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ABSTRACT

Gas displacement in the presence of surfactant under foaming conditions has been shown
to enhance oil recovery. But it is a complex process because surface phenomenon is involved
init. The lack of understanding is a barrier for its commercial-scale testing and application.

A major difficulty in analyzing the production performance of such displacement is in
deciding whether to treat gas and surfactant solution as a two phase mixture or as a single
phase homogeneous fluid (foam). Another uncertainity is in determining the rheological
behavior of gas and surfactant solution mixture flowing in the porous media. The problem is
further complicated if two-dimensional flow is taking place, since the frontal geometry may
also influence the performance significantly.

This study was performed to investigate these problems. Flow was visually observed
through a two-dimensional (x,z) sandpack of four feet length and one foot height, having 14
darcies permeability and 35% porosity. Since analytical treatment of the flow and oil recovery
data has not been possible, the objectives were to get a basic understanding of the flow
behavior under foaming conditions, devise conceptual models with the help of flow processes
seen, and then analyze the data quantitatively using semi-analytical approaches. A model
meeting these objectives was developed and successfully matched with experimental data
obtained in the two-dimensional sandpack.
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1. INTRODUCTION AND RESEARCH OBJECTIVES

The various techniques used for increasing oil production from reservoirs are briefly
examined in this section. The potential of foam drive is also discussed in relation to these
methods. The research objectives of this study are also described.

1.1. INTRODUCTION

The producing life of a typical oil reservoir goes through several changes. In the early
life the reservoir is being depleted by its own energy, and displacementis due to the difference
in pressure that exists between the higher reservoir pressure and the lower wellhead pressure.
As the reservoir is depleted, the pressure declines and so does the production rate. This
recovery is called primary recovery; it is usually only a small fraction of the total oil in place.
The average primary recovery is in the range of 5-25% of the total oil in place.

Additional recovery is usually obtained by providing mechanical energy to the reservoir,
generally in the form of gas or water injection. This is done by converting some of the
producing wells to injection wells, or drilling new wells for injection. This technique is called
secondary recovery and often recovers approximately 5-25% more oil. The most widely
applied secondary recovery technique is waterflooding. However, there are instances when gas
injection is considered more favorable; e.g., in high dip reservoirs where gravity forces may
help in displacement, or in reservoirs with such low permeability that water is difficult to
inject.

Secondary recovery techniques are not always efficient because of the incompatibilities
between the injected fluid and reservoir oil properties, such as the density and mobility (/i)
differences. The density difference may tend to segregate the fluids, forming gravity tongues,
whereas the high mobility of injected fluid may cause it to by-pass the reservoir oil through
low-resistance channels present in most reservoirs.

The movement of the front between injected fluid and oil is governed by the ratio of their
mobilities, and by the ratios of viscous, gravity and capillary forces induced by the fluid
injection. When gravity forces are dominant as compared to viscous forces, gravity
segregation takes place. If viscous forces are much higher than capillary forces, channeling
and fingering may be severe. Both fingering and gravity segregation are also promoted by
higher mobility ratios.

Gas drives are characterized by high gravity forces and high mobility ratios since gas has
lower density and viscosity by an order of magnitude compared to reservoir oils. Thus gas
drives are prone to gravity segregation, channeling and fingering, which cause early
breakthrough with much of the oil unswept behind the displacing front.

Waterflooding is also affected by channeling and fingering, especially in heavy oil
reservoirs, where oil has considerably lower mobility than the water. The displacementmay be
improved to some extent by lowering the injection rates, and thus adjusting the viscous to
capillary force ratio, but this is not usually very effective. The capillary forces cannot be
easily increased in a reservoir, and similarly, the gravity forces can not be easily adjusted. The
parameter which is the easiest to change is the mobility ratio.
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Reduction in mobility is important in a sense that vertical sweep efficiency is determined
by the stability of the boundary between injected fluid and oil (front). In a stable displacement
process, the front may have a piston-like profile and theoretically all recoverable fluids could
be recovered. In a nonstable displacement, the front is distorted by fingers and channels, and
also by gravity segregation if the fluid densities are dissimilar as well. Once fingers are formed,
they tend to grow in size, and early in the injection process they reach the producing well and
break through. After breakthrough of the injected fluids, a less resistant passage is created and
most of the injected fluid flows without effectively contributingto further oil recovery. The oil
recovery at breakthrough is a direct function of the mobility ratio at the front.

Several techniques are currently used to improve front profiles by reducing the mobility
ratio. These methods increase the viscosity of the injected fluid, decrease the viscosity of
reservoir oil, or change the effective permeability of the reservoir. These techniques are called
tertiary or enhanced oil recovery processes, and include steam-drives, fire-flooding, polymer
flooding, alternating water and gas slugs (WAG), and simultaneous injection of water with gas
to reduce the gas permeability.

There is another class of enhanced oil recovery process in which the interfacial tension is
lowered (low-tension or micellar floods) or reduced to zero (miscible-flooding) so that the
entrapped oil droplets may be released easily, or mass transfer between phases can help in oil
production. While the earlier class of enhanced oil recovery processes increases oil recovery by
improving the front profile and obtaining a greater invaded area, the latter class obtains high
recovery due to better scavenging at the pore level. The majority of the enhanced oil recovery
processes employ more than one aspect of these recovery improvement mechanisms.

A common reservoir practice is to apply tertiary or enhanced recovery techniques only
after oil production by secondary recovery methods has become uneconomical. This practice is
due to economic reasons, since the enhanced recovery techniques tend to be expensive. The
application of enhanced recovery techniques earlier in the life of flood can generally yield
higher ultimate recovery. When started at a later stage, the fluid distribution in the reservoir
has become so uneven that full exploitation of enhanced recovery techniques becomes
difficult. The injected fluids tend to Invade the already swept zone causing an uneven
distribution of the heat or chemicals.

The enhanced oil recovery techniques currently employed are far from satisfactory, and
better methods are constantly being sought. The possibility of using a combination of water,
surfactant solution and gas as enhanced recovery fluids under foaming conditions is currently
under active investigation in laboratories as well as in field tests.

The use of foam seems promising when one considers its unique physical properties.
The apparent viscosity of the foam is usually higher than the viscosities of either of its
constituents, and thus it has a lower mobility ratio than gas and water. Foam has also shown
other interesting behavior in laboratory experiments; it can totally block the displacement, or it
can selectively block flow through the gas zone, making it a useful driving fluid. The control
of mobility ratio alone could theoretically eliminate the fingering problem, but it may only
partially improve channeling for many reservoirs in which permeability variation is high.
Because of selective blocking, foam would appear to have potential for this improvement. In
the injection of steam or gas, often the displacement takes place through tongues or fingers
caused by gravity segregation. The reduced mobility of foam can reduce these instabilities and
thereby can considerably increase the recovery.

Despite experimental and pilot demonstrations that show its potential, the foam drive
process has not consistently been found to improve recovery. Some laboratory experiments
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have demonstrated higher recoveries attributed to foam, but others have demonstrated lower
recoveries. One observation made by almost all investigators is the dramatic reduction in
calculated mobility when foam is introduced or generated in-situ, even though there is some
disagreement as to how foam accomplishes this reduction. The field projects conducted using
surfactant-gas mixtures have shown increased recovery, but have generally been inconclusive in
explaining the flow behavior.

Much of the petroleum engineering research on foam rheology and the mechanism of
foam flow through porous media is somewhat controversial due to differing conclusions drawn.
The controversies come from the difficulties in applying the scaling laws to laboratory models
due to the lack of basic equations describing foam flow. Whereas the physical properties of
foam not confined in pores are well-described, foam flow through porous media is not well
und;adrsﬁood. Consequently, foam flooding has not gained as much popularity as perhaps it
could have.

The expectation of higher recoveries whenever a surfactant is added to a gas/water drive
has not always proven 10 be true. The presence of a surfactant in a porous medium can also
have some harmful effects, e.g. it can reduce the magnitude of capillary forces. For flow
dominated by capillary forces, this may increase channeling and gravity segregation, which can
reduce both vertical and area coverage if tre surfactant slug is not well designed. In addition,
the surfactant may cause in-situ emulsification which could leave more residual oil behind.

The commonly employed methods to predict recovery are based on the Buckley-Leverett
or Dietz theories. Both of these theories assume the injection of a single phase homogeneous
fluid, whereas foam does not always meet this criterion. No predictive methods have been
developed to estimate the production performance of foam flooding.

1.2. RESEARCH OBJECTIVES

The main directions and objectives of this research are as follows. From the inconsistent
results in the literature, it is clear that the mechanisms of foam flow in porous media are not
well understood. Thus it appeared necessary to operate experiments in a model in which the
various flowing fluids could be visually tracked. Also, since gravity forces often play a
dominant role in the flow of gases and liquids, it was felt that the model should be similar to
an x = z slice of a reservoir so that the interplay between gravity and other forces could be
seen.

The goal was to use these visual observations as guides concerning the nature of the flow
in such a system, and from these observations to develop conceptual flow models, and then try
to match them with the observed behavior. If such conceptual models are appropriate, both the
recovery and the pressure drop/flow rate behavior of the physical model could be matched
under various operating conditions. As will be seen later, this goal was accomplished.

This study is far from complete since it was limited in scope to a specific flow geometry
and specific fluids. It is hoped, however, that this study will give some insight into the
complications involved in foam flooding, and will provide a solid foundation for future
research and more comprehensive prediction methods.




2 LITERATURE REVIEW

The flow of gas and water in the presence of surface active agents is complex, since
these fluids can generate foam whose behavior is non-Newtonian. The rheology of foam can
not be adequately described by a single property called Viscosity. Unlike simple fluids, the
rheology of foam has been found 1 be a function of several parameters. The generation of
foam itself is conditional on operating conditions and foam generation may sometimes be
delayed or may never occur. This complex behavior is examined in the following discussion
where many pertinent studies on foam for oil recovery are reviewed. This literature review,
however, is not meant to be complete, since several literature and state-of-technology reviews
have been recently published (Zirritz and Rancel, 1983; Marsden, 1986), and the interested
reader can refer to these publications.

21 RHEOLOGY AND FACTORS AFFECTING IT

The non-Newtonian nature of foam has been known for a long time, but perhaps the first
published account traces back to Sibree (1943), where he reported the viscosity of foam to be
much higher than either of its components, and found this viscosity to be shear rate dependent.

The early work (e.g., Plateau, 1869) on physical properties of foam was performed
mainly by surface chemists. Foam has been used since tﬁe late 1950’s for petroleum opera-
tios such as drilling and workovers, but the idea of using foam as a recovery fluid wes first
published by Bond and Holbrook (1958) in which it was suggested that foam generated in
porous media will improve te mobility ratio of gas drives. This idea was soon followed by
Fried (1961), with an extensive investigation on the physical properties of foam, especially
foam rheology. He reported high viscosities measured in both rotational and static capillary-
tube viscometers.

In the following few years, many petroleum engineering studies were performed with the
goal of understanding this unique fluid for recovery operations. Most of these studies started
with basic viscometry in simplified systems. Viscosity values of foam were measured by many
investigators during this stage by using standard viscometers such as Fann V-G meters and
capillary tubes. Some of the findings reported during this stage confirmed what surface chem-
ists had described in thelr fundamental studies many decades earlier.

The viscosity values for foam flowing through porous media were rarely reported, prob-
ably because it was not clearly understood how to measure Viscosity during core flooding.
Marsden and Khan (1966) assumed”that Darcy’s law is applicable to foam flow, and thus cal-
culated the effective mobility, k, /u , of the foam using this law. The viscosity was then
inferred using the experimentally determined effective permeability values. Due to the uncer-
tainities involved in indirect measurements, they termed this viscosity “apparent viscosity;” this
terminology has been used commonly in the literature to mean Darcy’s law derived viscosity,
and will also be used in the same context in this section.

Early studies on foam rheology assumed that foam could be described by one of the
rheological models used for other non-Newtonian fluids, and the investigators tended to fit their
results to one of these models. As a result, several rheological models were proposed which
are listed in Table 2.1.



TABLE 2.1

A Survey Of The Rheological Behavior Reponed In Literature

Authors Flow Medium Rheology
Sibree (1943) viscometer Pseudoplastic
Wise (1951) half in. dia. pipe "
Stenuf (1953) half in. dia. pipe "

Fried (1961)
Khan (1965)

Raza and Marsden (1967)
David and Marsden (1969)
David and Marsden (1969)
Amiyan (1971)

Aizad and Okandan (1977)
Holbrook et al. (1981)
Patton et al. (1983)

Ali et al. (1985)

Penny and Blackman (1943)

Evgenev and Turnier (1969)
Evgenev and Turnier (1969)
David (1969)

Mitchel (1970)

Blauer et al. (1974)

Blauer et al. (1974)

Starkey (1975)

Evgenev and Turnier (1969)
Evgenev and Turnier (1969)
Evgenev and Turnier (1969)
Fried (1961)

Richman (1966)

Grove (1951)

capillary viscometer
porous media and
Fann rheometer
glass tubes

capillary tubes

short porous medium
rotational viscometer
sandpack

capillary tubes
capillary tubes

2.7 cm dia. sandpack
two parallel plates

2 mm glass beads
0.7 mm glass tubes
capillary tubes
capillary tubes
capillary viscometer
field tubular data
pipes

2 mm glass beads
0.7 mm glass tubes
2 mm. glass beads
capillary viscometer
rotational viscometer
drag viscometer

Bingham Plastic

Time-dependen
Time-dependent
Pseudo-solid
Plastic
Plastic
Newtonian
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Whereas numerous models have been proposed, the two most commonly used were the
pseudoplastic (power law) and Bingham fluid models. Marsden and Khan (1966) realized this
disagreement between the independent studies and suggested the dual nature of foam, i.e.
some foams behave like a pseudoplastic while others behave like a Bingham Plastic, but also
indicated that there is no known reason for this dual behavior.

However, some earlier investigators had observed foam to behave like a complex fluid
which changes its rheological behavior at some critical point. Sibree (1943) observed pseudo-
plastic behavior changing to Newtonian at higher shear rates. In a concurrent study, Peany and
Blackman (1943) observed just the opposite, i.e., at low shear rates the behavior was
Newtonian which changed to a plug-like flow at higher shear. Rug-type flow is typically
chalr)acr:;[erized by pseudoplastic behavior. Later, Raza and Marsden (1967) also observed simi-
lar behavior.

The next stage could be considered a "descriptive stage," when tte investigators realized
that foam flow through porous medium is complex, and could not be adequately described by
known rheological models. Raza (1970) attempted to resolve this controversy and performed
exhaustive laboratory tests, but the results could not be described either in terms of apparent
viscosity or any other known method, and he declared that the existing theories explaining
foam rheology are inadequate,

The role of threshold pressure, which is related to yield value, has not been clearly
defined in the literature. Evgenev and Turnier (1969) observed a strong threshold pressure
when flowing through both glass tubes and unconsolidated sandpacks, and found this to be
time dependent. David and Marsden (1969) also found a yield value. They corrected the
apparent viscosity values for slip, which reduced the yield values to some extent, but the
values were still finite. They found yield value to be a function of foam quality instead of time,
when foam quality is the volume percent gas. This result is opposite to that found in an ear-
lier study (Evgenev and Turnier, 1969). On the other hand, the earlier investigators had not
noticed the presence of a yield value.

Qe complication found in describing the rheology of foam was its dependence on the
geometry and the dimensions of the medium through which it was flowing. Fried (1961)
observed a considerable increase in apparent viscosity of foam with an increase in capillary
diameter. Raza and Marsden (1967) reported similar results in glass tubes, but surmised that
this might have been due to slip. Later David and Marsden (1969) corrected for slippage, but
the corrected apparent viscosities still increased with an increase in diameter. Khan (1965)
observed that the apparent viscosities obtained from a Fann V-G meter, Bendix Ultra- Viscoson
and capillary tube viscometers were considerably different for the same foam under similar
conditions. The same differing behavior was found for porous media, as Marsden and Khan
(1966) observed an apparent viscosity which was dependent on e permeability.

Another uncertainity in describing foam is the disagreement found in the literature in
deciding which parameters are important and how they affect the foam rheology. The two
parameters which arc widely believed 1 affect tre behavior ars the quality and the surfactant
concentration; but again how they affect it, or why they affect it, is not clearly described in the
literature. The observations made by different investigators are outlined in the following two
paragraphs..

Grove (1951) reported a fifteen-fold increase in viscosity with less than three-fold reduc-
tion in foam density (inverse of foam quality). Fried (1961) reported similar behavior for flow
through porous media. Other investigators also observed similar behavior such as Marsden and
Khan (1966), Abernathy and Eerligh (1966), Raza and Marsden (1967), Aizad and Okandan
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(1977), and Holbrook et a/. (1981). However, when David and Marsden (1969) corrected for
the slippage, the apparent viscosity for their study became independent of quality. Minssieux
(1974) also studied the effect of quality and found it to be just the opposite when oil is present
in the porous medium, i.e. the apparent viscosity decreased four times when the quality was
increased from 50 to 96%.

Like quality, tre role of surfactant concentration is not clearly defined in the literature.
Marsden and Khan (1966) and Richman (1966) reported that the apparent viscosity of foam
increased with an increase in surfactant concentration. Abernathy and Eerligh (1966) observed
opposite behavior, i.e. the apparent viscosity decreased with an increase in concentration.
They also observed a dramatic decrease in mobility, which occurred, according to their esti-
mates, when tte bubble size became smaller than the pore openings. Clark (1947) found con-
siderable concentration dependence for some foams and minor dependence for others. Amiyan
(1971) observed that a concentration range between 05 © 2.06 had only a small effect on
foam viscosity. Holcomb et a/.  (1980) also observed similar behavior for four different types
of foam, that the role of concentration csased above around 0.5%. Badalov and Khasaev
(1966) concluded that viscosity through capillary viscometers increased with concentration only
at high pressures.

The unusually high apparent viscosities of some foams have attracted the attention of
many investigators. Fried (1961) explained this on the basis of electrokinetic potential. He
observed this phenomenon during foam flow and noticed that it could block the flow com-
pletely in some cases, He also discovered that this blockage could be suppressed by using an
electrolyte. Later Raza and Marsden (1967) measured the values of streaming potential for
foam flowing through tubes and unconsolidated porous media, and also related streaming
potential to pressure drop mathematically in terms of important parametars,

Many studies have instead focused on mobility reduction during foam flooding. Bernard
and Holm (1970) observed that foam flooding was 99% successful in blocking the flow.
Minssieux (1974) observed total blocking in unconsolidated sandpacks of 50 Darcies. Mast
(1972) observed in etched glass cells that the flow through portians of the porous network was
temporarily blocked which resulted in a decrease in gas permeability. Similar results were
obtained by Gangoli and Thudos (1977). It has been claimed that this reduction in mobility
could completely stop the flow. This phenomenon has been termed "blockage." Several labora-
tory experiments have shown that gas flow could be stopped by foam, and the use of foam to
stop gas leakage from pipes and reservoirs has indeed shown some SUCCeSS.

It has been further reported that this blockage is selective, i.e. foam preferentially blocks
high permeability channels. The permeability blockage of Bernard and 'S (1964) consoli-
dated and unconsolidated porous media in the presence of foam was greater for loose sands.
Similar results were observed by Heller (1980) where a one-hundred-fold decrease was
reported for higher permeabilides, Smith et a/. (1969) used two parallel packed columns of
different permeabilities and observed that blocking was more significant in a higher permeabil-
ity pack. Albrecht and Marsden (1970), Sharma et al. (1982) and Fried (1961) have reported
similar behavior.

To summarize the above discussion, one could say that a single generally accepted theory
does not exist which could describe the flow of foam. The several theories presented have been




experimentally supported for specific conditions, but are not universally valid. However, the
following observations have been reported by many authors:

(1) Foam reduces the permeability. This can eventually lead to complete blocking for a
given operating pressure,

(2) The degree of blocking depends on the pore openings or permeability such that
blocking 15 more pronounced for higher permeability. Also the apparent viscosity
values inferred from Cargy’slaw are higher for higher permeability.

(3) Apparent viscosity values calculated from different types of viscometer are
significantly different fran each other and sometimes are an order of magnitude
different than the ones derived from flow through porous media.

(4) The duration and history of injection have a pronounced effect on foam rheology
under certain conditions.

22. FOAM FLOW MECHANISMS

An overview of the literature gives an impression ek the description of foam flow is still
conmroversial, An understanding of foam flow through the intricate flow paths of a porous
medium is crucial for the advancement of foam technology. This importance has been realized
in recent years and a bettsr understanding of foam flow medheniam has been actively sought.

Many theories have been proposed describing the flow mechanism, some of which are
based on physical observations during foam flow, and others are logically inferred from pro-
duction performance. These theories sometimes differ slightly, but in essence can be
represented by the following seven behavioral patterns.

(1) Bubble Flav: Foam flows as a homogeneous fluid with gas uniformly dispersed in
the surfactant solution. The implicit assumption in this theory is that the size of
bubbles is small compared to the pore or capillary constrictions so that the bubbles
need not distort when passing through. It is also implicitly assumed that the velo-
city of the gas is the same as the liquid flow.

(2) Intermittent Flon: Foam flows in such a way that liquid is transported through a
continuous network of liquid membranes acting as a free phase, while gas flows as
a discontinuous phase through breaking and reforming of bubbles.

(3) Plug Flon: Foam flows as plugs characterized by high shear rates near the boun-
dary between the foam and the conduit (the container).

(4 Trapped-Gas Hlav: Foam flows in such a manner that it traps some gas in the
porous medium while the remainder flows as a free phase following Darcy’s law.
The fraction of gas flowing as a continuous phase is generally small compared to
the trapped gas saturation.
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(5) Segregated Flowz Foam flows only through gas channels ¢arrying a small amount
of surfactant solution with it, The majority of the liquid flows through separate
channels, the number and distribution of which depend upon liquid saturation; these
channels would be the same whether or not surfactant is present or foam is gen-
erated. Most of tre liquid flows as free phase described by Darcy’s law. Nahid
(1971) suggested that gas can also be treated by Darcy’s law if a correction factor is
used for the change in permeability due to foam generation.

(6) Membrane Flow: Foam is generated as lamellae at specific locations in a porous
medium which have specific pore constrictions that help in its generation. The
foam propagation is conditional to the favorable conditions and the geometry of the

pores.

(7) Tubular-Channel Flow:Foam flows through channels consisting of tubular bubbles
moving along and extending over several pore spaces. These tubes cause trapping
of gas or liquid by making them discontinuous. The volume trapped depends upon
the operating conditions and pore geometries.

A survey of the studies supporting these theories is given in Table 2.2. Most of the theories
are able to explain the individual observations quite well, but they are not general, and often
contradict the observations made by other independent studies.

This point could perhaps be made clear by examples showing the contradictory nature.
Gurbanov et al. (1970) showed that foam did not penetrate through his linear sandpack
column more then a few centimeters. Minssieux (1974) found similar results by X-ray absorp-
tion and showed that foam did not penetrate very far into his sandpack. Both of these observa-
tions contradict the bubble flow theory. He also observed a uniform saturation throughout the
pack and surmised that it could not possibly be bubble flow since in that case the gas satura-
tion should have gradually changed due to the high compressibility and pressure gradients
involved. Similarly, Handy (1971) showed by a gas tracer technique that a certain portion of
the gas is trapped during flow, and this gas does not participate in the flow process.

Raza (1965) found more then one flow behavior by visual observations of capillary tubes.
He was able 10 identify five distinct flow regimes by changing the quality of foam. Owete
(1982) observed most of the previously described seven mechanisms taking place ¢oncurrently
in different combinations, and the role of each mechanism was influenced by experimental
parameters. These observations wers made microscopically at different operating conditions
through an etched silicon wafer with artificially produced uniform and nonuniform pore open-
ings.

23. OIL RECOVERY BY FOAM DRIVE

The notion tet a gas drive under foaming conditions will improve the secondary
recovery performance of oil displacement was presented by Bond and Holbrook (1958), and
was substantiated by extensive investigation of Fried (1961) that demonstrated a superiority of
foam drive over any other conventional secondary recovery mechanism. He also claimed that
foam drive can be used effectively for tertiary or enhanced recovery as well. In his tests the
unconsolidated sandpacks and consolidated cores were saturated with 78 © 850 ¢p oils and
were gas driven, waterflooded a surfactant flooded. Then the foam drive followed which
reduced the oil saturation by 44 to 70% of what had been left by secondary methods. His
work was comprehensive and convincing enough to become a landmark in the development of
foam technology.
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TABLE 2.2

A Survey OfFlow Mechanisms Reported In The Literature

Authors

Flov Medium

Flow Mechanism

Fried (1961)

Marsden and Khan (1966)
Sharma (1965)

Mast (1972)

Alizad and Okandan (1977)

Fried (1961)

Bernard and Holm (1964)
Bernard, et al. (1965)
Holm (1968)

Holm (1968)

Handy (1971)

Mast (1972)

Penny and Blackman (1943)
Fried (1961)

Raza and Marsden (1967)
Hoffer and Rubin (1969)
Kolb (1964)

Bernard and Holm (1964)
Bernard et al. (1965)
Nahid (1971)

Handy (1971)

Mast (1972)

Nahid (1971)

Bond and Bernard (1966)
Minssieux (1974)
Mendez (1975)

Sharma (1965)

Owete et al. (1982)
Owete et al. (1982)

glass tube sandpack
capillary tubes
glass beads cell
etched glass cell
unc. porous media
glass tube sandpack

cons. and uncons. p.m.

porous media
tracers in p.m.
sand in cap. tube
tracers in p.m.
etched glass cell

capillary and unc. p.m.

large cap. tubes
vertical columns

porous media

tracer in p.m,
tracers in p.m.
etched glass cell
tracer in p.m.

porous media
glass bead cell

etched silicon cell
etched silicon cell

Bubble flow

Plug.flow

"

Trapped-Gas flow

Segregated flow

Membrane flow

Tubular-channel flow
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However, some of the subsequent studies (Wang et al, 1982 and G.C. Wang, 1984)
revealed that recovery could be lower in some cases than with conventional methods. This
raised another issue, i{.e. whether or not foam drive increases the ail recovery over conven-
tional methods, and if it does, then to what extent and under what circumstances.

The laboratory studies mentioned here addressed this issue. Bernard (1963)found that, at
breakthrough, foam drive was three times more efficient in displacing oil through linear uncon-
solidated sandpacks then an ordinary gas drive. Bernard, Holm and Jacobs (1965) inferred
tret foam flooding should recover more oil than waterflooding, at least through a predom-
inantly water-wet system, since foam flooding increases trapped gas saturation which is known
to cause an increase in oil recovery. Roszelle (1971)recovered 88% of O.1.P. by foam drive
from a 0.187 Darcy core saturated with 7 ¢p crude and which was already waterflooded. Al-
Attar (1976)recovered appreciably more oil from a 0.14 Darcy Berea core as compared to a
gas drive by injecting an oil-based foam. This improvement was 19% better in a dipping sys-
tem than in horizontal tests. Chiang et a/. (1980)also reported an increase in oil recovery
fiom a two dimensional visual (x ,z) sandpack which was initially saturated with white mineral
oil and residual surfactant solution. A surfactant solution slug (0-2pore volumes, 1% active)
was then injected and was pushed by N, to generate foam in-situ. The recovery was doubled
over the recovery when the same al was driven by nitrogen only.

These studies have generally tried to compare te performance of foam drive with gas
drive secondary recovery, or have studied the performance of foam drive for tertiary recovery.
One of the few studies that directly compare foam's performance with waterflooding is by
Aizad and Okandan (1977) who found by displacing oil through unconsolidated porous media
that foam flooding is beter than waterflooding.

Some studies confirm that foam drive improves recovery over a gas drive, but to a
reduced magnitude. Minssieux (1974) observed that the recovery by foam injection is not
appreciably greater then a waterflooding, but is definitely greater than a gas drive.

There have even been some studies that find no change or even a lower recovery by foam
drives. Kanda and Schechter (1976) reported that the presence of oil adversely affects the
foam displacement performance. Wang (1984) observed only slight improvement in oil
recovery in most uns but also observed that sometimes a lower recovery was obtained, espe-
cially when high surfactant concentrations were used. He attributed this result to the formation
of a rigid foam or the presence of emulsions. A more drastic observation was ma& by Men-
dez 81975) that a conventional waterflood recovered more oil then did either externally gen-
erated or internally generated oil-based foam at any throughput, e.g. 13% pore volume more
oil was recovered by waterflood at 10 pore volume throughput.

Despite numerous successful laboratory tests, tre application of foam flooding on a pilot
field-test scale was not seriously considered for some time. The first field test was conducted
by Union Oil Company in the Siggins Field, llinois, and the results were published by Holm
(1970). The field was shallow and highly permeable with a wide permeability distribution (h =
30-50 ft, p, = 8 cp @ reservoir temperature of 65° F, p = 75-200 psig, k = 10-300 md, with an
average permeability of 56-75 md). It was waterflooded before a foam injection test was
Starteé. There were two highly permeable channels, each 5 ft thick, one at the center and one
sear the botton of the formation. The producing interval was mainly composed of a fine-
grained sandstone with several thin shale streaks. A modified ammonium lauryl sulfate solution
was injected to generate foam. Concentration of this foaming agent was gradually increased in
the aqueous phase. Both cyclic slug injection and preformed foam injection methods were
tried in s test Compressed air was used as the gaseous phase. No effective foam was seen
at the producing well below 1% surfactant concentration, but apparent mobilities of gas and
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water were reduced to less then half of the original values when foam was believed to have
been generated. At least 0.06 pore volumes of the foaming agent had to be injected before
lasting mobility control was achieved. Severe channeling of gas to one production well was
stopped, and foam caused a more uniform water injection profile and reduced slightly the aver-
age water-oil-ratio of the surrounding wells.

In the early 1980’s foam flooding in steam drives was field-tested in pilots conducted by
Chevron (Ploeg and Duerksen, 1985), the CLD group (Doscher and Hammershaimb, 1981),
Corco (Eson et al., 1985), Shell (Dilgren et al., 1982) and Stanford (Brigham er al., 1985), all
of them indicating improved recovery. The operators of these tests demonstrated improvement
in front profile due to steam diversion which resulted in an increase in oil production rate,
reduction in injectivity and reduction in stzam-oil-rado. These pilot field-tests have also been
described in detail by Zirritz and Rancel (1983).

During the same time period when foam was under investigation in laboratories of the
Western hemisphere, the potential of foam was tested in USSR in a different context. Foam
was used to treat high water-cut wells by injecting a surfactant solution followed by gas. On
resumption, the production from these treated wells generally showed improvement by reducing
water-cut. This treatment was operationally similar © a cyclic steam injection sometimes used
to treat wells. These tests have not been described here in detail because the author feels that
the few papers translated have been unscientifically selected, showing only successful results;
and also the accuracy of translation is doubtful. A chronological description of these tests was
given earlier by Mahmood (1983).

24. SELECTION OF INJECTION METHOD

Several schemes have been used in the past to inject surfactant solution with gas and pro-
duction behavior was sesn © differ from one technigue to another. The following three injec-
tion methods have been used by many investigators with slight modifications:

(1) Slug injection, in which gas and surfactant solution are injected alternately in
separate slugs.

(2) Preformed foam injection, in which foam is generated outside the porous medium
and this externally generated foam is injected.

(3) Simultaneous injection, in which gas and surfactant solution are injected con-
currently and foam is expected 10 generate in-situ.

When the idea of using foam for enhancing oil recovery was first presented by Bond and
Holbrook (1958), the use of a single slug of surfactant solution followed by a standard gas
drive was recommended. In the following years, many refinements took place which are out-
lined below.

Raza (1968) introduced the idea of dividing the surfactant solution into several small
batches which were alternated with small batches of gas to form a more effective foam. The
volume of the batches of gas were very small to avoid foam collapse between the treatments.
Root (1971) suggested a similar idea of using alternate slugs of gas and surfactant solution for
multiple porosity reservoirs, so that the foam could block the high porosity layers and the
recovery of oil could come from low porosity layers. He surmised that this process would be
especially useful in reservoirs where much of the oil is in a dense matrix.
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Bernard (1969) suggested the injection of a miscible slug between the surfactan: solution
slug and gas injection to improve the profile. He also reported obtaining high recoveries
(64.4%) from an oil saturated Boise core (sandstone) when a foam bank was generated in-situ
by surfactant solution and gas injection which was then driven by water-alternated gas slugs

(WAG). The alternating slugs of gas and water had a volumemc ratio (WAG ratio) of 5-15
volumes of gas per volume of water.

In te Siggins Field, Illinois field test, Holm (1970) reported that the mobility reduction
was not significant when alternate slugs of 0.02 pore volumes were injected, whereas pre-
formed foam injection showed promising results. In the other three field tests mentioned ear-
lier, the surfactant solution was injected continuously by Shell (Dilgren et af., 1982); in srall
alternating slugs by Chevron (Duerksen, 1984); and in three large slugs by SUPRI (Brigham er
af., 1984). Al three injection schemes showed successtul results.

25. DARCY’S LAW AND ITS LIMITATIONS FOR FOAM FLOW

Darcy’s law is the most commonly used relationship to characterize the flow of fluids
through porous media. It is based on the assumption of tre flow of nonreactive Newtonian
fluids, and thus can not be directly used to describe the flow of non-Newtonian fluids such as
foam. However, several attempts have been made in the past to extend this law for foam flow.

The application of Darcy’s law for foam flood is examined in the following sub-sections.
It’s several forms, the implicit assumptions and the complex nature of foam are reviewed. The
attempts to describe foam flow by other classical approaches are also mentioned briefly.

25.1. Development and Extensions of Darcy’s Law

Darcy’s law was first formulated empirically (Darcy, 1856) in its integrated form:

q=k 4 A2 (2.1
p L

where

q = flow rate, cm¥/s
k = permeability, Darcys
A =cross-sectional area, ¢cm
L =core length, cm
p = fluid viscosity, ¢p
Ap =pressure drop across the porous medium, atm

2

This law is valid only if one Newtonian fluid is flowing through a porous medium at flow rates
low enough to cause laminar flow. First presented in this simple form as an empirical relation-
ship, this law has since been extended 1 characterize many other types of flow. It has been
done by deriving the fundamental form of the differential equationwhose solutionis
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represented by DAY Soriginal equation. This partial differential equation is:

q=—ﬁ-A-gs 22)

The differential form of Dar®y’slaw is universally accepted and used as the basic flow equa-
tion for displacement through porous media. Due to its usefulness, this equation has been
extended 1 a variety of flow conditions.

It has also been written in potential form; for example Hubbert (1953) has suggested this
form:

Uy = = Luﬂ A6 @3)

where

p = fluid density, g/em>
A¢ = flow potential gradient in the flow direction, atm —em?/g
4, = macroscopic or Darcian velocity, cm/s

The term, ¢, is called the Hubbert flow potential and is defined as:

p
o= 2+ &2 2.4)

where

po = base pressure taken at an arbitrary plane

z = height above the arbitrary plane

g = acceleration due to gravity

& - the conversion constant for Newton’s second law

This and other potential forms of Darcy’s Law have use for multi-dimensional, gravity segre-
gated flows frequently encountered in reservoirs.

Caro/’sLaw has also been extended to the flow of one phase in the presence of other
fluids, and to the simultaneous flow of more then one phase. This has been done by moceling
porous media to be composed of bundles of capillary tubes (Kozeny, 1927) where each phase
flows in different capillaries; the number of tubes containing each phase depends upon its
saturation. Thus it is assumed that Darcy's Law can be applied to each phase if the absolute
permeability, k, is replaced by an effective permeability © that phase.
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There have been attempts to derive Darcy’s law analytically; for example an expression
describing the laminar flow of a Newtonian fluid through packed beds was proposed by

Kozeny (1927):
D2 3
= 2 & 4P 5 2.5
1501 (1 —¢)* L
where
uy = superficial velocity
D, = particle diameter
¢  —porosity
i = Newtonian viscosity
Using this formulation, the permeability of the medium is defined as follows:
DZ 3
k= P—¢2 (2.6)
130(1=¢)

However, this equation still remains semi-empirical since pore diameter distribution in porous
media is indeterminate. Attempts to develop an analytical flow equation have not been suc-
cessful.

25.2. Validity of Darcy’s Law for Foam Flow

One of the limitations of Davgy”SLaw is its empirical nature. The absolute permeability,
k, a parameter in Darcy’s Law, is merely a proportionality constant. It is an average macros-
copic property of each porous medium and does not provide any insight into the microscopic
nature. Like restrictions in other empirical relationships, it is logical to infer that Darcy’s Law
will not hold under any of the following conditions:

(1) For samples not containing enough pores that can represent a reliable statistical
average of the true microscopic properties.

(2) For reactive fluids that may change the surface characteristics.

(3) For fluids whose rheological properties are sensitive to the tortuosity or surface
characteristics.

(4) For fluids whose properties are sensitive to the pore geometry (e.g. grain structure
and pore constrictions).

A good example of such cases where Daro/’sLaw may not be applicable is the flow of emul-
sians through porous media. For stable emulsions, some droplets may be larger than the pores
causing constriction to flow. For the flow of unstable emulsions, the size and dismbution of
the droplets generated or sustained in-situ depend upon the tortuosity and pore geometry of the
porous medium. Since the size and distribution affect rheology, the permeability for the flow
of such emulsion may not be constant.
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Alvarado (1975) nodeed this characteristic for flow of macro-emulsions through porous
media. He observed that flow of OIw emulsions of low quality (less then 50 percent) through
capillary tubes strictly followed Newtonian behavior. However, when he flowed the same
emulsions through porous media, the Darcy equation did not hold. The flow still exhibited
Newtonian behavior, since the viscosity remained constant at different rates used in his experi-
ments. He atmributed this discrepancy to permeability reduction due © partial plugging of
smaller channels, and used modified pexmeabilities as indicated in the following table.

TABLE 23
CORE PERMEABILITIES FOR NEWTONIAN MACRO-EMULSIONS
FLOWING THROUGH POROUS MEDIA

Core Emulsion Initial Flowing
Quality Perm. Perm.

No. r k ke
(%) (md) (md)

Be6 A(5) 10 200 182
Bed A(3) 20 653 434
Bed a(1) 40 847 523

[After Alvarado (1975), Table 5, p. 1431

Nonconstant flow behavior has also been seen for High-Internal-Phase-Ratio (HIPR)
emulsions by Mannheimer (1972). In his experiments, the flow of HIPR emulsions (98%
liquid hydrocarbon dispersed in water) was examined in capillary tubes of different diameters
and wettabilities. He observed complex rheological behavior including reversible work harden-
ing (increase of yield value by agitation) for which relaxation took several days, and apparent
slip-flow anomalies. He also observed a strong influence of surface wettability. For stainless
steel tubes of hydrophilic wettability, a discontinuity in the flow curve was observed at higher
stresses, whereas this discontinuity was absent for polytetrafluoroethylene tubes of hydrophobic
wettability (Fig. 21). The critical szess at which a discontinuity was observed depended on
tube diameters. The different types of tubes produced entirely different results. Al these
observations suggest flow is also dependent on wettability characteristics.

His efforts to characterize the flow properties of these systems in cylindrical tubes were
confronted with a problem of poor experimental reproducibility. In some cases, the flow sud-
denly increased or became erratic.

HIPR emulsions and high quality (I) foams have many physical properties in common
which are important in flow through porous media. Both contain continuous interfaces of fixed
structure and fixed relative positions which are not free to move randomly. Due to the similar-
ity in surfacé forces involved, e author expects that a high quality foam will act in a fashion
similar © an HIPR emulsion.
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Figure 2.1  Pressure-Flow Rate Characteristics of Work hardened Emulsions in Stain-
less Steel and PTFE Tubes of Approximately the Same Size. (Duplicate
Experiments) [After: Mannheimer (1972), Fig. 4).
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Another interesting phenomenon, called slip, occurs when a larger size foam bubble is
forced by high driving forces through a smaller pore causing partial deformation. David
(1969) has observed slip during foam flow through capillary tubes. He found that the slip
coefficient, B (defined in Fig. 2.2) had a general tendency to increase with an increase in shear
stress.

David also observed that the apparent viscosity of foam depended on the capillary tube
diameter even after due correction for slip had been applied. He did not, however, notice any
discontinuity in rheological behavior as seen by Mannheimer (1972). This was perhaps
because the maximum quality (I") of his foam was 0.96, not high enough to act the same as an
HIPR emulsion, whereas this discontinuity is expected to be seen only at the boundary of tran-
sition from one configuration to the other.

Another complexity in foam flow which defies Darcy’s law is the generation of an electr-
ical potential, which is substantially higher than for liquid flow, and which is a function of
many parameters (Fried, 1961; Raza, 1965). This electrical potential is generated due to elec-
trokinetic effects at the sand-liquid interface and is called the streaming potential. Fried (1961)
surmised that this electrical potential exerts a resistance to flow and is at least partially respon-
sible for blockage. Raza (1965) observed that the magnitude of streaming potential depends
upon many parameters such as the electrochemical nature of the surfactant, pressure
differential, dimensions of the flow channel and the quality of the foam.

In the author’s opinion, attempts 1 force Darcy’s law © fit foam flow will not be fruitful
in the forseeable future. This is because the concept of Darcy permeability is not applicable b
foam flow, nor can the rheology of foam be universally described without taking into account
the detailed geometry of the porous medium and defining tre physico-chemical properties of
the surface active agent. The attempts © modify Darcy’s Law by either redefining apparent
viscosities or permeabilities do not seem to have general applicability. There is a need for a
more basic and fundamental approach, but for the present, an ¢ffort to empirically adapt exist-
ing laws is still desirable.

26. MATHEMATICAL DESCRIPTION OF FOAM FLOW

Darcy’s law and its limitation for foam flow have been discussed in Section 25. The
classical approaches of modifying the equations of fluid flow through pores will be reviewed
here. Some fundamental properties related to foam flow will also be discussed.

Despite the appearance of many papers, there is still no satisfactory mathematical descrip-
tion of the static and dynamic properties of foam. Most of the work was done for the flow of
foam through pipes. General expressions were derived for homogeneous non-Newtonian
fluids, and foam flow was treated as an extension of these general developments.

But foam is unique because it is a compressible non-Newtonian fluid, and thus its flow is
more complicated. Several investigators have assumed that foam flowing through capillaries
can be treated as an incompressible single phase fluid without serious error (Khan, 1965; Raza,
1965; Hooker and Marsden, 1972; Aizad and Okandan, 1977). The only support for this
assurmmption .comes from an x-ray study of in-situ fluid saturations performed by Minssieux
(1974). The shadow-graphs taken after foam injection revealed a uniform distribution of fluids
throughout the entire porous medium. It was thus inferred that the compressibility effects were
not pronounced, else a uniform fluid distribution could not have been achieved.
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Figure 22  The Effect of Shear Stress on Slip Coefficient [After: David (1969). Fig. 8].
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Another common practice has been to assume foam generation and propagation automati-
cally in the presence of surfactant solution and gas. Some studies have suggested that foam
will penetrate the formation only a dort distance, ¢.g. Gurbanov et al. (1970) injected foam
b unconsolidated sand columns (26-32 Darcies) and developed analytical and graphical rela-
tionships between system parameters which confirmed that foam could not have penetrated
more a few centimeters into their 80 cm long sandpack.

With this brief background information on tre two general assumptions, Same important
studies are mentioned below which include equations of state and foam flow through pipes as
they may be useful for promoting fundamental understanding; but expressions on foamability
and foam stability are excluded, for the effect of these parameters on characterization of foam
is not yet understood on a quantitative basis.

Many equations have been proposed to describe the static behavior of foam. Some of
them will be mentioned here. Marsden and Khan (1966) defined foam quality as:

T, %
foom =y, T

2.7
where

Y, = volume of gas

7 = volume of liquid

Raza and Marsden (1965) have also expressed the quality, T, as a function of pressure assum-
ing Boyle’s law is applicable:

_ piTi
A-T)p+p T

T, (2.8)

where subscript, ¢ indicates injection conditions. RosS (1969) has proposed tte following equa-
tion:

(Ps—Py) Vr+ (23)0a@=nRTy 2.9)

Where

p = absolute pressure

V = volume

c = surface tension

a = interfacial surface area

n = moles of gas within the foam
R = gas constant

T < absolute temperature

The subscripts, s, & and F indicate surroundings, gas in foam, and total foam, respectively.
This equation contains parameters which need to be determined empirically, and dhus is not
very useful.
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An equation of state was also developed by Kopalinsky and Bryant (1976) for foam flav
through pipes assuming bubbly two-phase flow and using ideal gas laws to describe the gase-
ous phase:

| L1 L)|_BRg
p [ pL] +h) (2.10)

where

Pr, P = Mass densities of foam and liquid, respectively

p = foam gas to liquid mass ratio
R = gas constant

Similarly, Lord (1981) has developed an equation of state on a mass basis:

2 _U-W)p (W:zRD

2.11
PF PL . M (2.11)
where
W, = mess fraction of gas
z = gas compressibility factor
M « molecular weight of gas

The other terms are defined in Egs. (2.9) and (2.10).

An expression based on the definition of isothermal compressibility and pressure depen-
dent foam quality has been proposed to be used as an equation of state if the quality remairs
constant (David and Marsden, 1969; lkoku, 1978):

Cfoam = Toam Cgas (2.12)

The above equation was obtained by assuming that the liquid component of the foam is
incompressible compared © the gas, and then reducing the general expression for the compres-
sibility of gas. It was derived for constant quality, but it can also be used for variable quality
if ﬁ&e pressure-volume dependence of both quality and compressibility are known and substi-
tuted.

Foam's dynamic behavior has also been studied by several investigators. This was essen-
tially done for foam flow through circular pipes under steady state conditions in an attempt ©
predict the wellhead pressure during foam injection. Krug and Mitchell (1972) used a
modified Buckingham-Reiner equation developed for a particular rheological model (Bird et al.,
1960) and solved it numerically. Beyer et ai. (1972) used a semi-empirical flow equation based
on the results of bench and pilot-scale experiments. In their development, the tolal flow was
separated in two components, tte fluidity which was correlated using Buckingham-Reiner
equation, and the slip which was conelated with foam quality in a fashion suggested by Moo-
ney and later used by David and Marsckn (1969).
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Some investigators (Blauer et al., 1974; Blauer and Kohlhaas, 1974; Holditch and Plum-
mer, 1976) have used the concept of “effective viscosity” in which an effective or equivalent
Newtonian viscosity is calculated for a fixed rate by comparing it with a non-Newtonian rheo-
logical model. Foam is then treated as an incompressible Newtonian fluid.

_ Quite different from the above two approaches, Lord (1981) proposed a foam flow equa-
i which is based on a unique solution to the differential form of the mechanical energy bal-
ance. HIS equation cannot be solved explicitly for pressure and requires a numerical solution.

In the classical approach of Aizad and Okandan (1977), the Navier-Stokes equation
yielded a highly complex, nonlinear partial differential equation, which was found difficult to
solve. Some investigators have tried to manipulate the classical CarQ/"s law and have simply
related the foam flow rate 1o the pressure gradient across the porous medium (Marsden and
Khan, 1966; Minssieux, 1974). Evgenev (1973) proposed that Carg/™s law could be applied
directly assuming a homogeneous gas if it was used conditionally for low pressure gradients.
Ikoku (1978) has suggested the following modification of Darcy’s law for foam flow:

n_o_ Kk | dp
(up) °_u.g[ dr] (2.13)

Where

up = superficial velocity in the radial (horizontal) direction
n = consistency index

This expression was obtained by modifying Kozeny's (1927) semi-empirical equation for the
lanirar flow of power law fluids through packed beds, and using empirical relationships for
both effective permeability and the viscosity of foam.

After finding Navier-Stokes equation difficult to solve, Aizad and Ckaden (1977)
applied a momentum-balance for the flow of an incompressible fluid through capillary tubes,
and derived a semiempirical relationship. A power-law model similar to Eq. (2.13) was used
to define the momentum flux for a non-Newtonian fluid. The experimental data of foam
flowing through unconsolidated porous media showed good agreement with the equation.

Independent measurements of the viscosity of foam flowing through porous media can
not be taken, Laboratory measurements by rotaticral or similar viscometers are not directly
applicable since the ability of these devices to generate foam is quite different than a porous
medium. Also, the capillary forces are involved in porous media. Both of these factors
strongly influence the effective viscosity.

Generally, the equations for the viscosity of foam have been derived using [H(%/'S law
or Poiseuille’s law, and geating the foam as a single fluid (Minssieux, 1974; Holcomb et al.,
1980). Experimental data, however, indicate that the apparent viscosity calculated from

law is valid only for low pressures, For higher pressures, apparent viscosity values
fall with increasing pressure. Some other equations for viscosity have been developed using a
similar approach (Hatschek, 1911; Mitchell, 1970). An attempt to determine viscosity for foam
flowing through porous media has also been described by Aizad and Gkanden (1977). A few
dissertations (Richman, 1966; Augsburger, 1967; David, 1969; Mitchell, 1970) have appeared
on viscosity of foam using the concept of capillary tubes and verifying experimental results
with theory.
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Some studies have emphasized friction losses encountered during foam flow in pipes. A
method to predict pipe friction losses for different flow regimes has been presented by Krug
(1975). It was found that the relationship between Fanning friction factor and Reynold’s
number was identical to that of a single phase fluid when apparent viscosity of foam was used.
Graphical solution of pressure loss calculations showed the critical parameters to be te foam
density for turbulent flow and effective viscosity for laminar flow. A prediction of friction
coefficient for bubbly two-phase flow in horizontal pipes has also been oescribed by Kopalin-
sky and Bryant (1976). SInce the quality values wen as high as 0.73, many of their flowing
fluids could be considered to be foams, although no surfactant was used in their study. For
foam flowing through porous media, relationship for Fanning friction factor, f; and modified
Reynold‘s number, R,, have been proposed by Aizad and Okandan (1977) with references to
other similar work

Several papers have appeared in the litsrature which provide methods for predicting well-
head pressures during foam injection (Beyer et a/. 1972; Blauer et al., 1974; Blauer and
Kohlhaas, 1974; Krug, 1975; Holditch and Plummer, 1976). The total pressure drop from top
to bottom in flowing foam is the resultant of frictional and hydrostatic pressure drops. Since
foam is a compressible fluid, friction and hydrostatic pressure drops influence each other and
iterative methods have been employed. These iterative techniques are based on dividing the
wellbore into segments or taking fixed pressure intervals and changing important parameters
for each segment. Generally, the Buckingham-Reiner equation (Bird et al., 1960) or some
experimentally derived semi-empirical equations were used in determining well sting pressure
drop (Beyer et al., 1972; Blauer and Kohlhaas, 1974; Krug, 1975). Some noniterative tech-
niques have also been used by estimating an effective or equivalent Newtonian viscosity and
foam densify, and then treating foam as an incompressible Newtonian fluid (Blauer et al.,
1974). Lord (1981) has described a procedure for predicting pressure distribution of both static
and dynamic foam which is based on a unique solution to the differential form of the mechani-
cal energy balance. However, his equations are nonlinear and need iterative numerical solu-

as.

A nonlinear partial differential equation for the radial flow of foam through porous media
has been derived by Ikoku (1978). This equation was &rived for a homogeneous reservoir
assuming ideal gas, neglecting the specific weight of the gas, and assuming constant permeabil-
ity and porosity. This equation considers the compressibility and pressure-dependent quality of
foam and assumes that a power law modification of Darcy’s law applies (Eq.2.13). It was
suggested that this nonlinear partial differential equation can be linearized by using pseudo-
parameters, can be written in dimensionless form, and can be used for transient well test
analysis during foam injection.
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3. DESCRIPTION OF THE APPARATUS

Displacement experiments are often conducted on unscaled models of cylindrical
geometries, with standard design features that are simple to fabricate and operate. Rectangular
models, especially with visual capabilities, are difficult to fabricate and gperate, as pointed out
by Rojas and Farouq Ali (1985) who said, "It has been impossible to fabricate a rectangular
model free of mechanical problems."

The apparatus designed for this study has been found to perform well in terms of its sim-
plicity, rigidity to moderate pressures (50 psig), ease of cleaning, inertmess to cleaning chemi-
cals, and resistance to sand settling and migration, the problems commonly encountered In rec-
tangular sandpacks. The design and fabrication process of this apparatus is described in this
section in some detail.

3.1. IMPORTANT DESIGN FEATURES

Two-dimensional displacement models have been used frequently, but the presence of
surfactant in @ model causes some unique problems which have to be overcome before any
meaningful results can be expected. In this section, some of the considerations given to the
design of the experimental system are discussed.

311 Visual versus Indirect Observation

The frontal behavior could possibly be traced in a displacement model by connecting the
porous medium with a network of pressure taps, and then estimating and reconstructing the
saturation or pressure profiles. This method offers an advantage that core holders can with-
stand high working pressures, but has a disadvantage that the results can be ambiguous in mul-
tiphase flow. In the presence of a complex rheological fluid like foam, the saturation determi-
nation becomes difficult. Another disadvantage of this method is the lengths of lines needed to
monitor pressure, which add 1 the total &ad volume, making material balance calculations
inaccurate and cleaning difficult.

The standard practice of following the front profiles using a known frontal advance
mechanism is not applicable when foam is present, since te foam flow mechanism is not
known. There have been experiments performed in which anomalous recovery behavior was
observed and a unique interpretation of the results was not possible. Another common method
of éracing the fronts is to use tracers. This method was not considered appropriate for this
studly.

Since a primary objective of this study wes to get a qualitative insight of te flow pro-
cess, it was decided to make the model visual, so that the frontal behavior could be observed
directly to avoid any misinterpretation,
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312 Repacking versus Reusing the Same Sandpack

It was considered approgriate to use the same sandpack repeatedly for this study, instead
of repacking for every run. This decision was made on the basis of past experience in which it
was found difficult to duplicate the sandpack properties, especially the minor inhomogeneities
which are random and inevitable in a manual packing process.

The repacking practice could have been adopted by applying a correction factor some-
times used to account for any difference in properties, but for flow of surfactants and foams,
these effects are neither understood nor established.

Reusing the same sandpack also has some drawbacks, since thorough cleaning is gen-
erally difficult. In addition, the surfactants tend to change the surface properties of the
sandpack. The effects of the changes in surface properties could, however, be minimized by
pretreating the model, as will be described later in this section.

313 Uniformity and Homogeneity in Packing

One important consideration was to pack the model with sand as uniformly and homo-
geneously as possible. Sand settling and sand migration are difficult to control. A frequent
problem with this model was the expansion and increase! in bulk volume at high pressures,
despite efforts to make the model rigid. Thus, at higher pressures, channels would sometimes
appear in te sandpack. The same effect would also be observed if the model was not tightly
packed, or if the sand was allowed to become bone dry.

These small channels, sometimes not even large enough to be visible by naked eye, can
have a substantial effect on performance, since they behave much like fractures, offering very
little resistance to flow. In our experience, the effect of these otherwise small and sometimes
invisible channels is so drastic that it may completely overwhelm the performance, resulting in
a situation where the effect of changes in other parameters will be masked completely. In the
case .of waterflooding, the effect of these channels may not be pronounced, since the strong
capillary forces suppress channeling; but, in the presence of gas, channeling can be serious,

314. Wet Packing versus Dry Packing

It is also important © decide which packing method is suitable for a particular use, since
the properties of the pack are affected by the packing methods. In previous dry packing
attempts, a screen was used to distribute the sand going in the core holder. The presence of a
screen helped in getting a uniform pack, but the pack was not compact, and sand settling was
still a problem. The same was true for wet packing in which considerable sand subsidence
occurred after the model had been dried In the wet-packing procedure, both water and sand
are added gradually such that the water level always is maintained slightly above the sand.
After many experiments, pressurizing the model after dry packing and then shaking it
Vigorously using industrial vibrators proved to be the best method. All the expansion of the
mocel that takes place due 10 high pressure had already taken place and the model was under a
prestressed condition. Thus this procedure offered conditions closest to the experimental
operating conditions.
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3.15. Prestressing versus No Stressing

_ The rectangular coreholder expands when moderate pressures (up to 50 psig) are applied.
Since sandgrain expansion is negligible, a gap or discontinuity is developed at the sand/metal
or the sand/glass contact areas, which provides paths of low resistance to flow.

This problem could be overcome by prestressing the model as described in Section 3.3.5.
However, prestressing slightly changes the vertical cross-sectional area fiom a true rectangle.
This small change in area must be taken into account in quantitative analysis.

The question of how much prestressing is appropriate, if it is needed at all, must be
answered after due consideration is given to possible effects. For this study, it was considered
more important to achieve proper frontal behavior than to obtain an exactly constant areal
cross-section, therefore, the sandpack was prestressed to 50 psig.

3.16. Ease of Cleaning

Another important consideration in the design of this model wes 1 make cleaning simple.
The presence of surfactant causes potential problems in cleaning. Surfactantstend to absorb on
sand grain surfaces, altering their properties. Even a very small concentration of surfactant is
enough to reduce surface and interfacial tensions, therefore affecting the displacement process.

The materials used for construction were selected on the basis of their non-reactive nature
to the chemicals used for cleaning. Therefore, all the metals in contact with the core fluids
were stainless steel, and the visible si& of the model was made of thick glass. The use of
glass as a material of construction posed some limitations on the applied pressure, as will be
discussed later, but past experiences using Plexiglas have been quite disappointing (Chiang,
1979). Plexiglas has been seen to react with solvents, and also is flexible enough that on
application of pressure, a discontinuity appeared at the contact surface with sand.

3.1.7. Minimizing the Dead Volume

One other consideration in designing the model was to keep the dead volume as low as
possible. With the addition of each metering device or flow circuit, considerable length of tub-
ing must be used. Whereas these devices help in gathering more data and reduce the opera-
tional time and manual work, they tend to increase the &ad volume inaccuracies and make the
operation prone to experimental mistakes. Judgement must be exercised in deciding what is
essential for interpreting tre results. The apparatus for this study was designed to reduce the
dead volume to 5% of the pore volume.

32. DESCRIPTION OF THE COREHOLDER

The coreholder used in this study has been referred to in this study as "the glass model"
or "the two-dimensional sandpack and is shown in Fig. 3.1 as component A. This was an
aluminum, stainless steel and Neoprene rubber construction holding a thick glass plate in front
of it, and was set-up vertically to hold unconsolidated sand. The sandpack after final assembly
was approximately four feet long, one foot high and one quarter of an inch thick. The sand
was loaded from the top where the cross-sectional area was about four feet by one quarter inch
and the top was then scaled using a combination of rubber cement and room temperature
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vulcanizer (RTY). The mechanical drawings of the model ar= shown in Figs. 3.2 through 3.4.
This sandpack is an extensive modification of a similar sandpack used by Chiang (1979). The
specifications of the sanapack are given in Table 3.1.

TABLE 3.1
BASIC SANDPACK PARAMETERS

Height Ift

Length 4 ft

Width 0.25 in.
Porosity 35-38%
Permeability 14 darcies
Sand Ottawa

Grain size 180-220 mesh

The use of glass plate in this model for moderate working pressures (up to 50 psig) made the
system quite fragile; the glass has been broken several times whenever extreme care was not
exercised in handling the model.

Fluid bypassing was another problem which needed to be eliminated before meaningful
results could be obtained. Bypassing is generally caused by expansion of the model, drying of
the sealing material or sand migration. The most probable areas for bypassing are the planes of
discontinuity between sand and the other construction materials in contact with the sand.
Bypassing was checked for routinely as well as whenever anomalous behavior was observed.

The following section points out some of the important precautions found critical to the
proper functioning of the model, and describes some of the frequently occurring problems.

3.2.1. Preparation for Assembly

The most important point in assembling the model was to check the flatness of the front
frame (1) [the numbers in this section refer to Fig. 321 It was sometimes found after
disassembly that the frame had been warped due to excessive pressure or mishandling. An
error of 1/16th in. was enough to break the glass. If a greater error was found, the frame was
machined again.

A Neoprene rubber cushion (2) was glued by 3M-brand spray-on adhesive on the inward
si& of this frame. An uncut rubber sheet of 1/16 in. thickness and large enough to cover the
entire frame was used. The sheet was thoroughly cleaned with household detergent and was
sprayed lightly with acetone to de-nature the rubber surface before gluing. The glue was
applied only on the frame and then the rubber sheet was placed on it. The extra rubber from
those arsas which would not contact the glass was cut off later after the glue had been properly
cured. If the rubber sheet was cut first and then glued, the sheet was often improperly placed.

The next step was to prepare the insert (5) by tack-welding a new screen of #300 mesh
stainless steel to the insert. It was found to be a good idea to replace the screen whenever the
model was disassembled, since normal wear and tear weakened the screen, and it broke a few
times after assembly.



- 29 -
VERTICAL CROSS SECTION
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1. The Front and Back Frames 9. Side Bolls 14. Driving Bar
2. Rubber Gasket Between1 & 3 10. Sand 15. Rubber Gasket Between
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4. Rubber Gasket Between 5 & 3/6 10& 12 16. Top Sealing Plate
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Figure 32  Details of the Two-Dimensional Glass Sandpack: Vertical Qross Section.
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HORIZONTAL CROSS SECTION
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Figure 3.3  Details of the Two-Dimensional Glass Sandpack: Horizontal Cross Section.
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Figure 34  Details of the Two-Dimensional Glass Sandpack: Front and Back Views.
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Figure 3.5  Bolt-Tightening Sequence.
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After the scre2n had been properly welded, a Neoprene rubber gasket (4) was glued on
both sides of the insert. This was done in a manner similar to that described for gluing the
gasket to the frame. After proper curing, the excess rubber was cut off from both sides.

Since this insert had to be placed inside the model, the excess mbber which extruded due
to the model compression was impossible to cut off. This squeezed rubber not only blocked the
view, but also provided empty pockets which weft hard to fill with sand. Therefore, the
rubber was cut approximately 1/16th in. undersize to allow for this expansion.

The U-shape of the insert made it necessary to use some temporary inserts along the top
with the permanent inserts at the time frame bolts were tightened. This was done to support
the open end so that the glass would not break due © an uneven distribution of stresses. Once
tte model had been filled with sand, the sandpack provided uniform support.

These temporary inserts (not shown in figures) were eight pieces of metal, 1in. x 1 in. x
174 in. in size, with rubber gaskets glued on both larger sides of each piece to give the same
thickness as the permanent iasert. These inserts had holes drilled and threaded on them, so
that they could be easily pulled out of the model by screwing in appropriate size bolts and
using these bolts as handles.

Another part preparsd before the firdl assembly was the top sealing plate (16), which was
done by gluing a 3/16th in. thick Neoprene rubber gasket (15) on one of its larger sides. The
holes through the gasket were not punched at this stage, since this plate was used several times
for temporarily scaling the model before firel assembly.

322, Assembling the Core Holder

The following sequence was found satisfactory for an efficient assembly:

(a) The front frame (1) was placed horizontally on a flat surface with the rubber gasket
si& facing up,

() All the bolts (9) on the sides and bottan of the frame were inserted, and also the
bottom insert (8) was placed temporarily to position the glass plate (3).

(¢) The glass plate (3) was placed horizontally on the front frame (1), its sides evenly
spaced from the side bolts (9) and its longitudinal botton si& touching the bottom
insert (8).

(d) The U-shaped insert (5) was placed horizontally on top of the glass plate with the
open end away from the bottom insert, and was positioned symmetrically with the
glass plate. AlD the eight temporary inserts (described earlier) were placed in the
open end of the U-shaped insert, with their threaded holes facing out, and the tem
porary inserts located just below each of the side bolts (9), in order to provide sup
port under the bolts and still be easily removable.

(e) The steel-lined aluminum plate (6) was placed horizontally on top of the U-shaped
insert with the stainless Steel lining facing toward the glass plate, and was posi-
tioned accurately above the glass plate. 1t was imperative to make sure that the top
ends of the glass plate, the insert and the aluminum plate were perfectly aligned. A
slight discrepancy resulted in improper seating for the top sealing plate (16), and
caused problems in sealing properly.



() The olts (9) were then unscrewed, and the back aluminum frame (1) was placed
horizontally on top of the aluminum plate (6), such that the rubber gasket faced the
aluminum plate. The holes of the front and back frames (1) were aligned and the
tolts (9) were inserted again. All the lolts were tightened by . Exgeme
care was exercised not to dislocate the previously assembled parts, because the
alignment of top edges was crucial for proper sealing. Before tightening the bolts,
the top edge alignment was checked again.

(g The olts wen tightened to 100 in.-1b torque, in increments of 20 in.-1b, in a
sequence shown in Fig. 35. However, this initial torque of 100 in.-lb was gen-
erally not enough to provide adequate sealing to 50 psig pressure, and additional
torque was required for final sealing as will be described next. The torque at this
stage was found enough, however, to hold all the parts together.

(h) The model was now ready for inspection and leak testing, so it was placed upright
with the glass si& facing the operator. Al the plumbing was done at this stage as
shown in Fig. 3.1.

3.23. Testing the Coreholder for Leaks

It was necessary to test the coreholder for leaks at this stage, since stopping leaks at later
stages was found difficult. For testing the coreholder for leaks, it was temporarily sealed by
placing the top sealing plate (16) with its rubber gasket side facing the end of glass and alumi-
num plates (3) and (6). Then the top driving plate (18) was fastened with olts (19). The
bolts (20) were screwed in until they touched the top sealing plate (16). Sealing was com-
pleted by tightening the bolts (20) to 50 in.-1b torque.

The model was filled with water under pressure, as described in Appendix C (section
C.1.2), and was checked for leaks. If any leak was found, the bolts were tightened an addi-
tional 10 in-1b in the same rotational order described in Fig. 35. The torque was increased in
increments of 10 in.-1b until te leak was stopped. The injection pressure was increased
slightly until a leak was observed, or pressure had reached 50 psig, whichever came first. If a
leak was observed before the recommended pressure was reached, additional torque wes
applied on the bolts (9). However, if the leak was not stopped up to 200 in.-Ib torque, the
model was disassembled and reworked.

The fwal check for leaks was made by draining the model and injecting gas at the
prescribed pressure, then isolating the model by closing all valves and observing the pressure
changes through the pressure transducer. Minor fluctuations were always observed due to tem-
perature changes, but no significant decline in pressure over several days indicated good seal-

Ing.

After assuring a good seal, tre pressure was released slowly. Before dismantling the top
sealing arrangement, the bulk volume of the model under pressurized condition was determined
for later use in calculation of the porosity and the pore volume. This was done by pouring a
known volume of water in the water sfug container (L) [Fig. 3.1] and injecting it in the model
at various pressures, and noting the bulk volume by material balance. The systematic pro-
cedure to carry out this step is described in Section 3.29. The model was now ready for pack-

ing.
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3.2.4, Packing the Coreholder

The first step was to decide the size of the sand to be used, which affected the permeabil-
ity of the sandpack after assembly. The size was estimated by using the Kozeny-Carman equa-
tion.

The sand used in this core holder was mixture of different sizes. It was sieved within a
close limit of specified Sizes and then mixed in the desired proportion. About 4000 ce of sand
was found enough for this coreholder.

The sand was thoroughly cleaned with petroleum ether, dried in open air at atmospheric
conditions and washed with tap water. It was then dried in an oven at moderate temperatures
(around 100°C) to avoid firing. It was finally cooled down to room temperature and the density
and the oAl weight of the available sand were determined. The sand filling apparatus was
simply a large glass funnel mounted on a tall stand, with its lower end.coanected to a Tygon
tubing with a clamp to control the flow. When the clamp was opened, .the sand would flow
like a liquid. After filling the sand to the top edge, the sealing plate (16) was placed, and the
top driving plate was fastened by screwing the bolts (19). Then tre driving bolts (20) were
inserted and tightened to 50 in.-1b torque. This step sealed the model temporarily.

335. Prestressing the Coreholder

To prestress the coreholder with sand, the model was pressurized © 50 psig by injecting
nitrogen. Three vibrators were attached at even spacing on the top of the model with bolts.
The model was vibrated until sand stopped settling. When no more settling was observed, the
pressure was bled off, and the top sealing arrangement was opened by removing the top driv-
ing (18) and top sealing (16) plates. More sand was added and the procedurs was repeated
until there was virtually no more settling.

The next step was to presestle the sand by water flowing at 50 psig injection pressure.
The vibrators were removed and the model was exposed to constant water flow for a few days.
The procedure of opening the top seal, adding more sand and remounting the sealing system
was repeated. One precaution taken was to inject gas in the model at a slow rate, since gas
entering the model under high pressure tended to move same of the sand toward the producing
well. However, when the model was near tte final packing stage, gas was injected at high
velocity so that any sand migration could take place before the model was permanently sealed.
After a sequence of pressurizing, vibrating and adding sand at both gas and water flowing con-
ditions, the sandpack became quite rigid.

After performing the above steps the model had become prestressed, and for our working
pressures of up to 25 psig, the model did not show any significant expansion. The sand in the
model was now compact enough to t&ke care of any compression due  tightening the bolts,
s0 the tEOrary inserts were removed,

Some loose sand was occasionally found on the top of the sandpack during the packing
process; this was removed without disturbing the compact sand. An easy way to do it was by
using a small vacuum pickup probe. The top of tte sandpack wes not tampered Wil in any
way, nor was sand added & this stage because doing so could have altered the permeability at
the top and caused channeling.




32.6. Permanently Sealing the Coreholder

The model was thoroughly tested for acceptable performance before permanently sealing.
A good seal was crucial, since even a hairline crack caused erroneous results. This was
difficult to achieve. The common reasons for the development of these channels were sand
settling, the discontinuity between sand grains and the smooth sealing materials, and contrac-
tion of the sealing materials after curing.

Good sealing was obtained by using the following procedure established by trial and error
over a period of time. To eliminate the upper sand surface discontinuity, the top half inch of
sand was soaked with liquid rubber (Devcon). After curing for several days, this rubber
cemented the top of the sandpack and completely blocked the pores providing a buffer zone
(11). This buffer zone alone was not strong enough to take high pressures, so it was supported
mechanically. This support was provided by pouring room temperature vulcanizing rubber
(RTV) on top of the buffer zone to form about a quarter inch thick layer (12), and let it cure
for several days.

For providing additional strength, a 3/8th in. diameter Tygon tube (13) was placed on top
of the RTV. This tube was exactly as long as the top of the sandpack and its ends had been
closed by RTV. The driving bar (14) was inserted and set at even spacing from the sides, so
tret it could evenly support the sandpack. Now the holes were punched in the rubber gasket
(15) of the sealing plate (16), and the bolts (17) were screwed in on the plate. The sealing
plate was placed on tte top and it was made sure that the ends of the bolts touched the center
axis of the driving bar. The top driving plate (18) was then placed and the bolts (19) tightened
to 150 in.-Ib torque. The driving bolts (20)were inserted and tightened to 50 in.-lb. The. final
step was to drive the sealing olts (17) slightly, starting from the center bolts and moving
towards the end bolts of each side. Hand tightening was found to be enough. Tightening too
much helped initially in getting a good seal but left little provision for future tightening that
was sometimes needed to combat leakage if it began later in the rus.

RTV can act as an antifoaming agent, and also dissolves slightly in some solvents. Thus
it is a potential source of trouble if it came in contact with the sandpack. The presence of the
buffer zone (11) generally provided adequate isolation, but before starting each run the seal had
to be inspected for leaks and for the integrity of the buffer zone. If a problem was detected in
early stages, it was corrected simply by driving tte driving bar (14) further, or by opening the
top and reworking the buffer zone. This was much easier then repacking the nodel .

32,7, Pretreating the Coreholder

The virgin sandpack, immediately after packing and before the injection of any surfactant,
showed different characteristics than in later runs, perhaps because the surfactant permanently
altered the surface properties of tre pores. The model was, therefore, pretreated before any run
was made. This premrsatment consisted of injecting surfactant solution (1% active Suntech 4)
into tte model and giving enough residence time for all the possible changes b take place.
Then a large quantity of surfactant solution was injected over a period of time to further com-
plete the treatment process.

To account for the possible changes caused by the cleaning materials, a cleaning run wes
ma& under normal operating conditions. The model was saturated with al at irreducible
water saturation, and then this oil was displaced by injection of gas and surfactant solution.
After that the standard cleaning procedure was followed to clean the model. The results of this
cleaning run were discarded, because they were not found to be the same as later ars.



3.2.8. Disassembling the Model

Before undertaking a disassembling job, it was made sure that disassembly was war-
ranted. Sometimes minor adjustments were able to correct #e problem. For example, if the
sandpack was degraded, it was easier to remove all sand and repack it without the need ©
completely dismantle. The sand was removed by vacuuming it through a water trap in which
the sand settled due to gravity and was retrieved. Before vacuuming the sand, however, the
taporary inserts used during assembly operation had to be inserted to avoid glass breakage.

If disassembly could not be avoided, it was carried out carefully so as not to lose the
presieved sand. To save the sand, the sandpack had © be thoroughly cleaned and dried before
dismantling the model. Absolutely clean and dried sand was required for a compact pack, and
for a problem-free packing process.

To prevent the glass from breaking, the stresses on the glass were relieved before dis-
mantling. This was done by pressurizing the model to 30 psig and vibrating with commercial
vibrators in exactly the same way as was done for assembly. The bolts were also loosened in
small increments following the same sequence as described for assembly.

329, Determination of Sandpack Parameters

The porosity and permeability of the sandpack were two important parameters needed for
material balance calculations and for the indication of the integrity of the sandpack. An
increase in porosity generally meant a sand production problem indicating a broken Screen or a
leak from the model. A decrease in permeability signalled the presence of foreign particles
blocking the pore spaces, and an increase meant channels were formed in tte sandpack. A
large increase in permeability was caused by improper sealing and the presence of a crack
The porosity and permeability readings wen, therefore, taken frequently, normally before every
nn.

The bulk volume of the model under pressurized condition could be determined only
before the model was packed. This wes done by pouring a known volume of water in the
aqueous slug container (L) and injecting it in the model at various pressures. The model was
then sealed off by closing the injection well valves (16through 20 in Fig. 3.1) and the produc-
ing well valves (21 through Z). The water remaining in the aqueous slug container was
recovered by opening the injection well valve (20) towards the drain. This recovered volume
wes metered, and the bulk volume calculated by material balance taking into account the
known &ad volume. The pore volume was directly measured using the same procedure used
for measuring bulk volume, and it was also calculated using the standard values of quartz
matrix density, and by measuring the weight of sand put in the model. The porosity calculated
by both methods was in reasonable agreement (£1.5%). The absolute permeability was meas-
ured by flowing water under steady state conditions using Darcy’s law. The absolute permea-
bility was also obtained by flowing gas. Several readings at various flow rates were performed
to ensure that non-Darcy effects were not present. After the permeability calculated by both
methods was found close (+ 05 Darcies); an average value was used for quantitative interpre-
tatos.
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33. EXPERIMENTAL PROCEDURE

The procedure used for cleaning, saturating and running the model is described here in
some detail. The operating procedure for e flow lines and auxiliary equipment is described
in Appendix C.

33.1. Cleaning the Model

For cleaning the sandpack, alternate slugs of CO,, water, mineral spirits (petroleurn distil-
late) and tertiary butyl alcohol (TBA) were injected. The TBA was found better tren any other
chemical tried, because of its three phase miscibility with water, mineral spirits and oils. The
slight solubility of CO, in water was also quite helpful in reducing the gas saturation to zero.

The model was cleaned every time before making a run, by injecting the cleaning fluids
at 20 psig inlet pressure. The slug volumes and sequence of each slug is described below:

(@) CO, injection 1 hour

(b)

Distilled Water

5 pore volumes

(c) Mineral Spirits 2 pore volumes
(d) Distilled Water 2 pore volumes
(e) Mineralspirits 1 pore volume
(f) Distilled Water 1 pore volume
(0) Mineral Spirits 1 pore volume
(h) Distilled Water 2 pore volumes
(i) TBA 4 pore volumes

3 pore volumes

() Distilled Water

The dead volume fluids were drained every time a different slug was injected 0 assure no con-
tamination occurred.

333. Saturatingthe Model

After cleaning, the model was saturated completely with dyed distilled water (Schilling,
containing food color and propylene glycol) by injecting about four pore volumes. If it was an
oil run, a white mineral al was injected at 20 psig to displace the water from the model. Oil
injection was stopped when no traces of water were found in the oil being produced. The total
volume of oil injection required 1 displace movable water varied fran one oil to another.
Typically, for an al of 180 ¢p viscosity, around five pore volumes of oil injection were
sufficient.

It is appropriate to emphasize here the importance of having the model fully saturated
With liquids only. Any gas remaining at the end of the saturation process provides easy chan-
nels for fluids injected during a run and affects the performance. If there was any indication of
the presence of gas at any time during the liquid saturation process, the cleaning procedurs was
aborted and restarted again from Step (a) above.
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33.3. Making a Run

After the model had been adequately cleaned and saturated with oil and irreducible water,
final arrangements were made before starting a mn. These arrangements included calibrating
tte dartrecorder and pressure transducer, setting up the gas regulator to the desired pressure,
starting e fraction collector and setting up the camera. '?he runs were started by opening the
valves as described in Appendix C (Section C.3).

During the runs, photographs were taken frequently, more often at early times, very often
just after breakthrough and then at ever increasing intervals of time later in the runs.

The time interval setting on the fraction collector needed adjustment from time to time, so
as to maximize the volume collected in each collecting tube. The fewer the number of tubes
used for collecting produced fluids, the less was the metering error,  The number of tubes were
minimized by adjusting the interval time according to the expected liquid production rates.
Any change in the time interval had to be recorded for follow up calculations.

PB.4. Measuring Results

During the saturation process, material balance calculations were performed on volumes
of oil injected and produced to determine the volume of oil remaining in the model. Knowing
the pore volume (1257 ¢< at 5 psig), the oil and water saturations were calculated.

After completing a run, collecting tubes were removed from the fraction collector and
stored in a closed container, which was saturated with the vapors of the same oil, to avoid eva-
poration losses. Qe the emulsions had been broken, the tubes were removed and the
volumes of both water and oil in each tube were read volumetrically and recorded on the chart
at corresponding time intervals.

These readings were summed to give cumulative production. The photographs were used
to measure the swept area, which was in turn used to calculate the saturation ®¢hind the front
and the sweep efficiency. These photographs were also used for qualitative understanding of
the frontal behavior. The volume of gas injected during each time interval was obtained by
graphical integration of the flow rate curve on the chart, since this method was found 1 give
the best results. However, the values were checked with the readings of the cumulative gas
mass counter after due correction for operating pressures.
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4. QUALITATIVE ANALYSIS OF FOAM DISPLACEMENT

The literature review on physical properties of foam pertaining to flow through porous
media indicated that the conclusions drawn are not always in agreement with each other. An
attempt is made in this section 1 review the state of knowledge and present some possible
explanations and suggestions. A number of these ideas are based on visual observations of the
many experiments perfomed for this study, and appear 1 be solidly based. But a few ideas
are also based on inference from previous studies and need further testing.

4.1. DEFINITION OF FOAM

The studies in past have used many different terminologies for the classification of foam.
The lack of standard definitions for various types of foam has resulted in some confusion when
comparing te results of these studies with each other.

Foam is defined commonly as a uniform dispersion of gas in a liquid such that most of
the phase volume is gas. Two types of foam have been frequently mentioned, wet foam and
dry foam; distinguishing them on the basis of volume ratios of gas and surfactant solution.

The author feels that this classification is inadequate, since the physical appearance of
foam is more important in detsrmining its properties then the volume ratio of ges and surfac-
tant solution.

For example, foam in which gas is dispersed in the form of spherical bubbles, which are
free to move around relative to each other, will be characterized by low apparent viscosity and
low static stability. On the other hand, foam in which gas is dispersed between liquid films
(lamellae) having fixed geometrical structure, will have just the opposite behavior. There
seems to be an approximate relationship between the physical appearance of foam and the gas
to surfactant volume ratio. But strictly speaking, the structure of foam at any given instant is a
function of the molecular structure of its constituents, and the amount of free energy contained
in the system. The following classification (Sections 4.1.1 © 4.1.3) is based on physical
appearance rather tren merely on volume ratics of gas and surfactant. A summary of this
classification is also given in Table 4.1.

4.1.1. Emulsion Foam

This type of foam is characterized by discrete spherical bubbles. Since these bubbles are
separate entities, there is no continuous interface and little mass transfer takes place between
the bubbles. These bubbles are free © move around randomly with little interaction, and there-
fore, they do not have any fixed relative position. This type of foam is expected at lower qual-
ity. A typical emulsion foam is shown in Fig. 4.1(a).

4.1,2, Transitional Foam

A distinct feature of transitional foam is the close proximity between bubbles. This type
of foam has properties in between emulsion foam and HIPR foam (described in zext section).
The bubbles are discrete as in emulsion foam, but are deformed elliptically. Since bubbles
have separate entities, the interface between them has a variable thickness. The smaller




TABLE 4.1

Proposed Classification of Foam

Class of Foam Characteristics

Emulsion  Foam (1) spherical bubbles having separate entities,
(2) minor interaction or mass transfer across bubbles,
(3) no fixed reladve position and free to move randomly,
(4) discontinous interfaces,
(5) lower quality, T

Transitional Foam (1) bubbles having separate entities but are
deformed due to compression,
(2) some interaction or mass transfer across bubbles,
(3) no fixed position but offer resistance in movement,
(4) discontinuous interfaces,
(5) intermediate quality, T

HIPR  Foam (1) fixed geometrical structure of lamellae.
(2) mass transfer occurs across bubbles,
(3) fixed relative position and not free to move randomly,
(4) continous, nearly linear, interfaces,
(5) higher quality, T".
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The Classification of Foam on the Besis of Physical Appearance:

@ Emulsion Foam, (b) Transitional foam, (c) HIPR foam.

Figure 4.1
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bubbles are at higher pressure then the larger bubbles and thus gas diffusion takes place
between adjacent bubbles, causing the smaller bubbles to disappear gradually and the larger
bubbles to grow further. These bubbles do not have any fixed relative position and can move
around under shearing force strong enough to overcome resistance. An example of transitional
foam is shown in Fig. 4.1(b) and it is generally observed at intermediate values of foam qual-

ity.
4.13. HIPR Foam

The term HIPR (high-internal-phase-ratio) is commonly used to describe liquid-liquid
emulsions in which the volume of discontinuous phase is much higher than the continuous
phase. The tam HIPR foam is introduced here due to its many similarities with HIPR emul-
sions. HIPR foam is distinguished by a continuous web-like structure of lamellae. Each filn
has a fixed relative position, and is not free to move randomly. Gas diffusion across the films
is significant. NO convective mass transfer can take place without deforming and breaking the
foam structure. This type of foam is encountered at high quality after severe agitation and is
shown in Fig. 4.1(c).

4.2. EFFECT OF OPERATING CONDITIONS ON FOAM FLOW

Foam is thermodynamically unstable due to the surface free energy. Its physical proper-
ties change continuously. When foam flow is taking place under constant operating conditions,
a state of dynamic equilibrium can be reached. Thus a variety of flow mechanisms and rheo-
logical mocels are expected from one set of conditions to the other. The past attempts © pro-
pose a unique foam flow mechanism and rheological behavior has resulted in controversies.
Almost all of the reported mechanisms are possible under differing circumstances. Logical
explanations for much of this behavior are given in the following two sections.

4.2.1. Effect of Operating Conditions on Foam Flow Mechanism

A number of mechanisms have been proposed for foam propagation through porous
media, most of which have been observed microscopically through transparent tubes and cells.
Foam generation and rupture are influenced by the geometry of the generator, the composition
of gas and liquid, and tre interaction of these fluids with the medium in which it is flowing. A
unique mechanism can not describe flow for the diverse systems encountered in laboratory
experiments. For a given flow condition, some of these mechanisms may be correct, while
others may be invalid. However, it is possible that several different mecheniams may simul-
taneously be active at the same time, These mechanisms were described briefly in Section 2.2.
The conditions & which each of these mechanisms are expected is described in the following
paragraphs and these conditions are also summarized in Table 4.2.

In the bubble flav medhenism, the bubbles are discrete, stable and small compared to the
pore openings so that they can pass through the pores without deformation or rupture. These
conditions can generally be met when a uniformly dispersed foam composed of small bubbles
is externally generated with a concentrated surfactant solution, and the foam is injected through
a uniform conduit such as a capillary tube or cells loosely packed with uniform beads or sands,
or made up of uniform etches. These conditions are generally not met in real or simulated
cores and tight sandpacks.
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TABLE 4.2

Required Conditions For Different Flow Mechanisms

-Mechanism

Conditions

Applicability

Bubble Flow

(1) emulsion foam,

(2) high stability,

(3) bubble diameter smaller
tren conduit or pores.

cap. tubes, loosely-packed
or etched uniform cells.

Intermittant Flow

(1) transitional foam,
(2) high stability,
(3) high foamability.

tight cells, heterogeneous
calls, cons. and uncons.
porous media.

Segregated Flow

(1) low stability,
(2) low foamability.

tight cores or packs with
oil or brines.

Trapped-gas Flow

(1) HIFR foam,
(2) high stability,
(3) high foamability.

heterogen. tight glass cells
cons. and unconsolidated
porous media.

Plug, Membrane or
Tubular-Channel Flow

(1) high stability,
(2) low foamability,
(3) high rates.

cap. tubes, vertical columns,
uniformly etched cells,
specific-geometry cells ©
generate in situ lamellae.
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In Intermittant Flow, the bubbles or films are ruptured while passing through pore throats
but new bubbles or films an constantly regenerated. Thus this mechanism requires that the
system should have low stability and high foamability. The heterogeneities in pore open-
ings play an important role in both breaking and resforming foam, since some geometric
configurations cause the foam to rupturs and others cause regeneration. Higher surfactant con-
centrations (above CMC) and little or no oil or electrolyte in the system improve foamability.
These conditions are generally found with transitional foam and in heterogeneous cores or
sandpacks, but are not common in simple and highly regular systems such as capillary tubes. A
transitional foam is also likely © cause this flow due to its low stability and nonuniform bub-
bles which are ruptured during flow.

Sometimes the system might have both low stability and low foamability so that foam
breaks down when entering the pores and there is little foam regeneration. Under these condi-
s, Segregated Flow is expected such that each phase is flowing in different channels. Low
stability is generally associated with low surfactant concentration and can also occur in the
presence of oil, brine or other foamicidal agents. Low foamability is caused by tight pore
openings, improper type of surfactant, and/or surfactant concentration well below the CMC.

If HIPR foam is internally generated and the stability of foam is high, the trapped-gas
flow mechanism is expected. These conditions are found when the surfactant has high foama-
bility, the surfactant concentration is high, the foam quality is high and oil, brine or other
foamicidal agents are absent. In addition, the porous medium has high permeability or hetero-
geneity to aid in foam generation These conditions are zot met in highly regular and
simplified systems such as capillary tubes and cells.

The Plug Flow, Membrane Flow and the Tubular-Channel Flow mechanisms are all
found under high foam stability and low foamability conditions in highly Uniform models such
as capillary tubes and etched cells. Membrane Flow could be expected at low rates, Plug Flow
at moderate rates, and Tubular-Channel flow at very high rates. Due to low foamability, only
a few discrete films are generated, whereas due to high stability, these films are able © pro-
pagate without collapsing. Even though the conditions of low foamability and high stability
could be found in real or simulated cores, the highly irregular geometry of tre pores will not
allow the lamellae to propagate for a long distance without rupturing.

4.2.2. Effect of Operating Conditions on the Rheology of Foam

Many types of rheological behavior have been observed in experimental studies. A sur-
vey of rheological behavior reported in the literature was presented in Section 2.1 (Table 2.1).
The most likely reason for the disagreement among different investigators is the different
operating conditions at which they performed these runs, such as the method of foam genera-
tion, the type of porous medium, the surfactant propemes and concentration, and the range of
shﬁar rates involved. The results of one study can not always be directly compared with the
others.

Many of these disagreements come from assuming the flow of foam to be homogeneous
and steady state. Both of these conditions are hard to reach, since at early time foam may
break down when entering a porous medium, and the in-situ foam generation is only gradual.
Most of the foam studies have analyzed the results assuming a linear and stable flow, whereas
in reality, the low capillary forces due to the presence of surfactant tend to make flow unstable
and segregated. The flow is further complicated if foam blocking takes place changing tte per-
meability. Furthermore, foam rheology is strongly dependent on flowing time and flow history.
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The blockage and hysterisis effects have been generally ignored in most foam studies. The
reported flow behaviors have been analyzed in the following paragraph to sa¢ under what cir-
cumstances they could be expected.

Pseudoplastic behavior, in which the apparent viscosity decreases with an increase in
shear rate, is typically observed in polymers or suspensions where molecules or particles have
a tendency to form aggregates which can dbreak down or reform due to a change in shear rate.
A mansidonal foam flowing by a bubble flow mechanism closely approximates these conditions
and could show pseudoplastic behavior. The conditions uader which a bubble flow medhenian
Is expected have been described in Section 4.2.1.

Plug flow or bubble flow with slippage is likely to exhibit pseudoplastic behavior with
gel strength, i.e. the deformation or flow takes place only after the shear stress exceeds a &ti-
cal value. Only a few studies have reported this behavior even though the foam flow mechan-
isms for which it is expected are quite commonly observed in experimental studies. This is
perhaps because foam sometimes has low yield values which are hard to notice. David and
Marsden (1969) observed pseudoplastic behavior with low gel strength. Their description
describes exactly a yield pseudoplastic foam of low gel suength.

The physical characteristics of a Bingham fluid, which show Newtonian behavior but
have gel strength, are seldom described in the literature, perhaps because there are very few
fluids that are tuly Bingham plastic. Plug flow or bubble flow with slippage are likely ©
approximate Bingham fluid behavior, because in each of these mechanisms, major shearing
takes place at the contact boundary of the solid and liquid surface. Bingham fluid behavior is
not expected because the generation of uniformly sized bubbles in-situ is unlikely. These con-
ditions, however, are found in laboratory experiments. Nevertheless, foam flow has been fit to
the Bingham fluid model by more than one study. But both pseudoplastic and yield pseudo-
plastic fluids resemble Bingham fluids over low ranges of shear rates, thus there Is also a pos-
sibility of misinterpretation.

Many of the simple fluids found in nature are Newtonian due © their homogeneity and
small molecular structure, whereas emulsions, on the other hand, do not have these properties
and thus are generally non-Newtonian. Foam is not expected to show Newtonian behavior
since it acts like a special class of emulsions due 1 its inhomogeneity. It could, however,
closely approximate Newtonian behavior & very low or very high shear rates, or when the
quality is very low.

The time dependency is a characteristic of those dispersions or colloidal suspensions in
which the size and orientation of particles is important, but the ability to rearrange the orienta-
tion is rather slow. The dependence of foam rheology on time and shear history has not been
emphasized in the literature, even though foam belongs to this type of dispersion. A few stu-
dies have reported thixotropy, i.e., a decrease in apparent viscosity with time at a given shear
rate. This type of behavior can be typically expected in HIPR foams, since their foaminess is
gradually decreased with time, due to film-thinning caused by gravity drainage of surfactant
lutin. A complex rheology was observed by Mannheimer (1972) during the flow of HIPR
oil-in-water emulsions through capillary tubes, which was found to be function of both tave
and shear history.

The gel strength of a HIPR foam IS also a function of shear rate and history, especially
the last rate before the flow ceases. This yield value has been seen to increase with an
increase of shear rate, but to decrease with time, a phenomenon called reversible work-
hardening. The relaxation time observed in some runs on the two-dimensional sandpack was
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about a week in this study, whereas others have reported this time to be as long as two
months.

The characteristics of porous media also affect foam rheology. One such effect is the
ability of some pores to be plugged by foam. Several investigators have reported this block-
age, which is sometimes selective, but few have attempted to explain it. Blockage has been
artributed to: (1) a reduction in gas permeability due to gas entrapment (Bernard and Holm,
1964); (2) the Jamin effect resulting from a unique change in phase distribution in the pores
(MVest,1972); (3) a sharp increase in apparent viscosity caused by an in-situ increase in foam
quality due to gas accumulation (Minnssieux, 1974); (4) the bubbles subdividing into smaller
bubbles while passing through the pore constrictons and then blocking them (Fried, 1961); and
(5) the resistance exerted by the eleczrokinetic potential (Fried, 1961; Albrecht and Marsden,
1970).

Whereas the above studies have attempted to explain blockage, none has explained the
reason for the selective nature of this blockage. TO understand this important foam
phenomenon, the controversy should be resolved whether blockage is caused by the static or
the dynamic surfaces. The indication is strong that the dramatic reductions in mobility fre-
quently found during foam flow are perhaps due to the formation of stade fuls or bubbles.
Otherwise, complete blocking for extended periods of time is difficult to explain on the basis
of a dynamic process. Further research is needed to explain blocking behavior.

43. FRONTAL BEHAVIOR AND RECOVERY

The studies on the frattal behavior in presence of foam are still in a speculative stage. A
difficulty in describing the frantal behavior is the complexity of propagation mechanisms
involved in foam flow through porous media.

Frontal advance theories such as the Buckley-Leverstt or Dietz models assume the injec-
tion of a single phase, homogeneous, and nonreactive fluid, whereas the simultaneous injection
of gas and surfactant does not meet this criterion. In early stages of displacements through the
two-dimensional sandpack used in this study, the gas and surfactant solution were seen to dis-
sociate and segregate, flowing separately. TKiS collapse of foam was attributed to the losses by
adsorption, partitioning, degradation and other thermodynamic instabilities. The in-situ genera-
tion of foam did not seem to initiate until a certain mass of surfactant had been flushed through
to counter these foamicidal effects (see Section 5.1 for further description).

In the absence of well established theories applicable to foam flow, the frattal advance
behavior was described with the help of simplified models. The models proposed here were
inferred from direct observation through the two-dimensional visual sandpack.

43.1. Linear Flow

When gas and surfactant solution mixture or preformed foam is injected in a porous
medium, the foam tends to break down and the injected fluid enters the formation as a two-
phase mixture. The surfactant solution loses most of the surfactant mass 1 the surroundings.
It docs not advance as fast as the gas due to the lower injection rate and lower mobility, thus
tre liquid front lags behind the ges front. Gas is able t, however, propagate through the
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liquid bank. After the mass of surfactant flushed through &e injection end is enough © over-
come the losses, foam generation starts at this end, and the foam then forms a third front. The
idealized diagram for this linear flow model behavior is shown in Fig. 4.2.

Figure 4.2 Idealized Frontal Behavior of Linear Gl Displacement by Gas/Surfactant
Solution under Partially Foaming Conditions.

The recovery could be approximated by the superposition of these individual drives. The
recovery due to gas drive can be approximated by the Buckley-Leverat advance mechanism.
The recovery due to liquid drive can be obtained by assuming a piston-like displacement with
only residual oil left behind the liquid front. The recovery due © foam could be neglected
since foam is advancing through tte zone where movable oil has already been displaced by the
liquid drive.

It is also possible to speculate with the help of this simplified model, on the cir-
cumstances under which a foam drive will improve recovery. If foam is generated or able 0
persist, there would be no free gas or free liquid, and thus the gas-swept and the liquid-swept
zones would not develop. In this case, foam would displace oil in a piston-like manner with
only residual oil left in the swept zone. The recovery, given by the material balance, would be
higher than either a gas flood or water flaod because of the displacement of all the movable oil
through the swept zone, as opposed to the Buckley-Leverett gradual saturation change. Also
the front will be more stable because of an increase in apparent viscosity of foam, and thus the
recovery would be higher then for an unstable surfactant flood.

On the other extreme, it can be assumed that foam vall not generate or persist in the
porous medium during the useful productive life of the flood, in which case only gas-swept
and liquid-swept zones would advance. The recovery would be higher then the gas drive by
an amount equal t te liquid drive through a gas-swept zone.

If foam flow starts somewhere during the useful productive life, which is generally the
case, the performance will be between the two conditions described above.
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43.2. Two-Dimensional Flow

Unlike linear oil displacement by foam, a two-dimensional displacement involves two
nonlinear fronts of the gas and surfactant solution. The profiles of these fronts are sensitive to
the operating conditions, especially to the rates and the ratics of fluids injected. A broad range
of flow behavior has been observed through the visual two-dimensional sandpack. These vari-
3'5'@ flow behaviors are shown in Figs. 4.3 through 4.13, and are explained in this and next sec-

In most cases the behavior was found to closely approximate a combination flood in
which the top zone is under gas injection and the bottom zone is under surfactant solution
drive (Fig. 4.3). In each of the two zones, fluid advance is by gravity tongues which grow in
size and eventually interfere with each other. The behavior becomes complex after their
interference, since by that time foam has propagated through the entire gas zone up to the pro-
ducing end. The practical ultimate recovery is obtained by this time so the flow behavior at
this stage is not important to the recovery.

Foam does not propagate with gas at early times due to losses. A surfactant solution
bank is formed which meets two important criterion of the Dietz Model; i.e., gravity tonguing
and a sharp saturation gradient across the front. Foam generation is started after the losses are
overcome, and thereafter, foam advances in the form of a third frait. This front has a piston-
like shape and it advances more slowly then either gas or surfactant fronts; and only through
the gas-swept zone. This idealized behavior is shown in Fig. 4.3. The total pressure drop
across the gas-swept zone is due © the composite effect of the pressure drops in the two
zones; i.e., the Toam zone near the injection well and the gas-only zone near the producing
well. The idealized pressure profiles are shown in Fig. 4.4.

The foam advances through the zone already swept by large volumes of gas throughout,
where oil saturation has become low and the amount of oil left to be displaced by foam is
insignificant. Nevertheless, the contribution of the foam to overall recovery is significant, since
it creates vertical pressure gradients and thereby results in cross-flow. Thus te gas sweeps
downward and the surfactant solution sweeps upward improving the sweep efficiency.

The combination flood described above wes not the only behavior observed in this study,
but it was obtained for many experimental conditions. A series of laboratory tests were per-
formed to identify the important factors affecting the frattal behavior, and the following were
found to be the most important ones:

(@) Mode of injection

(b) Mobility ratios

(c) Location of injection and production intervals

(d) Surfactant concentration

(e) The injection rate

(H The gas/surfactant solution volume ratio

Runs were performed to understand tre effect of each of these factors and the results are
presented in Section 6 where simplified conceptual mocels and tte experimental observations

an aopared. The effects of these parameters are discussed qualitatively in the following
paragraphs and in Section 4.4.

For gas/surfactant injection, the mobility ratio between in-situ oil and surfactant solution
being injected is more important than between injected gas and in-situ oil. This is because the
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mobility ratios between gas and al arc always high, and within practical limits of mobility
ratios, no appreciable change in gas behavior is expected. However, the mobility ratio between
surfactant solution and oil can be favorable, in which case the surfactant bank will advance in
a piston-like manner, as shown in Fig. 45.

The injection rate of surfactant solution also affects the frontal behavior. At higher rates,
the flow could be viscousdominated in which surfactant solution advances in the form of
viscous fingers [S=Fig. 4.6(a)). At low rates, gravity-dominated behavior could be expected
where gas and surfactant solution are fully segregated and are flowing in separate tongues [see
Fig. 4.6(b)]. The tongues ar= initially thin but their thickness increases with the total
throughput. Foam generation is considerably delayed since the volume of surfactant that
comes in direct contact with the gas is small due to the gravity segregation.

The location of the injection and production ports had little effect on the performance of
a preformed foam injection or an alternate slug injection, but had a pronounced effect on
simultaneous injection. The effect of port locations during the simultaneous injection of gas
and surfactant solution is shown in Fig. 4.7. The two-dimensional sandpack had five injection
and five producing intervals. The location effect was more pronounced on the behavior of the
surfactant front then it was on the gas fratt. Gas overrode quickly in all runs.

Injection from the bottom interval increased gravity segregation of tre surfactant tongue
because the bottom injection location increased surfactant underride I’%;Fig. 4,7(a)]. Injection
from the top reducedJ surfactant tonguing because some of the surfactant also entered the
gas-swept zone (Fig. 4.7(b)], therefore the losses were overcome earlier and foam generation
was quicker. The gas broke through somewhat sooner in this case, since the top injection loca-
tion also furthered gas segregation, but this effect on the recovery or pressure behavior was
small as compared to the improvementin surfactant profile.

Production from the bottom location increased gravity tonguing of the surfactant bank
and reduced gas tonguing, whereas production from the top location had just the opposite
effect. Production from all ports increased gravity tonguing for both the gas and surfactant
solution fingers. When both the injection and production were from the entire formadon, the
behavior [Fig. 4.7(c)] was somewhere in between the behavior shown in Figs. 4.7(a) and (b).

The concentration of surfactant in the solution is also important, since it affects the onset
of foam generation, the rate of foam front advance and the stability of the surfactant front,
The behavior of a low concetrationrun (below critical micellar concentration) is shown
in Fig. 4.8(a). The surfactant-oil interface was not very sharp due to the pronounced imbibi-
tion effects, and the vertical profile of the surfactant front was also improved. Due to the
losses of surfactaut, the generation of foam was delayed, and the presence of foam was noticed
only late in the life of the flood. In some low concentration runs foam was not generated at all
during the flood. However, once foam generation started, the physical properties of foam (i.e.,
stability, mobility etc.) were seen to be quite independent of concentration.

The frantal behavior of a higher concentration surfactant solution run is shown in Fig.
4.8(b). The losses were overcome earlier because of higher concentration of surfactant in the
solution and the foam bank could be seen early in the floed. Surfactant undemding was severe
due to the reduction of capillary forces, but the gas overriding was insensitive to the concentra-
tion until foam generation began, after which the foam front advanced faster for a higher con-
centration surfactant solution displacement which resulted in a rapid increase in gas tongue
thickness.
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Figure 45  An Idealized Diagram for a Run with Favorable Mobility Ratio Between
Surfactant Solution and Oil.
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Figure 46  Effect of Injection Rate on Frontal Behavior of Surfactant Solution:
(@) Viscous-Dominated Flow, (b) Gravity-Dominated Flow.
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Figure 4.7  Effect of Location of Injection and Production Interval for the Simultaneous
Injection of Ges and Surfactant Solution:
() Both Injection and Production from Bottom,
() Injection from Top and Production from Bottom,
() Injection and Production for Entire Formation.
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Figure 4.8  Effect of Surfactant Concentration on Frontal Behavior of Gas and
Surfactant Solution: (a) Low Concentration, (b) High Concentration.
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Another parameter which had a substantial effect on frowal behavior was the
gas/surfactant volume ratio. If the gas/surfactant solution volume ratio was high, the gas-
surfactant mixture entering the formation collapsed as it contacted the newly invaded formation
due to the foamicidal effects of reservoir rock and fluids. This collapsed surfactant drained
down and formed a gravity finger as shown in Fig. 4.9¢a), This finger grew in size and even-
tually acquired the shape of a typical gravity tongue undemding the ail. FOr aa injection in
which the gas/surfactant solution volume ratio was low, the excess surfactant segregated within
the wellbore, and invaded the formation from the bottom in the form of a thin channel.
Meanwhile, the surfactant entering the formation with gas moved in exactly the same manner
as in the high gas-surfactant ratio runs shown in Fig. 4.9(b).

44. SLUG DESIGN

The proper method of placing surfactant in a porous medium to optimize dl recovery is
still more of an art than a science. NO theories at this time exist that can-be used to get unique
answers. The key factor in designing a slug is to reduce the time required for foam to be
formed in-situ. The following are the important design parameters:

(1) The mode of injection.

(2) The type of surfactant-

(3) The concentration of surfactant-
(4) The volume of surfactant solution.
(5) The injection location.

(6) The injection rate.

The likely effects of each of these factors arc described in the following paragraphs.

44.1. Mode of Injection
There arc three common methods of injecting surfactant to generate foam in-situ:

(1) Alternate slug injection,
(2) Preformed foam injection, and
(3) Simultaneous injection of gas and surfactant solution.

Generally speaking, the performance of simultaneous injection was superior in the experi-
ments performed in this study, 1 either slug injection or preformed foam injection. It had the
lowest tendency for gravity segregation and there was a better control on the volume and con-
centration of the surfactant solution entering the sandpack with gas. This observation is limited
to this particular experimental apparatus, since there are certain instances where other methods
may prove to be more promising. Each of these methods are discussed below:

Alternate Slug Injection: The gas and surfactant slugs were injected alternately in this
method. When a single large surfactant slug was injected first, it underrode, and broke through
before the start of gas injection. When gas was injected subsequently, it overrode and flowed
through the top channel, having very little contact with the surfactant solution. The sandpack
behaved as if the lower part was under a surfactant solution flood, and the upper part wes
under gas injection (Fig. 4.10).
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Figure 49  Effect of Gas/Surfactant Solution VVolume Ratio on Fratal Behavior:
() High Gas o Surfactant Solution Volumetric Ratio,
() Low Gas 1 Surfactant Solution Volumetric Ratio.
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Figure 4.10 Idcalizcd Front Profiles for Alternate Slug Injection: Large Shugs.
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Figure 4.11 Idealized Front Profiles for Alternate Slug Injection: Small Slugs.
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When a large number of small slugs were injected alternately, the gas injection started
before the preceding surfactant slug broke through. Subsequent surfactant solution slugs also
invaded the gas-swept top area (Fig. 4.11). Gravity segregation of surfactant solution seemed
10 be influenced by the size of surfactant slugs, such that smaller slugs showed less undemde.
Therefore, it seemed beneficial to maintain the sizes of the slugs as small as practical limita-
tions permited.

Due 10 a greater delay in foam generation because of severe gravity segregation between
ges and surfactant solution, the slug-type injection method was found not 1 be promising. A
swfactant slug injected before gas injection would help in early foam generation if excessive
underride could be controlled. This method may provide better vertical sweep efficiency in a
reservoir with a permeability distribution which favors gravity override.

Preformed Foam Injection: Most of the preformed foam injected broke down at early
time when it contacted the sandpack. The gas flowed in a thin gravity tongue on the top and
broke through early. The size of this finger increased with an increase in gas throughput.
Later in the life of the flood, a surfactant Solution bank was formed below the gas tongue, but
adjacent w it (Fig. 4.12).

A serious problem in this method was the gravity drainage at the injection end which
limited the volume of surfactant solution entering the sandpack to what could be sustained by
the foam body. Excess surfactant drained down within the wellbore and underrode the forma-
tion, which, for practical purposes, made the displacement a case of dual injection with gas
injection fram the top and surfactant injection from the bottom.

Another problem in this method was the limitadon on the concentration of surfactant
solution entering the gas swept zone of the sandpack. The concentration of surfactant in the
filhs of foam bubbles tends to be a the critical micelle concentration (CMC), quite indepen-
dent of the concentration of the bulk phase. Since the surfactant was entering the gas-swept
zone in the form of lamellas and bubbles only, the concentration of surfactant entering the gas
swept zone was near the CMC.

The problem of the limited concentration and the limited volume of surfactant described
in the two previous paragraphs, made the foamicidal action of the oil difficult to overcome, and
large volumes of preformed foam had to be injected before it could survive in the porous
medium. It should be emphasized here again tret these observations are not general. Re-
formed foam could have potential if the problem of wellbore segregation and excessive col-
lapse of foam could be solved by designing a better technique of injection and by discovering
a surfactant of high CMC which could generate foam of low film thinning rate. This method
could also be used if it is preceded by a large surfactant slug to overcome losses.

Simultaneous Slug Injection: Simultaneous injection appeared to be the best mode of
injection because it did not have a surfactant solution undemde problem as severe as a slug
type injection, nor was there any limitation on the concentration and volume of surfactant solu-
i injected with gas. Foam was generated in-situ by the porous medium itself.

In this type of injection, a considerable volume of surfactant solution invaded the gas-
swept zone in the form of a gas/surfactant mixture and gravity segregation was not severe as
compared to the other two methods. Foam was generated earlier in this method because a
greater volume of surfactant was entering the gas-swept zone, and tre concentration of this sur-
factant was higher.
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Figure 4.12  An ldealized Diagram of Front Profiles During Preformed Foam Injection:
(a) Early, (b) Later, showing Surfactant Bank.
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The life of this simultaneous injection run can be divided into four stages (Fig. 4.13).
The first stage is before the start of foam generation (Fig. 4.13(a) in which the gas and surfac-
tant solution flowed in separate gravity tongues. The second stage starts when the foam gen-
eration initiates [Fig. 4.13(b)], and lasts until surfactant solution breaks through. The foam
front advances in a piston-like shape, and both gas and surfactant solution tongues grow in size
during this stage. The twd stage is between the surfactant solution breakthrough and the
finger interference [Fig. 4.13(¢c)], in which both the gas and the surfactant solution tongues
grow in size. The fourth stage starts after these lingers interfere With each other (Fig. 4.13(d)]
and the behavior becomes complex.

This method was Seen to recover, in many cases, twice as much oil as the other two
methods, since a substantial volume of oil could also be recovered after gas breakthrough. A
delay in foam generation was seen in this method resulting in early gas breakthrough. This
early breakthrough could possibly be reduced by injecting small slugs of highly concentrated
surfactant solution alternated with small slugs of gas at the beginning of the displacement. If
this were med, once foam generation wes evidenced by a sharp decrease in injectivity, simul-
taneous injection could be started and continued until the end of the flood.

442. Type of Surfactant

This is perhaps the most important decision in the process of proper slug design because
the fate of the foam flood depends on it. The critical properties which must be considered
include interfacial behavior, losses to reservoir rocks and in-situ fluids, and both chemical and
thermal stabilities.

For good foamability, low CMC and low surface tension at CMC is required in a surfac-
tant solution. These qualities are important for cyclic slug injection and simultaneous injection
of gas and surfactant solution which depends on in-situ generation of foam, but are not critical
for preformed foam injection.

Low interfacial tensions between surfactant solution and oil will reduce capillarity thus
promoting emulsification and affecting wapped-oil saturation. Ultra-low interfacial tension may
reduce residual oil saturation and Incresse recovery on a pore scale, as in some micellar floods,
but uitra-low interfacial tensions are usually not encountered in a foam flood. On the other
hand, The reduction of capillary forces may reduce vertical conformance, thereby lowering the
recovery. Therefore, in reservoirs that have high initial water saturations, in cyclic slug injec-
10 where agueous volumes are large, or other situations contributing to emulsification, low
interfacial tensions should te¢ avoided.

Spreading of oil on surfactant solution could also inhibit foam generation, hence low
spreading is important for cyclic slug injection or simultaneous injection of gas and surfactant
solution. For preformed foam injection, low adsorption and high mechanical stability are desir-
able to help the foam propagate through the pres without breakdown. This stability against
mechanical breakdown could be checked by determining the rate of lowering of the surface
tension or rate of attainment of equilibrium & a concentration just below the CMC. The ability
of a surfactant solution © withstand the high temperatures and salinities generally found in
reservoirs is also crucial for a preformed foam injection.
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The most suitable surfactant for a foam flood may be defined as the one which has the
lowest CMC, has the lowest surface tension to interfacial tension ratio at CMC, has the lowest
spreading by oil, has the lowest losses, and is chemically and thermally stable in the reservoir
conditions. Obviously, no single surfactant offers all these qualities and one has to compromise
for optimizing the performance.

4.43. Surfactant Concentration

Surfactant molecules, because of their unique hydrophobic-hydrophilic structure, are in
the state of non-equilibrium when first introduced in an aqueous solution. The hydrophobic
ends try to escape the bulk phase in order to reduce the free energy in the solution. Some of
the molecules reach or form a surface or interface when they can orient themselves in such a
way that their hydrophobic ends are away from the solution, satisfying the condition of
minimum free energy. Eventually, orientation is completed and a state of equilibrum is
reached. In surfactant solutions at or above the CMC, the bulk phase concentration is gen-
erally close to tte surface concentration, since the excess molecules reorient themselves in the
form of micelles. When a new surface is created, some molecules are transferred from the
solution to the new surface thereby lowering the bulk phase concentration. In a reservoir, the
surface areas are enormous, therefore, the adsorption of molecules on lamellae, on monolayers
of agueous-oil interfaces, and on rock surfaces can make bulk phase concentration much lower
than injected concentration.

The injection of a dilute surfactant solution will tend © lower the foamability and foam
stability. The injection of a concentrated solution, on the other hand, may cause emulsification
of the oil. The optimum concentration is close to the CMC if then are no adsorption losses,
but usually the concentration should be on the higher side to account for these losses.

44.4. Surfactant Volume

The total volume of the surfactant injection is also an important design parameter. The
cost effectiveness and the minimization of undemde by surfactant solution should be the prime
objectives. The relative volume of surfactant solution in a simultaneous injection process must
be kept large because the effect of early surfactant breakthrough is small, as if a small portion
of the reservoir was being water Flooded instead of foam floodked. The volume of surfactantin
a slug-type injection must be low because the early surfactant breakthrough will cause the sub-
sequent slugs to merely flow through the same surfactant-swept zone without contributing
further to the recovery. The volume of surfactant in a preformed foam injection can only be
arbitrarily decided within the limits defined by tte stability of the foam.

4.4,5. Injection Location

The selection of the injection location depends on the mode of injection. In a slug-type
process, surfactant solution should be injected at the top interval and the gas injected at the
bottom interval so as t© maximize the volume of surfactant solution coming in contact with the
gas. In a preformed foam injection process, injection into an entire pay zone is desirable,
whereas in ‘a simultaneous injection process, injection into the top location is preferable. The
injection at the top interval appears to be questionable because it could promote gas channel-
ing, but the advantages of surfactant penetration into the gas channels are important for early
foam generation
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The selection of an ir{i%ction interval is more complex for heterogeneous reservoirs and
requires a consideration of #e permeability distribution. The objective should be to maximize
tte volume of surfactant solution coming in contact with gas. As a general rule, the aqueous
slug should always be injected at the top interval except when low permeability streaks are
encountered at the bottom of the resenwoir, in which case injection at the bottom interval may
be useful. By similar arguments, gas should always be injected at the bottom location, except
where very low permeability streaks are present a the top. The interval into which gas is
expected to be channeled must be selected for simultaneous injection method © minimize the
delay in foam generation.

446. Injection Rate

The effect of injection rate on the frontal behavior of a foam displacement is more pro-
nounced theniit is on waterflood or gas injection displacements. High injection rates favor dis-
placement by lowering gravity segregation, but increase the mobility ratio due to a decrease in
apparent viscosity of foam at higher flow rates. This is because of the pseudoplastic nature of
foam. Therefore, flow rates should be as high as possible before gas breakthrough to minimize
segregation, but afterwards should be lowered. However, high rates before breakthrough might
cause the flow to be unstable resulting in a lower sweep efficiency, since the ability of capil-
lary forces to resist fingering is minimized.

Many investigators have attempted to establish stability criteria for a variety of displace-
ment conditions, but there has been no criterion established for deciding whether or not a
gas/surfactant solution displacement under foaming conditions vwill be stable. In the experi-
ments perfomed on the two-dimensional sandpack, the frontal behavior of gas was not
changed much when injection rates were changed from 1 em¥min to 200 em’min Gas
always segregated and moved through a thin gravity tongue on the top. However, the injection
rate had a pronounced effect on the frontal behavior of the surfactant solution bank, and there-
fore, on the recovery and pressure behavior. Thus the author would suggest that an approxi-
mation of the critical rate for the onset of instability can be obtained by applying the stability
criteria of a waterflood to the flow of surfactant solution, e.g. the one suggested by Peters and
Flock (1981).
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5. MATHEMATICAL FORMULATIONS FOR RECOVERY AND PRESSURE DROP

The theories of foam displacement through porous media are still in their infancy and a
generally rigorous mathematical treatment is still not available. A few mathematical reatrents
have been proposed which fit with laboratory experiments under limited operating conditions,
but a eneral theory applicable under a wide variety of conditions has not been proposed as
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cal relationship was found to describe the onset of foam generation and is described in the next
section. The combination-drive model is described in Section 5.2. The approximate analytical
equations for recovery and pressure drop of combination-drive displacement are derived in Sec-
tions 5.3 and 5.4, respectively, Another approximate model for displacement which does not
resemble combination-drive behavior is derived in Section 5.5. These approximate analytical
models are later compared with the experimental results in Section 6 and seem to be in good
agreement.

51. ONSET OF FOAM GENERATION

A preformed foam injected into the sandpack had a tendency © break down initially.
The same was also true for a gadsurfactant in which foam did not generate in-situ at early
times. Foam generation and propagation started only after large volume throughputs. This
delay in foam generation was surmised to be due to neutralization of foamicidal surfaces and/or
surfactant adsorption and has been termed the mass-effect

The frattal behavior, recovery and pressure drops were appreciably changed by tne gen-
eration of foam. Thus it became important 1 determine when foam generation would begin
for recovery and pressure drop prediction. NO guidelines are published in the literature to esti-
mate the onset of In-situ foam generation. TO make such an estimate, it would be important to
understand the probable nature of losses and foam stability.
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The reservoir rocks and fluids seem to have have a foam breaking effect. The surfactant
molecules migrate from foam lamellae to these newly-contacted surfaces and interfaces. This
exchange causes weak spots of low surfactant concentration on the lamellae creating enough
shock to break them. This foamicidal effect is reduced as more surfactant comes in contact
with the foamicidal surfaces, and finally, a state of equilibrium is reached whereby foam can
coexist with them. In the above hypothesis, the mass-effect has been assumed 1 be due to the
attainment of dynamic equilibrium at the interfaces, hence it was inferred that the mass of sur-
factant comtained in the injected fluids and the rate at which injection takes place would play
prominent roles.

To investigate these two parameters, two sets of runs were performed in the two-
dimensional sandpack. In om set of runs the concentration of the surfactant was changed at a
constant injection ratio and constant rate. In the other set of runs the rate of injection was
changed at a constant injection ratio and concentration. For the first set of runs, the results
indicated a linearity between the throughput required before foam generation began and the
logarithm of concentration (Fig. 5.1). Similarly, there was a linearity between the required
throughput and logarithm of injection rate for the second set of runs (Fig. 5.2). Combining
these results, the following empirical relationship was developed, which was found to fit the
onset of foam generation with the experimental data:

G = |31 + 5 Ing,+025 ] 5.1)

Where

(G = Ges throughput required before foam generation was started, pore volumes
C = The surfactantconcentration, wt. % active
q, = The rate of surfactant solution injection, em®/min.

This equation was adequate to fit data from the above runs in which injected quality was
constant, but later runs also indicated an influence of the gas-liquid injection ratio. The equa-
tion was found to be proportional 1 tre injected quality. By trial-and-error, the following
equation was found to approximate the volume of gas injection necessary for the on-set of
foam generation:

9 1 1
(G)y, = 3In— +-~=1Ingq,+0.25 (5.2)
e [ qg +4s ] [ c 3 s

where ¢, is the ratio of gas injection, standard cm’/min. Although tre reasons for the mass-

effect are not clear, it is possible to speculate on the role of each term in this equation.

Perhaps absorption in the ail, adsorption on the sand grains and gravity segregation of the sur-
factant solution play key roles.

The terms in the first bracket indicate the volume ratio of the tolal surfactant solution
which is injécted with the gas. This is the injected quality; it is not the same as the flowing
quality because of gravity segregation. The first term in the second bracket accounts for the
availability of surfactant molecules per unit volume of surfactant solution. With a higher con-
centr_atidon, more surfactant molecules are available and less volume throughput will be
required.
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The second term in the second bracket accounts for the proportion of surfactant mass
retained in the sandpack. Most of the surfactant mass is produced, and only the small fraction
retained in the sandpack is utilized in overcoming losses. This retention of the surfactant solu-
tion is a function of the injection rate. Less surfactant throughput is required at low rates
because of a higher utilization, and vice versa,

Even though Eg. (5.2) in its present form satisfactorily predicted onset of foam genera-
tm, it s limited © this experimental system. It does not properly account for two-
dimensional flow. In addition, this equation does not take into consideration the CMC , which
IS an important property on which equilibrium conditions depend. It is dimensionally
incorrect also. Thus it is expected ek systems with different geometry, different oils, different
pore matrix and different surfactants will not be modeled by Eq. (5.2). It is recommended,
therefore, that Eq. (5.2) should only be used as a basis for future research

52. DESCRIPTION OF THE COMBINATION-DRIVE MODEL

For modeling purposes, the life of the flood was divided in four stages. This division
resembles closely the physical description of the four stages of a simultaneous injection run
described in Section 4.4.1. and shown in Fig. 4.13. The only difference is the criterion for the
end of the first stage which has been selected here to be te gas breakthrough instead of the
onset of foam generation described previously. This change was necessary for the handling of
the sharp mobility change which occurs as foam is generated.

The first stage [Fig. 4.13(a)] is from tre start of injection until gas breakthrough. In this
stage, recovery can be predicted by material balance. The pressure drop can b¢ determined by
applying Darcy's law after modifying it for the gravity segregaton

The second stage [Fig. 4.13(b)] is after gas breakthrough and includes displacement until
surfactant breaks through. The total recovery during this stage is composed of two com-
ponents, the recovery due to surfactant solution drive which can be obtained by simple material
balance; and the recovery due to gas/foam drive which can be predicted using the Buckley-
Leverett model.

In the third stage [Fig. 4.13(c)], which begins a surfactant breakthrough and lasts until
the interference of gas and surfactant fronts, the recovery by gas/foam drive can be predicted
as in the second stage, whereas the recovery by the surfactant solution drive can be computed
using the Dietz model. It is assumed here that this drive meets the two important conditions of
the Dietz model, namely the flow taking place in a gravity tongue and a sharp saturation gra-
dient across the fronts. The tolal recovery is the sum of the recoveries by these two drives.

The fourth stage (Fig. 4.13(d)] begins when the surfactant and gas fronts interfere and
lasts until the end of the life. This stage Is complex, and its behavior is hard to predict, but the
practical ultimate recoveries are obtained by the end of third stage.

_ Due b the lossss described in Section 5.1, there is always some delay in foam genera-
. The onset of foam generation is approximated by the empirical relatonship given in Eg.-
(5.2).

Foam advances through the gas tongue as a third front of low mobility and with a velo-
city much lower than the surfactant front. The movement of the foam front does not increase
tte pore-level displacement efficiency because it propagates only through the zone where oil
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saturation has become low after large volumes of gas throughput. However, this foam frait
plays an important role in increasing the total pressure drop across the gas swept zone which is
due to the composite effects of the pressure drop in the zone behind the foam front and the gas
zone ahead. The increase in oil recovery is a result of this additional pressure drop.

53. RECOVERY FOR COMBINATION-DRIVEDISPLACEMENT

For approximate analytical modeling of a combination-drive process, the gas and surfac-
tant flows are assumed to be taking place in separate gravity tongues. The gas tongue is han-
dled in a fashion suggested by Dake (1978) in which a Buckley-Leverett displacement is
modified for gravity. surfactant solution tongue is treated as a Dietz (1953) tongue, and is
coupled with the gas tongue in a manner that satisfies Darcy's law.

The producing life of a combination-drive flood is divided into the first three stages
described in Section 5.2, whereas the fourth stage is nonproductive and is not included in this
treatment,

53.1. Scope and Limitations of Combination-Drive Model

The approximate analytical models derived in te following sections are inferred fram
visual observations through the two-dimensional sandpack, and are specifically related to this
experimental system. Tt flow will probably not be the same near the wellbore in a reservoir,
where the early flow is radial and the velocities vary with distance. Also the wellbore volume
in comparison with the resenoir volume is much smaller than it was in this sandpack. The
basic development is for a combination-drive displacement described in previous section. A
range of other fratal behavior is expected when the operating conditions and the system are
different. These models, however, provide guidelines for future developments.

The equations use a single value of mobility for gas-surfactant-foam flowing through the
gas zone. In a typical gas-surfactant displacement, the mobility of gas changes as foam is gen-
erated, and thereafter, foam advances in the form of a third bank through the gas swept zone.
It would be desirable 1 use a varying total mobility as the foam front moves through the sys-
tem. To use a varying mobility, it would be necessary to estimate the onset of foam genera-
tion and then use a rheological model to take into account the advancing front. It was found
that estimating the onset of foam generation by Eq. (5.2) and using an average value for the

surfactant-gas-foam mobility in these approximate analytical models gave reasonable marches
with the experimental data. The results are described and compared in Section 6.

§.3.2. Assumptions for Approximate Analytic Modeling
The following are some of the simplifying assumptions made for the modeling:

(1) Darcy’s law is applicable and tre gas velocity is low enough to neglect non-Darcy
effects.

(2) The flow is horizontal.

(3) The flow is fully segregated, i.e., gas and surfactant solution flow in different chan-
nels, and the mixed zone near the injection end is small.
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@ The mobility ratios between gas/foam and oil, and between surfactant solution and
oil are unfavorable, i.e., m >1 and A > 1.

(5) The displacement through the gas tongue approximates the Buckley-Leverett
mechanism, whereas the displacement through the surfactant solution tongue
approximates the Dietz gravity tongue model. These two drives are mutually
dependent and their effects must be calculated simultaneously.

533. Recovery Equations for Stage |

This stage starts at the start of injection and continues util gas breakthrough. The front
profiles during this stage were shown in Fig. 4.13(a). It is assumed that the surfactant solution
will not break through until long after gas breakthrough because of lower mobility and lower
injection rate. The recovery during this stage is determined by material balance, i.e., the
volume of al recovered is equal to the total volume of gas and surfactant solution injected.
The recovery during this stage is thus given by:

G.
Nop=Gp+Wp=Gp+ -Rﬁ (5.3)

where

Ny = Cumulative oil produced, movable pore volumes
=N,/Lho(S,—S,)

W, = Cumulative surfactant solution injected, movable pore volumes
=W;/Lh¢ (Soi-sor)

G,p = Cumulative gas injected, movable pore volumes
- Gi/ Lhad (Soi"sor)

, R = The raio of gas injection to surfactant solution injection, q;, / q;,

The recovery a the time of gas breakthrough is determined from Eg. (5.27) derived in the
development of the next stage.

53.4. Recovery Equations for Stage II

This stage starts after gas breakthrough and continues until surfactant solution break-
through. The front profiles during this stage were shown in Fig. 4.13(b).

The recovery during this stage is assumed to be composed of two drives: gas/foam drive
in the top zone, and surfactant solution drive in the bottom tone. This assumption is not
rigorous, since there is a mixed zone near the injection well which will be included in both
drives. The effect of this mixed tone included twice is a slightly higher recovery prediction
then actually obtained. This mixed zone is generally negligible as indicated by visual observa-
tions and confirmed by comparison with the experimental results.
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The recovery due to the gas drive is given by Buckley-Leverstt frontal advance theory.
The Buckiey-Leverstt equation in its standard form is given as:

&
Vs, = — ls, = ‘Z% == s, (5:4)

This equation relates the movement of the front to the fractional flow-saturation proper-
ties of the fluid/rock system. It simply states that the velocity of a constant gas saturation
plane is directly proportional to the derivative of the fractional flow evaluated at the saturation
of the plane. On integration and rearrangement, Eq. (5.4) becomes:

X5 = = /1 Is (5.5)

where G; is the cumulative ges injected in volumetric units. After breakthrough, %s, equals L
and Eq. (5.5) can be arranged to:
G; 1

—_—=Gy= (5.6)
N
dS‘ :

where G is the cumulative gas injection in pore volumes. Welge (1952) has derived an equa-
tion to determine the average saturation of a resenoir during a flood displacement based on
Buckley-Levem theory. The average gas saturation according to Welge is:

5, =S+ (1= f0) —d-fl— 5.7)
-t Is
das ge

where subscript e denotes the g;oducmg end conditions. Equation (5.6) shows that the slope
of the fractional flow curve, o 1S the inverse of cumulative throughput, which reduces

Eq. (5.7) to:
Sy = Sge + (1 = fyo) Gua (5.8)

By the principle of material balance, AS, equals cumulative recovery, and when there is no ini-
tial gas saturation, it also implies thatS' =N,q. Thus Eq. (5.8) can be written as:

Npa =83 =Sge + (1 = fpe) Gia (5.9)

It will be more convenient later to express these terms in movable pore volume wits as
oefired in Eq. (5.3). Rewriting Eq. (5.9) in terms of Npp and Gyp, yields:

S
Nyp = ———L—— +(1=£,) Gp (5.10)
- Sor swc
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At this point in the development, an important assumption is ma& which is a key to the
entire formulation. It is assumed that the displacement through the gas zone, whereas essen-
tially following the Buckley-Leverett displacement, also mests one of the conditions of Dietz
gravity tongue. It is not a true Dietz tongue, however, because it does not meet the criterion
which requires that the saturation gradient across the front be sharp. What this assumption
amounts to is that the displacement is Buckley-Leverett along the flow, whereas it has a shape
similar © a Dietz gravity tongue in the direction normal 1 the flow.

This type of hybrid displacement can be handled in two ways. In one approach as taken
by Dake (1978), the flow is essentially considered Buckley-Leverea but is linearized using a
saturation-averaging technique in the flow-normal direction. In the other approach, which is
used here, the flow is assumed to be taking place in the form of a tongue, similar in shape to
Dietz gravity tongue but not necessarily similar in thickness. The thickness of this tongue is
such that it satisfies the material balance obtained by a linear Buckley-Leverett displacement
taking place through the entire pay zone. This point will be elaborated further as the develop-
ment progresses.

For this type of displacement, the average saturation of gas, S, at a plane = where the
thickness of the gas pseudotongue is ¥, can be given by a thickness-weighted average as fol-
lows:

3T = (ng)w ¥+ (ng)wuwept (h =5
= Ft(h-5)

(5.11)

For a Dietz gravity tongue displacement, the saturation of gas anywhere in the swept zone is:
Sgswept =1 = Sor — Swe (5.12)

and the saturation of gas in the unswept zone is zero. On substitution of the gas saturation in
the swept and unswept zones, Eq. (5.11) reduces to:

Sy = -yhi (1 -5, - 5,) (5.13)

Let the fractional thickness of the gas tongue & plane x, ¥ /4, be called b,. Then the fractional
thickness at the end is denoted as &, and the average saturation at the producing end ((Eq.
(5.13)] is rewritten as:

(S-gc) = b¢ a- Sor - m) (5.14)

To satisfy the material balance, the average saturation at the producing end of this pseudo-
tongue must equal tte producing end saturation as if it had been fruly a linear Buckley-Leverett
displacement fran the entire formation. Hence the producing end saturations given by the
pseudotongue [(Eq- (5.14)) and given by Buckley-Leverszt [(EQ.(5.13)] must be qual. Thus
Sge from Eq. (5.14) can be substituted into Eq. (5.10) resulting in:

Np=b,+(1-£)Gp (5.15)



-71-

For a Dietz tongue, the fraction of gas flowing in the total stream can be determined by using
the following definition of fractional flow:

=T (5.16)
f;‘ qs + 0

The gas and oil rates at the producing end can be determined by applying Darcy’s Law to a
unit width of porous medium:

opS
. =T i I8 5.17
gas rate: R y. b 3 (5.17)
. kk,, dp§
) = (h=7) —2 23 5.18
oil rate: go=—(h-7,) T (5.18)
where

¥e = Thickness of an quivalent gas tongue at the producing end

pd and pg = Pressures in oil and gas zones, respectively, on the datum line
at the producing end

When rates are substituted using Darcy’s law [Eqgs. (5.17) and (5.18)], and the horizontal pres-
sure gradients are assumed  be the same in the oil and the gas tongues, the fractional flow
equation [(Eq. (5.16)] becomes:

_ ke
yc_u_
= Rt &
o e S o
M “ Ho

The mobility ratios are defined at the residual saturations of the displaced fluids, e.¢., the
mobility ratio of gas is given as:

()
= ﬁ‘/ 55 (5.20)
;k’duo]s"
Substituting the mobility ratio, /7, as defined above into Eq. (5.19) results in:
U /L /1. (5.21)
Jee y.m+h-y, h+@@-1),
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Using the definition of the fractioral thickness of the gas tongue, b, = ¥, / h, this equation can
be rewritten as;

Ab,

foe = 1+ @@~ 1) b,

(5.22)

This fractional flow of gas a the producing end obtained by applying the Dietz sharp satura-
tion gradient concept to the pseudotongue must be equal to the fractional flow of a Buckley-
Leverett displacement as defined by the fractioal flow equation. Thus Eq. (5.22) can be sub-
stituted Into Eq. (5.15):

Np=b,+ |1 m be G VA
po— e 1+@=-1b, ] © ©3

The fractional thickness of the gas pseudotongue at the producing end, 6, , can be obtained
fram the following expression derived later in Stage III:

bg=———— (5.64)
On substitution of this value of b, ,Eq. (5.23) is simplified to:

Nop = -ﬁ-i—; (2NFGp - 1-Gp) (5.24)

This recovery equation is the same as Dake's (1978) mathematical treatment of a gravity
segregated, horizontal and unfavorable mobility ratio displacement of oil by water. In his
approach for calculating recovery for a segregated displacement, the Buckley-Leverett theory
has been applied after reducing the displacement to one dimension by a saturation averaging
technique. The fact that these equations are the same should not be surprising, since Dake has
made assumptions which arc the tenets of the Dietz gravity tongue model, i.e., a sharp satura-
11=|]md gradient and the use of end-point mobility ratics at residual saturations of the displaced

uids.

The above equation gives tte recovery due to the gas drive only. Since the surfactant
solution has not yet broken through, the recovery due to the surfactant solution drive is equal
to the total surfactant solution injected, " ,which is defined as G /R. The total recovery is
thus given by adding the recoveries of these two independent drives:

1 (NmGp~1-Gp )+ 8 (5.25)

N n
PP w1 R

55, Recovery at Gas Breakthrough

Due to the material balance, the recovery due to the gas drive must be qual to the gas
throughput up to tre gas breakthrough. Thus the recovery at breakthrough due to gas drive,
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(Npp)g can be determined from Eq. (5.24) after replacing both ¥,p and Gy with (Npp), and
slmpﬁfying:

Np)g = ;: (5.26)

The total recovery at gas breakthrough can be obtained by adding the recovery due to e gas
drive given by Eq. (5.26) with the recovery due to the surfactant solution drive given by
material balance:

. (Gip)w _

L L,
n R T

=) (5.27)

1 1
NpD = (NpD)g + (NpD)s = ';n_: ;

6. Recovery at Surfactant Breakthrough

Up 1 surfactant breakthrough, the recovery due to surfactant solution drive is given by
the following expression which is similar to the one for gas drive [Eq. (5.26)]:

Node=— (5.28)

However, due to the material balance, this recovery is also qual to the total surfactant
solution throughput, W;p, and is related to the total gas throughput by a factor R, which is
defined as the ratio of gas and surfactant solution injection rates. Thus Eq. (5.28) can be writ-
ten &s:

Npp)y = Um =Wpp =(Gp)wR  0OF (Giply =RIm (5.29)

Thus Eq. (5.25), after substitution for (Gip)s: becomes:

=1 1 mep__R
(Npp)bt—m+(’_n__l)[2 = R-1 m] (5.30)

Surfactant breakthrough occurs when oil production has reached the volume as given by Eq-

G.3).

53.7. Development of Recovery Equations for Stage II

This stage starts after the surfactant solution breakthrough and continues until the max-
Imum recovery is obtained. The froat profiles during this stage are shown in Fig. 4.13(c).
This diagram is reproduced here as Fig. 5.3 including labels for the variables; ad a detailed
enlargement of the surfactanttongue is shown in Fig. 5.4.

The characteristic equation describing displacement can be obtained by considering a
vertical cross-section at a distance x from the injection well at time ¢, as shown in Figs. 5.3 and
5.4. The pressure gradients in the al and surfactant solution zones can be related by



Figure 5.3  Front Profiles of a Combination-Drive Displacement During Stage 111.

Figure 54  Enlarged View of the Surfactant Tongue at the Cross-section Encircled i Fig. 5.3.




-75-

considering the four points shown in Fig. 5.4. The pressures at any two points at the oil-water
interface (front) can be related to each other by taking into account the gravity and viscous
heads through the respective zones and accounting for the capillary pressure difference across
the interface.

The pressure of the aqueous phase at point D, p,(D), can be related to the pressure of the
aqueous phase at point A, p,(4), by taking into account the surfactant solution gravity head
between points A and B, and tre pressure gradient in the surfactant zone between points B to
D. It can be written as:

ap,
PAD) = piA) ~ p, g dy + =2 ds G23)

Similarly, the pressure of the aqueous phase at point D can be related to the pressure of
the aqueous phase at point A by taking into account the pressure drop due to capillarity across
the oil-surfactant solution interface at point A, P.(4), the pressure gradient in the oil zone
between points A and C, the oil gravity head between points C and D, and again the pressure
drop due to capillarity across the oil-surfactant solution interface at point 2, P (D):

9
PAD) = PilA) + Pold) + == dx = Py g dy = P(D) 62

It can be assumed that the capillary pressure gradient is small, which is generally the case
for a Dietz gravity tongue having a sharp saturation gradient across the interface. Thus the
capillary pressures a points A and D can be considered the same and cancelled. Equations
(5-3D) and (B.3)can then be equated and simplified, which results in:

ap: apO

& _ dx dx B
dxl' (P:‘Po)g (5- )

The gas flux, the surfactant solution flux and tre oil flux per unit of cross-sectional width
can he calculated by applying Darcy’s law in the gas, the surfactant and the unswept zones
individually:

k, op
=7 =8
q] y u’ ax 6‘%
- k; op
qs =— My ax 6':5)

ko %o
Ho Ox

Q@=-th-y-75) (XY
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thickness and the gas zone thickness, respectively. The slope of tte surfactant solution tongue
is obtained by placing the pressure gradients from Egs. (5.35) and (5.36) into Eq. (5.33):

BlEE=alE
&=_ Yy ks (h—)‘-y_) kO
o 2 (0, - po) (5:37)

The oil flow rate can be determined from material balance:
D=4 =959 (5:38)

where g, is the total flow rate per unit cross-sectional width. The oil flow rate, g is replaced
in Eq. (5.37) and rearrangad:

_QX:—H_(_)___ - 4 u:/ks+qt-qs—qg 5.39
ox kog(Ps-Po)[ [J‘]Po/ko h-y-y G-

Let the gas to oil mobility ratio, the surfactant solution © oil mobility ratio and the
difference of density between oil and surfactant solution be defined as follows:

[ k11,

= 5.40
o (5.40)

7 = (%-;-:-: (5.41)

Ap =(ps - Po) (5.42)

These definitions of m and Ap are substituted into EQ. (5.39) which is then rearranged to:

Roto yy [ @ [, 1 )& sy
Ho Ox h=-0+% my  h=Q@+y) h-0o+5)

The ratio of gas to surfactant solution flux, R (defined earlier) is obtained by dividing the
gas flux by the surfactant flux (as given by Darcy’s law in Egs. 5.34 and 5.35):

5k %P
pade . Ve O (5.44)
“ _ ko '
B, Ox
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This rado, R, is difficult to determine at various cross-sections in the reservoir. It can be
approximated, however, by e injection ratio of gas and surfactant solution, since in this stage
both gas and surfactant solution have broken through. Thus the value of R being produced is
close to the value being injected and is assumed to be nearly the same everywhere in the
model. This assumption was tested by comparing the results from this development with the
experiments and was found to be reasonable.

Dividing both the numerator and the denominator on the right-hand side of Eq. (5.44) by
oil mobility, kg /B and replacing the resulting mobility ratios with m and # (Egs. (5.40) and
(5.41)] results in:

%
R= qu- = ﬁ g: (5.45)
ox

Since each zone is exposed to the same injection and producing well pressures, the pres-
sure gradient in each zone has to be the same if the capillary pressure drop across the interface
is negligible. Thus the last t&am on right hand side of Eq. (5.45) becomes unity, and it rear-
ranges to:

y=R(m/m)y (5.46)

For simplification, the expression, ( 1+ & m/# ) , which appears rather frequently in the fol-
lowing developments, is defined as 8, and substituted in Eq. (5.46):

y+y=8y (5.47)

This definitionof (y +¥) can be substituted in Eq. (5.43) to eliminate 7 :

kogAp 3y 4 1 1 9
) S G e = 5.48
ho o [h—ay [my Pyl g 548
Differentiating this equation with respect to x results in:
kgt Py __aB p , @ ¥y _1 % _1 %
Ho o2 (hPy? 0x m? 0x my ox (hPy) ox
Bas 3y 1 9q, qB 3 (5.49)

Ty 9 hBy o (hfy)? &

For fully segregated flow the curvatures of the gravity tongues may be assumed negligi-
ble near the producing end, i.e., 9%y/@x* =0 . This assumption is not valid near the injection
well due to the sharp curvatures encountered there. The error in making this assumption for
this development will be small, however, since it will be used only after surfactant solution
breaks through.
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Eq. (5.49) can be simplified by neglecting the second derivative and can be rearranged as
follows:

qp 1 B
& [ my?  (hBy)? ]q‘ 3

(h—Py)* ox
Ba;, a3y 1 1 dg, 1 _dq
_Pu_» |1 L %%
(hBy)? 3 [my * h-By] 3 Ty ax 559

The gas and the surfactant solution rate gradients are also difficult to determine at various
cross-sections, but they can be replaced by known and measurable parameters using the con-
tinuity equation. For the surfactant solution tte equation can be given by:

oq; 3y
- =-¢ as, = (5.51)

where
¢ = porosity of the porous medium
AS; = change in saturation of the surfactant solution

If the continuity equation for compressible fluids is used 1 determine the rate gradients
of gas/foam, the resulting equation will be nonlinear, posing problems in analytical solution.
However, foam generation has been fully established at this point and the pressure drops in the
gas/foam zone have become almost constant in this stage of the flood (see pressure drop vs.
gas volume injected graphs in Section 6). Thus the error introduced due to the assumption of
incompressibility will be small and the same equation can be used for the gas zone:

% _ _gas, & (5.52)

where AS, is the change in saturation of the gas zone. This equation can be written in terms
ofy and ﬁ instead of 7 using Eq. (5.47) in order to reduce the number of independent variables
to one. Also, B can be eliminated fran the time derivative since it only contains the ratio of
gas and surfactant solution injection rates and the mobility ratios, all of which are independent
of time. Thus Eq. (5.52) becomes:

dq 9
—-l Y -
o ¢ AS,(B-1) " (5.53)
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Equations (5.52) and (5.53) relate the rate gradients © the vertical velocities of the surfactant
solution and gas/foam fronts. These rate gradients can be substituted in Eq. (5.50) to obtain:

b &y |1 __B |, __By ¥
(—B? ox | myP (h-Py? | Ox (h-Py)* Ox

L[t ] e g e

It is also assumed here that the residual oil saturation in both gas/foam and surfactant
solution tongues is equal. In the displacement runs performed in this study, the residual oil
saturations were found to be almost qual in both the surfactant solution and the gas swept
zones. This is not a limiting assumption since the two saturations would normally differ by a
constant factor which could have been incorporated in tte following developments if it had
been necessary. However, based on the experimental data the saturation changes in both swept
zones were assumed equal and the subscripts dropped. On rearrangement, Eq. (5.54) becomes:

{ ap +[1_ B ]q_ qu.}éz
(-By)* | myP ((h-PBy)? | =Py | ox

1 1 B-1 9 _
+["_E; h—ﬂy+h-ﬂy]¢AS at-o (5.55)

The gas/foam and surfactant solution rates are other unknowns which must be replaced
by known and measurable parameters, as shown in the next few steps which relate these rates

to the total injection rate.

By applying the material balance as expressed in Eq. (5.38) and substituting for flow
rates per unit cross-sectional width fran Egs. (5.34), (5.35) and (5.36), the ratio of surfactant
solution rate to total rate can be written as:

ks dp,
qs H, Ox
== 5.56
“« k% k¥ _, . sk o5
yug ox yu., ox Iy Ho Ox

The pressure gradients in each zone are assumed to be equal as discussed before. Thus
the pressure gradient tenms can be cancelled. The mobilities and B , as defined by Eqs. (5.40),
(5.41), and (5.47), can be substituted in 4. (5.56), which is then simplified to:

my 4, (5.57)

9qs

(h=By) +my+ mBy —my
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The gas rate can also be related 10 the total rate in a fashion similar 0 that shown in Egs.
(5.56) and (5.57):

q, = mPB -~y
(h=By)+my +mBy =y

9 (5.58)

Equation (5.55) can be rearranged after substituting for gas and surfactant solution flow rates
from Egs. (5.57) and (5.58) as follows:

L4 B-1 dy/dt
[my h-By*h-py}“Say/ax

= B _ | L__8B my
=By? | m? (h-By? | h=By)+my+mPy-my

(h=By)? [(h = By) + my + m By—y] | '

By the chain rule of partial derivatives:

ox _ _ dyldr
3% = Dyix (5-60)

Substituting this in Eq. (5.59) gives:

1,1 _,B-1 &
[ + +h ]¢Asat

= p__ .| __8B my
(h-ByP? | my? (hPy)? | h-By)+my+mBy -y

_ pmB - 1y a (5.61)
(h = By)? [(h - By) + my + Py — y]

This equation can be solved analytically without any further simplifying assumption. The solu-
tion technique is given in Appendix A. The solution is:

h\ﬁa-a+aﬁ+uﬁ)2-4aﬁ(a-u+uﬁ)[l-—Lﬁ%s-]-h(a-u-raﬂ-kﬁﬁ)
20f(c — T +TP)

v=
7

(5.62)
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where

Q = cumulative ttall throughput in pore volumes

a =m-1

T =m-1

It is interesting to note here that this expression basically represents the gadfoam and sur-
factant solution drives acting simultaneously as Dietz type gravity tongues. Therefore, if one
drive is deactivated, by making proper substitutions this equation will give the thickness of the

Dietz gravity tongue for the one which is active. For example, if the gas drive is deactivated
by assuming & and ¢;, to be zero, the @,B and R texms will become:

=1, R =0, B=1

When these values are substituted in Eq. (5.62) to deactivate the gas tongue, the fractional
thickness of the Dietz tongue for surfactant solution drive acting alone vall be obtained:

‘\ij,D -1

b‘=l=
h m~1

(5.63)

Similarly, if Eq. (5.62) is expressed in terms of fractional thickness of a gas tongue, and the
surfactant solution drive is deactivated by making similar assumptions, te fractional thickness
of the Dietz-type gravity tongue for gas drive will be obtained

E‘=z='\lﬁGip—l (5.64)
h m-1

Equations (5.63) and (5.64) were shown to emphasize the similarity of this development to the
Dietz model and are not used in the development.

To continue tte formulation, the recovery is related to the tongue thickness by the
material balance which requires that tre ratio of swept zone thickness 1 tre total thickness
must be the same as the ratio of oil recovery to the maximum possible recovery. This can be
expressed as:

I =Ny, (5.65)

Using the definition of ¥ from Eq. (5.47), the equation becomes:

= 66
y B (5.66)
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Substituting fory in Eqg. (5.62) results in:

—\/(a-u+aa+as)2-4aﬁ(a-u+ua)[1--ﬂQ_]-(a-u+aﬁ+aﬁ)

N LhoAS
P 200 - T + TP)
(5.67)
The throughput in movable pore volumes, Qp is defined as:
= 5.68
Qp LhoAS (5.68)
The following group of terms can be defined further for simplification:
C=a-TU+EB=(n-1)TR (@~ 1) mii (5.29)
Substituting C and Qp into Eq. (5.67) results in:
V(C + af)* — 4aBC(1 ~ mQp) - (C + af)

Maximum recovery is obtained by setting Npp qual to 1.0, calling @p qual to (Cp)max in Eq.
(5.30), and solving for (Qp)max:

_ofCla+l) . _@tixc+taB) +_ 1 571
@o)aax @tat2? (@ti@ta+t2) (ath 5.71)

5.3.8. Summary of Recovery Equations

Recovery up to gas breakthrough:

Gip

=Gp + —= 5.3
Np=Gp 5 (5.3)

Volume injected at gas breakthrough time:
Gidgn = Npdlge = = + —— (5.27)

& T m mR
Recovery prior to surfactant solution breakthrough:

NpD = G‘D + 1 (2\/’7 G‘D -1- G,D) (5.25)

R  (@r-1)
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Recovery at surfactant breakthrough time:

m R
(NpD)six ="'1; + ('_n_l_ D [2‘\/':7 R-1-~ o ] (5.30)

Recovery after surfactant breakthrough up to the end of flood: .

N(C + af)? = 40BC(1 = mQp) - (C + off)
N = il Bzac D (5.70)

Volume injected at which maximum recovery is obtained:

aBC(a+%+ @ + 1)C + af) + 1 (5.71)
T+o+2) (a+D@+a+2) (@+1)

(CD)max =

54. PRESSURE HISTORY FOR COMBINATION-DRIVE DISPLACEMENT

This section outlines the mathematical development for the prediction of pressure drop
history for the combinationdrive flood. The following development is based on the assumption
that the pressure gradients in all three zones are equal. This assumption is valid only when the
capillary pressure at the interface is negligible, which is generally the case for surfactant and
foam drives. It also assumes tte flow is nearly horizontal. This assumption makes it possible
to calculate only the pressure drop in the surfactant zone, which is then related to the overall
pressure drop.

The combinationdrive model was found quite successful for predicting recovery, but it
did not perform quite as well in predicting the pressure history. The predicted trends closely
resembled the experimentally observed pressure history in most cases, as will be seen in Sec-
tiorgj 6, but the significant deviation observed in some other cases needs to be resolved in future
studies.

It is possible that the inaccuracies in this formulation are due to the omission of foam
bank, and its movement. Likely the abrupt change fiom gas mobility to average foam mobility
is causing errors, A more realistic model would include the movement of the foam bank and
treart] the gas and foam as two separate banks existing in series. This approach should be tried
in the future.

541. Development of Equations for Pressure Drops

The surfactant flux is given by applying Darcy’s law in the surfactant swept zone, as
shown in Eq. (5.35):

Q==Y = == (5.39)
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The pressure drop in the surfactant zone between the injection well and the front can be given
by rearranging and integrating this equation:

X
4B, fdx
Po=Pe=- =3 1[ > (5.72)

This equation can not be explicitly solved for the pressure drop in its present form, until y is
expressed as a function of x or vice versa. The relationship between x and y has already been
established, and could be used to replace the 4x as a function of y. This is done here in Egs.
(5.73) through (5.77). The location of the front is given by modifying the limit of integration
(L changed tox) in Eq. (A.4) of Appendix A:

X

)
ax = m h 1 o 573
t[" [(k = By) + mBy] [(h - By) + my + mBy — my] M.Sz["' 673

Solving this equation for x results in:

x= m h e
[¢h = BY) +mBy] [(h = By) +my +mPy = 7y] ¢ AS

(5.74)

where Q is the cumulative total throughput. This relationship was derived by assuming that

the gas/foam and surfactant tongues are acting simultaneously. For pressure drop prediction,
each drive has 1 be considered independently, so that the total thickness h has to be replaced
By the thickness of the surfactant tongue at the injection end, A. Thus the previous equation
ecomes:

x=— _mhk 2 (5.75)
[(h - By) + mBy] (A = By) + my + mPy — y] ¢ AS

In previous development [Eq. (5.29)], C was defined as follows:
C=a-T+TP=(m~1+RZ (F-1) (5.29)
m

Equation (5.75) can be simplified by substituting for C:

x=mhQ 1 (5.76)
¢ AS  (h+ ofy) (h + Cy)

Differentiating this equation results in:

& _ mkQ C + B ] (5.77)
dy ¢ (Ktogy)m+Cy)*  (K+ ofy)® (K+ Cy)
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The value of <z as a function of y is substituted into Eq. (5.72) to make it independent of x:

9o py = — S 11 mkp c
0 ke %y woAS | (W+ afy) (h+ Cy)?
af
(h + ofy)? (K + Cy) } ¥ 579

It may be noticed here that the limits of integration have also been changed accordingly to 4,
the thickness of surfactant zone at injection well a x =0, and, y, the thickness of surfactant
zone at the front. The above equation is rearranged to:

y

dy
Fa+ By a+ Loy
(+hy)(+hy)y

k AS c

+ 28 & (5.79)
By (1+.__Qy)2 1+Cy)y

In the following few steps, this equation is transformed to a standard form so that the solution
can be written by comparison. Let us define a and b as follows:

a=9B b= C (5.80)

n &
After substitutionfor @ and b ,the right hand si& of Eq. (5.79) becomes:

dy +oB

dy
R.H. -— 5.81
> !(Hay)(uby)z » 3D

(1+ay? (1+by)y

ey N2

The first and the second integrals in this equation can be defined as 7; and I;. The integral /,
can be reduced to the following form using partial fraction expansion:

o] 2 I
,.<1+ay)(1+by)2 Ta-by yy(+ay
s’ _d& ____b & (5.82)

TE-bE ;YA +b)  @-b) fy(+by)
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The integrals in Eq. (5.82) are standard integrals, whose solutions are readily available from
handbooks (Spiegal, 1968):

- a In Yy ? _ ab n y Y
(a - b)? (I+a@) g (@-b? (1+by) |;

Y
b 1 Y
- 1 .
@b [(Hby)”(uby) L 589

Evaluating the above expression for the limits of integration results in:

_ & y(l+ah) , b*=2ab . y(1tbh)
I, = In & 1
Y @ b2 g h(1+ay) ¥ (a — b)? g A1 +by)

v (K=
(@=b) (1+by)(1+bh (5.84)

The solution of integral I, can be written by inspection since integrals 7; and I, arc simi-
lar:

_ B x0+bR) L d-2ab oy Fay
b=-a* " R@+by) (b-a® = A(Ltay

I

- 2 (K=
(b-a) (1+tay)(1tah)

(5.85)

The values of these integrals 7; and I can now be substituted in Eq. (5.81), which is then
simplified to:

RHS. = —L— | a(aC + acf - 260f) n 2(1+ak)
(a=b) ay)

b bC - 2aC ml.fl_i'ﬂ":).
+ b (afib + ) (14 by)

+ PoBa=b)y Eoy, _bZC(a'b)(lT—y) 1 (5.86)

(1 +ay) (1 + ak) (1 +by) (1 + k)
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The values of @ and & as defined in 4. (5.80) are substituted into Eq. (5.86) which
simplifies it to:

1 2 a2 o+ a@xg 2 y+Cy)
RHS. = ———————— In =< - C* In —=
7 B - O) [aﬁ G+ oy (i + Cy)
CRE-y  _ _CE-» } 87
G+afy)(1+af) (H+C)A+0)

This expression can be substituted into Eq. (5.79), resulting in:

Po—Px=~—

qs Hs ml.z—g 1 azpz In !2_+(_1_§x!
ke 6AS R @B-0) (h + aBy)

- CIn (}L+Cﬂ + _a363(}-1-—)') - _Cs(}T-)’) ] (5.88)
(h+Cy) (h + ofy) (1 + af) R+Cy)(1+0

The cumulative throughput in movable oil volumes of surfactant swept zone @p is defined by
material balance as:

=2
=3 Tons (5.89)

After using this definition of Qp, Eq. (5.88) is reduced 1 its final form:

qs W mLQD az Bz In $2+QEX’ _ Czln (2+C2)

POTPET ek (B-0 G+ ofy) G+ Cy)
a3 B3 (F_ y) - — C3 (h_" }’) (5.90)
(k + ofy) (1 + af) hB+CHA+0O
The thickness of the surfactant tongue, y, Is given by material balance in Eq. (5.66):
» Nop (5.66)

p

The cunulative oil recovery, Npp 1 be used in determiningy is given by Eq. (5.70):

Nop = 2—ic- [‘I(C“L“B)z“‘“ﬁc(l-MQo) - (C+aﬁ)] (5.70)
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Replacing ¥,p from Eq. (5.66) using Eq. (5.70) results in:

=k T — _
y = ZGBC [ J(C + QB) 4QBC (1 mQD) (C+ aﬁ)] (5.91)

This is the value of y to be used in conjunction with Eq. (5.90) to determine the pressure
drops. These equations will be used in deriving the pressure drop relationships as shown in
the following Sections.

5.42. Determination of Pressure Drop From Injecter to Producer

Equation (5.90) gives the pressure drop across the surfactant front only. The total pres-
sure drop across the injection well and the producing well can be found by arranging the sur-
factant and oil zones in series, in a manner described in the following.

During surfactant injection up to surfactant breakthrough, the pressure drop across the
surfactant bank is given by Eq. (5.91). The total pressure drop during this interval is given by:

qs Ko (L= x)

(5.92)
kayp

Po~~1=@o—prP)+

where x is the location of front given by Eq. (5.76), and y, is the thickness of the Surfactant
tongue at the front. The value of y, is obtained from Eq. (5.66) after replacing for the oil
recovery at slug breakthrough, (Npp)s» given by Eq. (5.70):

{i+__. [2 Ek_x--&]} (5.93)
m o (@-1) m m

After surfactant breakthrough, the total pressure drop is given by Eq. (5.91).

55. RECOVERY FOR DISPLACEMENT OTHER THAN COMBINATION-DRIVE

In tte following paragraphs, an approximate analytical model is proposed to predict the
recovery for piston-like two-dimensional flow which behaves quite differently then a
combination-drive behavior. Other flow behaviors are also expected in conditions drastically
different then they were in this study. It is expected that approximate analytical models could
be developed in a fashion similar to the method described here.

55.1. Recovery for Piston-Like Displacement

When simultaneous injection of gas and surfactant solution is displacing a liquid, the flow
cannot be truly piston-like because the mobility ratio between the gas and a liquid is always
unfavorable. However, the mobility ratio between the injected surfactant solution and the in-
situ oil can be favorable in some instances. In this situation, the upper part of te porous
medium is driven by gas and the rest is driven by surfactant solution front with a vertical and
piston-like profile. The recoveries can be obtained by adding the performance of these two
drives as shown below.
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The recovery due to gas drive can be obtained by using the Buckley-Leverst theory
modified for gravity, as given by Eq. (5.24):

W)y =—1— (2\@Gp-1-Gp) (5.24)
-1

The recovery due to surfactant solution drive before surfactant breakthrough equals the surfac-
tant injection volume, and must be added to the above equation:

Npp=Wp + ;n-l-l) (2@ Gp-1-Gp) (5.94)
where W =cumulative surfactantsolution injected, in movable al volumes.

The volume of surfactant solution injected at breakthrough can be obtained by material
balance. The location of the surfactant front, x , depends upon the thickness of the zone
unswept by gas, and the surfactant solution throughput:

Yo AS

(5.95)

X

The expression for recovery by surfactant solution drive given by Eq. (5.15) can be used after
modifying it for gas drive:

Npp=b,+(1=f) Gp=L +(1-£) Go (5.96)

The fractional flow of gas at the producing end, £, ,can be obtained by substituting Eq. (5.64)
into Eq. (5.22) after modifying for gas drive:

m 1
fre=—2— [ 1- (5.97)
& m-1 [ VﬁG,D ]
The thickness of the gas zone is obtained by substituting Eq. (5.96) into Eq. (5.15) and rear-
ranging:
m 1
F=h(Nyp), +hd—2— |1- -1{ G, (5.98)
Y= ﬁ—l[ ﬁcm] ©

The thickness of the surfactant zone, y, can be obtained by difference between the total thick-
ness, h, and the thickness of the gas zone, ¥. The surfactant breaks through when the front
reaches the ptoducing well, i.e., atx =L in Eq. 5.95.

After surfactant breakthrough, there is no recovery from the surfactant drive due to the
sharp interfaces, and any additional recovery is merely due o the gas drive, which can be
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obtained by adding the recovery due t the surfactant drive at surfactant breakthrough as calcu-
lated before:

Nop = (Npp)sse + (ﬁ‘ (2 NmGp - 1-Gp) (5.99)
where (Npp)siw = recovery by surfactant drive at surfactant breakthrough.

The mobility of gas has to be modified after foam generation starts. The onset of foam
generation can be estimated by the same empirical relationship proposed in Section 5.1 (Eq.
5.2). The above equations were used © analyze a run showing piston-like displacement, and
the recovery predicted was found to be in good agreement with the laboratory data, as will be
described in Section 6.

55.2. Viscous Dominated Flow

Flov can be classified as unstable when the viscous effects are overwhelming in the
porous medium, in which case the front advances in the form of fingers. The number of these
fingers and their thicknesses depend upon the degree of instability. The effect of these instabil-
ities is pronounced in laboratory tests.

The combinationdrive and other models proposed previously are based on the concept of
fully segregated stable flow, and therefore, are not valid for unstable displacement No model
has been developed as yet to describe such a system.
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6. RESULTS AND DISCUSSION

The experimental results obtained in this study are analyzed in this section and are com-
pared with the results obtained by using the modeling equations developed in Section 5. Most
of these results were obtained when a liquid was displaced by gadsurfactant solution injection
under foaming conditions. These experiments were performed in two stages. The rus were
designed in the first stage to get a qualitative understanding of displacement, and were focussed
on the frontal advance behavior and the identification of important operating parameters.
These runs were, therefore, somewhat trial-and-error in nature. Once the displacement
mechanism was understood, the runs in tte later stages were performed with closely defined
objectives, and under carefully controlled conditions.

In the first stage of obtaining a qualitative understanding, the study had to be started from
a point where even the fundamental principles were not uniquely defined in the literature.
Thus data obtained during this stage had little quantitative value, because the operational diver-
sity made them difficult to analyze. These runs were not analyzed quantitatively and have only
been referred to qualitatively. Quantitative analysis of the runs in the second stage is, how-
ever, presented in the following paragraphs.

The primary objective of this study was to get an understanding of tre displacement. The
number of runs performed are insufficient to completely prove or disprove the proposed con-
ceptual models. However, it was hoped that they would give considerable insight and provide
a good foundation for further studies.

61 RHEOLOGY OF FOAM

An investigation of the rheological behavior was not a major goal in this study, but due
to the controversial nature of foam rheology, it was deemed necessary to perform some rheo-
logical tests. A series of three runs was performed in which the two-dimensional sandpack
was initially saturated with only fresh water (no oil). This water was then displaced by nitro-
gen injection only, or by nitrogen and simultaneous injection of either fresh water or surfactant
solution. The changes in apparent mobility behavior during these three runs are shown in Fig.
6.1.

The behavior of a run in which fresh water was displaced by simultaneous injection of
nitrogen and surfactant solution is shown in line (a) of Fig. 6.1. The mobility was high at the
start of the run due to a delay in foam generation for the reason described in Section 5.1 as the
mass-effect. Then a short period of gradual decline in apparent mobility followed, which wes
also visually seen to be due to the propagation of foam through the gas tongue as a third frant.
The first straight line shown in line (a) of Fig. 6.1 represents this decline. After about two and
a half hours of injection, the gas and surfactant began to produce finely dispersed foam and the
apparent mobility decreased sharply by a ratio of about 250 t© 1. This was due to the foam
front reaching the producing well. Soon after foam breakthrough, gas and surfactant solution
started behaving as a single homogeneous fluid of very low mobility, whose value remained
relatively constant, but never achieving a truly steady state condition.

The presence of a history-dependent gel strength was also noticed in this run. After the
sandpack was thoroughly flooded with foam and flow approximated a steady state condition,
the injection was stopped for several hours, and subsequently, resumed at a much higher pres-
sure drop (at the maximum design of 20 psig), but it did not induce any flow. The rheology
was also Seen to be time-dependent. After total blocking had been observed, the sandpack was
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Figure 6.1  Effect of Time and Shear History for a Two-Dimensional Flow.




-93-

left undisturbed for several weeks. When injection was resumed, the initial mobility
corresponded to the gas mobility. This was an indication that the foam had completely broken
down. However, foam generation restarted rather quickly, suggesting that there were no losses
encountered this time.

To see if this behavior was due © surfactant, another run was performed under tte same
operating conditions except that the surfactant solution was replaced with an equivalent volume
of fresh water. The results were drastically different as shown in line (b) of Fig. 6.1. After a
gort early transient period, the flow stabilized at a high constant mobility indicating a steady
state condition was reached. There was no change in mobility when the run was stopped and
resumed after the same duration of shut-in as in the last run, except that another short transient
period was noticed.

The third run in this series was performed to see the role of liquid, thus it was performed
under identical operating conditions, except that no liquid was injected, only nitrogen. The
results, shown in line (c) of Fig. 6.1, indicated a typical Buckley-Lcverett displacement
behavior with rapid increases in apparent mobility.

After the first three runs described above, later runs were performed with oil in-situ. An
example of apparent mobility of some of these runs is graphed in Fig. 6.2. At first it looked
like the rheology of foam is complex, changing from pseudoplastic at low rates to dilatant at
high rates. Later, when the efforts to model the frontal behavior were made, it became clear
that this complex mobility behavior was due to the two-dimensional nature of the flow, which
was caused primarily by gravity segregation, and which ma& the displacement sensitive 1o rate
changes.

63. SCALED-MODEL STUDIES

Scaled-model studies are useful for many flow problems specially those not amenable to
analytical reatment. Displacement runs are performed on a laboratory scaled-model, and the
performance is extrapolated for the prototype reservoir. The recovery performance obtained by
a properly-scaled model B expected to approximate the performance of a prototype reservoir
through the entire life of the flood.

The scaling approach was also tried in tis study. The results obtained from such
bench-scale laboratory models are valid only for the operating conditions for which they are
designed. Nevertheless, it was hoped that some valid information of practical utility could be
obtained by developing performance charts for oil displacement by gadsurfactant solution
injection.

The same scaling laws were used which were originally derived for a water drive in a
linear reservoir (Rapoport, 1955). The continuity equation was used to describe the flow. The
scaling was perfomed on tre same principles as described by Geertsma et al. (1956), where
the important forces were also scaled along with the geometrical configuration.

The first step in this scaling attempt was to identify important parameters, Qualitative
runs were performed on the two-dimensional sandpack which revealed that the oil displacement
by gadsurfactant solution injection could be modeled using a combinationdrive behavior (Sec-
tion 5.5.2), in which flow iIs considered to be taking place in separate gravity tongues. The
behavior of gas drive was not found 1 be sensitive in the range of experimental conditions,
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i.e., it always formed a gravity tongue of more or less the same size. However, the recovery
performance was found to be sensitive to the behavior of surfactant solution fraital movement.

The scaling groups should be established for both aqueous and gaseous phases for a
combination-drive behavior, since both phases are flowing separately. However, the scaling
laws are difficult to establish for gas drive due to the nonlinearity of the continuity equation for
compressible fluids. This problem can be simplified by assuming that the compressibility
effect of foam is small, and the same set of laws derived for liquid flow can be used without
serious error, Based on this assumption, the scaling pups for the flow through two-
dimensional laboratory sandpack were derived in Appendix C and were used for this part of
the study. These scaling equations require that:

(1) The product of length to height ratio and the square root of vertical to horizontal
penneabilty must be the same in the model and prototype,

(2) The ratio of capillary forces to the gravity forces (Bond ND.) must be tre same in
the model and prototype.

(3) The ratio of viscous to capillary forces (Capillary No.) must be the same in the
model and prototype,

(4) The mobility ratio must be the same in the model and prototype,

(5) If conditions (2) and (3) above are met, it can also be deduced that the ratio of
gravity forces to capillary forces (Gravity No.) must be the same in the model and

prototype.

A series of runs were performed in which the values of similarity groups governing the
performance were selectively changed in tre range of practical interest, and the recovery data
were graphed against these groups. These graphs are shown in Figs. 6.3 and 6.4, and a similar
graph based on oil viscosity alone is shown in Fig. 6.5.

An interestiag but discouraging observation was made as a result of developing these
charts, that after a certain volume of injection, a significant jump in production takes place.
An example of such behavior can be seen in each of these figures after about two pore
volumes of throughput. This jump, which later was attributed to the mass-effect (Section 5.1),
took place at different throughputs for different operating conditions. It was not clear & that
time how to account for the increase in recovery caused by this jump. To make these perfor-
mance charts useful, a large number of experiments would have been needed to cover all possi-
ble combinations of variables at which this jump takes place.

Research might have been pursued in the direction of finding appropriate methods of
modifying the scaling groups, but this would not have served the main objective of this study
which was to get a fundamental understanding of the displacement mechanism. The scaling
approach was relinquished in favor of approximate mathematical modeling which was thought
o be more promising (Section 5.2). Thus the later runs were performed in several series of
small numbers of ruUs. Only one variable was changed in each of these series. The perfor-
mance of these runs and the comparison with model equations are presented in the following
secdons,
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63. EFFECT OF MODE OF INJECTION

A series of runs was performed to understand the effect of mode of injection on frontal
behavior and on the ficod performance. Nitrogen and surfactant solution were injected
differently in each of these runs by either one of the following methods:

(1) A single surfactant solution slug driven by gas,
(2) Alternate slugs of surfactant solution and gas,
(3) Preformed foam injection,

(4) Simultaneous gas-surfactant solution injection.

The gas-to-oil and the surfactant-to-oil mobility ratios were unfavorable for these runs.
The frontal behavior was noticeably different for each mode of injection, and consequentially,
the production performance and the pressure histories were different. The behavior observed
in each of these runs is described below:

63.1. A Single Surfactant Slug Driven by Gas

In Run #8, the sandpack was initially saturated with decane (1 cp viscosity at S.T.P.)at
imducible water saturation. A single surfactant slug of 0.2 pore volume was then injected
After the completion of surfactant slug injection, gas injection was started, and was continued
utal the end of the flood.

The surfactant front advanced through the two-dimensional sandpack in tre form of a
gravity tongue; the surfactant solution underrode and broke through during its injection as
indicated in Fig. 4.10. The thickness of the tongue continued 1 increase after breakthrough
until surfactantinjection was stopped.

The mobility ratio between surfactant solution and aill was unfavorable but close to unity,
and very little undemde would normally have taken place with pure water, but in this run it
was aggravated due to tte reduction in capillary forces caused by the surfactant. When gas
injection was started, the gas severly overrode and broke through rapidly, in the form of a very
thin finger. Later during gas injection, the gas finger slightly increased in thickness, while the
surfactant profile remained Infact. The run was abandoned when the rate of oil recovery
became negligible, evea though most of the middle section of the sandpack was still unswept.

_ Only a small fraction of totel surfactant solution injected came in contact with the gas.
This volume was not enough to overcome surfactant losses, and therefore, then was no evi-
dence of foam generation, either direct (visual) or implied (through pressure drop data).

In summary, the behavior of a single surfactant solution slug which was injected before
the start of gas injection could be described as if the lower part of the reservoir had been under
surfactant flooding, and the upper part under gas injection. The recovery performance was
predicted on the basis of this simplified model where the Dietz theory was used for surfactant
drive and the gravity-modified Buckley-Leverett theory was used for the gas drive. Operating
conditions of this run (Run #8) and the set of equations used for predicting the recovery
behavior which are based on this mods! are listed in Table 6.1.

Note in Table 6.1 that the mobility ratio used for the gas was 200, and the mobility ratio
used for the foam was 80. Although these are not theoretically e correct values for these
mobilities, they were the ones that were found to fit the data best. Further these same values
of mobility were used in all runs matched later. The reason why these somewhat incorrect
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TABLE 6.1

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN #8
(Singlle Slug of Surfactant Solution Followed by G35 Injection)

Mode of injection

Tye of al in the porous medium
Oil saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratics

Recovery up to surf. breakthrough
(Material Balance, Eq. 5.29)

Recovery at uf. breakthrough
(Dietz Model, Eq. 5.28)

Recovery up to the end of surf. inj.
(Dietz Model)

Recovery during gas injection
(Modified Buckley-Leverett, Eq, 5.24)

A single slug of 0-2pore volumes of surf.
solution followed by continuous gas

Decane (1 cp at room temp.)

82% (at irreducible water saturation)
1% by weight of SUNTECH 4

1 standard cm®/min

0.167 standard cm*/min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Continuous, with no shut-in

Gas to oil=200, Foam 10 oil=80,
Surfactant o oil=5,

NpD=WLD
(N ) =._l...
pD Jsbt m
1 1 :
NPD=—’;+m_1 (*JmW,D—l)
1\/,,,,=ﬁ‘1 (2NmGp-1-Gp)
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values had to be used is not known. It is possible that it was due to the approximations used
to formulate the combination-drive model equations.

The experimental data obtained during this run was graphed and compared against the
data predicted by modeling in Fig. 66. Good agreement was obtained between experimental
and predicted data.

63.2. Alternate Slugs of Surfactant and Gas

This run (Run#6) was performed to observe the effect of injecting small surfactant slugs
altemated with gas instead of a large single surfactant solution slug driven by gas injection.
The total Surfactant solution injected was the same as in the previous run (0.2 pore volume)
except that the injection strategy was changed. The rates, concentrations and fluids were also
the same as in Run #8.

At the start of the run, a small surfactant solution slug (0.025 p.v.) was injected into the
top zone, then a small gas slug was injected into the bottom zone, which was again followed
by a small surfactant solution slug into the top. This sequence of small alternating slugs of
surfactant solution and gas was continued throughout the life of the flood.

Due to this altemating small surfactant solution slugs injected between small gas slugs,
tte front profiles were improved. When the first surfactant slug was injected from the top
zone, it underrode, but due to its smaller volume, it did not advance far. The gas injected sub-
sequently from the bottom zone severly overrode in the form of a thin channel. When the
second surfactant solution slug was injected at the end of first gas slug, it advanced the surfac-
tant tongue slightly at the bottom, but it also partially invaded the gas swept zone, and in so
doing, it slightly countered the effect of surfactant undemde.

When s cycle of injecting a small surfactant solution slug followed by a small gas slug
was repeated, the surfactant front advanced in the form of a parabola, whereas the thickness of
the gas finger also continuously increased. The curvature of the surfactant slug appeared to
decrease with time, however, as shown in Fig. 4.11.

The operating conditions for the run (Run #6) are listed in Table 6.2 and the recovery
performance is presented in Fig. 6.7. There is no predicted behavior in this graph, since the
behavior does not resemble any of the models developed in this study.

63.3. Preformed Foam Injection

This rn (Run #10) was performed to compare the performance of preformed foam injec-
tin to other modes of injection. In this run, the gas and surfactant were simultaneously
injected into a Raza type foam generator (Raza, 1965). The excess surfactant was drained out
whereas the dry foam was used 1 displace decane, which was initially in the model with
imducible water under operating conditions similar to the previous runs.

In this run, the gas broke through very early through a thin gravity tongue at the top. As
tre preformed foam injection progressed, tte size of this tongue grew gradually, at a continu-
ously decreasing rate. At the bottom of this tongue, a liquid tongue of similar profile
developed and started to grow in size (Fig. 4.12).
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TABLE 6.2

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN #6
(Alternate Slugs of Surfactant Solution and Gas Injection)

Mode of injection

Type of oil in the porous medium
Oil saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Alternate slugs of surf. solution and gas
Decane (1 ¢p at roam temp.)

82% (at irreducible watcr saturation)
1% by weight of SUNTECH 4

1 standard cm*min

0.167 standard cm®/min

Both inj. and prod. from bottom until gas
breakthrough, then iInj. into top

Continuous, with no shut-in
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There was no evidence of in-situ foam generation or propagation either visually or
through recovery and pressure behavior during the life of the flood. Foam eventually started ©
propagate through the sandpack, but only after many pore volumes of throughput beyond the
useful producing life.

The production performance of this type of displacement could not be predicted using the
combination-drive model, since there was not enough surfactant entering the formation to form
a Dietz gravity tongue.

The recovery in this case was best predicted by assuming that gas and surfactant solution
are flowing together as a single phase with a slight improvement in gas mobility. The operat-
ing conditions for this run (Run #10) and the set of equations used for predicting the recovery
behavior are listed in Table 6.3. The predicted behavior obtained by using these equations is
compared to the experimental data obtained during the run in Fig. 6.8. A good match wes
obtained by adjusting the apparent mobility.

An interesting point to note here is that the overall recovery performance of a preformed
foam injection (Fig. 6.8) closely resembled a single surfactant slug followed by gas injection
(Fig. 6.6). This would be expected since foam did not form in the model through the produc-
ing life, and therefore, there was no marked reduction in mobility. Early in the flood, the pro-
duction was slightly higher in the preformed injection mode. This was perhaps due to a reduc-
tion in relative permeability because of e simultaneous liquid injection. This type of behavior
is commonly observed in a water-alternating gas (WAG) type process.

63.4. Simultaneous Gas-Surfactant Injection

In this strategy, both gas and surfactant solution were simultaneously introduced into the
formation directly, and no mixing or foam generating device was used. The same oil, the same
surfactant concentration, and tte same injection rates were used as before.

In this run (Run #9), the gas overrode and advanced in the form of a thin finger. Gas
breakthrough was rapid, as usual. The surfactant solution segregated from the gas and formed
a surfactant solution bank along the bottom. A sharp saturation gradient was observed across
the surfactant solution front. The surfactant finger broke through in the middle of the flood
life. The frontal behavior was like a combination-drive, as has been described in Section 5.2.

A delay in foam generation and propagation through the porous medium was clearly
observed. Foam generation started after the losses were overcome, and caused a considerable
decrease in the apparent mobility of the injected gas. The mess of surfactant injection needed
to start foam generation correlated well with the proposed empirical relationship. [See mess
effect, Eq. (5.2).]

The foam bank was also seen 1 advance like a front but it propagated through the gas-
swept zone only, and at a low speed (Fig. 4.13). The shape of this front was piston-like, as
expected due b its low mobility, and it advanced to approximately one-fourth of the total
length of the sandpack by the time most of the oil was produced. However, this foam bank
kept advancing and did eventually reach the producing end long after the end of the effective
flood life.
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Figure 6.8 Comparison of Predicted and Experimental Recovery for Preformed Foam Injection.
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Figure 6.9  Comparison of Predicted and Expenmental Recovery for Simultaneous
Injection of Gas and Surfactant Solution.




- 106 -

. TABLE 6.3

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 10
(Preformed Foam Injection)

Mode of injection

Type of dl in the porous medium
(il saturation

Type and concentration of surfactant
Gas injcction rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratics

Recovery up D gas breakthrough
material Balance, Eq. 5.3)

Recovery at gas breakthrough
(Modified Buckley-Leverea, Eq. 5.26)

Recovery up to the end of flood

(Modified Buckley-Leveret,
after substitutingm for m and
(Gp+Wyp) for Gp in B 520)

Preformed foam injected to the sandpack
through a Raza type foam generator

Decane (1 ¢p at mom temp.)

82% (at irreducible water saturation)
1% by weight of SUNTECH 4

1 standard cm*/min

0.167 standard cm*/min into the
foam generator

Both inj. and prod. from bottom until gas
breakthrough then inj. is switched to top

Continuous, with no shut-in

Gas/surfactant mixture to oil, m=100

Npo=(1/R+1)Gp

1
(GiD)‘bl = (N, ﬂ)),bl = ';n_-

_ 2 Vm (G,D+W‘D - l - (G‘D‘PW‘D)

N, ;
PO m-1
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The production performance was predicted using the combination-drive model (Section
. The operating conditions for the experimental run and the set of equations used are listed
in Table 6.4. The predicted and the observed recoveries (Run#9) are compared in Fig. 6.9.

The agreement between experimental and predicted recoveries is excellent There is a
slight error near the end of tte producing life. This may be because the mixed zone near the
injection end is included twice in the combination-drive model and predicted recovery tends to
be optimistic. The recovery in this run was higher throughout the producing life compared to
either the slug type injection (Fig. 6.6) or preformed foam injection (Fig. 6.8). This was due
to the earlier foam generation. The best recovery in the series was obtained with this mode of
injection. Due to the superior performance demonstrated by simultaneous injection, all subse-
quent runs were performed using this method.

64. EFFECT OF MOBILITY RATIOS

The two mobility ratios involved during gas-surfactant flooding are: the mobility ratio
between injected gas and in-situ oil; and the ratio between surfactant solution injected and in-
situ oil. Several runs were performed to see the effect of mobility ratios, and as expected, two
distinct patterns were observed, one for favorable surfactant-to-oil mobility ratio and the other
for unfavorable surfactant-to-oil mobility ratio.

The mobility of gas was always much higher than the oil so the gas-oil mobility ratio
was very unfavorable, hence the gas bypassed and due to a large density difference, formed a
gravity tongue on the top. The generation of foam improved the gas-oil mobility ratio, -but,
since the foam front lagged behind the gas front, it had a small effect on overall saturation
changes. Foam did, however, induce crossflow which affected frontal behavior. This
phenomenon has been explained in previous sections.

The mobility ratio between the surfactant injected and the reservoir oil was, on the other
hand, important in determining the behavior of the surfactant bank front. The surfactant bank
behavior for both unfavorable and favorable surfactant-oil mobility ratio is described in the fol-
lowing paragraphs. One run in each category has been selected to represent each type of
behavior. The relative permeability-saturation relationship for te sandpack was not known
due to tre two-dimensional nature of the flow for each phase. In analyzing these runs, the
effective permeabilities at imducible oil saturation were used.

6.4.1. Favorable Surfactant Solution-To-Oil Mobility Ratio

In this run (Run #11) the surfactant solution-to-oil mobility ratio was favorable. Hexane
(0.6 ¢p viscosity at ST.P.) was initially saturated with irreducible water and displaced by
simultaneous injection of nitrogen at 200 std ¢m’/min. and 1% Suntech 4 at 5 ¢m*/min. The
?gas 10 surfactant solution injection ratio was 40. The operating conditions for this run are
isted in Table 6.5.

In this run, gas frontal behavior was similar to all other runs and gas broke through early.
The surfactant solution front, on the other hand, was different; it had approximately a vertical
profile and did not show significant gravity segregation (Fig. 45).

When the combinationdrive model was used to predict the behavior, it did not give a
good match with the experimental results. Nor was it expected to, since this model is
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TABLE 6.4

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 9
(Simultaneous Injection of Gas and Surfactant Solution)

Mode of injection Simultaneous gas and surfactant introduced
directly without a mixing device

Type of al in the porous medium Decane (1 ¢p at room temp.)
Oil saturation 82% (at irreducible watcr saturatio saturation)

Type and concentration of surfactant 1% by weight of SUNTECH 4

Gas injection rate 1 standard cm®/min
Surfactant injection rate 0.167 standard ¢m*/min
Location of inj. and prod. intervals Both inj, and prod. from bottom until gas

breakthrough, then inj. into top
Injection and production history Continuous, with no shut-in
Apparent mobility ratics Gas to oil=200, Foam to o0il=80
Surfactant to oil=5.
Recovery up to gas breakthrough Np=(1/R+1)Gp
(Material Balance, Eq. 5.3)

Recovery at gas breakthrough Gl = Nppdgns =
(Modified Buckley-Leverett, Eq. 5.26)

1
m

1

Recovery at surf. breakthrough WNo)st: = -g +(_ D @VmRIm=-1-Rim)
m—

(Modified Buckley-Leveren, EQ. 5.30)

Recovery up to surf. breakthrough Np = —%—'D- + (_] 0 (NAGp - 1= Gp)
m -

(Modified Buckley-Leverett, Eq. 5.25)

2 — -
Recovery up to the end of flood Nyp= V(C+ap) 4QBC2:C'"Q") (C+ap)

(Combination-Drive Model, Eq. 5.70)

N,0)wes = ofC(a+1) . @G+1(C+af) . 1

Max. recovery at the end of flood
@+a+2)? (a+l)@+ro+2)  (a+])

(Combination-Drive Model. Eq. 5.71)
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TABLE 6.5

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 11
(Favorable Mobility Ratio Between Oil and Surfactant Solution)

Mode of injection Simultaneuous gas and surfactant introduced
directly without a mixing device

Type of oil in the porous medium Hexane (0.6 cp at room temp.)
@l saturation 90% (at irreducible water saturation)

Type and concentration of surfactant 1% by weight of SUNTECH 4

Gas injection rate 200 standard cm®/min
Surfactant injection rate 5 standard cm®/min
Location of inj. and prod. intervals Both inj. and prod. from bottom until gas

breakthrough, then inj. Into top

Injection and production history Continuous, with no shut-in
Apparent mobility ratics Gas to oil=120, Foam 1 0il=80,
Surfactant to oil=3
Recovery up to gas breakthrough Np=(1/R*+1)Gp
(Material Balance, Eq. 5.3)
Recovery at gas breakthrough (G)ym = Npp)gse = é
m
(Modified Buckley-Leverett, Eq. 5.26)
Recovery at surf. breakthrough (Npp)se = QO3 Movable Pore Volumes
(Noted from experimental data)
G;
Recovery upto surf. breakthrough Nyp= -Tfp- + (_l D @VmGp -~ 1~ Gp)
m -

(Modified Buckley-Leverett, Eq. 5.25)

2_4 - -
Recovery up to the end of flood Nyp= V(Crap) GBCZS CmQD ) - (Cvap)

(combination-Drive Model, Eq. 5.70)

afC(a+]) . (@+1XC+af) + 1
@+a+2)?  (a+1)@+a+2) (o+1)

Max. recovery at the end of flood NoD)oar =
(Combination-Drive Model, Eq. 5.71)
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applicable only for unfavorable mobility ratio displacement The major difficulty was in
predicting the time of surfactant solution breakthrough. The actual surfactant breakthrough
time was used from the experimental run. Up to surfactant solution breakthrough, the recovery
through the gas zone was assumed to follow the Buckley-Leverett model, modified to take into
account the effect of gravity segregation, and the recovery due to surfactant drive was assumed
to be qual to the surfactant solution volume injected. The recovery after surfactant break-
through was found © approximately follow the combination-drive model.

The set of equations used to predict the recovery behavior are listed in Table 65. The
recovery data obtained during the run and the predicted recovery are compared in Fig. 6.10.
There was reasonably good match up to tte surfactant solution breakthrough (at 0.5 pore
volumes of recovery), then there was some disagreement. The reason for this is probably
because the combination-drive model assumes the invasion of both gas and surfactant tongues
into tte oil zone in tre middle of the vemcal section due to tre gravity drainage and vemcal
cross-flow, whereas in reality, N0 such unswept zone was seen in this run.

64.2. Unfavorable Surfactant Solution-To-Oil Mobility Ratio

The mobility ratio between surfactant solution and oil is generally unfavorable under most
reservoir conditions, therefore, most of the runs in this study were performed at this condition.
Run #13 has been selected here D represent the performance of this type of displacement. In
this run Blandol (15 cp viscosity) was initially saturated with irreducible water and was dis-
placed by simultaneous injection of nitrogen af 200 std. ¢m*min and Suntech 4 at 5 em*/min.
The operating conditions of the run are given in Table 6.6.

Two types of behavior were observed when the surfactant solution-to-oil mobility ratio
was unfavorable: gravity dominated and viscous dominated. When tre flow was gravity dom-
inated, the displacement resembled a combination-drive model, in which both gas and surfac-
tant solution advanced in separate gravity tongues. This was the most common behavior
observed. The analysis of several gravity dominated runs can be found in Section 6.6.1.
Viscous-dominated flow was generally encountered when the flow rates were very high, or the
surfactant solution-to-oil mobility ratio was very unfavorable.

For viscousdominated displacement, the fingering of the surfactant solution bank was
more prominent than the gravity effects. The surfactant solution bank advanced in the form of
several thin fingers [Fig. 4.6(a)] which moved downward as they advanced and grew in size
until they meshed with each other and thus swept the entire formation. Frontal behavior of gas
was essentially the same as in any unfavorable mobility case, except that the thickness of gas
tongue and its vemcal growth rate were smaller. This was perhaps because of the overwhelm-
ing viscous effects rendering gravity drainage eross-flow insignificant. The time of break-
through for each tongue and the increase in the thickness of e fingers were found ® be func-
tions of the mobility ratios.

The combination-drive model was not applicable for viscousdominated flow, since the
surfactant fingers did not resemble #e Dietz gravity tongue. The major error was in estimating
the slug breakthrough time. It is interesting to note, however, that when the actually observed
surfactant solution breakthrough time was used in the combination-drive model, it was able to
predict the performance of this viscous-dominated flow With reasonable accuracy. With the
above substitution, the recovery predicted for this run (Run #13) using the combination-drive
model equations (Table 6.6) is compared in Fig. 6.11 with the experimentally observed
recovery. The match between predicted results and the experimental data is excellent
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TABLE 6.6

OPERATING CONDITIONS AND PREDICTIVEEQUATIONS FOR RUN # 13
(Viscous-Dominated Surfactant Solution Aat)

Mode of injection

Type of al in the porous medium
Oil saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratics

Recovery up to gas breakthrough
(Material Balance, EQ. 5.3)

Simultaneuous gas and surfactant introduced
directly without a mixing device

Blandol (15 cp at room temp.)

85% (at irreducible watcr saturation)
1% by weight of SUNTECH 4

200 standard ¢m*/min

5 standard cm*/min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Continuous, with no shut-in

Gas D oil=300, Foam to o0il=120,
Surfactant to oil=15.

Np=(/R+1)Gop

Recovery at gas breakthrough Go)gpe = Wpd) e = -l:
m
(Modified Buckley-Leverea, Eq. 5.26)
Recovery at surf. breakthrough NpD)ate = ﬁ + (_1 D (VR /m-1-Rim)
m-—
(Modified Buckley-Leverett, BJ. 5.30)
Recovery upto surf. breakthrough Npp = % + (El_ D (V@G - 1= Gyp)

(Modificd Buckley-Leverett, Eq. 5.25)

_ N(C+aBy’<4aBC(1-mQp) - (C+ap)
- 2aC

Recovery up 10 the end of flood Ny
(Combination-Drive Model, Eq. 5.70)

- aBfC(a+1) . @+1XC+af) + 1
@+a+2)?  (a+D)@+a+2) (o+])

M. recovery at the end of flood
(Combination-Drive Model, Eq. 5.71)

(N pD)mux
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Another interesting observation was ma& while fitting the experimental data with model-
ing results. For this run, increasing the mobility ratio of surfactant solution-to-oil beyond the
values listed in Table 6.6 did not make much difference. The reason for this insensitivity is
not Clear.

6.5. EFFECT OF SURFACTANT CONCENTRATION

Surfactant concentration affected the performance in two major ways: (1) in determining
the initiation of foam generation and its physical characteristics, and (2) in determining the
front profiles. Two characteristic behaviors were observed, one with surfactant concentrations
above the CMC and the other with concentrations below or up to the CMC. Each of these are
described below.

65.1. Performance Below and Up to the CMC

Two runs were performed 1 observe the effect of low surfactant concentrations on front
profiles. One run (Run #16) was at the CMC concentration and the other run (Run #17) was
at concentration much below te CMC. The operating conditions for these two runs are shown
in Tables 6.7 and 6.8. Cyclohexane (1 ¢p viscosity at S.T.P.) was initially saturated at irredu-
cible Water saturation in these runs and was dlsplaced by simultaneous injection of gas at 200
sti. cm¥min. and surfactant solution at 5 em*min, Surfactant solution was Suntech 4 at con-
centrations of 0.3% or 0.01%, respectively. The injection ratio between the volumes of nitro-
gen and surfactant solution was 40 in both runs,

The frontal behavior of both runs was quire similar, Gas fingered through the top as
usual and the finger thickness gradually increased. The surfactant solution bank also grew in
size until it interfered with the gas channel, then it started advancing with a quite vertical
profile at e front [Fig. 4.8(a)]. The effect of imbibition was quite noticeable. The saturation
gradient across the surfactant solution front was not sharp, and as a result, the oil production
continued even after the entire formation was swept. The decline in oil production was only
gradual. However, since tre surfactant profile was alhost vertical due to imbibition, a consid-
erable drop in recovery rate was noticed after surfactant broke through. An interesting point to
note here is tret foam wes not generated for these runs during the useful life of the flaod.

The combinationdrive model was not able to reasonably predict the recovery or pressure
history for these ruas, since this model is applicable only when the saturation gradient between
oil and surfactant is sharp. The imbibition effects were so pronounced that a Dietz type grav-
ity tongue did not form.

The recovery data are presented in Figs. 6.12 and 6.13. The recovery performance of
both rus closely matched each other. There are no predicted recoveries in these figures,
because no method to analyze this type of displacement is yet available. The profile of surfac-
tant solution frant was nearly vertical due to imbibition, and thus a considerable drop in
recovery rate was observed.

6.5.2. Performance Above the CMC

Two runs (Run #20 and #21) were performed with surfactant concentrations higher than
the CMC. Cyclohexane (1 cp viscosity) wes initially present at |rredu0|ble water saturation,
and was displaced by simuitaneous injection of nitrogen at 200 std. em*min. and surfactant
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TABLE 6.7

OPERATING CONDITIONS FOR RUN # 16
(Near CMC Surfactant Concentration Displacement)

Mode of injection

Tye of al in the porous medium
Oil saturation

Tye and concentration of surfactant
Ges injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Simultaneaus gas and surfactant introduced
directly without a mixing device

Cyclohexane (1 cp at room temp.)
87% (at irreducible water saturation)
0.3% by weight of SUNTECH 4
200 standard cm*min

5 standard cm*/min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Continuous, with no shut-in
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TABLE 6.8

OPERATING CONDITIONS FOR RUN # 17
(Below CMC surfactant Concentration Displacement)

Mode of injection

Type of oil in the porous medium
(il saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Simultaneous gas and surfactant introduced
directly without a mixing device

Cyclohexane (1 cp at mom temp.)
88% (at irreducible water saturation)
0.01% by weight of SUNTECH 4
200 standard cm*min

5 standard cm¥%min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Continuous, with no shut-in
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solution at 5 em*min. Surfactant concentrations in these two runs were 0.533 (Table 6.10,
Run #20) and 0.76/% (Table 6.9, Run #21) by weight of Suntech 4. The operating conditions
for Run #20 and Run #21 are given in Tables 6.9 and 6.10 respectively.

In these runs, the surfactant solution bank formed a gravity tongue. Behavior of the ges
finger was about e same as in the two low surfactant concentration runs (Run #16 and #17,
kEfON and up to the CMC) described in the previous Ssction. Foam generated during the pro-
ducing life and advanced through the gas channel as a third fiont (Fig. 4.8(b)].

"The recovery for these runs was predicted using the combination-drive model as
described previously in Section 53. The set of equations used for recovery prediction are
given in Tables 6.9 and 6.10. The experimental data obtained during these runs, and the data
obtained by modeling are all presented in Figs. 6.14 and 6.15. Agreement between the
predicted behavior and the experimental results is generally good.

There is some inaccuracy fate in the life of the flaod for the 0.533% concentration run
(Fig. 6.14), which is because the combination-drive equations were used beyond the expected
practical life of the flood. However, for the second run shown in Fig. 6.15 (at 0.76/% con-
centration) which was terminated at the end of the useful producing life, the agreement
between model equations and experiment was good for tre entire run.

The recovery was slightly higher for the 0.76/ concentration run throughout the pro-
ducing life, since foam was generated earlier. However, this difference in recovery wes rather

small.

6.6. EFFECT OF INJECTION RATE

For a simple gas or waterflood with no gravity segregation, the rate does not affect the
frantal behavior or the recovery performance. Similarly, the performance is virtually indepen-
dent of rate for a stable piston-like displacement, or for a fully segregated gravity-dominated
flov. When instabilities such as viscous fingering are involved, the frontal behavior and pro-
duction performance become strong functions of rate.

The effect of rate on the performance was similar to a simple waterflood prior 1 the
onset of foam gereration for displacement through the two-dimensional sandpack. But the
throughput required to generate foam and the rate of advance of tre foam front were rather
sensitive 1 the rate of surfactant solution injection; both increased with increasing rate.

Two runs were performed to investigate the effect of flow rate on frontal behavior of a
gravity-dominated flow. In these runs, decane or cyclohexane (1 ¢p viscosity at S.T.P.)was
initially saturated with irreducible water and was displaced by simultaneous injection of nitro-
gen and 1% surfactant solution. The gas to surfactant solution volume injection ratio was 40
in both runs. Ges rates were 24 and 124 std. em¥min. as shown in Table 611 (Run #19) and
Table 6.12 (Run #18), respectively, along with other operating conditions.

The gas front was found t be gravity dominated for both flow rates and operating condi-
s, because of the large density difference between the injected gas and the reservoir fluids.
The gravity effects were overwhelming such that any change in the froatal behavior of the gas
was unnoticeable from one gas rate to the other.
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TABLE 6.9

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 20
(Slightly higher than CMC Surfactant Concentration Displacement)

Mode of injection

Type of al in the porous medium
Oil saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratics

Recovery up D gas breakthrough
(Material Balance, Eq. 5.3)

Recovery a gas breakthrough
(Modified Buckley-Levem, Eq. 5.26)

Recovery a surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.30)

Recovery up to surf. breakthrough
[Modified Buckley-Leverett, Eq. 5.25)

Recovery up to the end of flood
(Combination-Drive Model, Eq. 5.70)

M. recovery at the end of flood
(Combination-Drive Model, Eq. 5.71)

Simultaneous ges and surfactant introduced
directly without a miIXing device

Cyclohexane (1 ¢p at room t&p.)
88% (at irreducible water saturation)
0.533h by weight of SUNTECH 4
200 standard cm?*/min

5 standard cm*/min

Both inj. and prod. from bottom until gas
breakthrough, then 1nj. into top

Continuous, with no shut-in

Gas to oil=200, Foam to oil=80,
Surfactant to oli=5 .

Npp=(1/R+l)Gm

1
(GiD).bl = (NpD)gbi = —’_,_:

1
(m=1)

Npo)ute = -'i- + @VFmRIm-1~R/m)

G 1

ol IR~ @VmGyp - 1 - Gip)

Nop= Y(C+aB)*—4aBC(1-mQ)p) ~ (C+0p)
P»- 2aC

aBClo+l) | _@+D(C+af) |

1

(pr)mu = (a+a+2)2

(a+)@+a+2) (a+l)
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TABLE 6.10

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 21
(Quite Highar Than CMC Surfactant Concentration Displacement)

Mode of injection

Type of ail in the porous medium
Oil saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod intervals

Injection and production history

Apparent mobility ratios

Recovery up 1 gas breakthrough
(Material Balance, Eq. 5.3)

Recovery at gas breakthrough
(Modified Buckley-Leveren, Eq. 5.26)

Recovery at urf. breakthrough
(Modified Buckley-Leverett, Eq. 5.30)

Rccovcery up to surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.25)

Recovery up © the end of flood

(Combination-Drive Model, Eq. 5.70)

Max. ncovery at the end of flood
(Combination-Drive Model, Eq. 5.71)

Simultaneous gas and surfactant introduced
directly without a mixing device

Cyclohexane (I cp at room temp.)
88% (at irreducible water saturation)
0.767% by weight of SUNTECH 4
200 standard em®*/min

5 standard cm*min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Continuous, with no shut-in

Gas to oil=200, Foam 1 0il=80,
Surfactantto oil=5 .

N’pz (1/R + 1) GiD

1
(Gip)ge = Npp)gix = =

=11 oVmRim-1-&
(Npdae = — + ) @ m)
ND=—G'£+ ] (2Vﬁcw-i-cw)
PR @m-1)

<.
Nyp= —(C+aB)Y~4aBC(1-mQp) - (C+af)
2aC

- afCla+]) + @+ C+aB) + 1
@G+a+2)? (a+1)@+a+2) (o+l)

(pr)mx
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TABLE 6.11

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 19
(Displacement at Surfactant Solution Rate of 24 cm%min)

Mode of injection

Tye of al in the porous medium
(il saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratios

Recovery up to gas breakthrough

(btaial Balance, Eq. 5.3)

Recovery at gas breakthrough
(Modified Buckiey-Leverett, Eq. 5.26)

Recovery at surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.30)

Rccovcry up to surf. breakthrough
(Modified Buckley-Leverea, Eq. 5.25)

Recovery up to the end of flood
(Combmation-Drive Model, Eq. 5.70)

MaX. recovery at the end of flood
(Combmation-Drive Model, Eq. 5.71)

Simultaneous gas and surfactant introduced
directly without a mixing device

Decane (1 ¢p at mom temp.)

88% (at irreducible water saturation)
1% by weight of SUNTECH 4

24 standard cm*min

0.6 standard cm*min

Both inj. and prod. from boaom until gas
breakthrough, then inj. into top

Continuous, with n0 shut-in

Gss to 0il=200, Foam to oil=80,
surfactant 0 oil=5,

N’D=(1/R+I)G;p

1
(Gio)gpe = Npp) g = =

(Z‘JM/m—l-R/m)

1 1
(NpD):bc = '; + (-1

G, 1

NpD= R + (ﬁ- 1) (Z\JﬁG,-p-l-Gw)

V(C+aB)*~4aBC(1-mQp) = (C+ap)
2aC

NpD =

aBC(a+1) + @+1)}(C+af) + 1

Wpolmex = G+a+2)?  (@+D@+a+2) (@)
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TABLE 6.12

OPERATING CONDITIONSAND PREDICTIVE EQUATIONS FOR RUN # 18
(Displacement at Surfactant Solution Rate of 124 cm¥min)

Mode of injection

Type of al in the porous medium
Oil saturation

Type and concentration of surfactant
Gas injection rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratics

Recovery up 1 gas breakthrough
(Material Balance, Eg. 5.3)

Recovery at gas breakthrough
(Modified Buckley-Levem, Ej. 5.26)

Recovery at surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.30)

Recovery up to surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.25)

Recovery up to the end of food
(Combination-Drive Model, Eq. 5.70)

Max. recovery at the end of flood
(Combination-DriveModel, Eq. 5.71)

Simultaneous gas and surfactant introduced
directly without a mixing device

Decane (1 cp at room temp.)

88% (at irreducible water saturation)
1% by weight of SUNTECH 4

124 standard cm*/min

3.09 standard cm*/min

Both inj. and prod. from boaom until gas
breakthrough. then inj. into top

Continuous, with no shut-in

Gas 1 0il=200, Foam to 0il=80,
Surfactant to oil=5.

Np=(1/R+1)Gp

1
(GiD).bl = (N pD).bl = -]7-:
=L+ 1 oVmRim-1-®
Go 1 — .
Npp=—=+ @VFGp - 1 - Gy)

PER T @m-

V(C+aB)*<4aBC(1-mQp) - (C+af)
2aC

N’p =

Vo) o oBCla+])  _@+1)C+aB) . _1
pOImax G+a+2)? (a+1)G+a+2)  (o+])
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For the gas rate of 24 stdl em*/min and surfactant rate of 0.6 ¢m’/min (Table 611, Run
#19), foam generation was quite late in the run and the surfactant solution bank was fully dom-
inated by gravity effects. The flow of gas and surfactant solution was in two different thin
fingers, growing in size with the progress of the flood, and finally interfering with each other.
Only a small volume of surfactant solution came in contact with gas.

For the gas rate of 124 std em*/min and surfactant solution rate of 3.09 ¢m*/min, the evi-
dence of foam generation was earlier and stronger; thus the gravity tonguing of surfactant solu-
tin was less severs, The entire height of sandpack near the injection well was swept by the
surfactant solution. This improved sweep caused more surfactant solution volume to come in
contact with gas and help in foam generation.

The rate did not Ssem t change tre basic recovery mechanism, other than the time of
foam generation. The combinationdrive model was used effectively to predict the recovery
behavior of these runs and a good agreement was obtained between modeling equations and
the experimental results. The set of equations used for predicting the récovery behavior are
given in Tables 6.11 and 6.12 and these results are presented in Figs. 6.16and 6.17.

6.7. EFFECT OF GAS/SURFACTANT SOLUTION VOLUME RATIO

The ratio between the volumes of surfactant Solution and gas injection is another impor-
tant parameter in determining the performance. This ratio is important for the flood perfor-
mance for two reasons: (1) it affects e time of foam generation, and (2) it affects the rheol-
ogy of foam after the foam generation has started.

The effect of the gas/surfactant solution volume ratio was investigated for the following
four defined categories: Balanced, Low, High, Variable. These four distinct behaviors are
described in the following sections.

6.7.1. Balanced Gadsurfactant Solution Volumetric Ratio

The balanced ratio is defined hen as the volume proportion of surfactant and gas which
can be sustained by the foam body, In tte runs with this condition (gadsurfactant solution
volumetric ratio = 40:1), the combinationdrive behavior was observed. The surfactant solution
which entered the sandpack with gas, segregated and advanced in the form of a bank. The
recovery and pressure histories were estimated using the combinationdrive model.

Most of the rus in this study wen performed with balanced gadsurfactant solution
volumetric ratio (40:1), and therefore, have been extensively discussed in many sections. To
avoid duplication, these runs would not be discussed here. For analysis and discussion of
these types of runs, the reader is referred © Sections 6.3 through 6.6 (Figs. 6.6 through 6.17)
already discussed, and Section 6.8 (Fig. 620).

6.7.2. High Gas/Surfactant Solution Volumetric Ratio

One run was performed with a volume ratio which wes too high to generate continuous
foam. The gadsurfactant solution volumetric ratio in this run (Run #14) was 60:1. Cyclohex-
ane (1 cp viscosity) was initially present a irreducible water saturation and was displaced by
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simultaneous injection of nitrogen at 10 std ¢m*/min and 1% Suntech 4 at 0.167 em*/min. The
operating conditions for this run are listed in Table 6.13.

The frontal advance behavior was very similar to the runs performed with balanced
gadsurfactant solution volumetric ratio runs mentioned in earlier sections. Foam generation
was comparatively late in tre life of the flood, as would be expected due to the mass effect,
hence the recovery performance was lower, as expected.

Recovery and pressure history were predicted by the combination-drive model and the
time of foam generation was determined by the empirical relationship for the mass-effect (Eq.
(5.2)]. The set of equations used for predicting the production performance are given in Table
6.13. The experimental recovery data and the recovery predicted by model equations are both
gtgapheccij in Fig. 6.18. A good agreement between predicted results and experimental data was
obtained.

6.73. Low Gas/Surfactant Solution VVolumetric Ratio

This run was performed with a gadsurfactant solution volumemc ratio of 6:1. The
sandpack wes initially saturated with Decane (1 ¢p viscosity) at irreducible water saturation,
which was then displaced by simultaneous injection of nitrogen at ! std em*min and surfactant
solution (1% Suntech 4) at 0.167 cm®/min.

The recovery for low gas/surfactant solution volumetric ratio wes successfully estimated
using the combination-drive model. This run (Run#9) has also been analyzed in Section 6.3.4
(Fig. 6.9). A good agreement between tre sandpack results and modeling equation prediction
was seen. The production performance of tte lower gas/surfactant solution volumetric raao
N was Seen to be superior to that of a higher gadsurfactant solution volumemc ratio.

6.7.4. Variable Gadsurfactant Solution Volumetric Ratio

One run was performed in which the surfactant solution rate waes kept constant, and the
gas was injected & variable rate but at constant pressure (20 psig). After foam generation
started, the gas mobility was reduced, which also lowered tre gas injectivity, SInCe the surfac-
tant solution rate was kept constant, the gradually decreasing gas rate caused the gas/surfactant
solution volumetric ratio to continuously decrease. The operating conditions for this run (Run
X12) are described in Table 6.14. Cyclohexane (1 cp viscosity) was initially saturated with
irreducible water and was then displaced by simultaneous injection of aitrogea and surfactant
solution (1% Suntech 4). The nitrogen rate was 200 std cm*/min until the pressure limitation
gvas rseached, and then it became variable, whereas the surfactant solution rate was constant at

cm’/min

The frontal behavior in this run resembled a low-tension flood more tren it resembled the
combination flood. The gas broke through firan the top as in any combination fload, but soon
after foam generation started, the foam front advanced rapidly. After foam front breakthrough,
the foam virtually blocked the gas channel, reducing the gas injection rate 1 a negligible value.
The surfactant bank advanced in the form of a Dietz tongue, but with a strong cross-flow in
the upward direction. The production behavior up © 2.2 pore volumes of throughput was
between that expected for a high gas/surfactant solution volumetric ratio run and that for a low
gas/surfactant solution volumetric ratio run. After 2.2 pore volumes of throughput, foam gen-
eration started and blocked the gas flow, resulting in a "kick” in recovery Vversus volume
injected. The recovery levelled off sharply after surfactant breakthrough.
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TABLE 6.13

OPERATING CONDITIONS AND PREDICTIVEEQUATIONS FOR RUN # 14
(High Gas o Surfactant Solution VVolumetric Ratio Displacement)

Mode of injection

Type of al in the porous medium
Oil saturation

Tye and concentration of surfactant
Gas injcction rate

Surfactant injection rate

Location of inj. and prod. intervals

Injection and production history

Apparent mobility ratics

Recovery up 1 gas breaklrough
(Material Balance, Eq. 5.3)

Recovery d& gas breakthrough
(Modified Buckley-Leverett, Eq. 5.26)

Recovery & suf. breakthrough
(Modified Buckley-Levem, Eq. 5.30)

Recovery up to surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.25)

Recovery up to the end of flood
(Combination-Drive Model, Eq. 5.70)

Max. recovery at the end of flod
(Combination-Drive Mocel, Eg. 5.71)

Simultaneous gas and surfactant introduced
directly without a mixing device

Cyclohexane (1 ¢p at roam temp.)
826 (at irreducible water saturation)
1% by weight of SUNTECH 4

10 standard cm*min

0.167 standard cm*min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Continuous, with no shut-in

Gas to o0il=200, Foam 1 oil=80,
Surfactantto oil=5 .

Np=(/R+1)Gp

Gip)gpn = Npp)gen =

3=

Ve = = + —— @VFRIm-1-Rim)

m  (m-1)

Gip

NpD = -—R— + (NﬁG,D -1- G,p)

(m=-1)

V(C+aB)™4aBC(1-mQp) — (C+aB)
D= 2aC

ofCla+l)  _@+D(C+af) . 1

Npodenes = @G+a+2)?  (a+1)G+a+2)  (a+l)
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TABLE 6.14

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 12
(Variable Gas 1 Surfactant Solution Yolumetric Ratio Displacement)

Mode of injection Simultaneous gas and surfactant introduced
directly without a mixing device

Type of oil in the porous medium Cyclohexane (1 ¢p at room temp.)

Oil saturation 87% (@ irreducible water saturation)

Type and concentration of surfactant 1% by weight of SUNTECH 4

Gas injection rate 200 standard cm*/min at stant, then
maintained at 20 psig constant pressure

Surfactant injection rale 5 standard cm®/min

Location of inj. and prod. intervals Both inj. and prod. fran bottom until gas
breakthrough, then inj. into top

Injection and production history Continuous, with no shut-in

Apparent mobility ratios Gas 10 0il=200, Foam to 0il=80,

surfactant to oil=5 .

Recovery up to gas breakthrough Np=Gp+Wp
(Material Balanoe, Eq. 5.3)

Recovery at gas breakthrough (Gid)gpe = NpD)giu = %ﬁ'
(Modified Buckley-Leverett, Eq. 5.26)

Recovery at SUrf. breakthrough -3‘- + (ﬁl_l) NG po/mWip—1-G /W ipm)
(Modified Buckley-Leverett, after

substituting Gip/Wip for & in Eq. 5.30)

Recovery up to surf. breakthrough Np=Wp+ L @VmGyp - 1 - Gp)

m-1

(Modified Buckley-Leverett, E. 5.94)

C+oB)Y’—4 1 w ] 1)Gyp) - (C+ap)
Recovery up to te end of flood V(C+aB)*~4aBC(1-m(q. /4, + 1Gip) - (C+ap

2aC
(Combination-Drive Model, after
substituting (gw/q,+1)Gip for @ In E4. 5.70)
Max. recovery & the end of flood (NpD)rmas = afCla+]) = @)CvaB) . _1

@G+a+2)? (a+l)G+a+2) (o))

(Combination-Drive Model. Eg. 5.71)
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Despite these deviations observed in the frontal behavior, it was possible ® match the
production performance in this case also by using the combination-drive model, except that the
ratio of cumulative volumes had to be used in the equations instead of rate ratios to take into
account the changing rate of gas injection.

The set of equations used for matching the recovery behavior are given in Table 6.14.
The experimental data and tre data obtained by modeling are graphed in Fig. 6.19. The agree-
ment between predicted results and the experimental data is quite reasonable.

6.8. GRAVITY-DOMINATEDDISPLACEMENT WITH A LONG SHUT-IN

Run #15 was performed to see the effect of a long shut-in on recovery and was per-
formed under the operating conditions described in Table 6.15. ThiS run was very similar ©
the other gravity-dominated runs (Section 6.5.3), except that it was shut-in for considerable
time (2 days) after in-situ foam generation had started. The performance before shut-in was
the same as for other gravity-dominated runs described in Section 6.5.3. During shut-in, the
foam collapsed and gravity segregation continued. This was evidenced when the displacement
was resumed by a higher initial mobility and more segregated conditions. Foam generation
began again after only a small surfactant volume injection. Also the foam front advanced
rapidly toward the producing end.

Since gravity segregation of surfactant solution continued during shut-in, and the shut-in
was long, the surfactant solution gravity tongue reached the producing well. On restart of
injection, surfactant solution breakthrough took place immediately. Therefore, the effect of
shut-in was 1 reduce the recovery by lowering the "effective" surfactant solution breakthrough
time. However, the overall effect of long shut-in on al recovery and foam collapse was rather
small.

For prediction of the performance for this run, the surfactant breakthrough time was not
calculated by the equation given in the combination-drive model; rather the breakthrough time
was assumed © coincide with the time the run was resumed, as seen fiom the experiment.
The equations used for predicting the recovery behavior are given in Table 6.15. The
predicted recovery is compared with e experiment in Fig. 6.20. match is quite good.

69. PRESSURE HISTORY MATCHING

The mathematical development for the prediction of pressure history for this two-
dimensional vertical sandpack was tested on the experimental data. The agreement between
predicted and experimental results was reasonable for those runs in which the combination-
drive behavior was expected But the agreement was not generally as good for predicting the
pressure as it was for the recovery.

This is perhaps not too surprising. The combination-drive model presented in Section 5
neglects the effect of the gradual advancement of the foam front. For recovery prediction; an
instantaneous change fiom no-foaming © full-foaming condition is assumed and an average
value of foam mobility is used. This assumption has only a small effect on ncovery calcula-
as, since tre foam front I advancing in the zone already swept by gas. In that zone the
remaining oil saturation is small, such that the oil recovery from the gas/foam swept zone is
almost entirely due to the oil displacementby gas. However, the same is not tue for the pres-
sure drops, since the pressure drop across the gas zone is due © a composite effect of both the
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TABLE 6.15

OPERATING CONDITIONS AND PREDICTIVE EQUATIONS FOR RUN # 15
(Gravity-Dominated Displacement with a Long Shut-in)

Mode of injection

Type of oil in the porous medium
Oil saturation

Type and concentration of surfactant
Geas injection rate

Surfactant injection rate

Location of inj. and prod. intervals
Injection and production history
Apparent mobility ratios

Recovery up to gas breakthrough
(Material Balance, Eq. 5.3)

Recovery at gas breakthrough
(Modified Buckley-Leverett, Eq. 5.26)
Recovery at surf. breakthrough

(Recovery at the time of shut down)

Recovery up to surf. breakthrough
(Modified Buckley-Leverett, Eq. 5.25)

Recovery up to the end of flood
(Combination-Drive Model, Eq. 5.70)

M. recovery at the end of flod
(Combination-Drive Model. Eq. 5.71)

Simultaneous gas and surfactant introduced
directly without a mixing device

Cyclohexane (1 ¢p at room temp.)
86% (at irreducible water saturation)
1% by weight of SUNTECH 4

47 standard cm®min

1.175 standard cm*/min

Both inj. and prod. from bottom until gas
breakthrough, then inj. into top

Long shut-in at 3% of movable
al volume recovered, then reinjection

Gas  0il=200, Foam to 0il=80,
Surfactant to oil=5

N’p=(1/R+l)G.'p

1
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pressure drop in the foam zone and in the gas zone. Thus the effect of foam front advance is
eritical for predicting the pressure history.

If the rate of advance of the foam front could somehow be accurately predicted and
incorporated in this model, a more accurate pressure prediction would likely be possible.
However, no attempts were made in this study to describe the velocity of the foam froat.

For runs in which the frontal behavior did not resemble the combination-drive model, the
recovery was predicted using alternate models. However, the pressure history was calculated
using the same mathematical development for all runs. Therefore, as expected, the pressure
drop match was poor for runs in which e combination-drive behavior was not observed.

In the following sections the results of all runs are discussed for which prediction of
pressure history was attempted. Not every run was analyzed, since as mentioned earlier, the
frontal behavior in some runs was so different from a combination-drive model that even a
rough approximation was not expected.

69.1. Runs with Combination-Drive Behavior

In tte series of runs performed to see tre effect of mode of injection (Section 6.4), only
the run with simultaneous injection of gas and surfactant solution seemed 1 give a good match
with the experimental results, as expected, since the frontal behavior in other modes of injec-
tion did not resemble the combinationdrive. In Run #9, decane at irreducible water saturation
was displaced by simultaneous injection of nitrogen at a rate of 1 std cm¥min and surfactant
solution (1% Suntech 4) at a rate of 0.167 std ¢cm*/min. The operating conditions for this run
are given in Table 64 and te recovery match is shown in Fig. 6.9. The pressure history
match is shown in Fig. 6.21. The agreement was good as long as tre initial operating condi-
tias were nmaantamned. After two pore volumes of throughput, injection of surfactant solution
was stopped, whiich resulted in a sharp decrease of pressure in the experiment.

Among tre runs performed to see the effect of surfactant concentration in the solution
(Section 6.7), only those runs performed with surfactant concentrations higher tten the CMC
showed combinationdrive behavior. In run #21, cyclohexane with irreducible water saturation
ves displaced by simultaneous injection of nitrogen at a rate of 200 std em*min and surfactant
solution (0.767% Suntech 4) at a rate of 5 std ¢m*/min. The operating conditions for this run
are given in Table 6.10 and the recovery match B shown in Fig. 6.15. The pressure perfor-
mence of this run is shown in Fig. 6.22. The agreement between the predicted and the experi-
mental results iS reasonable. There are increases and decreases in #e model equation predic-
i of pressure drops. It is surmised that this curve shape resulted because the value of gas
mobility was changed abruptly to tre value of foam mobility after foam generation, whereas
the actual mobility change took place gradually in the experiment.

The pressure history and the model predictions for another run similar to the one
described above is shown in Fig. 6.23. The recovery performance of this run (Run #20) was
shown in Fig. 6.14 and the operating conditions were listed in Table 6.9. The only difference
in this run from the previous one was a lower concentration, i.e., 0.533% instead of 0.767%.
The agreement between the model prediction and the experimental result is reasonable until 6-8
pore volumes of gas were injected, after which the agreement became rather poor. The reason
for this disagreementis not clear.
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Two runs weres performed to see the effect of rate on displacement behavior (Section
6.8). Nitrogen was injected at the rates of 24 and 124 std em*/min. Combination-drive model
behavior was observed in both runs, and therefore the pressure history of both the rus was
similar. Due to the similarity, only one run is discussed here.

_In Run #18, decane at irreducible water saturation was displaced by simultaneous injec-
tim of aitrogen a a rate OF 124 std em¥min and surfactant solution (1% Suntech 4) & a rate
of 3.0 std cm*/min. The operating conditions for this run ars given in Table 6.12 and the
recovery performance is shown in Fig. 6.17. The pressure behavior is shown in Fig. 6.24 and
is compared with the predicted pressures. The agreement between the predicted and the exper-
imental pressure results is not very good & low throughputs but is better at higher throughput.
The reason for this discrepancy in early life is the same as described before, i.e., it is due to
using a different value of gas mobility at the time of foam generation. It is interesting to note,
however, that the shape of tte predicted pressure drop curve is similar 1 the one shown in
Fig. 6.22 except tet the deviation started earlier in this run due to the earlier foam generation.

69.2. Runs without Resemblence to the Combination-Drive Behavior

The modeling equation derived for the prediction of pressure drops was based on the
combinationdrive model behavior, hence it was not directly applicable to other types of frontal
behavior. Nevertheless, this equation was also used for the prediction of other types of
behavior observed in this study. This was done to get some insight to the scope and limita-
tions of the pressure modeling equation. These attempts are discussed here to show the variety
of pressure behavior observed. Sometimes it was possible to use the same pressure quation
successfully with minor modifications. Some of these modifications which allow reasonable
pressure predictions are also described in the following paragraphs.

The pressure behavior for Run #11 (Section 6.5.1) in which the surfactant solution-to-oil
mobility ratio was favorable is shown in Fig. 6.25. The operating conditions for this run are
given in Table 6.5 and the recovery behavior is shown in Fig. 6.10. The agreement between
experimental pressure drop and model equation predictions is not good. The surfactant solu-
tion fromtal behavior was piston-like in this run due to the favorable mobility ratio, and there-
fore, foam generation started earlier than predicted by the mass-cffect empirical relationship.
Als0, the value of predicted pressure drop decreased up © 5 pore volumes of gas injection, due
10 the built-in model assumption that the injected fluid has higher mobility, whereas in realit
the pressure drop should have increased due to the injection of a lower mobility fluid. Bo
these assutptions caused the predicted pressure drops to be lower than the observed values.
However, after foam initiation the rate of increase of calculated pressure drop is close to the
actual one.

Run #13 was another run in which the frontal behavior was significantly different from
combination-drive behavior. The surfactant solution front was viscous-dominated in this run,
which resulted in an earlier breakthrough then expected in a stable figures 6.24 and 6.25
displacement. However, as the flad progressed, these fingers became diffuse and formed a
tongue similar to a Dietz tongue. The operating conditions for this run were given in Table
6.6 and the ncovery behavior was presented in Fig. 6.11. The predicted pressure drops and
experimental pressure drops are both graphed in Fig. 6.26, where it can be seen that the agree-
ment is Not good up to about 10 pore volumes of gas injection, after which it becomes reason-
able. The reason for this error in matching is clear. The model assumes a gradual decline in
pressure drop due to the encroachment of a higher mobility injection fluid (surfactant solution),
whereas this decline in pressure was rapid during the experimental run due to the early break-
through of surfactant solution fingers, After about 10 pore volumes of injection, these fingers
were diffuse and thereafter the behavior resembled a combination-drive model behavior in
agreement with te model equation.
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Figure 6.24  Comparison of Predicted and Experimental Pressure Drgas for Surfactant
Solution Rate of 124 cm*/min.
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Figure 625 Comparison of Predicted and Experimental Pressure Drops for Favorable
Mobility Ratio Between Oil and Surfactant Solution.



- 136 =

40
Run # 13
15 ¢p Visc. 0Oil
1 % by wt. Active Surf.
2 I 200 std. cm3/min Gas
= 5 cm3/min Surf. Sol.
[- =
[—]
=
(79
(=3
-
A
b9 L]
< 10 R |
o ® - ‘
. ® Experimental
= Model
| | | | | ]
0 10 20 . 30 40 50 60

. GAS THROUGHPUT, movable HCPV

Figure 6.26 Comparison of Predicted and Experimental Pressure Drops for Viscous-
Dominated Surfactant Solution Front.
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Figure 6.27 Comparison of Predicted and Experimental Pressure Drops for a Low
Concentration Displacement in which Surfactant Concentration was at

oaMmC.
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The prediction of pressure drops by the model equation was worst for runs performed
with concentrations lower than CMC. The surfactant concentrations of these runs were 0.3%
(Run #16) and 0.01% (Run#17) by weight. The operating conditions for these runs were
given in Tables 6.7 and 6.8, and the recovery behavior was shown in Figs. 6.12 and 6.13,
respectively. The imbibition effects were quite pronounced and a Dietz type sharp front did
not form. The time of foam generation as predicted by the mass-effect empirical relationship
was grossly Incorrect, since foam did not generate at all during the producing life of the flood.
Al the model equation incorrectly predicted the surfactant solution breakthrough time and the
velocity of tre frait. Due to these major differences between the experimentally observed
behavior and the combination-drive model behavior, gross errors in the model equation were
expected. The result can be seen in Figs. 6.27 and 6.28, where predicted pressure drops are
compared with observed behavior. In both these figures, the experimental pressure drops
remain almost constant during the entire run, whereas the model pressure drops show a con-
tinuous increase due 1 the assumption of foam generation and propagation.

The combination-drive model equations were also not able © predict the pressure
behavior for Run #15 in which the displacement was shut-in for a long duration. This run was
perfomed with the operating conditions listed in Table 6.15, and its recovery behavior was
graphed in Fig. 6.20. During shut-in, the foam collapsed and the surfactant solution bank
became fully segregated. When the run was resumed, the surfactant bank broke through
immediately and also the foam regenerated and advanced rapidly. Both of these events were
caused by shut-in and would not have been observed in a continuous injection. The model
equations assumed a slower rate of foam advance and thus predicted lower pressure drops
throughout the run (pig. 6.29), whereas the experimental pressure drops became constant after
foam bank breakthrough. However, as the floed progressed and approached the condition of
foam breakthrough, the error was reduced.

Run #14 is another example of a run in which the front did not behave like the
combination-drive model. This run was performed with low surfactant solution to gas volume
ratio. The pressure behavior of this run is shown in Fig. 6.30. The operating conditions for
this run were given in Table 6.13 and the recovery behavior was shown in Fig. 6.18.

The agreement between the experimental pressure drop and model prediction was good
up to 5 pore volumes of gas injection, after which the predicted pressure drop steadily
increased whereas the experimental pressure drop remained nearly constant. The mass-effect
empirical relationship gave an erronous prediction, as it did for concentrations below the CMC .
The equation predicted foam generation a about 4 pore volumes of gas injection, whereas in
the experimental ran, foam generation was quite late.

Finally, the pressure history of a run that operated in a completely different injection
mode is shown in Fig. 6.31. The operating conditions for this run were shown in Table 6.14
(Run #12) and the recovery performance was shown in Fig. 6.19. Cyclohexane (1 ¢p viscos-
ity) was originally displaced in this run by simultaneous ipjection of nitrogen at 200 std
cm*/min and surfactant solution (1% Suntech 4) a 5 std em®min until the injection pressure
rose due to foam generation to 30 psig at about two pore volumes injection. After that the
Injection pressure was held constant, and as a result, the gas injection rate dropped due to the
lowered gas mobility. To model this it was necessary to take into account that the
gas/surfactant solution ratio varied. The model was able to predict the pressure reasonably well
as long as the rates were kept constant However, after that the model prediction showed a
continuous increase in pressure drop, whereas the pressure drop was kept constant in the exper-
iment. It is possible the model might have been able 1 predict the pressure drop during
the period the pressure was held constant, provided that the gradually decreasing rate are used
in the model. However, tis was not attempted in this study.
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Figure 6.29 Comparison of Predicted and Experimental Pressure Drops for Gravity-
Dominated Displacement with Long Shut-in.
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7. CONCLUSIONS AND RECOMMENDATIONS

A number of conclusions, both qualitative and quantitative have been arrived at as a
result of this research. The qualitative conclusions ars somewhat speculative in nature and thus
lead to the recommendations (Section 7.2) for further research 1 better define the general
nature of foam flow behavior when gravity force is also important.

7.1. CONCLUSIONS

In this two-dimensional sandpack, gravity was always an important force for all injection
rates. The rates used were in the range that would scale to the rates of typical oil field reser-
voirs. In all cases it was found that the gas rose to the top of the sandpack and rapidly formed
a thin Distz-type tongue extending up to the producing end. The rate of gas injection had vir-
tually no effect on the behavior of this gas finger.

The surfactant solution always segregated toward the lower part of the model. The nature
of its flow depended on the rate, the surfactant concentration and the mobility ratio between the
surfactant solution and the oil. When the mobility ratio was favorable, the surfactant moved as
a nearly vertical frait & the rates tested.

When the mobility ratio was unfavorable, and the surfactant solution rate was low, it
moved along the bottom as a Dietz tongue. When the mobility ratio was unfavorable, and the
surfactant solution injection rate was high, viscous fingers were formed at the surfactant
solution-oil displacement

The surfactant concentration affected these liquid froats, apparently due to the reduction
in capillary forces. Low concentration surfactant solutions showed a more diffused interface,
while higher concentration solutions showed sharper fronts.

Many different modes of injection and production were tried initially in an attempt ©
reduce gravity segregation and to cause foam flow to begin sooner in the reservoir. These
included:

(1) A single slug of surfactant solution followed by gas,

(2) Alternate slugs of surfactant solution and gas with the surfactant solution injected
into the top and the gas into the bottom,

(3) Preformed foam injection, and
(4) Simultaneous injection of surfactant solution with gas.

In all cases segregation occurred, but the best recovery was found when the surfactant and gas
were injected simultaneously. Thus all subsequent experiments were runin this mode.

An attempt wes made © model these subsequent runs using tre scaling laws and dimen-
sionless groups which relate capillary, viscous and gravity forces. The results were incon-
sistent. In particular it could be seen that, in the middle of many runs,the oil production rate
began to rise rapidly. This always occurred at the time when foam generation was seen to
begin in the sandpack, forming a third front in the gas-swept zone. It became clear that this
delay in foam generation was a key 10 understanding the behavior, and was also the reason that
the simple dimensionless variables did not adequately define the system.
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This delay in the onset of in-situ foam generation has been termed the mass effect. It
was speculated that the foamicidal behavior would &¢ a function of the rates of gas and surfac-
tant solution injection, the surfactant concentration, and the geometry of the system; and also
the natures of the porous medium, the in-place fluids, and the surfactant solution. Although
several oils were used in this experimental work, they were all refined oils of different
viscosities which ssemed to have similar behavior. Also the porous medium and geomeay
vere constant in this work and the same surfactant was always used. Thus the variables of
importance found for these experiments were the gas and surfactant injection rates and the sur-
factant concentration. All thres variables affected the time of in-situ foam generation. An
empirical equation was developed which successfully predicted the onset of foam generation in
the sandpack.

Mot of the data indicated two gravity tongues, gas and surfactant solution; and after the
mess effect was overcome, a third foam front formed in the gas tongue. A simplified equation
was derived to calculate the ncovery from these tongues using a modified Buckley-Leverstt
formulation combined with a Dietz tongue in the gas, and a simple Dietz tongue in the surfac-
tant solution. This is called the Combination-Drive Model herein. Once in-situ foam started to
flow in the gas tongue, mobility in the model was modified to take the reduced gas mobility
into account. This model was successful in predicting the recovery history of most of the runs.
The exceptions occurred only in those runs where the displacement behavior differed markedly
from the model. To make these calculations, the tams that were iaserted into the equation
were the oil saturation change in the gas and surfactant solution tongues, and the mobilities of
surfactant solution, gas and foam. The same values could be used in all mes.

This same formulation concept was used to calculate the pressure drop history of the
mes, and the suceess was far less pronounced. For several runs, the pressure drop history was
well matched, but the behavior differed widely for many others. The poorer matches are
probably due to the assumptions used in the model that the gas foam mobility was constant
once foam was formed. Actually, as the foam moved through the model, the gas foam mobil-
ity decreased with time. NO method was found to predict the rate of movement of the foam
front; however, it is expected to be a complex function of the same variables which affect the
onset of in-situ foam generation.

72. RECOMMENDATIONS

Since only one surfactant, and one porous medium with one geometry were used in the
experiments, it would be useful to pursue other experiments where these factors were varied.
With such systems, both the mass effect equation and the combinationdrive displacement
model could be tested, and modified if necessary.

A series of runs should be made to better define the foam front movement in the gas
finger. From these data an equation of foam movement should be developed. Pressure drop
measurements near the top of the model could help define these mobilities. The same variables
mentioned in the paragraph above could be included in the foam front equation. If this were
successful, the pressure drop history of foam floodscould be better matched.
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d NOMENCLATURE

a =m-~1
[+4 =~ 1
B =1+ R mit
C =a-G+TP

Gop = Cumulative gas throughput, movable pore volumes
(Gip)gs = Cumulative gas throughput at gas breakthrough, movable pore volumes

h = The vertical height of the porous medium, ¢cm
T = Thick’Pess of the surfactanttongue at the injection well, cm
"1+ Rmim
Y
ko/to
. L.
ki,
N = Cumulative oil recovery, movable pore volumes

(Npp)gwe = Cumulative oil recovery at gas breakthrough, movable
pore volumes

(Npp)see = Cumulative dll recovery at surfactant breakthrough, movable pore volumes

Po = Absolute pressure at te injection well, atm.

Px = Absolute pressure at the surfactant front, x, atm.

P1 = Absolute pressure at the producing well, am.

9 = Gas injection rate per unit cross sectional width, em®sec-cm

s = Surfactantinjection rate per unit cross sectional width, cm*/sec-cm

(2pD)max~ Maximum cumulative throughput up to whiich this model is valid,
movable pore volumes

Op = Cumulative total throughput, movable pore volumes = ( 1+ 1/R ) G
R = Ratio of gas to surfactantinjection rates = ¢;g/q;s
x = Location of the front before slug breakthrough.
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APPENDIX A
ANALYTICAL SOLUTION OF THE RECOVERY EQUATION

This appendix outlines the steps taken in solving Eq. (5.58) which is reproduced below:
U T U P
[my h =By h-ﬁy]“’ ar

{oke g
(h - By) (h - Bv)
P my  (h 'ﬂ;)z (h = By) + my +mBy - my

- BB — 1)y Al
(h-By)zl(h—By)+my+ﬁBy—fn’y]} B (A-D

Simplifying the L.H.S. of 4-.(A. 1) and rearranging yields:

ox | _mBy _{h-By Bmy my
ot | (h—-By) y h—By | (h-By)+my+mBy - my
- BB — 1)my? 1 9 (A2)
(k ~ By)(k - By) + my + mBy ~ my] | [(h—By) + mPy] ¢AS

This equation can be algebraically reduced to:

2_:5 = mh q (A3)
ot | [(h— By) + mPyll(h - By) + my + WPy - my] | 0AS

Equation (A.3) can be integrated within the appropriate limits as follows:

L t

mh 1
ox= . ot Ad
ey oy =TT [ S

The solution of Eq. (A.4) can be written &5:

mh 2 (AS)

L=
[(h - By) + mByli(h — By) + my + WPy ~ my] $AS
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where Q is the cumulative total throughput in pore volumes. Equation (A.5) can be written in
quadratic form in powers of y, which results in:

[B¥(m = 1)(A = 1) = Bim = 1)(7 = m)] »
[B@ = 1) =@ ~m)+Bm — 1k

h? = (mhQIL§AS) -
Y BE - - ET-m T Bm DR (4-6)

Equation (A.6) is a standard quadratic equation whose solution is:

_11_\/ 1 4m = DB ~ 1) = (7 = m)Blh” ~ (mhQILOAS))
- B = 1) + Bim = 1) — (7 — m)’A?
y= — ~ (A7)
2(m = DB ~ 1) = (7 = m)]B
[B(FT = 1) + B(m ~ 1) = (7 - m)}h

This equation can be sinpllifeed if the following definitions are used:
m-~1=@; m-1l=a; s0 that m—-m=0~—~0 (A.8)

Usiing these definitions, Eq. (A.7) is reduced to:

h‘\/ (a~T+af-+TB) 40P (0-T+iB) ll—[-}l%J-h(a—HW@)

(A.9)
208(o—0+0)

y

The solution of Eqg. (A.l) given as Eq. (A.9) has been used in Section 5 [Eq. (5.59]) for
recovery predictions of the combination-drive displacement
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APPENDIX B
APPLICATION OF SCALING AND MODELING LAWS

BI INTRODUCTION

The application of scaling laws for scaled-model studies is well-established in tre litera-
mre, The scaling groups have been derived by many investigators for similar two dimensional
models. These scaling groups are not unique in most cases but the basic concept is the same,
i.e., the ratio of important forces and geometrical configuration must be the same in the model
as in the prototype. The variations seen in these scaling groups from one study to another
come fran tre simplifying assumptions and the selection of the variables to be arbitrarily fixed.

At the time when these scaling groups were derived, the description of the flow mechan-
ism and the frontal behavior of a foam flood was somewhat speculative. For the purpose of
scaling the model, the foam was assumed to be propagating through tre porous medium as a
single phase homogeneous fluid. The dimensionless groups derived here were used to run a
series of experiments to determine whether the scaling laws were applicable with foam in the
system. Thus e values of these groups were varied and recovery results were graphed to see

their effect (Figs. 6.3, 6.4 and 6.5). Later it was sesn from the observations (Section 6.2) that
flow in the two-dimensional sandpack did not support this assumption. Thus approximate

analytical modeling was pursued (Section 5).

B.2 ASSUMPTIONS
The following assumptions have been made in deriving the scaling groups:

(1) Foam propagates through the porous medium as a single phase homogeneous fluid
of low compressibility.

(2) Foam has high stability so that it can propagate through tre entire formation without
breakdown.

B.3 MATHEMAT ICAL FORMULATION

The two-dimensional displacement of oil by the injection of an incompressible fluid
through a porous medium is governed by the continuity equation:

2[4 (4)-e3

where v, and v, are 1ol flow rates per unit bulk cross-section in the directions of x and z,
respectively; and £, and f, are the fraction of oil in the total fluid stream flowing in the
corresponding direction as defined by Leverstt (1941) in the fractonal flow equation:

fu= (B.2)

ky Wa

d a——

ks Ho

kyo dP, .
l+ku-v—‘E L“ —gApsma,,]
1
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where subscript 4 denotes the properties of injected fluid which was surfactant solution in this
study, and u denotes the direction of flow. This equation can be simplified by defining the

permeability and mobility functions as follows:

V=8 k,
Substituting & and y into Eq. (B.2) and rearranging gives:

k,
Viu Ko

- 9P, ~
fu=8+v == — 8 Ap sinay

For flaw in the x directon, f, = f; ,sin @y =0 , and Eq. (B.5)reduces to:

ky  oP,
h=8+y Vg Ho Ox
Multiplying both sides by v gives:
k, P,
"u.ﬂ: = é Vex + ‘V -p_(). ax

Differentiating this equation along tte x direction yields:

3 2 & 2 |
% [t)-% (8] o o [“’ o
Similarly, for flow in the z direction, sin oy = 1, and Eq. (B.5)becomes:

oP,
—l':;—a—z- -W'Et"gAP

Vefi=Eve+ VY o

which on differentiation along the z direction becomes:

2 (- 2en] s 2 2 (v |- eao 2

0z -LTo. u

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)
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When the first and second terms in the continuity equation, Eq. (B.1), are replaced by Eqs.
(B-8)and (B.10), tte following flow equation for a prototype porous medium is obtained:

Tl o2 ) nd [F]

.,..";i[wapf]_"'g” [-‘1‘11]=o (B1y)

Ko Oz oz Ko oz

The flow equation for tre model can be written immediately due to the similarity involved:

4>'a—s,;- + 2 [g'v;] .,.332_ [g'v;}+ k 3 [W.BP;]

o ox o ax | ox
, ) Eens [
5 2 wa”f]- 820 12y |9 (B12)
Wo Oz oz Mo oz

The variables are primed for e model equation to indicate they are different tren in the
prototype.

B4 DEFINING THE FUNCTIONAL CONSTANTS

The scaling factors are determined after the flow equation is transformed by replacing the
model parameters with expressions containing the reservoir parameters and appropriate con-
stants which relate the model and reservoir parameters. The method of transformation is
described in next section, whereas these constants are arbitrary defined here as follows:

L=4  (B13), Z=4, (B14), Lk, B,  (B.15),
X z ky
& B, (B.16), B_r @I, B, (813,
k, Ho Ha
kra 0 £
—_ = B.19), _—= B.20), L = b B.21),
3 m (B8.19) PN n (8.20) E (8.21)
¥ Sk _n e, 2 =-c (823
vy  Ek”
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It is assumed here that the saturation changes of the displacing phase are the same in the
model and the reservoir 1 simplify the derivation of the scaling groups. This assumption is
valid only when high concentrations of surfactants are involved, Eq. (B.26) holds, and where
the pore geometries are similar in model and reservoir

9S; 9S,

—_— = e—— B.26
ox ox ( )

Sz = (Sx (B.27)

The ratio between some parameters can be deduced fran the fundamental constants defined in
Egs. (B-13)through (B.25). Thus the ratios between velocities and volumes are given as:

- -G
=4 -2 (B.28)
Lo glyz ~=.£i (B.29)

AV =4t X (B.30)
qt

2
% xXyz¢’

Equation (B.30)can be rearranged, and after substitutions fron Egs. (B.13), (B.14), (B.23) and
(B-20)it becomes:

=xyz¢/q=AxAzC 31
xyz¢/q G ©-3)

L
t

The capillary pressure gradients in both the x and the z direction are complex functions of
pore geometries of each individual porous medium, and can not be correlated. The capillary
pressure gradients can, however, be related indirectly as described below. By the chain rule of
differentiation, the capillary pressure gradients in the x direction can be written &s:

aP, dp, | as,
= [‘E ] > (B:32)

Similarly, for the z direction:

P _ _ [_“L] 954 (B.33)

0z
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The capillary pressure as a function of saturation can thus be related by a constant F:

(B.34)

It is also assumed here that the capillary pressure-saturation relationship can be correlated by
using tre following form of the Leverett J-function:

P
= < .
ISy = ——= k19 (B.35)

Thus differentiating this J-function with saturation, substituting in Eq. (B.34), and recognizing
from Eq. (B.27) that the saturation changes are the same in model and prototype, Eq. (B.34)
becomes:

1/ cos € Vo /k

F= -
1/6 cos @ %/k

(B.36)

B.S TRANSFORMING THE FLOW EQUATION

Modeling Eq. (B.12) can now be transformed to the reservoir equation, Eg. (B.11), by
substituting the reservoir parameters and appropriate constants as defined by Egs. B.13 through
B.36. The step-by-step procedure to transform each tam individually is shown below. Substi-

tuting for ¢* Sy and ¢ in the first term of Eq. (B.12), fian Egs. (B.23), (B.27) and (B.31)
results in:

38y ¢ S)__ _ AA

AAC

Substituting for x* & and v, in the second term of Eq. (B.12), from Egs. (B.13), (B.21) and
(B.28) results in:

_Q_[g,v,] =3[%%'§Vx] =A,A,_a_[§v] (B.38)
ax * 3[—;‘!-x] bG ox L°* '

Substituting for z* & and v in the third tam of Eq. (B.12), fran Egs. (B.14), (B.21) and
(B.29) results in:

.l_fing
2 [g’ v’] = ’ [b 1G = Aehs _a; [gv,] (B.39)
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The terms x, k,, p,, W and P, in the fourth term from Eq. (B.12)can be replaced by Egs.
(B.13), (B.15), (B.17), (B.22)and (B.34). The capillary pressure gradient in this term can be
expanded using the chain rule of differentiation [Eq. (B.32)]. These substitutions result in:

ke C 9P, = __.EA‘A‘.i‘._a_ .d_P‘i% B.40
Mo ax | ox ]  bnFB, W x| dS; ox 540

Similarly, substituting for 2, &, i, ¥ and P, in the fifth term of 4_(B. 1. from Egs. (B14),
(B.16), (B.17), (B.2) and (B.34); and using the chain rule of differentiation [Eq. (B.33)]

yields:
ke 3 | 9P, |__ EAA k 3 | dP. 35
Ig oz [‘V oz ]- banFB, yy oz v dS; oz ®.41)

Substituting for z, k, Ko, v and Ap' in the last term of Eq. (B.12), from Egs. (B.14), (B.16),
(B.17), (B-2)and (B-25)results in:

' b
. 3| '
kgdp |3y _k gdo £ nll__EA  kghp oy (B.42)
Ho oz B, °D 3l bnB,D oz
| 5

The basic modeling equation [Eq. (B.12)] is transformed © prototype variables by substituting
these transformed terms given in Egs. (B-37)through (B.42)as follows:

[ |0 e o[22 ] 2 (5] [ 2] 2 (2]

[ EAA ) & 3 e as, )

ban,,I"anaxL dSy axJ

[ EA,A \k 5 [ aP. 3s,)
" | ®nBF | po 3z | dS; 9z

(2] sae fov]- o

bnB, D Ho oz
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This equation can be simplified by multiplying by G/A,A, and rearranging:

o5t (1] 2 (- [4]) 2 5

EGA_ ko [, 35
BF A bn o o | 'dS, ox
EGA  k 3 [ ap. 3s;)
B,FA,bn py oz bwde oz
EG k:gAp | 3y | _
BD A bn g [az}'o (B.44)

Equation (B.44) is the transformed flow quation for the model; and is expressed in terms of
the reservoir parameters and the arbitrarily defined constants.

B6 THE DETERMINATION OF SCALING GROUPS

The performance in the model is expected to be the same as in the prototype reservoir,
provided the coefficients of all the terms in the transformed flow equation (Eq. (B.44)] are
equal to the corresponding coefficients of the prototype flow equation [Eq. (B-11)]. In the fol-
lowing steps, tte nonequal coefficients of Eq. (B.44) are set equal to the corresponding
coefficients of Eq. (B.11). The relationships thus obtained are used to identify the scaling
groups. This process is performed in the following steps.

Comparing tre coefficients of the second and third terms of Eq. (B-11)and (B.44):

%=1 - b=1 - E=¢ (B.45)
From the definition of & [Eq. (B.3)], it can be inferred from the above equation that:
ko Ma N (B.46)
ka O Jmodel kra Mo )protorype

The ratics of model and prototype parameters contained in the above equation can be replaced
by their definitions given in Egs. (B.17)through (B.20), which reduces Eq. (46) to:

n= mE B.47)

r
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Comparing the coefficients of the fourth terms of Eq. (B.Il) and (B.44); replacing n in the
resulting expression fiom Eq. (B.47) results in:

EGA,__ =1 = EGA,=B,FA bn=B,FAb#E (B.48)
B.FA bn r '

Taking & as wnity [Eq. (B.45)], the above expression reduces o
rGA =B,FA m (B.49)

The constants in this quation are replaced by their definitions given in Egs. (B.13), (B.14),
(B.15), (B.18), (B.19), (B.24) and (B.36), resulting in:

q K x - q g x i (B.50)
z2kyocos O kN O/ k |, 2kyocos O kN Ok |, '

The coefficients of the fifth term can be compared in a similar fashion to yield:

EGA mE
=TI VI - A.=B.FA.bn=BF A, St B.51
B,FA,bn ! EGA =B FAbn=BF A4 r (B.51)

After substituting for b from Eq. (B.3) and » fiom Eq. (B.47) as done in the previous equa-
tions, the above equation is reduced 1o

rGA =B,FA, m (B.52)

Due to the similarity of this equation with Eq. (B.49), the group obtained from this equation
will closely resemble the one given in Eg. (B.50). One possibility is to simplify the above
equation by combining with Eg. (B.49):

B, A2=A2B, (B.53)

Substituting for the definitions from Eqs. (B.13) through (B.16), this quation becomes:

[-f ’\/_le‘i_]mm B [-;E ‘\[-E]pmdwc (59

Similarly, the coefficients of the last term have 1 be compared. Also the values of b and »
have 1o be substituted from Eq. (B.3) and (B.4) as before. These two steps result in:

"EG mE _
—_t - mEe G= i
, ,bn-l - EG=B,DA; " - r B.D Aym (B.55)
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For simplification, Egs. (B.52) and (B.SS) can be carbined 1 yield:
F=D A, (B.56)

Substituting for the definitions from Egs. (B.13), (B.25)and (B.36)as &ne before, this equa-
i becomes:

ccos® _[¢ o | ocosB [o
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B.7 SUMMARY OF THE SCALING GROUPS

The following is the summary of the scaling groups determined in this section. If a close
approximation of the performance is desired, the values of these scaling groups for the model
should be the same as for the resenoir.
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APPENDIX C
OPERATIONAL DETAILS OF FLOW LINES USED IN THE GLASS SANDPACK

The apparatus used for the experimental part of this study was described in Section 3.
The material presented in this appendix is specifically focused on the flow line design of this
apparatus.

The flow network can be essentially subdivided into: (1) the flow lines used for cleaning,
(2) the flow lines used when the model is being saturated Wil water or oil, and (3) the flow
lines used when a run is in progress. Each of these operations is described in the following
sections.

C.I FLOW LINES USED FOR CLEANING THE MODEL

The cleaning process consists of injecting large volumes of nitrogen, carbon dioxide,
water, mineral spirits and tertiary butyl alcohol. TO avoid contamination, non-miscible fluids
had to be kept and transported separately. Thus separate flow lines were provided for gas,
aqueous and nonaqueous phases. The step-by-step procedures for gas injection, water injection
and other liquids (non-aqueous) injection are given below. All numbers and letters within
parenthesis in the following description refer to Fig. 3.1.

C.I.I Method of Gas Injection

The gas was obtained from a carbon dioxide cylinder by opening the pressure regulator
Valves 1 to the desirable pressure setting. The filter was checked and replaced occasionally,
otherwise some dirt, moisture and condensate could have entered the sandpack, permanently
damaging it.

The following valves were opened in the following order: Valve 2 and Valve 3 towards
the right, Valve 4 towards the right, injection end Valves 16 through 20, producing end Valves
21 through 25, and, the main outlet VValve 26 towards the right.

The gas coming out of the sandpack was exhausted to the air whereas any liquids present
in the model were collected in the waste collector (S).

C.1.2 Method of Water Injection

The injection of a liquid directly in the sandpack was avoided because excessive pres-
sures could have been reached if flow was somehow hindered which happened quite often
when foam was generated. An indirect injection method was designed in which the water was
first filled fron the distilled water container (X),into the aqueous slug vessel (L) through a
pump (K),and then wes driven into the sandpack by nitrogen at a constant pressure instead of
a constant rate.

The systematic procedure was as follows. The slug vessel Valve 8 and the gas bleed
Valve 10 were opened. Container (X) was filled with distilled water and the water pump (K)
was operated to fill te water slug vessel (L).After the vessel had been filled, the slug vessel
Valve 8 and the gas bleed Valve 10 were closed. The nitrogen regulator was opened and set
to a desirable pressure (not to exceed 25 psig). The filter was checked and replaced when
necessary. Valve 3 was opened towards the bottom, Valve 4 towards the left, Valve 5 towards
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the right, Valve 6 towards the right; the main outlet Valve 26 and the producing end Valve 21
were opened tonarts the right, and all the pressure was bled. Then these two valves were
closed again, the injection end Valves 16 through 20 were opened very slowly [Caution: open-
ing the injection valves suddenly damaged the sandpack], the main producing end Valves 21
through 25 were opened, and finally, the outlet Valve 26 was opened towards the right to ini-
tiate continuous flow. The nitrogen coming out of the sandpack was being exhausted in the
alr, whereas the liquids wen collected in the waste collector (S).

C.13 Method of Nonaqueous Phase Injection

The procedure for mineral spirits, tertiary butyl alcohol and oil injection was very similar
to the procedure for injecting water, except tret a separate slug vessel (M), a separate pump (J)
and separate flow lines wen used. The same slug vessel, pump and flow lines were used,
however, for each non-aqueous phase. Thus it was imperative to rinse the lines thoroughly
before filling the tark

The systematic procedure was as follows: The slug vessel Valve 7 and the gas bleed
Valve 9 were opened, the nonaqueous phase pump (J) was operated to fill the nonaqueous
phase slug vessel (M). After the slug had been filled, the slug vessel Valve 7 and the gas
bleed Valve 9 wen closed. The nitrogen regulator was opened and set to the desired pressure
(not to exceed 25 psig). The filter was checked and replaced when necessary. Valve 3 was
opened towards the bottom, Valve 4 towards the left, Valve 5§ towards the left, Valve 6
towards the left, the main outlet Valve 26 and the producing end Valve 21 tonards the right
and all the pressure bled. Then these two valves wen closed again, the injection end Valves
16 through 20 were opened very slowly, and the producing end Valves 21 through 25, and
finally, the main outlet VValve 26 was opened towards the right to initiate continuous flow.

C.2 FLOW LINES USED FOR SATURATING THE MODEL

After cleaning was completed, the model was first saturated with distilled water, then oil
injection began. Several pore volumes of oil had t© be injected before the water saturation
reached the irreducible saturation level. The procedure for saturating with water was the same
as described in Section C12, and the procedure for saturating with oil was the same as
described in Section C.1.3.

C.3 FLOW LINES USED FOR MAKING RUNS

These flow lines were used whenever a run was in progress. Since the mode of injection
was variable, a combination of different flow lines had to be used. Depending on the location
of injection and/or production intervals chosen, certain of injection Valves 16 through 20 and
producing end Valves 21 through 25 were opened or closed. All the auxiliary equipment, such
as the pressure transducer, the chart recorder, the timers, the automatic camera and the fraction
collector had to be turned on and set properly before opening the flow lines. Metering Valves
13 through 15 on the pressure line wen also opened before the runs were started. The pro-
cedure used for opening the flow lines for each type of injection mode is as follows:
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C.3.1 For Simultaneous Surfactant-Gas Injection Runs

First the gas was bled from the sandpack by opening the main outlet Valve 26 and pro-
ducing end Valve 21 for a few minutes and closing them again. The nitrogen regulator (R1)
was set to the desired pressure. The filter was checked and replaced when necessary. The gas
metering pump control was set to the desired values; the foam generator Valve 27 and 28 were

towards the left, and the injection Valves 16 through 20 were opened towards blesd,

the metering pump (E) was turned on. Both gas and surfactant were then mixed and

drained out. Draining was continued util the lines had been thoroughly rinsed and flow con-

ditios stabilized. To start the rus, only those injection end Valves 16 through 20 and produc-

ing end Valves 21 through 25 were opened which were prescribed for the n. The main
outlet Valve 26 was opened towards the bottom 1 initiate production.

C.32 For Preformed Foam Injection Runs

The procedure for preformed foam flow was exactly the same as the simultaneous
surfactant-gas injection method described in the previous section (C.3.1), except that the gas
fiom the gas metering pump (D) and the surfactant from the liquid metering pump (E)were
injected simultaneously into the foam generator (C), and the preformed foam from the genera-
1 was injected into the model, The only difference, therefore, was that the Valves 27 and 28
were opened towards the right instead of the left. If a dry foam injection was desirable, the
excess surfactant solution was drained out from the bottom of the foam generator (C) by open-
ing Valve 29 and collecting the excess surfactantsolution in vessel (W).

C.33 For Slug Type Injection Runs

In this type of run, one a more surfactant slugs were injected during the run. When a
liquid slug was to be injected, the gas injection through the model was terminated, and
resumed after the liquid slug injection had been completed. The procedure for the slug injec-
tin was simple. The water pump (K) was connected to the surfactant source instead of a
water source, and exactly the same procedure was followed as dsseribed in the section for
water injection (C.1.2). When slug injection was over, all valves were closed and the pro-
cedure for gas injection was followed (C.1.1).




