simulator may vary from
system to system. Also, since the critical parameters in this modeling work (gas mobility
and critical gas saturation) are correlated against a dimensionless capillary number term,

with proper up scaling methods, this modeling work may be extended to other cases.
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3.7 Model formulation
The one-dimensional two-phase flow equation to be solved is given below.

26, %0y 0%, q

x°x o B, (3.1)

G P, 8 %S
a(g ) X(soo )— (

7S,
+R 1+ Q, +R,Q 3.2
X a B S0 B, g so¥o  (3.2)

Equation 3.1 and 3.2 are non-linear parabolic, partial differential equations. Other
equations include the capillary pressure relation

P.=P,-P, (33)

And the saturation conservation equations;

S, +S4 =1 (3.4)

Corey type functions (described later) are used for the phase relative permeability.

3.7.1 LM.P.E.S method
As pointed out earlier, the partial differential equations obtained for two-phase
flow in porous media are non-linear. A non-linear finite difference approximation scheme
is employed. The I.M.P.E.S scheme is one of the ways to linearize these finite difference
equations.

The acronym [L.M.P.E.S means Implicit Pressure Explicit Saturation. The basic
principle in this method is the elimination of the differences in non-pressure variables
from the model’s set of n conservation equations to obtain a single pressure equation.

This principle was attributed to Stone and Sheldon (1960). Young and
Stephenson (1983) and Wattenbarger (1968) have all extended the I.M.P.E.S method to
develop compositional simulators. After pressure has been advanced in time, the
saturations are updated explicitly. For our two-phase model, there are two coupled, non-

linear, parabolic partial differential equations that need to be solved simultaneously with
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four other flow equations. Although the |.M.P.E.S formulation is conditionally stable, it is
fairly accurate for simulation of multi-phase flow in porous media and moreover, it is not
very expensive in terms computational time fo;” multi-dimensional problems (unlike fully
implicit methods). However, its stability condition may result in small time steps.

The resulting pressure equation after applying the I.M.P.E.S method is given as

AT (AP™") + AATAP™ + AMRST,(AP™) = (Cypy + ACa, AP + Qp + A(RsoQ, + Q) (3.5)
where
C20
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Cag = "A‘;(fébg i
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C3p = E(Rso ((So¢)n bo + Sonbon+1¢ ) + Sng¢n+1b g + Sng¢ bn+1g + (¢Sobo )n+1R so

C30 Rso (¢bo )p+1

The above formulation follows that given by Aziz and Settari (1979). When equation
(3.5) is expanded for all the grid points, the following matrix is obtained.
TP(n+1)=D[P(n+1)-P((n)]+G+Q
Matrix T is a tri-diagonal matrix containing the transmissibilities, matrix D contains
compressibilities and G is a diagonai matrix

When new pressures are obtained, the saturations are updated explicitly using

the oil equation below
ATy (4P,"™") =1/4t At (Vs So/ Bo) + Qo (3.8)

The derivation of Equation 3.5 is given in Appendix |
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3.7.2 Non—linearities

There are two types of non-linearities involved in this scheme: weak non-
linearities and strong non-linearities. All variables that are functions of pressure in one
phase (B, and y) are considered weak non-linearities. They can be evaluated at a
previous time step. Hence the épproximation of i+1/2 step is not critical for weak non-
linearities. Strong non-linearities are co-efficients that depends on satufation for example
relative permeability in'each phase (k;). These non-linearities need a special weighting

scheme.

3.7.3 Weighting of transmissibilities
The problem of approximating i+1/2 level in space co-ordinate is referred to as

the weighting 'problem. In relation to the LM.P.E.S method, the weighting problem
involves how relative permeability at i+% is related to S,; and Sy s
There is the mid-point, upstream and the downstream weighting. However, the most
commonly used scheme is the upstream weighting defined by

Kewi = Knw (Swi) if flow is from i to i+1

Kewi= Kow(Swiny) if flow is from i+7 to i

The upstream weighting has been observed to produce fairly accurate results.

3.7.4 Relative permeability

Two-phase relative permeability is approximated are by relative permeability models.
Models can be used to investigate the effect of other parameters other than saturation.
Two-phase models that are commonly used are Corey, Naar and Henderson's two-

phase models.
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In most relative permeability models, rélative permeability curves are often
expressed as a function fluid saturation only. These functions are generally
characterized by three important parameters, the residual/critical saturations, the end-
point values and the relative permeability curvature. Corey’s model is a simple model,
which accommodates the important features of relative permeability functions. For low
values of gas saturation as it occurs in heavy oil systems under depletion Corey-type

relative permeability functions ((3.7) to (3.9)) is adequate for representing phase relative

permeability.
kg = k3 S™ (3.7)
ko =k (1-S)" (3.8)
where
S=1_S;;—fg§w (39)

k°.,k% are oil and gas relative permeability endpoints respectively.

3.7.5 Capillary number

As mentioned earlier, the magnitude of viscous forces in a system during flow is

often expressed by a dimensionless group called capillary number, N, <YE Capillary
< .

number signifies the ratio of viscous forces to capillary forces. A lot of work on the
variation of relative permeability with capillary number has been done in gas and gas
condensate reservoirs [Pope et al. (1998), Mott et al. (1999), Fulcher et al. (1983)].
Corey function was used for relative permeability and the coefficient was interpolated

between miscibie and immiscible limits. Others authors explicitly matched a capillary
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number dependent correlation for relative permeability by basically fitting empirical
correlations to experimental data. Fulcher et al. (1987) used linear regression to obtain
the best-fit coefficient for equation and statistical parameters to evaluate the function. He

Trepresented relative permeability to gas by

= AS(B ¥ Iny)FeyP
kg = AS(B+¥1n ) (3.10)

Where A, B, C and D are fitting parameters.
For most two-phase systems, the parameters characterizing Equations (3.7) to (3.9)

are constant. In their experimental studies, Kumar et al. (2002) varied the critical gas

saturation, Sy and end-point value of the gas relative permeability curve, k,°g to match

the experimental results. A similar approach is adopted in this work but only this time,
the model internally adjusts the relative permeability according to the local capillary

number. The relative permeability models used in this study have the following features.
1. The relative permeability of oil is not affected by change in Ng..

2. The relative permeability to gas is reduced with increased Ng,. This is

accommodated by expressing k,"g as a function of N¢,.

3. The critical gas saturation is increased as N, increases.

Equations (3.13) and (3.14) describe the dependency Sy and &), on Nc,.

Sgc=Sgci+aMa (3.11)

kg = kigi—bNq Nea < NS, (3.12-a)"

k@%(l\bf)-—a[l{ﬁaﬂ Noa e (3.12-b)
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Equation (3.11) suggests a linear dependence of Sy, on N¢,. Equation (3.12-a) also

suggests a linear dependence of k; on capillary number for low values of capillary
number (Ng, <N2,). The constant N2, is chosen as an arbitrary low value. For

N, =N;, a logarithmic dependence is expressed by using Equation (3.12-b). Various

forms of equations were tried out but only the logarithmic function gave a good match of
the experimental results presented later in this chapter. The linear function (Equation
(3.12-a)) combined with the logarithmic function (Equation (3.12-b)) was used to cater

. for the near zero and zero capillary number.

The linear behavior of critical gas saturation and the logarithm behavior of the Corey
endpoint relative permeability values with depletion rate have been previously reported
in literature [Kumar (2002)].

The advantages of using Corey type models includes:

1) Such functions are based on important aspects of relative permeability like
turtuosity and non-conductive saturation. Hence the effect of capillary number
can be translated directly to affect the coefficient.

2) It allows a plausible relationship between relative permeability and capillary
number if no experimental data is available.

3) The approach allows separate relative .permeability characteristic to change

independently with capillary number.

3.8 Model development

By combining all the above equations, a one-dimensional two-phase flow simulator
was developed. The primary simulation unknowns are pressure and saturation. The
I.M.P.E.S formulation described above was used to obtain the unknowns at each time

step. The code was developed in the C++ programming language.



51

3.9 Model validation

Two problems were considered for validating the two-phase flow model of this work.
The first problem is a sinrgle-phase one and the simulator was validated against a known
analytical solution. The second problem is a two-phase solution-gas drive problem and
the solutions were compared with those obtained from CMG's black oil simulator

IMEX™,

First Problem: A case of a one-dimensional single-phase flow is considered, where
fluid is produced from one end at a constant rate, while the other end is closed. Starting
from an initial uniform pressure, constant rate production results in a transient pressure
disturbance that propagates through the system. At later times, when the pressure has
propagated to the no-flow boundary a pseudo-steady state regime develops. The

analytical solution to this problem is given by Ozisik (1993), and is represented by,

_ ,kat e (1" Xy ol 22 K
P(x,t)=P 4 Lkl¢0,u+2mz="1(ﬂ7j)z cosQn;rL)x[1 exp —ntn ¢,LC¢L2)] (3.13)
L

The derivation of equation 3.13 is shown in Appendix | (Section A.2). Figure 3.2
shows the pressure profile across the core at three different times. Figure 3.2 also
shows that the pressure profiles as obtained from the model are in good agreement with

the analytical solution.

Second Problem: In the second problem, depletion from a core saturated with live
oil at an initial pressure above the bubble point pressure is considered. Fluids are
produced at a constant rate of total fluid production under reservoir conditions. The rock

and fluid properties are those used in the experiments of Kumar ef al. (2002). These
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properties are given in Table 3.1. Some of the other input data required for simulation

are given in Table 3.2.
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Figure 3.2 Validation with analytical solution



Table 3.1: Rock and Fluid Properties

Property

Value

Sand-pack compressibility

3.34x1078 (kPa™)

Operating temperature 25 Deg C
Specific gravity of oil 0.85

Gas Oil Ratio 15.57 viv
Bubble point pressure 3962.4 (kPaa)
Connate water saturation 2.10%
Effective permeability 1.18Darcy
Porosity 38.60%

Dead oil compressibility

1.16x1078 (kPa™)

Table 3.2: Simulation parameters

Prdperty Value
Initial pressure (kPaa) 4275
Initial saturation 1
Formation Volume factor at bubble poinf
(cm/scm®) 1.046
Number of grids 100
Number of layers 1
Bubble point pressure (kPaa) 3965
Corey exponent, oil 2
Corey exponent, gas 1.5
Interfacial tension (dyne/cm) 25
Critical Capillary Number 5x1077
Residual oil saturation (%) 20
Core Length (cm) 60

53
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The same input data were used in the model of this study and IMEX™. The results
are shown in Figures 3.3 and 3.4. Figure 3.3 shows the average pressure in the system
as a function of fluid production or expansioﬁ. Figure 3.3 shows that the pressure
declines fast initially while the fluid in the core is single-phase liquid. At bubble point
pressure, the slope of the pressure decline curve reduces. Figure 3.4 shows the
cumulative free gas production. Initially there is no free gas production while the gas
saturation is building up to reach the critical gas saturation. Study of Figures 3.3 and 3.4
shows that the results obtained from our model are in close agreement with those
obtained from IMEX™. In the following section, we use the numerical model of this study
to study the behavior of solution-gas drive in experiments that show rate dependency.

These resulis have been recently reported by Talabi and Pooladi-Darvish (2002).

Pressure(kPa)

0 20 40 60 80 100 120 140
Expansion(cm®)

Figure 3.3: Validation with IMEX ™ (Average pressure)
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Figure 3.4 Validation with IMEX™ (Cumulative free Gas Produced)

3.10 Modeling solution-gas drive experiments

In this section, the dependence of gas relative permeability on capillary number,
the local velocity is calculated using the pressure and saturation values from the
previous time-step. The local velocity and viscosity, along with an interfacial tension of
25 dynes/cm, were used to calculate the local capillary number. This was then used in

equations 3.11 and 3.12a to evaluate parameters of a gas relative permeability function.

The developed numerical ;'nodel was used to simulate depletion experiment where
the effect of viscous forces has been reported [Kumar et al. (2002)]. The resulfs are
shown in Figures 3.5 through 3.7. The data includes the average pressure in the core,
cumulative gas production and the average gas saturation in the core. Figure 3.5 shows
the experimental and simulated average pressure in the core and the high-pressure

separator. This figure indicates that, the average pressure from all the experiments
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exhibits the same general characteristics. Pressure initially drops sharply, then
rebounds after reaching a pressure minimum, and finally decreases with a small slope.
The experimental data of Figure 3.5 shows that the average pressure is affected by the
depletion rate. This is because in faster runs, gas evolution is less than the equilibrium
values; the gas remains in the oil leading to reduced pressure. The simulation runs
however do not show such behavior. The reason is that the model does not account for
the supersaturation effects. The model accounts for rate effects on gas mobility, and by
doing so will correctly model whether the gas is in the core or has been flown into the
high pressure separator, but will not account for the extra gas remaining in the liquid due

to supersaturation effects.

Figure 3.6 is a plot of gas saturation in the core as a function of fluid expansion and
shows that gas saturation in the core is higher at higher rates. The simulation results

predict a similar behavior. At higher rates, the capillary number is larger leading to

higher Sgc and lowerk,, from Equations (3.12) and (3.13). Lower gas mobility leads to

higher gas saturation in the core and improved oil recovery. Figure 3.8 and 3.9 show the

range of Sgc and k,, as a function capillary numbers obtained during the simulation runs.

The values of capillary number for the three runs, using the total withdrawal rate, are
given in table 3.3. The constant of Equations (3.12) and (3.13) are reported in Table 3.4.
The critical gas saturation varied between 0.025 and 0.0365 for all the rates considered.
The gas relative permeability was low (1x 10*) even for the fastest local velocity. The

Table 3.3 shows the various range of values obtained.

Figures 3.7 show the cumulative free gas produced at different rates. There is good
agreement between the experimental and simulation results. Figure 3.10 shows the gas
and oil relative permeability curves obtained in the grid-block at the production end for

one of the runs. It can be observed that despite the variation of relative permeability with
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both saturation and capillary number, the curves are smooth and monotonous functions

of gas saturation. Furthermore, Figure 3.10 shows that for gas saturation as high as 9%,

the relative permeability to gas is less than 1.2x 10™. Figures 3.5 to 3.7 suggest that the

mode! suggested in this work with a capillary number-dependent relative permeability

can match the experimental data and show the rate-dependent behavior of solution-gas

drive. In Chapter five, a similar equilibrium model is used to simulate experiments in

. which oil viscosity and depletion rates are varied. The relative permeability is allowed to

vary with a more

general term defined later.

Table 3.3: Summary of Results

Expansion rate,
(cm®/hr)

Maximum capillary number

Critical gas saturation, %

End point value

0.08 4.65165E-07 2.53 0.00895
0.37 2.15139E-06 2.63 0.00662
3 1.74437E-05 3.55 0.00453

Table 3.4: Correlation constants

Parameter Value
N’ 5x 107
Sger 0.025

a 600

b 2.5x 10*
c 0.001
o 0.020582
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Figure 3.6 Match of Experimental data (Average gas saturation in the core)
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3.11 Limitations of model

1)

2)

3)

The model constants are specific to the systems considered. This constant
changes from system to system. These constant are obtained from a match of
one of the runs and the other matches are automatically determined from the
correlation constants.

The experimental data used in this chapter did not consider changes in interfacial
tension or oil viscosity. As such, the dependence of gas mobility on capillary
number was not fully investigated. In Chapter 5, a more geheral term will be used
to account for the effects of rate and oil Viscosity.

In the model, the effect of the depletion rate on the early time rprocesses of
nucleation and growth was accounted for by allowing the critical gas saturation to
vary with depletion rate. A more detailed mechanistic model may be more

representative of the system.
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CHAPTER 4

GAS MOBILITY MEASUREMEN'i'S

4.1 Introduction

As described earlier, one of the plausible explanations for the high recoveries
observed in heavy oil reservoirs is low gas mobility. Depletion experiments were
conducted in a sand-pack and the gas mobility was determined. In this section, the
experiments involved in the measurements of gas mobility during solution-gas drive in

heavy oil are described.

4.2 Experimental setup (Overview)

The experimental setup is similar to that used by Kumar ef al. (2002). It consists
of a multiple pressure port core holder, which encases a sand-pack; a éas separator
system and an overburden and axial pressure system. An ISCO pump is used for
depleting the core and another one for maintaining a constant overburden pressure on
the core. The live oils used in the experiments were prepared using the live Oil
Recombination Unit (L.O.R.U.). Fluid was withdrawn from the core through the gas oil
separatdrs.‘ A camera system operated by Megawave™ video software was used to
record the volumes of fluids in the gas oil separators while a Labtech™ notebook was
used to log data from pressure transducers and thermocouple. The core holder was
rotated to exclude gravity segregation. The core holder and the gas oil separator were
placed in a constant temperature air. The schematic diagram of the experimental setup
is shown in Figure 4.1. A more detailed diagram is given in Appendix Il. The next section
describes in details of the individual components in the setup followed by the

experimental procedure.



63

Differential pressure gauge

\ 4

1ISCO Pump

(Axial/overburden pressure)

wwwws@e;

-

Data Acquisition System

Visual cell-1 Visual cell-2

ISCO pump

{ depletion)

Figure 4.1: Schematic diagram of the experimental setup

4.2.1 Gas oil separators

These are high-pressure titanium vessels with long visual windows on both sides
so that the gas oil interface is clearly visible for production measurement. There are two
gés oil separators used in these experiment, a small cell with 10 cm® volume and a large
one with 190 cm® volume. Both are .connected to a three-way valve to allow switching
between the two cells. In the large visual cell, water was used as the withdrawal fluid to
minimize the volume of live oil outside the sand pack. This ensures that almost all the

gas collected was from the sand-pack (pore volume = 490cm?®) and negligiblé amount
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was generated from the oil in the visual cell (pore volume = 10cm®). Figure 4.2 shows

the gas-oil separators.

Figure 4.2: Gas oil separators

4.2.2 Live-oil recombination unit (L.O.R.U.)

The live oil recombination unit consists of two oil pressure vessels, a gas
pressure vessel and a circulating pump. The two oil vessels have volumes of 1 liter and
4liters while the gas vessel has a volume of 0.5liters. The 1liter-pressure vessel was
used as the oil-gas mixing chamber, It was packed with chain to increase the surface
area of contact between the oil and the gas. The 4-liter pressure vessel was used as the
live oil storage when the live oil recombination was complete. The gas vessel was used

to temporarily store gas to be used for the recombination. As a safety feature, the L.O.
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R.U. was equipped with pressure relief devices. The principle involved in the
recombination is simple; the oil, which is in contact with the gas in the 1-litre-pressure
vessel, is circulated in the setup at the desiréd saturation pressure by the circulating
pump until there was no more dissolution of gas in oil. Figuré 4.3 shows the "live ol
recombination unit". Before the new oil was used, toluene was circulated through the unit
in order to clean the L.O.R.U. Nitrogen was later used to dry the unit. The unit was then
put under vacuum for 24 hours. The other steps for recombining oil are stated in the

manual.

Faa

Figure 4.3: Live oil Unit

4.2.3 Axial and overburden pressure

The axial and overburden pressure system comprise of an ISCO pump, a hand
pump and a backpressure regulator.nThe hand pump was used to build up the pressure
during start up. Water was used as the overburden / axial pressure medium. By using
the hand pump, the pressure was built in steps of 100psi up to the desired overburden /

axial pressure. At the desired overburden pressure, the ISCO pump was run at a
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constant pressure mode. The ISCO pump adjusted the rate of injected water in order

maintain a constant.axial and overburden pressure during depletion.

4.2.4 Core properties and sand properties

The sand used for the depletion experiments is white water wet sand. The grain

size distribution of the sand was between 50 and 75 x m. The property of the sand-pack

is given in Table 4.1. The core was packed in such a way that a thin layer of coarse
grain was used at either end when packing the sand. This was done so that a screen
larger than the grain size of the sand-pack can be used and yet migration of the sand
into the outlet stream is avoided. The larger screen size prevents buildup of gas at the

outlet due to trapping of gas bubbles.

4.2.5 Core holder

The core hoider is made of titanium and encases the viton sleeve that contains
60cm long sand-pack. There are 3 pressure taps in the core holder connected to
pressure transducers to measure differential pressure in various parts of the sand-pack.
The picture of the core holder is shown in Figure 4.4. To avoid any gravity effects, the
core was rotated. For this purpose, the core holder is mounted on a swivel joints on both
ends. A DC motor with gear box having a gear ratio of 15125:1 was attached to rotate

the core holder approximately 180 degrees every 30 minutes.



Table 4.1: Core and sand properties

Length of Sand-pack 60cm
Pore volume 490 cm®
Porosity 38.85%
Absolute permeability 1.5 Darcy

Effective permeability

Connate water saturation

Sand grain size
Overburden / axial pressure
Total Compressibility of the system with

Overburden pressure

1.4-1.45 Darcy
3%
50-75 um

7.96x 10°kPaa

25x 10° psi

Figure 4.4: Core holder
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4.2.6 Over-pressure controls

. The system was equipped with proportional relief valves set at various pressures
depending on the maximum operating pressure and the design pressure of the
equipment and pipefitting. The ISCO pump control software has an inherent feature
through which the safety pressure was adjusted. The outlet of the pumps was equipped
with pressure relief device to ensure additional safety. All the pressure safety valves
were set at proper relieving pressure by flowing fluid through using a Quizix pump. The
overburden pressure and recombination system was also equipped with pressure relief

valves.

4.2.7 Data acquisition and control

A Labtech™ notebook software was used for temperature and pressure data
acquisition from the various pressure transducers and thermocouples. A program was
written to acquire required data and display it on the screen in tabular as well as
graphical form. This data was also logged into a file.y This log file was analyzed using

Microsoft Excel.

4.2.8 Temperature controls

The fluids used in this experiment have small compressibility so temperature
fluctuations affect the pressure significantly. A constant temperature bath was necessary
for the experiment. A big cabinet housing the core holder equipped with température
controller was used as an air bath. A temperature controller acting on an in-car heater
that was placed in the oven controlled the temperature in the smaller blue M oven. Both
ovens were equipped with circulating fans to ensure homoéeneous temperature across

the oven. A similar controller acting on a heating tape wound around the pump barrel is
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used to control the temperature of the fluids in the ISCO pumps. The pump barrel was
later insulated to prevent heat loss. The lines.were all insulated to prevent heat losses.
All temperature controllers were equipped wifh over temperature control, which shuts

down the system if the temperature exceeds a set safety temperature.

4.2.9 Pumps

There are four pumps used in this setup altogether. Two ISCO pumps,Ja
circulating pump and a Quizix pump. The ISCO and the Quizix pumps are positive
displacement pumps. The Quizix pump was used for water injection while one of the
ISCO pump was used for the fluids withdrawal from the core and the other was used for
maintaining overburden pressure on the core. The ISCO pumps have a capacity of 500
cm?® each while the Quizix pump has a volume of 20 cm®. The circulating pump was used
to circulate oil during the recombination of live oil. The circulating pump has a multiple
speed controller. The volumetric ‘rate of the circulating pump was calibrated with the

pump speed

4.3 Fluid data

The oils used in the depletion experiment are methyl silicone oils of various
viscosities. Table 4.2 shows the various properties of the different oils: oil A, B, C. Nye

Oils limited provided these oils.
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Table 4.2: Qil Properties

Property Oil A Qil B Qil C

Kinematic viscosity at 25°C, ¢S 1000 10,000 30,000
Specific gravity at 25 °C 0.971 0.975 0.975
Surface tension at 25 °C, dyne/cm  |21.2 21.3 21 .75
Live oil viscosity at 25 °C, ¢cp 580 5680 21600
GOR scm®/scm?® 23.2 22.3 22.8

It can be observed that oils have very similar properties except for their viscosities.

4.4 Experimental procedure

This section describes the procedures before and during the experiments. It
starts with the preparatory procedures employed before the depletion runs and later

describes the steps used while running the actual depletion experiments.

4.4.1 Preparatory steps
4.4.1.1 Vacuuming of pumps /system /sand-pack

After the sand-pack and all the fittings had been connected, a vacuum pump was
used to draw vacuum on the whole system. A catch pot, positioned before the vacuum

inlet, was kept in dry ice to achieve such a high vacuum.

4.4.1.2 Leak test
Once all the piping and core holder was set in place, the system was leak tested.
For the piping, this was done by isolating a section of piping, pressuring it up with water

and observing the pressure in each section, under isothermal conditions. No pressure
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drop with time will indicate a leak free system. The leak test of the L.O .R .U was done

separately from the depletion setup using the same principle.

4.4.1.3 Brine preparation

A sample of NaCl was dissolved in de-ionized, de-aerated water to form the 1-%
brine solution. Brine was used for the connate water and also for absolute permeability

determination.

4.4.1.4 Hydro-testing

All the vessels and fittings in the recombination unit as well as the depletion unit
wére tested to 1.5 times the maximum operating pressure in the syste‘m. This was done
to authenticate the integrity of the vessels and avoid any leakage or failure of the vessels

during the experimental run.

4.4.1.5 Calibration of pressure transducers

The absolute pressure transducers and digital pressure gauges-were calibrated
using a dead weight tester. The Sensotech differential pressure transducer was
calibrated using the method described in the manual. The range of measurement of
differential pressure transducer is 10-15psi for the smaller gauges and 100-144psi for
the large gauge. The differential pressure transducer was designed to operate wi’;h liquid
on both sides, so it was made sure ’Fhat both chambers were free of air by filling it with

bayol using a hand pump in such a way did this that the bayol displaces any trapped air.
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4.4.1.6 Calibration of gas oil separators; Camera calibration

The gas and oil produced from the core was separated in the visual cell. The amount of
gas and oil produced was determined by measuring the oil-gas interface. So it was
necessary that the visual cells be calibrated. The height of the interface waé fneasured
by a camera, which was mounted outside the oven. A Megawave™ software was
connected to this camera and the interface at any time was recorded. A high intensity
light was thrown from a rear window of the visual cell, which facilitated the measurement
of gas—oil interface in the visual cell. The visual cell was then calibrated with the Quizix
pump. The calibration was done by recording the level of the interface at different time
against the volume of fluids injected by the Quizix pump. Figures 4.5 and 4.6 show the

plot of the volume of fluids injected with the height for both visual cells.
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Figure 4.5 Large visual cell calibrations
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Figure 4.6 Small visual cell calibrations

4.4.2 Other procedures
Other preparatory procedures were also carried out to determine rock and fluid

properties beside calibration of equipments. These procedures are discussed below.

4.4.2.1 Volume measurement by water

After the system was put under vacuum for a long time, water was introduced
into the system by.pumping using the Quizix .pump. To measure the volume in each
section of piping, water was introduced into the system section by section; isolating a
particular section from the rest of the vacuumed system by closing the valve. Once a
particular section was filled with water, the pressure was raised to 100psig. The
difference in the volumetric reading indicated the volume of that section. The sand-pack

was bypassed in this stage.
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4.4.2.2 Porosity and absolute permeability measurement (saturating the

core)

Next, the vacuumed sand-pack was flooded with brine to measure the pore
volume ‘and hence the porosity of the sand-pack. The measured pore volume was 490
cm®. Once the sand-pack was flooded with brine, the valves connecting the pressure
transducers were opened. Brine was flowed through the sand-pack at a known rate and
the pre;ssure drop across the core was measured to determine the absolute permeability.

This was done at several flow rates. The resuit is shown in Figure 4.7 The Darcy
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Figure 4.7: Absolute permeability with brine

equation was used to determine permeability value. The absolute permeability

was about 1.5 Darcy.
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4.4.2.3 Connate water saturation and effective permeability measurements
(flooding with dead oil).

Once the sand-pack was flooded with brine and the absolute permeability
determined, dead oil A of 1000cS viscosity was initially used to displace the water. The
dead oil was injected until no additional water was produced. The oil and the water.
volumes were measured and the connate water saturation in the sand-pack was
determined from fnaterial balance calculations. Once the inlet piping into the core holder
and the sand-pack was flooded with dead oil, the dead oil was flowed through the sand-
pack at a known flow rate and the differential pressure across the core was measured to
determine the effective permeability of the sand-pack. This was done at various rates to
get an average permeability value. This is repeated for all the three oils used in the
study. The sequence for determination of effective permeability was displacing the lower
viscosity oil with one of higher viscosity. An about two-pore volume of the displacing oil
was needed for each displacement process. Figures 4.8 and 4.9 show the results of the
effective permeability measurements. It was observed that the higher the viscosity, the

higher the permeability observed.
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4.4.2.4 Gas oil ratio measurement

The GOR of the live oil from the L.O.R.U. and the outlet of the core need to be
determined. The gas oil ratio of the live oil was determined by taking live oil sample
through a backpressure regulator into a flask whose outlet was connected to an inverted
glass graduated cylinder filled with water. This was done to collect the gas produced in
the inverted cylinder by bubbling it over water. The weight of the flask was measured to
determine the oil volume. More time was allowed for equilibrium for the higher viscosity
oils. The quantities were then brought to standard conditions to calculate the gas oil

ratio. Figure 4.10 shows the setup.

i

Figure 4.10: GOR measurement setup
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4.4.2.5 Gas oil ratio curve

A setup was prepared to obtain the Rso curve for the oil and is shown in Figure
4.11. The cylinder was first filled with methane gas to a pressure equal to the bubble
point of live oil. A know volume of dead oil was then injected into the cylinder with the
ISCO pump. The dead oil and the gas were then thoroughly mixed at the desired bubble
point pressure. The system was then stabilized for 24 hours. The pressure in the
cylinder was then lowered, by bleeding off methane into the gas cylinder. The pressures
in both cylinders were allowed to stabilize. The resultant pressure in the cylinders was
an indication of the gas left in respective cylinders. This value was then used to calculate
the solution gas oil ratio at various pressures. The Rso curves obtained for the different
oils are shown in Figure 4.12 and demonstrates similar values for oils A and B. Due to

the high viscosity of Oil C, it was difficult to use this setup to obtain the bubble point

curve for this oil.

Figure 4.11: Rso setup
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Figure 4.12: Bubble point curves

4.5 Viscosity measurements

4.5.1 Viscosity loop calibration

The viscosity of the live oil was measured inline during floods. This was done by
measuring the pressure drop in a certain section of a coiled tube and then calculating
viscosity using the Hagen-Pouislle equation [McCabe, Smith and Harriot (1990)] for flow

through pipes which is expressed as

2
Ap=4ingi_ | , (4.1)

where f is the friction factor. For laminar flow, f = 11{—6 Re is the Reynolds’s Number and
e

Re=242 (4.2)
7
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Substituting this in equation 4.1 and simplifying we get

aD* | AP ;
- Ca 4.3
# (12&) q | “.8)

Here, the initial part of the RHS in the bracket is a constant and depends on {he
geometry of the flow loop (geometric factor). This constant was determined by
calibrating the flow loop with fluid of known viscosity viz: water and the three dead oils.
These were flowed through the loop and the pressure drop across the loop was
measured. Knowing the viscosity, this data was then used to determine the geometric
constant of the loop for the oils of different viscosity at the experimental temperature.
Figure 4.13 shows the calibration of the viscosity loop with dead oil A to obtain the
geometric factor. The geometric factor obtained from the three oils A, B, and C was

0.0525,0.06 and 0.08 for oils A, B and C respectively.

del p, psid

y = 0.0525x

0 20 40 60 80 100 120 140 160 ' 180
visc X q, cp.ccls ’

Figure 4.13: Calibration of viscosity loop (dead oil A) at 25C

/
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4.6 Dead oil compressibility'

Compressing the oil in the ISCO pump cylinder and recording the pressure vs.
volume data was used to determine the com;;ressibility of the dead oil. The data was
then plotted on a graph and the slope of the line was used to calculate the
compressibility using the formula. The P-V curve for the determination of the dead oils is

shown in Figure 4.14. The average of dead oil compressibility value was about 9x 10°®

psi™
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Figure 4.14:0il A dead oil compressibility

4.7 Live oil compressibility

Once the live oil was prepared, it was transferred into a transfer vessel and later
transferred into the ISCO pump. The’compressibility of the live oil was measured using a
similar procedure as the as that used for the dead oil. The average value was about

10x 10®%psi™.
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4.8 Sand-pack compressibility

The compressibility of the sand-pack \')yas measured using dead oil in a similar
way. The inlet of the core was connected to a pump and the outlet was closed. The fluid
was then injected into the core and the pressure versus volume injected was recorded
and plotted. The slope as usual gave the compressibility of the system (sénd-pack and

live oil).
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Figure 4.15: Total compressibility of the sand-pack and oil

Figure 4.15 shows the combined sand-pack and oil compressibility. The calculated sand-

pack compressibility using oil A is about 25x 10%psi”.

4.9 Live oil injection
Once the system was flooded with dead oil and the ISCO pump was charged

with live oil, the next step was to inject live oil into the system. Injecting live oil into the
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core displaced the dead oil. The displaced oil was produced through a backpressure
regulator. The pressure of the backpressure regulator was set above the bubble point
pressure of the live oil. This was done to ensufe that pressure is above the bubble point
pressuré and a second phase is not generated in the system. Samples were drawn from
the produced oil periodically and GOR was measured. It was assumed that all of the
dead oil was displaced when the GOR of the produced oil became equal to the GOR of
the live oil being injected. This required flooding of about 1.5 to 2.5 pore volumes of live

oil.

4.10 Running experiments
4.10.1 Depletion runs.

Once the sand-pack is filled with live oil and pressurized, it was ready for
depletion. The ISCO pump was operated at constant flow refill mode. The oil was
withdrawn initially into the pump through the smaller visual cell. The inlet to the visual
cell is from the top and the outlet is from the bottom. When the smaller visual cell is half
filled up with gas, the withdrawal was conducted through the larger visual cell. The
depletion was done at rates of 0.37 and 3 cm®hr for each of the oils. Before the start of a
new run, the core was thoroughly flushed with about 2 pore volumes of dead oil and then
two pore volumes of live oil at pressure higher than the bubble point. This was done, to
guarantee complete dissolution of the gas into the oil. Once this was done, the system
was left for 24 hours and pressure was recorded to ensure that there was no frée gas
dissolving into the oil. Presence of free gas is reflected by fall in pressure in sand-pack.
The compressijbility of the sand-pack was aiso measured before start of run to ensure

single phase in the sand-pack.
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4.10.2 Production measurements

The critical gas saturation is marked by sustained gas production in the visual
cell. After reaching critical gas saturation, produced free gas starts to accumulating at
the top of the visual cell. The small size of the small visual cell minimizes the dead
volume and ensures that the gas being accumulated is coming from the sand-pack
rather than being generated from the oil in the visual cell. The amount of free gés
fproduced was measured with the camera by recording the oil-gas interfacé. The run was
stopped after depleting the sand-pack to a‘ certain volume. All other parameters were
recorded viz: temperatures, pressures, differential pressures etc. were recorded on the

Labtech™ notebook.
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CHAPTER 5

RESULTS

As discussed in Chapter 1, solution gas drive in heavy oils has shown high recovery
and one of the possfble explanations for this abnormal high recovery is‘ low gas mobility.
This chapter reviews the results of the gas mobility experiments conducfed in the last

chapter particularly, studying the effect of depletion rate and viscosity on gas mobility.

5.1 Introduction

As described in Chapter 4 depletion experiments were conducted on a linear sand-
pack. Oil A (1000 ¢S) was used in Runs 1 and 2, Oil B (10,000 cS) in Runs 3 and 4, and
Oil C (30,000 cS) in Runs 5 and 6. Odd-numbered and even-numbered Runs were
performed at depletion rates of 0.37 and 3 cm¥hr, respectively.: Run 3-b is
reproducibility Run using Oil B (10,000 ¢S) at 0.37 cm®hr. The gas production and
pressure drop across the core were measured. From these measured values, gas
mobility and critical gas saturation were estimated. This chapter examines the
experimental observations and analysis of these results. The experimental data
examined includes the average pressure in the core, cumulative gas broduction, the
average gas saturation in the core and the pressure drop across the core. Table 5.1

shows the summary of results for the various runs.
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Table 5.1. Summary of experimental results

Run # Sgcs Yo Final Depletion
récovery, % | index x 10°
m23—1.5
1 0.2 3 0.12
2 25+05 5.5 0.97
3 1.8+0.2 3.2 0.37
4 5+1 12.6 3.02
5 2+05 5.1 0.73
6 5£1 14.8 5.89

The next section looks at the reproducibility run followed by the discussion of the
overall pressure and production response for all the runs. Sections 5.4 through 5.6
examine the effect of viscosity and the effect of depletion rate. Section 5.7 discusses a
methodology for analyzing the combined effect of rate and viscosity. The last section
describes the simulation of experimental results using commercial reservoir simulator

software as well as the one-dimensional numerical model discussed in Chapter 3.

5.2 Reproducibility

Run 3-b was conducted to check the reproducibility of the runs. The reproducibility
Run was found to duplicate the data of the original Run quite well. Figure 5.1 shows the
differential pressure and the gas saturation as obtained from the two runs. While the
differential pressure data match well, the difference between the gas saturation results of
the order of 0.5% indicates the extent of error in the data. The average pressure’

response for the runs is discussed in next section.
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Figure 5.1 Reproducibility (Run 3-b)

5.3 Pressure

In Figure 5.2, the average pressure in the sand-pack is plotted against the volume of
the fluid withdrawn and demonstrates the P-V behavior for some of the runs. The
volumetric average pressure was calculated using a linear combination of pressures at
different points along the sand-pack weighted with the lengths corresponding to each
pressure. As the differential pressure in the sand-pack increases, the accuracy of this
method reduces. Hence for the runs with a very high differential pressure in the sand-
pack, a two-point average was usec_i V\;hich further reduced the accuracy of averaging
process. This was because the individual differential pressure gauge had a maximum
10psid value. For the high differential pressure runs (high viscosity and depletion rate);
the individual differential pressure gauges were isolated. The average initial pressure for

all the runs was 555 psig.
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Kumar et al. (2002) reported this pressure trend in a previous experimental study.
The data for all runs followed a similar trend starting with a sharp pressure decline above
the bubble-point pressure. The slope of the P-V data at this stage is representative of
single-phase compressibility. The pressure declined below the bubble-point pressure
and reached a local minimum. The fluid at this stage is supersaturated and has a
tendency to approach equilibrium. Therefore, the pressure bounced back, reducing
supersaturation, before the pressure started to decline again with a much smaller slope.
The data suggests that some oils remained supersaturated throughout the run. This
was confirmed by measuring supersaturation at the end of each experiment, where a

rise in average pressure would indicate supersaturation.

The experimental data of Figures 5.2 (a) and (b) show that the average pressure is
affected by the depletion rate and viscosity. Figure 5.2(a) shows the pressure
comparison for oil A and shows that at a particular oil viscosity, the'higher the depletion -
rate, the higher the supersaturation and the lower the pressure minima. This is because
in faster runs, gas evolution is less than the equilibrium values; the gas remains in the oil
leading to reduce pressure. ‘Figure 5.2(b) shows the pressure comparison for two of the
oils at a 3 cm®*/hr depletion rate. From Figure 5.2 (b) it can be observed that the higher
the viscosity, the lower the pressure. This effect was less pronounced for the slow 0.37
cm®/hr depletion rate. The lower pressure at high viscosity can also be explained using a
similar explanation used for high depletion. Kumar and Pooladi-Darvish (2002) have
previously demonstrated that, when the diffusion coefficient is low, e.g. in high viscosity
oils, or when depletion rate is fast, the evolved gas does not have enough time to grow

to its equilibrium quantity and therefore, the mixture remains supersaturated.
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Run 6 was omitted in Figure 5.2 (b) due to the large errors in the pressure averaging
techniques.

The average pressure- expansion curve is not affected by flow properties and
analysis of these curves may give very little information about late time flow properties.
For this reason, and because the two-phase flow properties are the major focus of this
work, we do not offer any further analysis of these P-V curves.

It is important to note that the attention of this research work is beyond the details of
the early time phenomena of supersaturation, nucleation and growth. Instead, this work
specifically looks at the two-phase flow behavior. Therefore, gas production and the
differential pressure during two-phase flow were studied and the effects of viscosity and
depletion rate on these factors were investigated. The effect of depletion rate and oil
vi'scosity on early time mechanisms is introduced in the modeling by allowing the value
of value of critical gas saturation to vary with depletion rate. Further work needs to be
done to investigate the details of the effect of depletion rate and oil viscosity on the early

time mechanisms.

5.4 Gas production and average gas saturation

The gas accumulated in the visual cells was determined by measuring the height
of the oil gas interface. It is assumed that all the gas collected in the gas oil separator is
from the core and the gas is at core conditions. For Run 1, steady gas production started
after 2.8 cm® of depletion. This corresponds to 0.2% average gas saturation. This Run
like all the slow runs was stopped after 3 weeks of depletion. For Run 3, steady gas
production started at 9.8 cm® (1.7% average gas saturation). For Run 5, gas production
started at 10.7 cm® (1.7% gas saturation). For Run 2, steady gas started accumulating in
the visual cell after 14.3 cm® of depletion (2.3% gas saturation). For Runs 4 and 8,

steady gas production started at 14.1 cm® (2.5% gas saturation) and 3.8 cm® (0.5% gas
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saturation) respectively. Critical gas saturation was defined as the point of sustained
production of gas. From Figures 5.3a and 5.3b show the gas produced at core
conditions for all the runs. In general, a low gas production indicates that gas mobility is

low or critical gas saturation is high.

5.4.1 Average gas saturation

The average gas saturatjon was determined by finding the difference between free
gas produced and the total volumetric depletion divided by the pore volume. This
calculation is based on the assumption that the produced oil does not contain gas
bubbles. For slow runs and those with lower oil viscosity where pressure and saturation
gradient across the core is small, the actual gas saturation in the core is believed to be
close to the average gas saturation determined. However for the high-pressure drop
Runs (4 and 6) the average gas saturation as calculated from material balance may not

represent the actual average gas saturation in the core.

Figure 5.4 shows a typical curve for the observed average gas saturation in the core.
Initially at the start of depletion, the oil was above the bubble point preséure and there
was no gas in the system. As expansion continues and pressure falls below the bubble
point pressure of the oil, gas is formed and the gas saturation increases linearly. This
corresponds to the linear part of the average gas saturation curves in Figure 5.4, when
the evolved gas remains in the sand-pack, before critical gas saturation (Sg.) is reached.
When gas starts to flow, the slope of the line changes. Critical gas saturation is
represented by a break in the gas saturation plot. The value of critical gas saturation
under solution-gas drive is very important, as it sets the minimum possible value of

recovery, and has therefore received considerable attention. For a constant oil viscosity,
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the slope of the new line/curve after critical gas saturation is an indication of gas

mobility. The larger the slope, the lower the gas mobility.

In the next section, the experimental results are discussed in terms of the effect of

rate and viscosity on critical gas saturation and gas mobility.

5.5 Effect of viscosity

In this section, the effect of changing the oil viscosity on gas production, critical
gas saturation and average gas saturation is described. As discussed eatrlier, the oil
viscosity was changed by a factor of 30. For this analysis, either odd number Runs (1, 3
and 5) 0.37 cm®hr=depletion rate or the even number Runs (2, 4 and 6) 3 cm¥hr-

depletion rate are compared.

5.5.1 Gas production

Figures 5.3(a) and 5.3 (b) show the volume of the free gas collected in the visual cells as
a function of the volume'expansion for all three oils at the two depletion rates. Figure
5.3(a) shows the data for the slow 0.37 cm®hr Runs and Figure 5.3(b) shows the results
for the fast 3 cm*hr Runs. From Figures 5.3(a) and (b), it can be cbserved that the

volume of gas produced is a function of oil viscosity.

A possible explanation for the low gas production during depletion of the high
4

viscosity oil is that gas mobility is reduced due to delayed coalescence and increased

breakup, which are caused by increased viscous forces and low diffusion coefficient.
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5.5.2 Average gas saturation

Figures 5.4(a) and (b) are plots of gas saturation in the core as a function of fluid
expansion and shows that gas saturation in the core is higher at higher viscosity. Lower
gas mobility Ieads to higher gas saturation in the core and improved oil recovery.

As discussed earlier, Figures 5.4(a) and (b) exhibit a linear portion at early times
followed by a curved line. The slope of the curve after the breakpoint represents the
effectiveness of oil recovery. The higher the slope, the better the oil recovery after
critical gas saturation. Figure 5.4 (a) and (b) suggests that oil recovery improved with an

increase in oil viscosity, which is in line with the reduced gas mobility.

5.5.3 Critical gas saturation

Figures 5.4 (a) and (b) suggest that critical gas saturation (Sy for Run 1 (1000 cS) is
very low, about 0.2%. The critical gas saturation for Run 3 (10,000 cS) is 1.8£0.2%. For
Run 5 (30,000 cS) the recovery data did not define Sy very precisely (2+0.5%).
Therefore, a thirty-fold increase in dead-oil viscosity from 1000 ¢S to 30,000 ¢S resuited
in a ten-fold increase in Sy in the live oil from 0.2 to about 2%. Focusing now on the fast
Runs, Figure 5.4(b) suggests that Sy -for Run 2 is about 2.5+0.5%. An increase in
depletion rate of about eight times (as compare'd to Run 1) resulted in an increase in Sy
from 0.2 to 2.5%. It appears as if Sy is affected more strongly by depletion rate than by

viscosity. The effect of rate on critical gas saturation will be discussed later.

As suggested earlier, the onset of gas flow may not be representative of the critical
gas saturation over the whole length of the sand-pack especially for the higher viscdsity
and higher depletion rates. Nevertheless, a comparison between Figures 5.4(a) and (b)

show that sustained gas flow started at a higher gas saturation for the fast runs. This is
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represented by a break in the recovery at 5£1%. The Sy and final recovery for all of the

runs are given in Table 5.1.
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5.5.3.1 Error in critical gas saturation values

Critical gas saturation can be obtained from two sourées; the recovery curve, which
shows the average saturation in the core .vs. expansi“on and the cumulative gas
production curve, which represents the directly measured volume of the produced gas.
As mentioned earlier, on the recovery curve, the break in the curve is representative of
critical gas saturation. The average gas saturation that corresponds to the onset of gas
flow into the visual cell may not be representative of the average critical gas saturation
throughout the core. This “error” or uncertainty in the reported value increases as the
differential pressure across the éore increases. Hence, in this work, the critical gas
saturation values are reported with error bounds to account for this uncertainty. From
Table 5.1, the error bound varied from 0.2-1% and increases as the differential pressure

increases.

5.5.4 Differential pressure

Figures 5.5(a) and (b) show the differential pressure across the sand-pack for the
three oils at 0.37 and 3 cm/hr, respectively. The data exhibited a large value at early
times followed by a decline in differential pressure as expansion continues. The
experiments were conducted at a constant total volume withdrawal rate; the large early-
time value is obtained during single-phase oil flow. With the start of gas flow, total
mobility increases, and differential pressure decreases. The early-time behavior of the
differential pressure data is affected by the initial stages of gas formation, and has been
explained previously for similar experiments [Kumar (2002)]. Here, the focus is on the

declining portion of data, where two-phase flow is present.

Figure 5.5c shows the expanded version of the differential pressure-volume

expansion for oils at 0.37 cm®hr depletion rate. Once the critical gas saturation is
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reached, differential pressure became more chaotic and fluctuates with greater
frequency and higher amplitude. This indicates that gas is flowing out intermittently
rather than continuously. This has been prevfbusly observed in other works [Pooladi-
Darvish and Firoozabadi (1999), Kumar and Pooladi-Darvish (2002)]. From Figure 5.5¢,
as the viscosity increases, the pressure fluctuations also increase. This suggest that the

higher the viscosity, the more intermittent or discontinuous the flow becomes.

5.5.5 Relative permeability to gas

A number of studies of solution-gas drive in heavy oils refer to the slugs of gas being
produced and intermittent gas flow [Sheng et al. (1999), Pooladi-Darvish and
Firoozabadi (1999), Kumar and Pooladi-Darvish (2002), Tang and Firoozabadi (2003)].
The concept of relative permeability is invalid for ﬂow' of a discontinuous gas phase. In
the absence of mathematical models that account for the intermittent flow of gas, current
simulation models use the relative permeability to characterize the two-phase flow of gas
and oil: In the past, the concept of relative permeability has been successfully used for
other forms of discontinuous flow of the phases [Vassenden and Holts (2000)]. For
these cases however, relative permeability may be a function of other parameters in
addition to phase saturation. Here, we assume that the concept of relative permeability
applies to solution-gas drive in heavy oils, and examine the dependency of the relative
permeability functions to gas saturation, withdrawal rate and oil viscosity. Tang and
Firoozabadi (2003) recently suggested a simple mathematical model for the estimation
of gas and oil relative permeability from 1-D depletion experiments that are under two-
phase pseudo-steady state conditions and exhibit a small capillary pressure gradient

(This equation was described in Chapter 2).
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The flow in this set of experiments is predominantly one-dimensional, as vertical flow
is minimized by continuous rotation of the core holder. Furthermore, pseudo-steady
state is assumed similar to the assumption made in similar studies [Tang and
Firoozabadi (2003)]. The condition of negligible capillary pressure gradient also holds
for all the experiments. In the slow and/or low viscosity experiments, the small pressure
drop along the sand-pack suggests the uniform possibility of gas nucleation and growth
across the length. The resuit is uniform gas saturation, leading to a negligible cépillary
pressure gradient. In runs exhibiting a large differential pressure, it is expected that the
magnitude of the capillary pressure gradient wo[Jld be negligible as compared with the
viscous pressure gradient, because of the high permeability and low capillary pressure

of thé sand.

The previously described model of Tang and Firoozabadi (2003) was used to
estimate relative permeability to oil and gas. The oil and gas rates used in equation 2.7
were obtained from the cumulative volumes by dividing the volume of gas and oil
produced over the duration of production. Due to intermittent gas flow, the rates
calculated from time original data may lead to negative values. Hence, calculating relative
permeability values (from eq_uation 2.7) using the original data lead to negative relative
permeability. Therefore, the oil and gas rate "calculated from the original cumulative
production data was smoothened. This was done by averaging the oil and gas rates over
a longer length of time such that the effect of intermittent flow that results negative rates
was minimized. Figures 5.6 (a) and 5.6 (b) show the relative permeability values for all of
the runs, where the solid symbols are for oil and open symbols for gas. The following

observations are evident.

1. Relative permeability to oil remains primarily between 1 and 0.1. In some

cases, relative perfheability values larger than 1 were obtained.
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As expected, the relative permeability to gas increases with an increase in gas
saturation. Run 1 appears to be exceptional. Over the whole saturation range
of 0 — 15% gas saturation, relative permeability to gas is low and varies

between 10~ and 107,
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Figure 5.6(a) Effect of viscosity: Gas Relative permeability for a depletion rate of 0.37

cm¥hr
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Figure 5.6(b) Effect of viscosity: Gas Relative permeability for a depletion rate of 3

cm¥hr

Figures 5.6(a) and (b) show the comparison of the calculated relative permeability for
different oil viscosity. As the visbosity increases from Runs 1 to Run 3 and Run 5, the

gas mobility decreases from 10~° and 107 to 10 and 1075,

Relative permeability to gas appears to be a function of both gas saturation and oil
viscosity. From Figures 5.6(a) and (b), it is observed that as oil viscosity increases,
relative permeability to gas decreases at the same gas saturation. The high—préssure
differéntials along with low gas volumes from Figures 5.3 and 5.5 had already suggested

this.
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5.6 Effect of depletion rate

Figures 5.7 through 5.10 uses the same data to demonstrate the effect of depletion
rate as opposed to viscoéity. For brevity, the effect of depletion rate in Oil B is discussed
only. A detailed study of the effect of depletion rate on gas mobility was previously

reported by Kumar ef al. (2002).

5.6.1 Gas production

- Figure 5.7 show the gas produced for oil B, and suggests that as depletion rate

increases less gas is produced. Also the onset of gas production is delayed.

5.6.2 Differential pressure

Figure 5.8 shows the differential pressure across the sand-pack for oil B, and
indicate that as oil viscosity increases, the single- and two-phase pressure drop

increases.

An increase in two-phase pressure differential from Figure 5.8, along with a decrease
in gas production from Figure 5.7, suggests lower gas mobility and improved oil
displacement as depletion rate increases. The fluctuation in differential pressure
increases when gas starts to flow. This flﬁctuation also increases with an increase in
depletion rates. This suggest that the higher the depletion rates, the more intermittent or

discontinuous the flow becomes.

5.6.3 Average gas saturation

Figure 5.9 shows the average gas saturation in the core as the rate increases ten

folds for oil B. The final gas saturation increases by 4 times.
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5.6.4 Relative permeability

Figure 5.10 presents the relative permeability data for oil B, and demonstrates that

relative permeability to gas decreases as depletion rate increases for particular oil.
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Figure 5.7 Effect of Rate: Gas production for a depletion rate for Qil B
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In summary, the faster experiments resulted in lower gas mobility, lower free gas
production and higher average gas saturation in the sand-pack. These results are

consistent with those of Kumar ef al. (2002).

5.7 Analysis and Discussion

The proposed mechanisms for the observed phenomena are as follows. At the early
time, the reduction of pressure causes the nucleation and evolution of gas bubbles,
initially they are very small, then they start to grow in size due either to further reduction
of pressure or to coalescence. At the early stage, grown gas bubbles are trapped at the
pore throats constituting immobile gas saturation. Further growth in size results in the
formation of an independent passage for the gaseous-phase flow. The independent gas
flow bypasses the oil during the late time and does not contribute td the oil recovery. As
discussed earlier, once a mobile gas phase has formed, it may continue to flow as a
continuous gas phase, or it may break up into several smaller clusters leading to
dispersed-gas flow. A faster withdrawal rate provides less chance for the coalescence
of the gas bubbles and formation of the independent gas flow; therefore, it should result
in lower gas mobility, higher critical gas saturation and higher oil recovery. On the other
hand, a higher oil viscosity slows down the coalescence, increases the break-up of the
flowing gas clusters and restricts the formation of independent gas flow; therefore, at a
given withdrawal rate, higher viscosity oil is expected to show lower gas mobility and a

higher critical gas saturation. This is consistent with the ekperimental observation.

From the experimental results, it seems that rate and viscosity affects gas
mobility to different degrees. For example, if the rate of depletion for oil B (Run 3) is
increased about 8 times (Run 4) the final gas saturation in the core is increased four

times. However, if the viscosity is increase ten times from oil A (Run 1) to oil B (Run 3)



107

the final gas saturation increases about 4 times at higher rates and at lower rates,
increases about 1.33 times. Hence it may be important to combine the effect of the rate
and viscosity and find out how the combined effects of viscosity and depletion on

solution-gas drive in heavy oils.

In the next section, a methodology is proposed for combining the effect of rate and

viscosity.

5.7.1 Index for effect of withdrawal rate and oil viscosity

In this work, the capillary number term defined in equation 2.10 is generalized and a
new parameter' referred here as depletion index is introduced. As was discussed earlier,
withdrawal rates (favorable for oil production) and rates of coalescence of gas bubbles
and formation of the independent gas flow (unfavorable) are two competing factors.
Therefore, a ratio of these rates can be used as a depletion index characteﬁzing the

process, that is

_ v
T dV
dt

I

(5.1)

where / is the depletion index, v the linear withdrawal rate per unit cross-sectional area

or velocity and Vs the volume of continuous gas per unit volume.

As explained previously, rate of gas coalescence decreases and bubble breakup
increases with increased viscosity. Furthermore, oils of higher viscosity have lower
diffusion coefficient, which can affect the early-time processes of nucleation and growth.
Here we expressed the effect of oil viscosity through a combination of the above
processes by noting that the rate of formation of the continuous-gas phase should be

inversely related to some power of oil viscosity; thus,
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W 1

e (5.2)

where pu is the oil viscosity and « the adjustable exponent to oil viscosity. A

substitution of Equation (5.2) into Equation (5.1) gives
lcv-u® =1/ ) (5.3)

Unlike /, I'is not a dimensionless index; nevertheless, it may be a valid index for
a series of tests done in the same sand-pack of the same dimension using live oils of
similar chemical characteristics. With the use of kinematic viscosity instead of x, I’has

12

the unit of m™2% sec (%),

Assuming interfacial tension does not change, capillary number(—‘ul) is
o

proportional to depletion index (/' = v x ¢*) when the exponent a =1

The depletion index parameter is a first attempt at combining the effects of rate
and viscosity. The depletion index is calculated for all the runs using the total fluid
withdrawal rates and the live oil kinematic viscosity. The task is to determine what value
of the exponent gives a correlation between depletion index and critical gas saturation,

gas mobility or oil recovery. Various values of alpha were tried.

A value of 0.5 for ¢ appears to give good correlation between the depletion index /'
and the average gas saturation at the 0.3 PV withdrawal as well as the critical gas

saturation as shown in Figure 5.11.

Figure 5.12 shows the trend between depletion index and the average gas saturation
in the sand-pack. The legend is ordered with an increase in the depletion index, where /’
is used in place of /. This suggests that the higher depletion index, the higher the

recovery or gas saturation. Another way of demonstrating the effectiveness of oil
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displacement is by the use the fractional flow curve. A high displacement efficiency
would result in a fractional flow curve for gas that is shifted towards the right and rises
smoothly. Figure 5.13 shows the effect of the depletion index on the fractional flow
curve as calculated using the gas production data. Figures 5.12 and 5.13 show that
average gas saturation increases and displacement becomes more effective as the
depletion index increases. This is also shown in Table 5.1, which shows increasing final
recovery with an increase in the depletion index. Calculating the fractional flow of gas
from the original data did not give a smooth fractional flow curves for the same reason
given earlier for the calculafed relative permeability. In order to obtain a smooth curve,
the fractional flow was calculated by dividing the produced gas volume by the total
produced volume over considerable length of time therefore minimizing the effect of :

intermittent flow.

In the next section, experimental results are simulated in order to obtain gas relative

permeability endpoints as a function of depletion index.
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5.8 SIMULATION

5.8.1 Introduction

In the previous secti;Dn the experimental results were analyzed and recoveries
and critical*gas saturation were correlated with depletion index. There are many
processes that contribute to recovery during solution-gas drive. These processes
include: Early time processes like nucleation and growth and late time processes of gas
. mobility, coalescence and flow. As discussed in Chapter 2, both the early time and late
time processes are affected by dépletion rate and oil viscosity hence; it may be
worthwhile to correlate a more fundamental flow parameter like gas relative permeability

endpoint with depletion index. The correlation will be beneficial because relative
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permeability is an input into simulators. This correlation will be relative permeability may
be helpful for more accurate modeling of solution-gas drive in heavy oils.

In order to achieve this objective, the experimental results were simulated using
CMG IMEX™ simulator. The calculated relative permeability from the mathematical
model proposed by Tang and Firoozabadi (2003) described above, were smoothened by
fitting a Corey type model through. As a first trial, the Corey model that fits the calculated
relative permeability data is used in the simulator. By -varying the gas relative
permeability endpoint vaiue, the average gas saturation, the gas production and the
differential pressure across the core are matched. After matching the experiment, the
endpoint relative permeability was obtained and correlated with depletion index. The
known variables are the fluid properties, sand-pack properties, average gas saturation,
average pressure in the sand-pack and the free gas produced.

The capillary pressure used was that by Hagoort (1980) type function was used

to represent the capillary pressure.

5 (1.01- S)%2 —(0.01)%2

P, =0.005+0.0 o

A sensitivity on capillary pressure during simulation shows that the results are
slightly affected by capillary pressure.

After the correlation between gas relative permeability endpoint is obtained by
matching with a commercial simulator, a similar correlation was used in the one-
dimensional two-phase simulator (discussed in Chapter 4) only this time, the depletion

index is calculated from local parameters.
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5.8.2 RELATIVE PERMEABILITY

Figures 5.13 and 5.14 show the calculated ’yalues as determined by the Tang and
Firoozabadi model for oil B at the two depletion rates. As discussed earlier, a Corey type

model was fitted

Ky=k’5S™

k,=k’o(1-S)"

- Sg —Sgc
1=Sge = Sog

Table 5.2 shows some of the data used in the simulation. As described above, K% is
adjusted until the Corey model matches the experimental data. The parameter ng is kept
constant. Table 5.3 shows the comparison between the initial (fits the calculated
permeability curves) and the final values of gas-endpoint relative permeability after the

match of the experimehtal data.

Table 5.2. Data used in Simulation

No of Grid blocks 100

Live oil viscosity, cp 585, 5680, 21600
Oil FVF at bubble point,1.04

rm’/sm® ‘

Bubble point pressure, kPaa 3542

N, Ng 2,15

Sorg 40%




Table 5.3. Variation of critical

gas saturation and gas endpoint
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relative

permeability with simulation.

Runs Critical gas saturation, % End point relative permeability
Initial Final Initial Final
Run 1 0.2 0.19 0.05 0.05/0.1
Run2 [2.5 2 0.03 0.015
Run3 (1.8 1.6 0.003 0.0035
Run4 [9 7.5 0.0029 0.0015
Run5 |2 2 0.0015 0.00075
Runé 9 12 0.00017 0.000275

5.8.3 Analysis of simulation results

The match of the experimental data for all six runs is shown in Figure 5.16 to Figure
5.19. Figures 5.17 and 5.19 show the differential pressure matches for all the ‘runs. The
dip, early in the depletion process, in the differential pressure in all cases is an indication
of gas being formed at the outlet end, whereas there is still single phase at the no-flow
boundary. This results in a sudden decrease of differential pressure. This phenomenon
happens in the simulator at the bubble point pressure since an equiliprium assumption is
considered in the simulator. This does not match experimental data where the bubbles
nucleate after achieving a certain supersaturation.

Figure 5.16 and Figure 5.18 show the match of the gas saturation in the sand-pack. For
Runs § and 6, we needed to use a high critical gas saturation in the model in order to
match the experiments. For Run 6‘the simulation data did not match very well with
experimental data. Run 6, with the highest viscosity and depletion rate is characterized
by high supersaturation values, so the free gas is expected to be less than the

equilibrium value. The quality of the match is seen in Figures 5.16 and 5.18.
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The depletion index for all the runs were calculated and correlated with the Corey
endpoint relative permeability value used to match the experiments. Figure 5.20 shows
the correlation obtained for the critical gas saturation and depletion index. After trying a
number of values for alpha (exponent in the depletion index term), a value of 0.5 was
used to correlate critical gas saturation with depletion index. Figure 5.21 shows the
correlation obtained for the gas relative permeability endpoint and depletion index an
alpha of 2.8 was used to correlate gas relative permeability endpoint. A linear trend was
observed for the critical gas saturation while a power law trend was observed for the gas
endpoint relative permeability with depletion index. The endpoint value for Run 1 was not
included in the correlation of Figure 5.21. The reason for this is that the average gas
saturation curve for Run 1 has an unusual behavior demonstrating significgnt oil
recovery after critical gas saturation. This makes it very difficult to match.

From Figure 5.20, it seems that the lower rate runs all have lower critical gas saturation
while the higher rate runs have higher critical gas saturation. Whereas, in the endpoint
correlation, the higher the viscosity, regardless of the rates, the lower the endpoint
relative permeability value and vice versa. This somewhat suggests that the endpoint
relative permeability is a stronger function of viscosity while the critical gas saturation is
a stronger function of the depletion rates confirming the experimental observation, and
this is also reflected in the values of ¢ =2.8 and a =0.5 for the endpoint relative
permeability and critical gas saturation respectively. There may be a physical meaning

but this is not further studied in this work.
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5.8.4 MATCHES BASED ON LOCAL PARAMETERS

In the previous éection, the depletion 4‘i‘ndex was calculated using the total fluid
withdrawal rates. In order to investigate how the local depletion index correlates with gas
endpoint relative permeability, the one-dimensional simulator described in Chapter 4 is
used to simulate the experiment. As a first pass, the correlations obtained in section
5.8.3 were used in the simulator. As discussed in Chapter 4, the simulator internally
calculates relative permeability values from local parameters. Sequence of event used in
the simulator is as follows.

| 1) Calculates local velocity.
2) Calculate local depletion index from local velocity and local viscosity.
3) Calculate gas endpoint relative pérmeability from depletion index- Endpoint
correlation.
| 4) Calculate Critical gas saturation from depletion index- Critical gas saturation
correlation.

5) Calculate gas relative permeability values.

Figures 5.26 and 5.27 show the correlation for endpoint relative permeability and critical
gas saturation respectively. Alpha was 0.5 for the critical gas saturation and 2.8 for the
gas endpoint relative permeability. Figure 5.24 and Figure 5.25 show the match of the
Average gas saturation while Figures 5.22 and 5.23 show the match of the pressure

drop. The quality of the matches can be assessed from Figures 5.22 to 5.25.
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5.8.5 Comments on modeling work

in Chapter 3, we used gas mobility as a’ function of capillary number to match
experiments that included the effect of rate. Tt‘1ere, relative permeébility was a function
of capillary number. The capillary number was chosen because it is a known
dimensionless group that affects two-phase flow. In this chapter, we found that in order
to match data of experiments where both rate and viscosity vary, a correlating factor (i.e.
depletion index) other than capillary number need to be defined. In this section, we will
show thatv with the correlating factor of depletion index, one could have ma’;ched the
experiments of Chapter 3.

Equation 3.11 can be written as

0.5 0.5

v a \%

Sge = Sgoj +a—t = Sy + T (5.4)
o) o

Therefore,

Sgc = Sgc,- +a'l'

where

0.5
gz 3H
o

Similarly, Equation 3.12a can be written as -

kg = KO - pYE _ KO i —be_
i o

Therefore,

o (5.5)

where

pe b

o
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The above derivation shows that the match obtained in Chapter 3 with the capillary
number term can also be obtained with the depietion index term by just changing the

constants of equations 3.11 and 3.12a.
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CHAPTER 6

SUMMARY AND RECOMMENDATIONS

6.1 Summary and conclusions
Overall, a study of the effect of oil viscosity and depletion rate on gas mobility was
done. This work is divided into two parts: the gas mobility experiments and numerical

modeling. The following are the main findings from the study.

A)  Experiments were carried out to investigate factors leading to the favorable
behavior of heavy oil solution-gas drive. Effect of both depletion rate and oil
phase viscosity was studied. A complete set of pressure, pressure differential,

and production data are reported. Observations from experiments showed that:

e Average gas saturation increased in the sand-pack as the depletion rate
and oil phase viscosity increases.

e Critical gas saturation increased slightly with depletion rate and oil
viscosity. For the system studied in this work, it seems that depletion rate
is a major contributor to the value of critical gas saturation.

e Gas mobility was found to be onv, and decreased with an increase in oil
viscosity orrdepletion rate. In all the cases, gas relative permeability was
low and the low gas phase mobility was presented as one of the reasons
contributing to the favorable behaviors of heavy oil reservoirs.

o The effect of depletion rate and oil viscosity was successfully combined
into a depletion index term and this parameter was correlated with gas
relative permeability, oil recovery and critical gas saturation. It was
observed that as the depletion index increases, gas mobility decreases,

critical gas saturation increases and oil recovery increases. In this work,
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combining oil viscosity and depletion rate in the “capillary number” term
was not sufficient to give a good correlation with oil recovery, critical gas

saturation or gas mobility.

It is important to note that the experiments of this study were conducted at a constant
withdrawal rate and showed higher recoveries when oil viscosity increased. The
observation of higher recovery for more viscous oils is not a general rule, especially in
the field where often the total driving force (pressure differential) is fixed. Although
solution-gas drive in more viscous oils may result in reduced oil recovery; however,
there seems to be sufficient evidence to suggest that gas mobility decreases as oil
viscosity increases. This partly compensates for the inefficient displacément that one

would expect from a displacement with very unfavorable viscosity ratios.

B) The experimental results were successfully simulated using a commercial
simulator and a one-dimensional simulation model. From the modeling work, an
equilibrium numerical model was developed to incorporate the effect of oil viscosity
and depletion rate. The gas relative permeability was allowed to be a function of
saturation and a depletion index. Two depletion parameters: Capillary number and
Depletion index were inveétigated in this study. Two experimental works were
successfully simulated using these parameters. The capillary number dependent gas
relative permeability was adequate in modeling a previous experiment where the rate-
dependent behavior of solution-gas drive in heavy oil was investigated while depletion
index dependent gas relative permeability curves better modeled the experiments in
this work where the combined effect of rate and viscosity on heavy oil solution-gas
drive was investigated. In both cases, the endpoint relative permeability curves

decreased as the value of the capillary number or depletion index increases. In
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general, the modeling work presented in this work showed that traditional two-phase
flow formulation with viscous parameter-dependent relative permeability functions
could be used for modeling solution-gas drive in heavy oils. | All the data were
matched satisfactorily. The results from the simulation indicated that

e (Gas phase relative permeability decreased with increased depletion rate

and viscosity.

e Gas phase relative permeability in heavy oil under study was low (10 and

107) for gas saturation up to 15%.
e Critical gas saturation was observed to vary linearly with depletion index.

e A power law empirical model was developed to correlate the gas relative

permeability as a function of depletion index for the system studied.

e A similar correlation suggested above was observed between critical gas
saturation and gas relative permeability endpoint when the depletion index

was calculated from local parameters.

6.2 RECOMMENDATIONS
The present work is a small contributibn to understanding and modeling the complex
phenomenon of solution-gas drive in heavy oil reservoirs. Some work still has to be done
to deal with other issues not addressed by this work. Some recommended future works
are as follows:
1. The idea of correlating gas mobility with dimensionless groups should be further
investigated, whether these aimensionless groups are already established ones
such as capillary number or viscosity rzatio, or new ones such as depletion

index.
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It is expected that the effectiveness of solution-gas drive in heavy oils and gas-
mobility would depend on other factors such as oil type, etc. The relative
permeability data of this study are for the type of oil used and under the
conditions specified in this work. Other factors should be investigated apart
from oil type includes: interfacial tension, GOR, oil bubble point pressure.
Interfacial tension, in particular is an important parameter during solution-gas
drive and it may be necessary to investigate its contribution to viscous flow. The
results of the proposed study and the results from the current study will help
develop a more general depletion parameter which will help develop a more

accurate model to predict gas phase relative permeability.

Earlier in this work, it was suggested that an increase in depletion rate and oil
viscosity would alter the early-time phenomena of supersaturation, nucleation
and growth as well as the late-time phenomena of coalescence and flow,
leading to reduced gas mobility and improved oil recovery. It was then showed
that the effects of oil viscosity and withdrawal rate could be combined in the
form of a depletion index, such that oil recovery increased as the depletion
index increased. The depletion index suggested in this work is a first attempt at
combining the effect of depletion rate 'and oil viscosity on the effectiveness of
solution-gas drive in heavy oils, and does not explain how rate and viscosity
interact with the above phenomena. Further mechanistic modeling and
microscopic experiments are needed to quantify how these factors alter gas
mobility. In the mechanistic modeling, depletion index should be correlated with
early time parameters like supersaturation, nucleation and rate of bubblé

growth.
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 The ideas in this work need to be extended to the field applications such that
field cases can be modeled depending on a previously determined depletion
index correlation and probably a corrélation for sand production. Once again,
scaled experiments simulating the field operating conditions should be
performed. In general, proper up-scaling methodology needs to be developed
to extend experimental and modeling that show viscous dependence results to

field scale.

Last but not least, the one-dimensional experiments and model presented in
this work needs to be extended to two-dimensional model experiments and
simulation. This will improve our understanding of the spatial effect of oil
viscosity and depletion rate on the overall solution-gas drive process in heavy

oils.
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APPENDIX |

A1.1. Formulation of problem

The problem solved in the numerical model is a one-dimensional two-phase flow in
porous media. Figure A1.1 is a diagrammatic representation of the system. The system
was initially fully saturated with live oil above its bubble point pressure. Flow is through

one side of the core and the other side is a no flow boundary. As pressUre drop in the

0 —*X

— dx | Qi=kki/p Ad Pi/ox
No flow boundary § I
[ Qil and gas
L -

Figure A1.1: Schematic diagram for the one-dimensional two-phase problem

sand-pack, gas is generated and flow moves from single phase to two-phase flow.
The system is assumed to always be in equilibrium and the relative permeability is

allowed to be a function of gas saturation as well as other depletion parameters.

A1.2 Initial and boundary conditions
There are two boundary conditions incorporated in the model. For the depletion
experiments conducted in this work, the constant flow Neumann boundary condition on

both boundaries is applied with flow rate of zero for the no flow boundary.



A1.3 Derivation of the two-phase flow equations
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The flow equations in this model were derived from the laws of conservation of mass

and momentum, Darcy’s law and compressibility equations. The equation for one-

dimensional oil-gas flow is given as

2 /‘Lo(ap" & ]=i(¢ J+qo (Oil phase)

ox )| ot

where
P is the pressure

v is the gravitational constant.

S, — saturation in each phase

B, — formation volume factor in each phase

(A1.1)

o, (P, &z} @ P, az\] a(¢S
"é; /’Lg('aTQ_Vg a] +5;I:Rsolo("§_yo _—)jl_—( g +Rso fo)+Rsoqo +qg (Gas) (A1 2)

A1.4 Formulation of the equations to be used for the I.M.P.E.S method

According to the formulation of Settari and Aziz (1979), . The finite difference equation for

equations A.1 and A.2 is given by

S
AV, 22)
ATO (APn+1o ),- = ’——T—L— + Qoi
S, Sg
A v, (Rso +E—)I
ATQ(APn+1 +APc )i '*'(A'l:‘,sToAP’H'1 )i =: 0 z +Q9i +RsoQo

At

(A1.3)

(A1.4)
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where

t(¢ l) (¢ I)n+l (¢Sl )n

(A1.5)
Vi =9 4,6x, = 4.1, (A1.6)
ATAP = x+l/2[ i+l Pi]+Ti—1/2[})i—l _Px] (A1-7)
4;,
P N ) (A1.8)
+1/2

kk,
Aivirz = (—2L), (A1.9)

4B, e N

The LM.P.E.S formulation for two-phase flow can be written in terms of oil-phase

pressure and oil- phase saturation. This is given below.

AT, (AP™0); = Cpp AP +Cp0AS, +Qy (A1.10)

AT (AP™g + AP g); + AlRgo T, (AP™15), = CapliP +C30S, +CagASy +Rg,Qy + Qg

(A1.11)
where

AP"4 is the change in capillary pressure.

v ' n n+l
CZp =A_t[(so¢)bo +S Obo g1

v .
C,. =—Idb n+1
™20 Af [¢ ] ]

v +
Cao = ERso(¢bo )n !
C3 Xt(Rso((S ¢)nb +S nbon+1¢)+sg¢n+1b. +Sg¢ b n+1 +(So¢b )n+1R
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%
C3g = z_t'(¢bg )n+1

1
b =(=) =E—)
B, dF,
Equation (A1.10) and (A1.11) are combined by eliminating the saturation terms. First we
multiply equation (A1.10) by a variable A; and add the result to equation (A1.11). All the
saturation terms are then equated to zero and the value of A was determine.

Now, Sg=1-5,

Adding Equation (A1.10) and (A1.11) we have

ATO (AP’M1 ) -+ V,-ATgiAPn+1 + V,'A(Rso To (AP”+1 )) = (CZp + ViCSp )AIP + Qo + Vi (RsoQo + Qg )
where

CZo

V,=——20__ ‘ A1.12
I C3o _'CSg ( )

When equation (A1.12) is expanded it becomes.

.
Toisar2 ['Di+1"+1 =P 1+ ToimyyalPr™ = Bl+v; [Tgi+112n+1 (P —P)+ Tgi112(Py = P)]

+Vil(RsTo )isar2(Pra = P )+ (RgT )ictsa(Prg = P = (Cyp +ACSp)i(Pn+1 =P") +(1+ ViR, )Q, + ViQy
- ViQq - VilTigs1r2(Prs ‘Pi)"“Tig-f/z(Pi-f‘Pi)]

(A1.13)
A1.5 Assumptions
The assumptions in this model are as follows
* Gravity effect was neglected.
e Flow is isothermal.

e Darcy flow is assumed.
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A.1.6 Pressure Matrix

When equation A1.21 is expanded for all the grid points, the following matrix is obtained.
TP(n+1)=D[P(n+1)_P(n)]+G+Q ‘

T- is a tri-diagonal matrix similar to the one shown below. It typically contain the

transmissibilities functions

I, —(T,+T1) I, 0
0 T T, +17T, T,
0 0 ‘Tn—l _Tn—l +Tn—2
0 0 0 0

Matrix D contains compressibilities
Matrix G is a tri-diagonal matrix

P ® _pressure at previous time

Q- flow-rate vector

The above matrix was solved by Thomas algorithm

'A17 Saturation update

When new pressures are obtained, the saturation is updated explicitly using the equation

below

Toist12(Pisa = P) + Toics2(Pisy = P1) = CpA ((B™ =P, ™) +Cpo (S™1 = 5,")+Q, (A1.14)
Equation A1.14 also uses upstre‘am weighting scheme,

Tots1 (Pi+1‘ =P+ TPy —Pp) = Cszt(Fi"+1 -P "y, +Cypy (S;™" -S$")+Qy (A1.15)
ToistPist = (Tt + Tt WP +ToiPru = Coph (B =P, "), + Coo ($™" = ;) + Qq

Tots1Piir = (Topst + Toi )P + ToiPryq = Cszt(Pin+1 ~P; ") = Qg =Cp0(S;"™" - S;")
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ToistPist = (Tojsr + Toi Pr + T Pry _CZpAt(Pin+1 -P ") = Qg
C20

(Sin+1 _ Sln) =

: n+1 n
Sin+1 - Toi+1Pi+1 —(Toi+1 +Tol )Pi +ToiCI:i—1 "'C2pAt(Pi _Pi )i "'Qoi +Sin+1 (A116)
20 .

This equation is the finite difference equation for one of the phases (in this case oil)

Matrix to be solved is

TP ™ =[v]+AI[S, ™) (A1.17)

T is a tri-diagonal Matrix similar to that shown above. Equation A1.17 is an explicit
equation, which is solved using simple matrix algebra.

Once the pressures and saturation for the new time stép is obtain at different grid
locations, the coefficients (Cip, Cz, Ca, Ci) and transmissibilities, which are
themselves functions of saturation and pressure are determined and updated for the

next time step.



A.2 Analytical Solution
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Above the bubble point pressure, flow is single-phase and there exists an analytical

solution. The single-phase solution of flow in the sand-pack can be represented by the

one-dimensional diffusivity equation given below. The single-phase solution was used in

Chapter 3 to validate the model above the bubble point pressure.

o°P _ 0P
ox2  not

where

-k
oo

with initial condition
P=P, at t=0
And boundary conditions

| —k1-a£=0 at x=0
0x

oP
-k,—=f{t) at x=L
15 (t)

Consider the general non-homogeneous transient equation

VZP(r,t)+—1-g(r,z‘) =1f(r,t) inregionR, t>0
k n ot

c
with initial condition,
P(r,t)=P(r) for t=0 in Region R

and boundary condition,

(A.2.1)
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k., %(r,z‘ﬂhiP =hT, =Ff(rt) onSi t>0

i is the surface under consideration.
The Green's Theorem solution to this equation in a finite region for rectangular

coordinate is given by

P(r,t)= _[G(r,t/r,r)/ o F(r") dv+—- jdrj(e(rt/r'r')g(r z)av’ +’7 Idrz J.(G(rt/rr)/r- k1 (f.(r,7)ds,
R I

r-U R 1—0 I=1si

For the one-dimensional case described above, the solution is given by

L . | r;
P(x,t) = jx G(x,t/ X', 7)o F(x' )dx+—r_jodrj(x G(x,tIr's")g(x', 7)dx' +771~J;d1:z~1:x GUX,t ] X, )]ymy, 0k
Xp Is the Sturm-Liouville weight function. x,= 7 for the heat slab.
Assuming the is similar to a heat slab with heat loss from one surface and no heat

accumulation, the solution becomes

P(x,t) = _[G(xt/x )/, F(X")dX'+7 JerG(xt/xt)]x i (A2.2)

=0 I=1
The problem in Equation A2.2 is similar to the non-homogeneous heat diffusion in a slab
and the solution is obtained by determining the Green’s functions using separation of

variable. Firstly, the solution to the homogeneous problem (Equation A2.3) is obtained.

P _op
ox? ot

(A2.3) -

—kc1zp—-—0 at x=0
ox

oP
-K.,—=0 at x=L
2 ax

att=0, P=F(x)



The solution is given by

L ,, L .
POut)=— [F0xyaxs 23 6 008( ey [Flx Yoo e
- 4] m=1

x'=0

a L
P(x,t)= -IZ—(L -0)+ 12— > e COS( By J‘ F cos(f,,x" Jdx'
m=1

X'=0

if the initial pressure is P then we have

P(x,t)=P[1 + -f- S b % sin(5,,L)]

m=1 m
where

B = % where m=1,2,3 ...... |

The Green’s function is then given by

Glx,t/x,7)=[1+ %mz & =5 Cos(, x)sin(B,L)]

- (A2.4)

(A2.5)

(A2.6)

As mentioned above, the solution to the non-homogeneous problem is given by

t 2
P(x,t)= (Solution to the homogeneous part) + 7 Idrz G(x,t/x',7)/

t=0

From Equation A2.6 we have,

vy @ - t
P(x,t)=P +[1+ 2 > g "t ﬂ’s—(ﬁm—x)sin(ﬂm/.)] +7 j dr[1+ 2
L m=1 ﬂm 7=0 L
where
Q=F
k2
=
2T A
k, =k

- Simplifying,

Qt . 27Q & [(1-e™"n*). cos(,x).sin(A,L
POxt)=p+ T+ =1 {Z[( &7 1).cos(fx).sin(A )1}

2
m=1 aﬁ m

B
xX=x°
i=1 k i

i e () cos(8,.x) sin(4,L)IQ

m=1
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Re-arranging,

1q | kt [(1-e").c0s(8,X).CoS(B,L)]
P(x,t) = P+Lk{¢c 22 7 }

B., =—Z-,m =123,.........
ok
¢or
M )" » kt
_ P(xt) P+ T ¢ny+2’§( )cosmr )x[1 ex;{ ntr ¢th2)J

L
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START
v

Define space and time step
Define properties, Conditions and initial values

Initial guess for P+

v

Caiculate matrix terms

v

Call subroutine for solution of the matrix by Thomas algorithm

v

Calculate pn+1

Calculate materilal balance error

If e<0.001
Yes

No

Determine Saturation and Capillary pressure

2

Determine Gas relative permeability values
from saturation and local parameters

Calculate outputs

Update pressures and Saturations

Y
END

7/

A2.1 Algorithm for the Solution using the Numerical Model
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Figure A.ll Flow diagram for the depletion unit
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