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Abstract
In recent years, field tests and laboratory experiments have demonstrated that high intensity
acoustic stimulation may enhance oil recovery. Not only is such technology economically feasible
but it also serves as an environmentally friendly and economical alternative to currently accepted
tertiary recovery techniques. Despite a vast body of empirical and theoretical support, this
technology lacks sufficient understanding to make meaningful, consistent engineering
predictions. Much of what we believe is happening within ultrasonically stimulated porous media
is speculative and theoretical, and lacks fundamental experimental research.
This work aims at studying the influence of high-frequency ultrasonic radiation on the
miscible and immiscible displacement of oil in capillary media. Three experimental strategies are
presented. We first investigate the effect of ultrasound on flow through a capillary via the pendant
drop method. Water was injected into a capillary submersed into various processed mineral oils
and kerosene. The average drop rate per minute was measured at several ultrasonic intensities,
and we determined that there exists a peak drop rate at a characteristic intensity which depends on
oil viscosity and the interfacial tension between water and the oil. The second set of experiments
comprises of Hele-Shaw type experiments designed to study instabilities at liquid-liquid
interfaces when ultrasound is applied. Fractal analysis techniques were used to quantify the
degree of fingering and branching, allowing a rough assessment of the degree of perturbation
generated at the interface. Miscible Hele-Shaw experiments are also presented to illustrate the
effect of viscous forces alone. We found that ultrasound acts to stabilize the interfacial front, and
that such effect is most pronounced at low viscosity ratios. The third series of experiments
focuses on the effect of ultrasound on spontaneous (capillary) imbibition of an aqueous phase into
oil-saturated Berea sandstone and Indiana limestone plugs. Both counter-current and co-current
geometries were tested.
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Introduction

Developing new methods of oil extraction from reservoirs has become an increasingly
important challenge in modern petroleum research. As more fields deplete, and less new
fields are discovered, the petroleum industry must find new ways to extract the residual
oils left behind in reservoirs after primary (natural drive) and secondary (waterflood)
recovery. During primary recovery, the natural reservoir pressure, as well as gravity,
pushes oil into the wellbore, yielding about 10% of the oil originally in place (OIIP).
Once such pressure depletes, artificial lift methods are usually employed to pump the
fluids to the surface. Secondary methods such as water-flooding and gas injection result
in an additional 10 – 30% recovery.
During the past 40 years, a variety of enhanced oil recovery (EOR) methods have
been developed to maximize the output of mature and mostly depleted reservoirs. These
methods manipulate the capillary and viscous forces within the pores, thereby enhancing
the displacement of hydrocarbons. Four major types of EOR operations are chemical
flooding, miscible displacement, thermal recovery, and mechanical stimulation (Figure
1-1). The optimal application of each of these methods depends on reservoir temperature,
pressure, depth, net pay, permeability, residual oil and water saturations, porosity and
fluid properties. All of these techniques are costly, require extensive surface equipment,
and severely impact the environment.
In this work, we explore the capillary physics of an unconventional EOR
candidate: acoustic stimulation. Numerous field pilots and laboratory experiments have
demonstrated that acoustic vibration may significantly enhance mobilization of
carbohydrates in porous media. Such method may prove to be a viable alternative to
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mainstream techniques because of its economical and ecological benefits, as well as its
potential applications in cleaning wellbores, mobilizing fines and clays, breaking of
asphaltenes, paraffin deposits and hydrates, and finally, in soil remediation.
One of the most significant advantages of elastic wave stimulation over
conventional oil recovery mechanisms is the means of delivering the mobilizing energy
in the reservoir. In conventional methods, the driving force is delivered via hydraulic
forcing. Hydraulic methods suffer from bypassing effects, since fluids always chose the
path of least resistance. Hence, many EOR methods fail in heterogeneous formations,
leaving large oil pools un-swept. Acoustic energy propagates in all directions, and is
unaffected by the pore network or permeability of the formation. Thus, it is possible to
influence every point in the reservoir simultaneously, and obtain the maximum efficiency
at all times (Beresnev et al. 2005).
Despite this apparent advantage, this method still suffers from a lack of
understanding of the physical mechanisms by which elastic waves stimulate fluids within
porous media. No reliable theoretical model exists to date, which can fully describe the
phenomena and make reliable, accurate predictions. Consequently, it is not yet possible to
optimize the process, assess limitations, and evaluate whether such technology is
applicable for any particular field.
Another apparent limitation of acoustic stimulation is attenuation, especially at
high frequencies (Dunn 1986). As with all waves, amplitude and wave speed attenuate
and disperse in the presence of dampening fields. A saturated porous medium, being a
complex, poroelastic system, exhibits highly nonlinear acoustic properties where acoustic
pressure waves are scattered, dispersed and retarded. Ultrasonic waves may only
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propagate a few feet into the formation, before they are entirely absorbed by the
dampening forces of the solid and the fluid(s). For that reason, most research in recent
years shifted towards low frequency stimulation such as seismic stimulation (Simonov,
Oparin et al. 2000; Kostrov and Wooden 2005) and pressure pulsing technology
(Dusseault et al. 2000; Spanos et al. 2003). Nevertheless, based on the analytical works of
Dunin and Nikolaevskii (2005), and Nikolaevskii and Stepanova (2005) ultrasonic waves
are generated as a consequence of low frequency oscillation in porous media. Moreover,
high frequency waves have short wavelengths and significantly contribute to mechanical
perturbation at the pore scale. High wavelength elastic vibration, on the other hand, only
influences the bulk behavior of the porous solid. Consequently, although ultrasonic
stimulation may be considered a “secondary” driving mechanism, it still has a subtle
impact on the overall performance of field applications.
This chapter will provide a statement of the problem as well as the goals of this
thesis. This is followed by a comprehensive literature review covering major
developments in our understanding of elastic wave theory in porous media, as well as the
governing mechanisms of acoustic stimulation. The interested reader is referred to the
corresponding references for further detail. We conclude this chapter with a brief
summary.
Chapter 2 will provide a discussion of the pendant drop experiments used to
illustrate the effect of ultrasound on flow through a capillary. We start with a brief
introduction on dripping dynamics, and the motivation of this study, and continue to
describe the experimental apparatus and the fluid properties used. We then present and
discuss the experimental results of four different oils covering a broad range of viscosity
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ratios and interfacial tension. The chapter is closed with a few conclusions
recommendations for further research.
Based on the results observed from Chapter 2, Chapter 3 focuses on the effect of
ultrasound on liquid-liquid fronts within a glass Hele-Shaw cell. After a brief introduction
into radial Hele-Shaw cells, we will discuss the experimental setup and procedure, and
present some major results of immiscible and miscible experiments. After a thorough
discussion, we conclude this chapter with a few remarks, and suggestions for further
work.
In Chapter 4 provides the results of spontaneous (capillary) imbibition
experiments. We first start with a brief introduction on the nature of spontaneous
imbibition. This is followed by a brief description of the fluids used, and the relevant
errors arising from the experimental setup. After describing the experimental procedure,
we present and discuss the results of the experiments. Finally, we conclude with the
major findings of this study, and give some suggestions for further research to better
understand some of the phenomena observed.
1.1

Statement of the Problem

The potential of ultrasonic irradiation to enhance fluid percolation in porous media has
been recognized for more than five decades, yet the physics of the acoustic interaction
between fluid and rock is not yet well understood (Beresnev and Johnson 1994).
Although numerous analytical and numerical models have been developed, the
considerable lack of fundamental (simplified) experiments representing finite degrees of
freedom still hampers the progress of improving our knowledge in this subject. Most
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documented experiments in literature explore complex systems, such as waterfloods in
porous media, where a superposition of mechanisms may yield inconclusive results.
Various mechanisms have been proposed to explain the enhanced flow of oil through
porous media in the presence of an acoustic field. These mechanisms are based on
capillary and viscous forces, and depend on additional factors such as frequency,
intensity, rock elasticity, fluid properties, porosity, cementation and clay content.
Capillary related mechanisms are peristaltic transport due to mechanical deformation of
the pore walls, reduction of capillary forces due to the destruction of surface films
generated across pore boundaries, coalescence of oil drops due to Bjerknes forces,
oscillation and excitation of capillary trapped oil drops, forces generated by cavitating
bubbles, and sonocapillary effects. Gaining insight into the governing mechanism(s) is
vital for optimizing any field application, and for assessing limitations and feasibility.
Hence, it is essential to return to the basics, and perform standard experiments that allow
for stringent control of experimental parameters. In this thesis, we designed three types of
experiments which focus on several capillary phenomena.
Pendant drop experiments at standard conditions were run to evaluate both the
interfacial tension, as well as the percolation rate of water into oil within a capillary when
ultrasound is applied. This type of experiment yields valuable insight into the effect of
ultrasound on Poisseuille’s law, and may explain various observation made during
spontaneous capillary imbibition experiments.
Hele-Shaw type experiments were used to study instabilities at the liquid-liquid
interface of immiscible liquid films. The branching rate and finger width allows
evaluation of the degree of perturbation induced when ultrasound is applied, and estimate
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the alteration in capillary pressure. The presence of instabilities may explain phenomena
such as surface film breaking, oscillation of droplets, and vibrating oil-water interfaces on
pore throats.
Spontaneous (capillary) imbibition experiments were run to study the effect of
ultrasound on wettability, interfacial tension, density, and viscosity during unforced fluid
invasion into porous media. Such process is intrinsically gentle and fully (and/or gravity)
controlled, eliminating the presence of viscous forces, which arise during fluid injection.
These types of experiments have not been performed previously under ultrasound,
and it is hoped that the results presented herein provide useful insight to better understand
the nature of ultrasonic stimulation, and whether such process is a viable alternative to
currently accepted EOR methods.
1.2

Literature Review

1.2.1 Acoustics in Porous Media
The development of the theory of elastic wave propagation in fluid saturated porous
media is important in fully appreciating the potential of ultrasonic stimulation as a viable
enhanced oil recovery technique. Most of the literature relating to that topic was found in
the areas of geophysics and petrophysics, and is predominantly applied to analyze sonic
logs and seismic profiles. The groundwork for such theory was set in the seminal papers
of Frenkel (1944) and Biot (1956a, 1956b) and Biot (1962) who developed a
comprehensive analytical model to describe the propagation of stress waves in poroelastic
solids containing a viscous, compressible fluid. He considered that the pore fluid may
move relative the skeletal porous frame, and found that two compressional waves are
admissible; namely the slow (P2-wave) and the fast wave (P1-wave). The slow wave
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describes the case in which the fluid and the solid oscillate out of phase, while the fast
wave forms when the fluid and solid are in phase. Attenuation occurs mainly with the
slow wave due to the dissipative forces generated by the pore fluid viscosity. Such
dissipation results in attenuation which depends on frequency, ω , and scales as ω 2 for
low frequencies, and as ω 1 / 2 for frequencies above a critical frequency, ω crit .
Additionally, such waves are dispersive, increasing as ω 1 / 2 at high frequencies.
Therefore, due to the quadratic increase in attenuation with frequency, the slow waves do
not exist at low frequencies. At high frequency, tangential slip and inertial effects give
rise to the slow wave. Additionally, Biot neglected the dissipation due to fluid-solid slip
and grain boundary motion, which would introduce additional frictional forces. The range
in which Biot’s theory of poroelasticity is valid is illustrated in Figure 1-2.
Deresiewicz and Rice (1962), Deresiewicz and Levy (1967), and Deresiewicz
(1974) applied Biot’s theory to model wave scattering in fluid saturated porous media,
and derived analytical expressions for the phase velocities, attenuation coefficients,
angles of reflection and the amplitude ratios, and introduced first order corrections to the
rock porosity and fluid viscosity at the limiting low and high frequency cases. Stoll and
Bryan (1970) and Norris (1989) developed a mathematical model based on Biots theory,
describing the propagation of low-amplitude waves in saturated sediments, and
demonstrated that attenuation is controlled by the inelasticity of the skeleton (frictional
dissipation at grain contacts) and by viscodynamic dissipation of the fluid. In later work,
Stoll (2002) showed that for P-wave velocities between 125Hz to 50 kHz, significant
velocity dispersion was observed during experiments in the Gulf of Mexico. Such
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dispersion was attributed to viscous damping in the fluid as it percolates in the skeletal
frame, an observation consistent with Biot’s theory.
Bonnet (1987) reviewed various poroelastic problems and extensions of Biot’s
formulism, and provided a complete singular solution of a series of dynamic
poroelasticity problems in analogy with thermoelasticity. The solution of displacements
and pressure profiles for the harmonic excitation is given in the frequency domain.
Zobnin, Kudryavtsev et al. (1988) explored the flow in inhomogeneous porous systems
through the analysis of model periodic structures and obtained an integrodifferential,
linearized equation that describes the motion of a viscous fluid in a periodically
structured, rigid porous media. They presented solutions for the case of infinitely-long
adjacent cylinders with constant cross-section where a compressible viscous fluid
occupies the void space between them, and a system of orthogonal fluid-saturated
rectilinear channels.
Feng and Johnson (1983a, 1983b) numerically predicted the presence of a new
surface mode on a fluid/fluid interface with a saturated porous solid. Such pseudoStoneley wave was later experimentally measured by Nagy (1992).
Zimmermann and Stern (1994) presented several closed-form analytical solutions
of Biot’s equations, such as radiation from a harmonically driven plane wall, radiation
from a pulsating sphere, and the interior eigenvalue problem for a sphere for rigid and
traction-free surfaces. They also presented a series solution to describe the scattering of a
planar compression wave as it impinges a spherical, poroelastic inhomogeneity with
different elastic properties than the skeleton, and found that the solution is a superposition
of fast and slow waves. Abousleiman et al. (1996) investigated the phenomena of
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mechanical creep and deformation in rock formations, coupled with hydraulic effects of
fluid flow. They used a modified linear poroviscoelastic model based on Biot’s theory
that incorporates viscoelastic effects through the principle of correspondence. They also
solved two practical problems, a borehole and a cylinder for rocks with a wide range of
permeability.
Tsiklauri (2002) modified Biot’s model to include the effect of nonzero boundary
slip velocity, and found that such modification yields better agreement with experimental
data. It also predicts higher attenuation coefficients of both the rotational and dilatational
waves in the intermediate frequency domain. Ravazzoli et al. (2003) estimated bulk
volume compressibility, effective pressure, ultrasonic phase velocities and quality factors
of real reservoir sandstone saturated with immiscible oils at various saturations and
pressures, in order to correlate acoustic velocity to micro-structural properties and
pressure conditions in the reservoir. Analyzing the influence of capillary pressure on the
acoustic properties, they found that with the exception of the initial water case, where
capillary pressure is highest, there was almost no difference in type I P- and S-wave
velocities. Type II P-waves, however, showed significant differences. Quality factors,
which represent the level of dispersion, seemed to be more sensitive to capillary pressure
than phase velocities.
The above mentioned theoretical development of elastic wave propagation has been
validated by a vast body of laboratory observation. We will only briefly mention the most
significant works. Plona (1980) performed a series of laboratory pulse propagation
experiments using water saturated sintered glass beads as porous structure. He
unambiguously identified three modes of propagation as described by Biot: (i) a fast
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compressional wave, (ii) a slow compressional wave, and (iii) a shear wave. Fast and
slow compressional wave speeds were measured by Berryman (1981), who found good
agreement with Biot’s theory for a fully consolidated frame. Plona’s work was later
modified by Rasolofosaon (1988), who sealed off the end caps of saturated porous plates
with a thin coating of paint in order to vary (reduce) the effective permeability.
Rasolofosaon’s experimental and synthetic signals showed good agreement with Biot’s
formalism.
Experiments by Johnson and Mccall (1994) showed a substantial non-linear elastic
wave response in porous rock, as compared to homogeneous fluids and solids. Such nonlinear response is attributed to structural discontinuities such as micro-cracks and grain
boundaries, which may cause a local increase in density and modulus during
compression, and a local decrease in density and modulus during rarefaction.
Buckingham (1997), Buckingham (1999) and Buckingham (2005) extended Biot’s theory
for consolidated and unconsolidated porous material, by also considering stress relaxation
associated with grain boundaries and micro-cracks. After developing two linear wave
equations, and solving for expressions of wave speed and attenuation, he found that
attenuation scales with the first power of frequency, while the wave speed exhibited a
weakly logarithmic dispersion. This observation is consistent with previous observations
in sandstone, limestone and some shales. Again, such dispersion and attenuation is
believed to be a consequence of grain-boundary interactions, rather than bulk rock
properties such as density or porosity.
Gurevich et al. (1999) performed a numerical simulation of the ultrasonic
experiments of Plona (1980), Rasolofosaon (1988) and their own experiments, and found
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good agreement with Biot’s theory at ultrasonic frequencies. Winkler et al. (1989)
performed laboratory experiments to assess theoretical models of borehole Stoneley wave
propagation in permeable rock. Samples were saturated with synthetic silicone oils, and
subjected to acoustic waves. They measured the velocity and attenuation over a frequency
range of 10 kHz to 90 kHz for various viscosities in order to evaluate the low-frequency
and high-frequency regions of Biot’s theory. As expected, they found that velocity and
attenuation are frequency dependent, especially in the case of low frequency, and that
velocity decreases and attenuation increases with increasing fluid mobility. Nagy (1993)
explored the propagation of slow compressional waves in air saturated permeable solids
at a frequency range between 10 and 500 kHz and found good agreement with theoretical
predictions for the lower frequencies. At high frequency, they found good agreement for
phase velocities, but were not able to match the attenuation coefficient. As expected, the
phase velocity asymptotically approaches the maximum value based on the tortuosity of
the sample, while the attenuation becomes linearly proportional to frequency, instead of
the expected square-root dependence. Nagy speculated that this discrepancy was due to
the irregular pore geometry of his samples, which significantly reduced the dynamic
permeability at high frequency. Ohkawa (2006) studied the absorption and scattering of
high frequency sound in water saturated sands, claiming that scattering has a severe
impact on attenuation, and challenging the notion that the frequency dependence of the
attenuation coefficient is linear, rather than ω 1 / 2 .
Two frequency regimes are generally recognized when modeling fluid dynamics in
pores under acoustic fields. At low frequency, the flow is dominated by viscous forces,
whereas at high frequencies, the flow is dominated by inertial forces. From numerous
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experimental and theoretical studies, it was found that all porous materials exhibit the
same behavior in these two domains (Johnson et al. 1987; Charlaix et al. 1988; Sheng
and Zhou 1988; Zhou and Sheng 1989; Chapman and Higdon 1992; Smeulders et al.
1992; Pride et al. 1993). As the frequency, ω , decreases to zero, the dynamic
permeability k (ω ) asymptotically approaches the steady state permeability of the rock.
As the frequency increases to infinity, the real component of the dynamic permeability
falls as ω −3 / 2 , while the imaginary part falls as ω −1 . Both the JDK model (Johnson et al.
1987) and Biot (1956) underestimate the imaginary part of the dynamic permeability at
low frequencies at high convergent or divergent flow conditions (maximum pore wall
slope). Pride et al. (1993) showed that when the JDK model is modified to account for
drag forces, a much better agreement with experiment could be found. Bernabe (1997)
simulated the frequency dependence of dynamic permeability ω during the transition from
macroscopic viscous flow at low frequency to inertial flow at high frequency, and
observed that in networks with large pore volume, the fluid compressibility could affect
the dynamic permeability dramatically.
1.2.2 Acoustic Stimulation

The interest in vibro-seismic stimulation dates back to the early 50’s when
increased oil recovery was observed as a consequence to cultural noise and earthquakes.
Most of the observations, however, are of very little use to developing functional
theoretical models, because of the complex nature of the phenomena involved. For
example, the improvement of oil rate after an earthquake may not be due to elastic
vibrations alone, but also due to fracturing and geomechanical effects such as subsidence
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or compression. In most cases, the observations are inconsistent and contradictory, with
explanations that are speculative and inconclusive. Beresnev and Johnson (1994)
provided an excellent critical review of the major developments in acoustic stimulation in
the USA and Russia. This section will summarize major experimental and theoretical
contributions in this field, as well as the latest efforts in cracking the mystery.
The potential of ultrasound as a viable method to enhance oil recovery in mature
fields was first experimentally investigated by Duhon (1964) and Duhon and Campbell
(1965). They performed a series of brine flood experiments on an oil-saturated, epoxycoated sandstone disk. After applying ultrasound at frequencies between 1 – 5.5 MHz,
they observed that ultrasonic energy did have a considerable effect on displacement
efficiency by creating a more uniform displacement front. Such enhancement was not
noticeably dependent on initial oil saturation, and seemed to yield higher recovery with
decreasing viscosity and frequency. They also noted a substantial drop in permeability
ratio with ultrasonically stimulated waterfloods, implying a reduced mobility ratio and an
enhancement in the sweep efficiency. Although the 1 MHz flood resulted in the highest
ultimate recovery, Duhon argued that this may not necessarily imply the optimum
operating condition; lower frequency stimulation may generate higher ultimate recovery.
To explain the observed increase in recovery, and the reduction in mobility ratios, Duhon
postulated that localized pressure surges during cavitation, as well as oscillating air
bubbles, may force trapped oil into adjacent pores. Heating due to ultrasound was ruled
out as they did not observe a considerable increase in affluent temperature during all
experiments. It is not clear, however, whether the observed results were due to
ultrasound, or due to alterations in wettability as consequence of using Diesel oil, or due
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to the cleaning procedure of the Berea disc. Motivated by Duhon’s observations, Ellis
(1966) performed numerous waterflood experiments into linear Berea cores at a broad
range of pressures below 1 MHz. For all pressure ranges investigated, he found that
ultrasound recovered less oil than regular waterfloods. He attributed this surprising
reduction to surface waves between grains, which may retard the liquid flow through
pores. The discrepancy may have also been due to two major differences between
Duhon’s and Ellis’ experimental setup: 1) Duhon’s system was radial, while Ellis’ system
was linear, 2) Duhon applied the ultrasonic energy into both the fluid and the rock, while
Ellis applied the ultrasound to the injection water only.
Chen (1969) and Fairbanks and Chen (1971) investigated the influence of
ultrasonic energy (20 kHz and 10 W/cm2) on the flow of water and oil through a stainless
steel filter, through porous sandstone and through a capillary. He found that in the case of
porous medium, ultrasound enhanced the percolation rate by a factor of three. Chen also
showed that the observed increase is only partially due to ultrasonic heating. In a later
study, Fairbanks (1976) presented three systems by which the introduction of ultrasound
resulted in enhanced liquid flow through porous media. Such systems included (1) flow
of crude oil through porous sandstone, (2) flow of oil filtrate though a porous stainless
steel filter, and finally (3) flow of water from a filter to an evaporation surface during
drying. In all three systems, ultrasonic stimulation increased the percolation rate of liquid
in the porous material. Within Biot’s frequency regime, the liquid flow changes from
normal viscous flow to plug type flow, thereby reducing the friction factor within pore
throats. They also showed that there exists an optimal intensity at which the liquid
filtration rate is maximized. Percolation of oil in different porous rock types was also
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investigated by Mikhailov et al. (1975), Neretin and Yudin (1981), and Dyblenko et al.
(1989).
Cherskiy et al. (1977) applied ultrasound to core samples that were saturated with
fresh water, and found that the permeability sharply increases almost immediately when a
pulsed ultrasonic field (26.5 kHz) was applied. However, after shutting off the
ultrasound, the permeability returned to its original value. When varying the intensity,
Cherskiy found that the pulsed treatment improved the permeability up to 10-15 times as
compared to continuous insonication. One possible explanation for the dramatic
permeability increase is traveling waves along pore walls, which may cause fluid
displacement similar to “peristaltic transport”. This mechanism was first proposed by
Ganiev et al. (1989). They proposed that ultrasound deforms the wall of a pore, altering
the radius of the pore. This vibration causes fluctuations in capillary pressure, as well as
dilation of surface films. Unfortunately, they provide only a very succinct description of
their model, and a few results. They were also not particular about the acoustic power
required to cause such effect, and neglected to elaborate on the poroelastic properties of
the porous medium. Their model was later simplified by Jaffrin et al. (1969), Shapiro et

al. (1969), Yin and Fung (1969), Jaffrin and Shapiro (1971), Takabatake et al. (1988),
Aarts and Ooms (1998), Aarts et al. (1999), who derived close-form analytical solutions
to the problem. Tsiklauri and Beresnev (2001) and Tsiklauri (2002) included the
influence of non-Newtonian flow behavior into the model to account for the behavior of
oil and polymers. Aarts and Ooms (1998) showed that the method of peristaltic transport
works only at ultrasonic frequencies, and that the intensity of the ultrasonic field must
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exceed 104 W/cm2. Therefore, due to the high attenuation of ultrasound, such effect is
only significant near the well bore.
Gadiev (1977) introduced audible sound (40 Hz – 15 kHz) to oil saturated
unconsolidated sand packs and observed considerable increase in oil production rate and
cumulative oil production. Additionally, he observed that sound decreases the surface
tension of transformer oils and the viscosity of polyacrylamid solutions. Considering the
duration of excitation, these effects may have been due to a temperature increase in the
fluids. He postulated that this effect was caused by a phenomenon called “sono-capillary
effect”, by which the liquid level within a capillary is raised due to an additional pressure
generated by compressional waves. In fact, at ultrasonic frequencies, cavitation may
magnify this effect and cause a dramatic increase in the level of the meniscus within a
narrow capillary. Such effect was extensively studied by numerous authors from Russia
and Ukraine, most notably Prokhorenko et al. (1982), Rozin et al. (1984), Rozina and
Rozin (1994), Rozin et al. (2001), Rozina (2002), and Dezhkunov and Leighton (2004).
For an excellent coverage on cavitation and bubble dynamics under ultrasound, the
interested reader is referred to Gaitan et al. (1992). Gadiev (1977) also noted in his paper
that ultrasound can reduce the viscosity of high-polymeric liquids by up to 22%. In fact,
prolonged exposure of polymer solutions to high-intensity ultrasound permanently
reduces its viscosity. Gronroos et al. (2004) demonstrated that ultrasound preferentially
degrades larger carboxymethylcellulose (CMC) molecules, and that there is an optimal
concentration at which degradation is most effective. Once all the larger molecules are
degraded, the process ceases and stabilizes. Similar observations were made with
Xanthan gum (Kulicke et al. 1993).
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Neretin and Yudin (1981) applied a continuous ultrasonic field to lose sand
saturated with water or oil, and they observed that both recovery rate and final recovery
were noticeably increased (65% to 85%).
Simkin and Surguchev (1991) and Simkin (1993) observed a gradual increase in
oil droplet size when continuous ultrasound was applied. They credited this improvement
to ultrasonically induced coalescence due to primary Bjerknes forces. Such coalescence
may assist in accelerating gravity phase separation within porous media, and improve the
relative permeability of oil. Bjerknes forces acting between particles can be attractive or
repulsive depending on the droplet’s location relative to the wave field (Bjerknes 1906;
Blake 1949; Mettin et al. 1997). The magnitude of such force depends on the density of
the continuous phase, and the radius of the droplet. Unfortunately, there are no micromodel experiments to date that visually demonstrate droplet coalescence in a porous
medium due to Bjerknes forces. Simkin et al. (1991) demonstrated in a series of
experiments that during elastic vibration, ultrasound is generated within oil-saturated core
blocks, which accelerates the process of capillary imbibition. Unfortunately, this report is
in Russian, and I was not able to fully evaluate the findings. The interested reader is
directed to this work. Schoeppel and Howard (1966) treated various samples of crude oilwater emulsions with ultrasound, and observed a considerable acceleration in
coalescence.
Nikolaevskii (1989) and Nikolaevskii (1992) reviewed some possible physical
processes of acoustic and seismic stimulation, and speculated that one possible
mechanism is the so called vibrocreep effect. Such nonlinear effect associated with
viscoelastic resonance restores the phase permeability of dispersed oil ganglia by either
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coalescing or emulsifying the oil. At the same time, such elastic wave fields may
considerably reduce capillary forces by vibrating, and consequently, breaking surface
films adsorbed to pore walls. When taking colloidal rotation into account, they showed
that it is possible to generate bimodal waves which manifest in secondary nonlinear
ultrasonic vibrations. Such ultrasonic vibrations may mobilize oil droplets into adjacent
pores, or may result in coalescence due to Bjerknes forces. Ultrasonic fields may also
cause additional non-linear effects such as in-pore turbulence, acoustic streaming and
cavitation. Such effects are however only consequential at very high intensities. Dunin
and Nikolaevskii (2005) and Nikolaevskii and Stepanova (2005) proposed a theory on the
generation of ultrasonic waves as consequence of nonlinear effects associated with
seismic and low frequency acoustic action in fluid saturated porous media. They claim
that the attenuation and dispersion of seismic waves in porous or fractured porous media
introduces additional vibration modes at much higher frequency (dominant frequencies).
The physical mechanisms responsible for such wave spectrum transformations are dry
friction in contacts, instability of viscoelastic oscillations, seismic energy pumping into
rotational modes, and resonance of gas bubbles and oil droplets. These mechanisms are
believed to improve oil recovery. Abrashkin et al. (2005) derived a series of analytical
equations describing the motion of a drop in an axially symmetric capillary with varying
cross section in high frequency and low frequency acoustic fields, taking into account
wettability and hysteresis. They assumed that at high frequency, viscous forces can be
ignored, while at low frequency, viscosity becomes significant.
Nikolaevskiy et al. (1996) provided an interpretation of a vibro-seismic recovery
process describing the wave requirements, wave generation and propagation in oil
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saturated porous media. He found that one must determine a characteristic frequency
depending on reservoir lithology, fluid saturation, and layer stratification. Such frequency
could alter oil and water production characteristics and enhance oil production near the
residual oil saturation, while increasing water production near immobile water saturation
regions. Kuznetsov et al. (1998) studied the effect of vibro-energy on waterflood
displacement rates and relative permeability ratios. They observed an increase in the
oil/water relative permeability ratios when vibration is applied. In a subsequent study
Kuznetsov et al. (2002), they reported significant incremental oil recovery from wells in
Russia when they were stimulated by vibro-energy, and pointed out that decreased water
cut was caused by the reduction of water/oil interfacial tension and increase in the
relative permeability of the oil. They argued that in some cases, oscillating pressure
fields induced by acoustic waves can result in reduction of local pressures below the
bubble point, thereby liberating dissolved gas. In fact, even at reservoir pressures much
above the bubble point, alternating pressure fields with a wavelength exceeding that of
the oil droplets may mobilize the phases because of the density contrast (effective gas
drive). This theory was extensively developed by Vakhitov and Simkin (1985) and
Kuznetsov and Simkin (1990).
Graham (1997), Graham (1999), Graham and Higdon (2000a, 2000b) numerically
studied the motion of fluid droplets in harmonically forced capillary tubes and constricted
tubes subject to a mean pressure gradient. In the case of capillary tubes, they observed a
significant enhancement in mobility for large droplets, i.e. droplet diameter exceeding the
diameter of the capillary, especially when oscillatory forcing is strong, and the drop
capillary number is low. Such enhancement is primarily associated with increased droplet
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deformation, and is dependent on frequency, amplitude and type of waveform. For
constricted tubes, Graham and Higdon (2000a) showed that oscillatory forcing effectively
“unplugs” the tube by deforming the droplet. Therefore, acoustic stimulation enables oil
droplets to overcome the critical threshold capillary pressure, and consequently initiates
percolation. They also identified the minimum oscillatory forcing required to cause such
mobilization. Later, Graham and Higdon (2002a, 2002b) considered the role of
oscillatory forcing on flow through porous media. Graham and Higdon (2002a),
considered the effects of non-zero inertial forces on steady flow, and developed a
numerical model based on the steady-state Navier-Stokes equations. They used two
geometries to simulate a porous structure: constricted channels and an array of cylindrical
capillaries. In both cases, they observed strong nonlinear flow patterns, which may yield
to enhanced mobilization under oscillatory forcing. They also observed in-pore
turbulence. Graham and Higdon (2002b) extended their earlier model to include unsteady
velocity fields. The effectiveness of the percolation rate is a strong function of
dimensionless oscillation amplitude. One interesting observation was that oscillation may
retard the phase mobility of the lower viscosity component, while keeping the high
viscosity phase unaffected. Such process therefore enhances the permeability of higher
viscosity phases, and may prove to be an effective “oscillatory filter” capable of
separating two fluids with different viscosities.
Zaslavskii (2002) performed experiments to study the motion of small droplets in
a capillary. They applied a static pressure on the droplet to control the level of the fluid
within the capillary, and altered the frequency of vibration. They noticed a hysteretic
dependence of surface tension forces on the velocity of the meniscus.
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Tamura et al. (2005) showed in a series of intriguing experiments that liquids may
adhere to flat ultrasonically driven surfaces. The shape of the droplet depends on the
amplitude of vibration. After investigating the effects of intrinsic surface tension and
intensity, they developed a simple model to predict drop shapes. The predicted drop
dimensions matched closely with the experimental observations.
Li et al. (2005) studied the mobilization of oil ganglia in a 2D etched glass micromodel under low frequency vibrations. They observed an increase in the recovery of
trichloroethylene (TCE) with higher acceleration amplitude and lower frequency. They
attributed these findings to the fact that vibrations provide the necessary mechanical force
to overcome capillary entrapment, thereby mobilizing oil drops within pores.
High power ultrasound may also be applied to reduce formation damage caused
by fines and drilling mud solids, and help mobilize clays in rocks, thus increasing rock
permeability and porosity (Venkitaraman et al. 1995; Roberts, Venkitaraman et al. 2000;
Wong et al. 2003; Champion et al. 2004; Poesio and Ooms 2004; Poesio et al. 2004; Van
der Bas et al. 2004; Wong et al. 2004). Venkitaraman et al. (1995) conducted a series of
laboratory experiments to investigate the feasibility of using ultrasound to remove
formation damage caused by water-based drilling mud and fines. They damaged Berea
sandstone and limestone cores with drilling mud, and then treated it with ultrasonic
radiation at various frequencies and intensities. After backflow, they found that
permeability was greatly increased. Roberts et al. (2000) showed that ultrasonic energy
can be effectively applied to reduce near-wellbore damage caused by organic deposits
and polymers by suspending paraffin deposits and restoring the effective permeability of
the rock. Wong et al. (2004) tested a prototype oval-mode downhole ultrasonic emitter,
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and determined the required acoustic power to remove fines and particles plugging the
near wellbore region. Poesio and Ooms (2004) and Poesio et al. (2004) developed an
extensive theoretical model to predict removal of small particles and fines in porous
media. Gollapudi et al. (1994) demonstrated that ultrasound may be successfully utilized
to remove asphaltenes from wellbores. They applied a thin layer of asphaltene onto glass
beakers, and insonicated them in aqueous or kerosene solutions for different time
intervals and intensities. Subsequently, they applied the same ultrasound on
asphaltene/sand mixtures while circulating in a flow cell, and observed that the maximum
time required to clean the sand was two minutes. They recommend continuous pumping
during insonication in order to avoid reprecipitation, and to disrupt maltenes. Shedid
(2002) and Shedid (2004) looked into the influence of ultrasonic irradiation on U.A.E.
crude oil viscosity and asphaltene deposition, and found that ultrasound breaks down
asphaltene clusters, and enhances asphaltene solubility into crude oil after chemical
treatment. He also proposed a correlation to predict the permeability recovery factor
using sonication time and frequency. Paraffin deposits may also be effectively removed
from pipes and wellbores (Horblit 1951; Dvali and Sumarokov 1968). Abad-Guerra
(1976) studied the effect of ultrasonic energy on sandstone cores initially plugged by
paraffins. He observed dramatic improvements in the permeability, which he attributed to
ultrasonic cavitation and heating.
Additionally, researchers have toyed with the idea of utilizing ultrasound to
improve the upgrading of heavy oil and tar sands in-situ or in pipes (Sadeghi et al. 1990;
Sadeghi et al. 1992; Lin and Yen 1993; Sadeghi et al. 1994; Yen and Dunn 1999; Dunn
and Yen 2001; Bjorndalen and Islam 2004).
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Besides its promising role in the oil & gas industry, high power ultrasonics has
also been applied by environmental engineers to accelerate remediation of nonaqueousphase liquids (NAPL) from soils (Reddi et al. 1993; Reddi and Challa 1994; Iovenitti et

al. 1996; Reddi and Wu 1996; Hilpert et al. 2000; Roberts et al. 2001; Iassonov and
Beresnev 2003; Kim and Wang 2003; Vogler and Chrysikopoulos 2004). Ultrasonics is
often used by the textile industry to enhance the mass transfer of dyes into porous fabric
(Johnson and Mccall 1994; Yachmenev et al. 1998; Moholkar and Warmoeskerken 2004;
Moholkar et al. 2004; Vouters et al. 2004) and in dry cleaning applications. The food
industry has also successfully applied ultrasonic stimulation to extract oil from food
products such as soy beans (Li and Horne 2004; Riera et al. 2004).
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1.3

Summary

Applications of ultrasound range from enhanced oil recovery (EOR) to well stimulation,
in-situ upgrading, wellbore cleaning, and soil remediation. Acoustic energy may be
delivered into a reservoir via three methods:


In-situ sonication



Seismic methods



Pressure Pulsing Technology

In the case of in-situ sonication, an acoustic emitter is lowered into the well bore,
generating acoustic waves at a high intensity. The acoustic waves travel through the
porous media, and excite the fluids mechanically. Seismic methods are applied via
explosives, earthquakes, and surface vibrators, and are generally low frequency, high
intensity methods of delivering compressional waves into reservoirs. Finally, pressure
pulsing is a method, by which sharp pressure waves at a particular frequency depending
on fluid and reservoir properties are hydraulically applied to the liquid in wells.
Despite numerous promising field trials, laboratory experiments, and patents, the
exact mechanism behind ultrasonic stimulation is still poorly understood. Most of the
findings have been speculative with limited experimental verification. The reason for this
is two-fold. Firstly, the problem is very complex, involving a superposition of several
competing mechanisms (Figure 1-3). Secondly, it is not certain how far an acoustic wave
propagates into the reservoir, nor how such propagation occurs. Ultrasonic applications
are limited to the near-wellbore area due to the high attenuation through the rock or
fluids. When using Biot’s theory, one expects that the attenuation length of ultrasound at
20 kHz ranges from 2 – 10 cm. As a consequence, most research in recent years has

24

shifted to low energy, low frequency waves that can propagate several kilometers into the
reservoir. Nevertheless, because dispersion of low frequency waves within porous media
forms high-frequency harmonics (ultrasonic noise), one would still expect ultrasonic
waves to be present in the reservoir. Additionally, because of its very short wavelength,
one would expect that ultrasound is more influential in the capillary dynamics within a
pore than large wavelength alternatives.
Ultrasonic radiation introduces mechanical vibrations, which strongly influence
interfacial forces by enhancing momentum and heat transfer across the phase interfaces.
The following mechanisms are believed to be responsible for the observed improvement
in percolation of oil within porous media:


Increasing the relative permeability of the phases by promoting phase separation.



Due to nonlinear acoustic effects such as in-pore turbulence, acoustic streaming,
cavitation, and perturbation in local pressures, ultrasound reduces the adherence
of wetting films onto the rock matrix. This effect is only relevant at high
ultrasonic intensities.



Reducing surface tension, density and viscosity as a consequence of heating by
ultrasonic radiation. In the case of polymers, ultrasonic degradation may reduce
the viscosity, as well.



Altering of rheological properties of non-Newtonian fluids.



Enhancing mobilization of oil blobs due to mechanical vibration of pore walls
(peristaltic fluid transport), by which fluid is “squeezed” into adjacent pores



Strengthening the adhesion of liquid films onto vibrating pore walls



Micro-emulsification of oil in the presence of natural or introduced surfactants.
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Coalescence and dispersion of oil drops due to the Bjerknes forces.



Increasing in rock permeability and porosity due to deformation of pores, and
removal of fines, clays, paraffin wax and asphaltenes.



Oscillation and excitation of capillary trapped oil drops due to pressure
perturbations generated by cavitating bubbles and mechanical vibrations of rock
and fluid

These mechanisms, which are principally governed by capillary and viscous forces (Bear
1988; Hilpert et al. 2000), depend on the frequency and intensity of the acoustic field, as
well as on rock elasticity, fluid properties, porosity, cementation, and clay content.
Frequency plays an important role in wave dispersion, attenuation and heat dissipation.
At higher intensity, mechanical stresses, and therefore, temperature increase. As such, the
destruction of deposits and films on pore walls, as well as the reduction of viscosity and
interfacial tension, may only occur with high frequency/high intensity acoustic fields.
Fluid properties, such as density, viscosity and surface tension directly affect the wave
propagation, compressibility, and shear response. Porosity, cementation and clay content
enhance the wave dispersion, and strongly attenuate Biot’s slow wave.
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Figure 1-1: A summary of currently accepted Enhanced Oil Recovery methods. Outlined
in black are the vibro-mechanical options with which this dissertation is primarily
concerned. (Adopted from Farouq Ali and Thomas (1996)).

Figure 1-2: The comparative length scales in relation to Biot’s model of poroelasticity
and grain sizes in millimeters: (a) ASTM soil classification, (b) effective pore size, (c)
approximate permeability, (d) frequency. The shaded area corresponds to Biot’s
allowable frequency range (based on some of his assumptions).
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Figure 1-3: The complex interplay of various physical mechanisms believed to be present
when ultrasound is applied to porous media. Any superposition of these mechanisms may
result in either a reduction or enhancement of flow in porous media.
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2 Pendant drop experiments
2.1

Introduction

Many researchers have investigated the rise of liquid level within a capillary tube
subjected to an ultrasonic field (Prokhorenko et al. 1982; Rozin et al. 1984; Rozina and
Rozin 1994; Rozin et al. 2001; Rozina 2002; Dezhkunov and Leighton 2004). Most of
the investigations attribute this rise to ultrasonic cavitation at the tip of the capillary. A
collapsing vapor bubble can exert thousands of pounds per inch of pressure locally,
causing a temporary increase in phase pressure. Assuming that thousands of bubbles
collapse within a minute, the cumulative pressure increase results in a rise in fluid level.
It was also shown that the wettability of liquids on solid ultrasonically driven surfaces is
enhanced (Tamura et al. 2005). Therefore, applying ultrasonic radiation onto a capillary
may increase capillary forces, and increase wetting of the denser phase.
The drop formation at a capillary tip has been studied extensively by many
authors in the past century. Two types of flow regimes have been identified to describe
fluid ejection from a capillary. At high rates, drops exit the capillary in form of a jet
(connected set of drops), while at low rates, distinct droplets form at the tip. An excellent
experimental treatise on this topic may be found in the dissertation of Cramer (2004).
Drop formation is usually divided into two stages: (a) early static growth at the capillary,
and (b) necking/detaching. The first study on drop development into air was performed
by Harkins and Brown (1919). Their work formed the basis for later developments to
account for liquid-liquid systems (Hayworth and Treybal 1950; Null and Johnson 1958;
Wilkinson 1972), and is used to determine interfacial tension (pendent drop method).
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They developed a simple equation that relates the weight of a falling drop to fluid and
drop properties based on a simple force balance:

md =

 r 
2µrc σ
⋅ f  1c / 3 
g
 Vd 

2-1

where rc is the radius of the capillary, µ is the viscosity of the drop fluid, σ is the
surface tension, g is a conversion factor, and Vd is the volume of the detached drop.
Therefore, the size of a drop is inversely proportional to the cubic of interfacial tension,
and viscosity. He also introduced a correction factor, f , to account for the deformation
and ellipticity of the drop, as well as the lost fluid remaining at the tip of the capillary.
Although very effective at predicting the shape of a droplet at static conditions, this
approach did not provide sufficient insight into the dynamic process of dripping, which
involves a time evolution of drop shape, velocity and pressure field within the drop, and
the generation of a liquid thread connecting the drop to the capillary. Eggers and Dupont
(1994) have simulated the one-dimensional problem using a finite difference method to
solve the conservation of mass and axial momentum equations. In a later study, Zhang
and Basaran (1995) performed a series of experiments to study the dynamics of liquid
dripping into air. They showed that the viscosity of the disperse phase plays a key role in
the stabilization of the droplet by dampening interfacial instabilities. A full transient
solution to the two-dimensional mass-momentum equations was developed by Zhang
(1999a; 1999b). He studied the drop profiles and rates based on various dimensionless
parameters, such as Reynolds number and Capillary number, in an effort to quantify the
dependence of drop formation on inertial, viscous, gravitational and surface tension
forces.
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Several investigations concentrated on the parameters governing the dripping rate
of droplets from a capillary (e.g. Martien et al. 1985; Katsuyama and Nagata 1999; and
Renna 2001). When a droplet breaks off the capillary tip, it leaves some liquid behind.
This liquid oscillates, causing mechanical vibrations which induce the development of a
new drop. The mechanical vibrations also effect the generation and dynamics of a new
droplet. (Martien et al. 1985; Kiyono and Fuchikami 1999; Tufaile et al. 1999; Renna
2001). A detailed discussion of the flow dynamics of droplets from capillaries is beyond
the scope of this thesis, and the interested reader is referred to the relevant references, as
well as the excellent work by Cramer (2004).
Based on the dynamics of dripping, a series of pendant drop experiments were
performed to explore the effect of ultrasound on drop-rate within narrow capillaries. As
mentioned earlier, the drop rate is a strong function of both viscosity and interfacial
tension. This section starts with a brief description of the experimental setup, as well as
the fluid properties used in the subsequent experiments, and concludes with results and a
discussion.
2.2

Experimental Setup

A Hastelloy C-276 0.1 mm capillary was used to inject water at a constant pressure into
various oleic fluids. A tear drop shaped glass vessel was utilized to maintain a constant
hydrostatic head pressure of 10 cm H2O (0.1422 psi). A ¾” ultrasonic horn was employed
to deliver continuous ultrasound at a broad range of intensities at an angle of
approximately 45o. The oleic phase was contained in a 2 mm thick glass cylinder (5 cm
diameter) which was sealed with a rubber stopper at the bottom end. The glass container
served to protect the capillary from the intense cavitation zone generated by the horn, and
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ensured that the observed drop rate was entirely due to ultrasound alone. It also reduced
the level of emulsification which may affect the rheology of the oleic phase. One inch of
the capillary was immersed into the oleic phase. Images of the falling drops were
recorded using a Canon Xi video camera, and digitized using Windows Moviemaker. The
experimental setup is presented in Figure 2-1. Snap shots of the droplets just before
detachment are shown in Figure 2-3 for increasing ultrasonic intensities.
2.3

Fluid Properties

Three types of refined paraffin oil and kerosene were used in these experiments. The fluid
properties are shown in Table 2-1. Fluids were chosen to cover a broad range of
interfacial tension and viscosity. N350 (Canon Instruments calibration oil) is a high
viscosity, low IFT oil. Light mineral oil and heavy mineral oil are low viscosity, high IFT
oils. Kerosene has very low viscosity, and intermediate IFT to water. De-aerated water
was used as the injected phase, primarily to prevent emulsification at higher intensities of
ultrasound, as well as to increase the cavitation threshold due to the absence of dissolved
air.
2.4

Experimental Procedure

After applying a constant fluid pressure of 10 cm H2O onto the pipette, we allowed the
flow rate through the capillary to stabilize to a constant rate. Ordinarily, a constant flow
rate was achieved after 2 minutes of dripping. Once a constant flow rate was maintained,
we initiated ultrasound at gradually increasing power settings. Experiments at a particular
setting usually last more than 10 minutes to assure a consistent time averaged drop rate.
In order to get an accurate drop count, we used a Canon Xi camera to record the process.
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The analog film was then digitized, and drops were counted during the period of time.
Drop rate per minute was estimated by dividing the number of drops over the time
interval at which these drops were measured. For example, if we counted 43 drops in 10
minutes and 32 seconds, the resulting drop rate is 4.23 drops/minute. In order to avoid
emulsification of the oil-water system, we carefully monitored the texture of the liquids
and did not exceed the emulsification intensity.
2.5

Results and Discussion

Figure 2-2 shows the results of all experiments. The drop count increased up to a critical

threshold after which it linearly decreased with increasing intensity. It is apparent that the
dripping rate is dependent on both viscosity and interfacial tension between the oil and
water. The peak drop rate tends to shift to higher intensities as viscosity is increased, and
shifts to lower intensity settings with decreasing interfacial tension. Therefore, as the
viscosity of the continuous phase increases, a higher intensity is required to maximize the
water expulsion rate through the capillary. Lower intensities are necessary when
interfacial tension is reduced. One of the reasons behind such observation is that in the
presence of ultrasound, the event of neck-breaking between the capillary tip and the
droplet is enhanced. Since the rate of droplet formation is directly related to neck
breaking, which in turn is a function of the mechanical oscillations at the neck, it is
expected that one observes a lower drop rate as intensity is increased. At low intensity,
however, oscillations at the neck are reduced, resulting in a more steady state droplet
formation. Due to viscous damping, the same effect occurs when the viscosity of the oil
in increased. This causes droplets to form at a higher rate.
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It has also been shown that fluids tend to adhere to ultrasonically driven surfaces
(Tamura et al. 2005). Therefore, as one increases the intensity, vibration of the capillary
due to the ambient acoustic field causes an increase in wetting of the water onto the
capillary. Increased water wetting results in higher positive capillary pressure, thereby
retarding the flow of water through the capillary. Apparently, this effect is magnified at
high intensity. At low intensities, on the other hand, such process may be reversed. Water
wetting is reduced, hence reducing the capillary pressure. As a consequence, more water
is expelled from the capillary. One key feature, namely the peak water rate at a
characteristic intensity value, indicates a switch in the physics of the process.
A less likely explanation, which should still be considered, is the formation of
micro-bubbles within the capillary. Micro-bubbles may form during cavitation, and may
stick to the inner wall of the capillary. This effect results in a lowered effective diameter
of the capillary, resulting in a reduced flow rate of water. Nevertheless, the de-aeration of
the water considerably reduced the probability of this to happen.
The hypothesis that interfacial tension between the water and the oil was altered
under ultrasound is questionable after comparing the drop shape at different ultrasonic
intensities. From Figure 2-3, it can be readily concluded that the drop shape did not
noticeably vary with increasing intensity. Since the images taken are of limited
resolution, it was not possible to estimate interfacial tension via the geometric method,
since the error due to digital processing would have exceeded the variation.
The relevance of these findings may explain various observations made during the
imbibition experiments. In essence, the capillary represents a pore throat. When applying
ultrasound to porous media, a series of physical mechanisms, such as increased local
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wettability and vibrations of ganglia at the pore throat, may induce a higher capillary
snap-off threshold. This mechanism may considerably improve the percolation of oil
ganglia into adjacent pores, and ultimately lead to higher recovery.
2.6

Conclusions

1. Ultra-sound affects the dripping rate of water through a capillary into various
oleic phases.
2. The dripping rate reaches a maximum at a characteristic intensity, which depends
on interfacial tension and oil viscosity. Increase in viscosity results in a shift of
the peak to higher intensities. Reduction in interfacial tension causes a shift of the
peak to lower intensities.
3. We speculated that ultrasound affects the breaking of droplets from the capillary
tip, causing mechanical vibrations at the fluid which remains attached. These
vibrations may slow down the development of consecutive drops. Another
mechanism may be improved adherence of water films onto the inner wall of the
capillary, thereby increasing the capillary pressure. Increase in capillary pressure
reduces the ability of water to exit the capillary. At low intensities, this effect does
not seem to be considerable.
4. The interference of trapped air bubbles within the capillary (generated during
cavitation) is not believed to be the source of our observations.
5. Alteration of interfacial tension under ultrasound was not observed.
6. Further work is needed to analytically match the results, and estimate the
contribution of mechanical vibrations on neck breaking. Perturbation theory on
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Navier-Stokes equation may give valuable insights into the governing mechanism,
and the relative impact of ultrasound.

Table 2-1: Properties of the fluids used in pendant drop experiments.
Fluid

Light Mineral Oil
Heavy Mineral Oil
Kerosene
N350

Density(1)

Viscosity(2)

Surface Tension(3)

Interfacial Tension(3)

g/cc

cp

dynes/cm

dynes/cm

0.8383
0.8508
0.768
0.8885

± 0.0050
± 0.0050
± 0.0050
± 0.0014

46.5
167.0
2.9
1112.0

± 0.5
± 1.7
± 0.03
± 1.8

9.9
46.2
53.2
8.6

± 0.2
± 0.9
± 1.1
± 0.2

(1) Weight-Volume method using a 5cc syringe
(2) Rotational viscometer (Fann 35A) at 300 rpm; Viscosity values for S60, S200, N350 and S600 were
obtained from Canon Instrumentation Company (A2LA Certificate #1262.01)
(3) Du Nouy type tensiometer (Fisher Scientific Tensiometer; Platinum-Iridium ring)
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61.8
51.0
40.7
35.3

± 1.2
± 1.0
± 0.8
± 0.7

Constant
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computer
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Figure 2-1: Experimental setup of the pendant drop experiments.
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Figure 2-2: Water drop count per minute versus ultrasonic transducer excitation
amplitude for various oil types.
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Figure 2-3: Snap shots of pendant drops just before detachment. A wide range of
viscosity and interfacial tension was investigated by using (a) light mineral oil, (b) heavy
mineral oil, (c) kerosene, and (d) high viscosity processed mineral oil N350. Numbers at
the top of each image indicates the ultrasonic setting [0 = no ultrasound; 5 = high
ultrasound]. After inspecting the shape of the drops visually, it can be readily concluded
that interfacial tension does not noticeably change with ultrasonic intensity.
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3 Hele-Shaw Experiments
3.1

Introduction

Based on the observations from the capillary imbibition experiments (Chapter 4), we
decided to minimize the effects of the viscous or interfacial forces to identify other
possible effects on the recovery alteration under ultrasonic energy. We achieved this
through a series of immiscible and miscible viscous displacement experiments using a
Hele-Shaw model.
When a viscous fluid is displaced by a less viscous fluid, one generally observes
finger-like patters known as “viscous fingers”. These structures, first studied by Saffman
and Taylor (1958), are subject to much research, and are relevant to many applications,
both fundamental and industrial, such as flow through porous media, combustion in two
dimensions and electrochemical deposition. A Hele-Shaw cell is made up of two parallel
plates separated by a thin spacer. The flow is governed by the Hele-Shaw equation for
Newtonian fluid films:

ui =

−b
∇Pi
12 µ i

(3.1)

where the subscript refers to the fluid phase, u i is the depth averaged velocity within the
cell of thickness b , µ i is the dynamic fluid viscosity and Pi is the fluid pressure. Note
that this equation reduces to a Laplacian formulation in the case of incompressible fluids,
i.e. when ∇ u i = 0 . In the presence of an interface, as is the case with immiscible fluids,
the pressure differential at the interface is related to the interfacial tension and the
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curvature of the interface, i.e. from the Young-Laplace equation (e.g. Pellicer et al.
2000), we obtain

 1 2 cos θ 

P1 − P2 = σ  −
r
b

 1

(3.2)

where r1 is the horizontal curvature of the interface, and σ is the interfacial tension
between phase 1 and 2. The growing fingers continuously split into sub-branches due to
the interfacial instability at the liquid-liquid interface, thereby generating a fractal
structure whose smallest element is determined by a balance between viscous and
interfacial forces. The morphology of viscous fingers has been studied extensively by
Mclean and Saffman (1981), Park and Homsy (1985), and Maxworthy (1987), and can be
described by the modified capillary number (Rauseo et al. 1987; Chen 1989)

Ca ' =

Uµ
σb 2

(3.3)

where U is the volumetric velocity of the fluid at the interface, µ the dynamic viscosity
of the displaced fluid, σ the interfacial tension, and b the spacing between the plates. In
order to generate a complex fingering pattern, one must minimize the characteristic scale
length λ c (Chuoke et al. 1959; Plouraboue and Hinch 2002), defined as

λ c = πb

σ
µU

(3.4)

This parameter, also called capillary length, represents the most unstable wavelength
from linear instability analysis between two immiscible fluids with high viscosity ratio.
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The capillary length is small when b and σ are small, and µ and U are large (e.g. Guan
and Pitchumani (2003)). The different mechanisms of finger splitting, shielding and
spreading are thoroughly discussed by Homsy (1987).
One striking feature of viscous finger growth within a planar geometry is the
observation that the propagation of a Laplacian flow field has a close similarity to the
growth of aggregates generated by Diffusion Limited Aggregation (DLA) (Witten and
Sander 1981; Paterson 1984; Shraiman and Bensimon 1984). Whether there is a
mathematical correspondence between these distinctively different processes is still
heavily under debate.
Since most of the governing mechanisms behind ultrasonic stimulation are
dominated by interfacial forces, it was hoped to gain valuable insights into interfacial
behavior from Hele-Shaw experiments. In fact, Hele-Shaw experiments very accurately
illustrate how perturbations influence the liquid-liquid interface, without the additional
complexity arising from porous (channeled) structures, such as rocks. Since ultrasound
introduces a perturbation in the form of pressure fluctuations, one would expect to
observe a more complex pattern than with viscous fingering in the absence of ultrasound.
This is partially due to the fact that ultrasound adds additional points of instability at the
interface. However, the exact effect of ultrasound is unknown. We speculate that
ultrasound increases finger splitting when the wavelength of the field equals that of the
instability length λc . If the wavelength of the ultrasound is 90o out of phase with the
instability length, however, ultrasonic waves may actually stabilize the interface, and
reduce finger splitting. This hypothesis must yet be proven mathematically or
empirically, however.
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May it be as it is, if any changes in fractal morphology are observed within a
Hele-Shaw cell, one can conclude that ultrasound introduces a perturbation onto the
interface, which either enhances or reduces the complexity of the fingering pattern. High
complexity implies more severe frontal instability, and is directly related to the effective
capillary number of the system. This change in complexity may be quantified by use of
fractal dimension. May and Maher (1989) measured the fractal dimension for a wide
range of capillary numbers (NCa), and found that the fractal dimension took on the value
of approximately 1.71 for NCa’ between a critical value and 35, and 1.79 at intermediate
values, after which it plateaus at 1.79.
To gain more insight into the capillary interaction between oil and aqueous phase,
we designed a series of immiscible Hele-Shaw experiments at constant pressure and
injection rate. A similar approach as employed by Fernandez and Homsy (2003) was
adopted in this study. They studied the change in fingering pattern in a Hele-Shaw cell
during a chemical reaction, and used fractal methods, as well as dimensionless groups, to
quantify changes in interfacial tension during the exothermal heating of the front.
Additionally, we performed a series of miscible, high viscosity-ratio Hele-Shaw
experiments, where interfacial phenomena are entirely absent and the process is entirely
dominated by viscous forces, convective dispersion and molecular diffusion.
This chapter starts with a brief overview on fractal analysis, and the image
processing conducted to facilitate accurate determination of fractal dimension and
lacunarity. It is then followed by an overview of the experimental equipment and
methodology. Next we present all major observations, and discuss their implications.
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Finally we end the chapter with some conclusive statements, and a reflection of how to
improve the experiments.
3.2

Fractal analysis

As demonstrated by Paterson (1984) and others, viscous fingers can be represented semiquantitatively by fractal DLA patterns. DLA patterns are created via a seed particle at the
origin of some constraint area. Consecutive particles are introduced from a large distance,
and randomly walk across the constraint area. If they are within a certain radius from the
seed, they are directed to the seed, and stick to it. This is repeated with a new particle.
Such patterns are quantified by two distinctly independent parameters: aggregate size,
and sticking radius. The aggregate size defines the fineness of the DLA pattern, while the
sticking radius determines how compact a DLA pattern is. In this study, we used a
custom program donated by Audriey Karperien (2006), which can be readily downloaded
at the ImageJ plug-ins page: http://rsb.info.nih.gov/ij (Rasband (1997-2005)). Figure 3-1
shows various DLA patterns for different aggregate sizes. One can observe that as the
aggregate size increases, the pattern becomes coarser, wider, and more compact.
Therefore, it is possible to correlate aggregate size to capillary number.
Given the nature of fractality of Hele-Shaw pattern development, one may also
use the fractal dimension to characterize instabilities. Fractal dimension has been
employed extensively to quantify the morphology of radial viscous fingering (Daccord
and Nittmann 1986; May and Maher 1989; Praud and Swinney 2005), and is a useful tool
to assess the degree of complexity. It defines the scaling rule which dictates the number
and scale of new branches. The scaling rule of a fractal is modeled by a power-law
transformation of scale, or mathematically, as
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N (ε ) = ε − DB

(3.5)

where N is the minimum number of open sets of diameter ε needed to cover the set
(Mandelbrot 1983). The fractal dimension can be obtained by taking the logarithm of
Equation 3.5, rearranging for D B and taking the limit as ε goes to zero:

DB = lim
ε →0

log N (ε )
log ε

(3.6)

One can attain DB from box counting, by overlaying a binary image onto a grid
(Liebovitch and Toth 1989). For consecutively decreasing grid size ε , we count the
number of pixels that are contained within one grid box is N( ε ), and plot the resulting
data on a log-log plot. The best fit to the straight line denotes the fractal dimension.
Besides fractal dimension, we also decided to employ an additional parameter,
namely lacunarity to analyze the displacement patterns. Lacunarity assesses the degree of
“gappiness” or “visual texture”, and represents the amount of heterogeneity or
translational/rotational invariance of a binary image (Plotnick et al. 1996). This measure
supplements fractal dimension by introducing a notion of “compactness”. A fractal may
have the same fractal dimension, but may display an entirely different texture. Figure 3-2
demonstrates three one-dimensional polyadic Cantor sets to illustrate lacunarity.
Although all sets have the same fractal dimension of DB = log(4)/log(7) = 0.712, they
vary considerably in appearance. At low lacunarity, the fractal is homogeneous, and
grows symmetrically and uniformly. As the lacunarity increases, one observes more void
space. It is clear that fractal dimension alone is not sufficient as a descriptor of complex
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patterns. The lacunarity, Λ ε , is calculated as the variation in pixel density at different ε .
First the number of pixels within each grid box of dimension ε  is counted using a
standard non-overlapping box count. For each ε , a coefficient of variance is computed
from the standard deviation (s) and the mean (M) of number of pixels per box:
 s 
Λε =  
M 

2

(3.7)

Thus, the lacunarity is related to the distribution of empty spaces (lacuna) of an image. If
an empty region of an image with fractal geometry displays a high diversity of sizes, the
lacunarity is usually high. On the other hand, if the fractal is invariant in empty spaces
distribution, lacunarity is low (Plotnick et al. 1996).
The open source ImageJ plug-in FracLac V.2.44 (Rasband 1997-2005; Karperien
2005) was used to compute both fractal dimension and the lacunarity of binary images.
The source code is readily available online. To test the reliability of the program for
800x800 pixel images, we generated a series of analytical fractals using Wolfram
Mathematica 5. The fractals (Figure 3-3) as well as their corresponding Hausdorff
dimension and the box counting dimension obtained with FracLac is tabulated in Table
3-1. A cross-comparison plot of analytical fractal dimension versus box counting

dimension (Figure 3-4) reveals that for most patterns a deviation of less than 3% is
expected when using FracLac. Therefore, for a pattern with DB = 1.5 we anticipate a
nominal error of ±0.045. It was also shown by Karperien (2005) that FracLac performs
especially well on contours and fractal outlines.
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3.3

Experimental Setup

The experimental setup of all Hele-Shaw experiments is sketched in Figure 3-5. The
Hele-Shaw cell consists of a pair of rectangular glass plates, 23 x 23 cm2 wide and 1.0 cm
thick, which are separated by eight borosilicate glass spacers approximately b = 0.17 mm
in height, and 1.5 x 1.5 cm wide (Fischer Scientific microscope cover glasses). The glass
spacers were glued onto the bottom plate with a 5-minute high-adhesion UV-resistant
epoxy. To avoid any bending of the glass plates, four additional spacers were introduced
on each side. The plates were held together tightly by two fastening clamps. The
locations of the spacers are not believed to interfere greatly with the outflow of fluids
from the cell, causing minimum disturbance of the pattern front. A white epoxy layer was
painted on the bottom plate to provide a white screen, improving the image contrast and
facilitating easier image processing. Illumination of the Hele-Shaw cell was
accomplished using a standard fluorescent ultraviolet (UV-B) dark light. A syringe pump
(Genie Pro) was used to inject the aqueous phase into a 1/8 in. injection port via a 1 m of
chemically resistant vinyl tube. It can provide accurate flow rates between 0.001 cc/min
and 10 cc/min. We used a tear drop vessel (same unit as used in Chapter 2) to maintain a
constant hydrostatic pressure at a precision of around ±0.005 psi. A digital 6.7 megapixels camera (Canon EOS Rebel) was installed 0.7 m above the cell, and set to
continuously record the injection process at intervals of 10 seconds.
As an ultrasonic bath, we used a standard 4 gallon tank filled with water. An
ultrasonic dual-horn was positioned 15 cm away from the plates in order to avoid
undesired pressure fluctuations at the boundary due to the cavitation zone at the tip, and
to minimize vibration of the plates. De-aerated water was used within the bath to
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minimize the dispersion and absorption of ultrasonic energy due to cavitation, and to
facilitate more effective propagation of the sound waves. The Hele-Shaw cell was
immersed sufficiently deep into the bath to allow transfer of ultrasonic energy into the
liquid. A leveling table was used to horizontally adjust the plates.
3.4

Experimental Procedure

The pair of glass plates was carefully cleaned with surfactant, and pressure dried
with air and dry tissue paper. We then wiped the active sides with acetone and water to
remove any surfactant on the plates. The plates were then pre-wetted with thin film of
mineral oil (or processed oil). After a few minutes, the spacers were applied, and mineral
oil was carefully poured evenly onto the plates. Once the mineral oil uniformly spread on
the bottom plate, the top plate was slowly applied, and fastened. We also made sure to
spread mineral oil along the edges to facilitate a smooth transition of the interface
between the fluids within the Hele-Shaw cell and the ultrasonic bath. Great effort was
taken to avoid any development of bubbles within the plates or the injection tubing. The
saturated plates are then semi-immersed into the ultrasonic bath, and the low-viscosity
phase was injected at a constant rate. In order to reduce the capillary transition between
the plates and the bath, we maintained a thin 0.3 cm film (red in Figure 3-5-a) of oil
above of the bath-water (blue in Figure 3-5-a). This film was in direct contact with the
annulus between the two plates, and mitigated the sudden jump in capillary pressure due
to the oil-water interface.
Water and 3% DOWFAX 2A1 (Alkyldiphenyloxide Disulfonic Acid: anionic
surfactant) were used as the aqueous phase. Both solutions were dyed with water-soluble
fluorescent tracer dye (Risk Factor IFWB-C0) that glows under UV darklight to ease

47

subsequent image analysis. DOWFAX 2A1 was used to reduce the interfacial tension,
and thus allow for a broader range of capillary numbers. The reader is referred to Table
4-1 and Table 4-2 for a detailed description of the fluid properties. For miscible injection,

we used three different oleic fluids with different miscibility characteristics to heavy
mineral oil:
1. kerosene (non-volatile)
2. heptane (volatile)
3. pentane (volatile)
These fluids were dyed with an oil soluble fluorescent dye (Risk Factor DFSB-K43) to
ease subsequent image analysis.
Every experiment consists of two runs; one with ultrasound and one without.
Experiments were repeated at least three times to ensure repeatability. A successful run
was evaluated according to the following criteria:
(a) Consistency in fractal pattern
(b) Repeatability
(c) Radial symmetry
Due to the stochastic nature of the flow, it was not always possible to observe a perfectly
radial propagation of the finger front. This was especially the case with surfactant, where
frontal instabilities are pronounced. After each experiment, the resulting images were
digitized, and converted into binary images (see Section 3.5). The fractal perimeter, area,
fractal dimension and lacunarity were determined via fractal analysis software (ImageJ
FracLac).
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3.5

Image processing

In order to apply the box counting algorithm to determine the fractal properties, all
images obtained from the Canon EOS Rebel camera had to be first digitized, and then
converted into binary images. The original images were 1536 x 1024 pixels in dimension.
After cropping, the average size of the patterns was reduced to 750 x 750 pixels. We used
known fractals, such as the “Koch’s snowflake” and the “Box Fractal” to test FracLac’s
accuracy due to image size. In all cases, the resulting computation yielded errors less than
3% from the exact fractal dimension of the sets. Binary image thresholding was achieved
by first contrasting the image, and then converting to an 8-bit tiff-file. We then ran a
series of background subtraction algorithms (1000 Pixel and 500 pixel rolling ball
radius), as well as an intensity-threshold algorithm to convert all images into binary data.
This was followed by a careful removal of any additional pixels due to noise, lighting or
thresholding. It is vital for the calculation of fractal dimension and lacunarity that the
image is absolutely clean and devoid of any pixels far from the pattern. The binary
images were converted into contours, and added to generate contour composite plots. The
work-flow is illustrated in Figure 3-6. In total, over 1582 images were converted and
analyzed. Due to space constraints, we will only present contour composites in this
dissertation.
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3.6

Results and Discussion

3.6.1 Immiscible Hele-Shaw experiments
3.6.1.1 Constant rate: Water

Immiscible fingering patterns due to constant injection of water into heavy mineral oil are
shown in Figure 3-7 to Figure 3-10. All patterns have been scaled so that each tick mark
represents 0.5 cm in real scale. Due to space constraints we will only present composite
contour plots in this thesis. Each contour outlines the state of the liquid-liquid interface as
it evolves through time at 10 second intervals. Two qualitative features may be extracted
visually from contour composites: (a) the curvature of the interface, and (b) the direction
of interface propagation. In some cases, the interface does not only propagate radially
outward from the injection port, but also expands sideways. This type of flow is easily
distinguished by darkening the outline around the viscous fingers.
Figure 3-7 shows the fractal pattern generated after injecting water into heavy

mineral oil at a constant injection rate of 0.3 cm3/min. The viscosity ratio of such system
is 166.7 ± 1.7 and the interfacial tension is 51 ± 1 dynes/cm. There is a clear difference
between the patterns obtained without ultrasound, compared to the patterns after
ultrasonic stimulation. When no ultrasound is applied, we observed the formation of 6
major branches with only small secondary branches. The curvature of the contours is
relatively low, with tips gradually flattening as the pattern matures. Additionally, we
noticed that there was a substantial thickening of the branches. On the other hand, the
ultrasonically stimulated pattern displayed thinner primary fingers, and pronounced,
longer secondary branches. The curvature of the interface was high at early times, and
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also flattened as the pattern matured. Branch thickening was relatively low, and the
fingers primarily advanced at the tips.
As we stepped up to consecutively higher injection rates, we observed a similar,
but less severe response as observed at low rate. Figure 3-8 displays the contour
development after injecting water into heavy mineral oil at 1 cm3/min. Again, the nonultrasonic pattern was more compact, exhibiting more uniform branching. After applying
ultrasound, however, we noted less compact branching with erratic secondary divisions.
It is apparent that ultrasound acts to stabilize the front, resulting in long primary fingers
and suppressed secondary fingering. This observation was also confirmed after injecting
water into HMO at 1.5 cm3/min (Figure 3-9). After raising the injection rate to 2.0
cm3/min (Figure 3-10), the patterns exhibited similar branching behavior with secondary
branching occurring at regular intervals.
Figure 3-11 presents the growth rate of the perimeter and area of such patterns

versus time. These plots illustrate the consistent linear growth of the pattern, as well as
the consistency and repeatability of our experiments, and serve to demonstrate the
reliability of our image processing method. In all cases, ultrasound enhanced the length of
the perimeter of the fractal pattern, but did not noticeably affect the area growth. A plot
of fractal dimension versus time (Figure 3-12-a) clearly shows that ultrasound stabilizes
the front, and that it reduces the level of instability at the interface. A higher fractal
dimension implies that there are bigger secondary branches with a larger number of fine
irregularities along the interface. Visually, this reflects as a reduction in branching, and
more primary fingers. For injection rates below 1.5 cm3/min, we observed that ultrasonic
patterns are characterized with a considerably higher fractal dimension, and that the

51

difference of fractal dimensions between ultrasound and no ultrasound declines with
increasing injection rate. Interestingly, at an injection rate of 2.0 cm3/min, the fractal
dimension due to ultrasound is less than that without. This can be attributed to the viscous
forces dominated frontal propagation. Apparently the effect of ultrasound is insignificant.
Ultrasound did not seem to influence the texture of the patterns, as can be seen
from the lacunarity plots shown in Figure 3-12-b. Interestingly, lacunarity decreases with
increasing injection rate.
After reducing the oil viscosity by using lighter mineral oil, the pattern growth
characteristics were exactly opposite to what was observed with heavy mineral oil.
Figure 3-13 shows the resulting patterns after injecting water into light mineral oil at 0.3

cm3/min. Unlike with heavy mineral oil, ultrasonic stimulation resulted in patterns with
thicker, more pronounced primary branches, and a significant reduction in secondary
branching. No ultrasound exhibited thinner primary branches with more secondary
branches. This is reflected in a reduction of perimeter length, an increase the area, and a
significant drop in fractal dimension (Figure 3-17 and Figure 3-18). The same reduction
in fractal dimension was noticed at an injection rate of 1.0 cm3/min. At higher rates (1.5
cm3/min and 2.0 cm3/min) the difference in fractal dimension between ultrasound and no
ultrasound decreases considerably. Again, lacunarity showed now change with
ultrasound.
3.6.1.2 Constant rate: 3% DOWFAX 2A1

From the above stated observations, we can conclude that the change in fractal dimension
under ultrasound depends on capillary number. If the capillary number is low, fractal
dimension is reduced under ultrasound. On the other hand, if capillary number is high, the
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fractal dimension increases under ultrasonic vibrations. To test this conclusion, we
decided to reduce the interfacial tension to increase the capillary number further. This
was accomplished by adding 3 wt% of anionic surfactant (DOWFAX 2A1) to the water.
The resulting interfacial tension between the surfactant solution and light mineral oil is
11.2 ± 0.2 dynes/cm, while for heavy mineral oil it is 10.8 ± 0.2.
Figure 3-19 and Figure 3-20 display the resulting fingering patterns after

injecting 3% DOWFAX 2A1 solution into heavy mineral oil at 0.6 and 1.5 cm3/min. No
discernable difference in fingering or tip curvature was observed. In fact, in both cases,
the fractal perimeter, area growth and fractal dimension of the patterns were identical
(Figure 3-21 and Figure 3-22).
Reducing the viscosity of the oil by employing light mineral oil at an injection
rate of 0.6 cm3/min (Figure 3-23) appreciably reduced the perimeter of the pattern while
maintaining the same area (Figure 3-25). The fractal dimension under ultrasound
decreased, as well (Figure 3-26-a). At higher injection rates, we observed similar
perimeter and area growth. The fractal dimension was also unaffected at a higher rate of
1.5 cm3/min (higher capillary number). These results are consistent with observations
made during constant water injection.
Based on these findings, we decided to extend our analysis by plotting fractal
dimension versus the modified capillary number. The results for both light and heavy
mineral oil are shown in Figure 3-27. This plot shows the relationship between fractal
dimension after 10, 50, 100 and 200 seconds. The values of such fractal dimensions have
been extrapolated from best fits using a logarithmic model. In fact, experimentally, all
fractal dimension versus time curves fitted very well to a logarithmic function. As can be
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seen from Figure 3-27-a, the fractal dimension continuously increases as the pattern
evolves, and more branching occurs, until it stabilizes at a characteristic fractal
dimension. For heavy mineral oil, the characteristic fractal dimension is approximately
1.55, while for mineral oil, it is 1.42. Although light mineral oil shows slightly lower
fractal dimension at NCa’ = 400, the curves are relatively well connected, and show an
overall logarithmic trend. At low capillary numbers (NCa’< 250) we observed a steep
decline of fractal dimension, ranging between 1.05 to 1.45. At higher capillary numbers
(NCa’> 300), the fractal dimension stabilizes at a constant value that depends on the oleic
phase viscosity. To illustrate the contribution due to ultrasound, we also plot the
difference in fractal dimension obtained with and without ultrasound. The plot is shown
in Figure 3-27-b. Note that for heavy mineral oil, ultrasound increases the fractal
dimension at low capillary number (up to 7%), but declines at high capillary numbers (up
to 3%). The opposite occurs with light mineral oil.
Plotting fractal dimension versus Reynolds number also proves to be a valuable
tool to assess the effect of ultrasound onto the system. Figure 3-28-a shows the change in
fractal dimension as a function of modified Reynolds number at various times during
pattern growth. The solid symbols indicate the response without ultrasound, while the
empty symbols represent the ultrasonically stimulated response (this is the general
convention adopted herein). One key feature of these curves is that for both light and
heavy mineral oil, fractal dimension increases with Reynolds number. Additionally, the
rate of increase in fractal dimension is higher at low Reynolds numbers, especially in the
case of heavy mineral oil. The relative performance of ultrasound as compared to no
ultrasound is illustrated in Figure 3-28-b. From this graph, we can clearly see that heavy
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mineral oil exhibits an entirely different response than light mineral oil. For heavy
mineral oil, the difference in fractal dimension generally decreases with Reynolds
number, and ultrasound increases the fractal dimension (up to 7%). For light mineral oil,
the difference in fractal dimension decreases with increasing fractal dimension, but the
fractal dimension is lowered under ultrasound. It can be concluded, therefore, that
ultrasound acts to stabilize the front when oil viscosity is low, and perturbs the front
when oil viscosity is high. The sharp contrast between the fluids indicates that both
Capillary and Reynolds numbers are insufficient descriptors of the process, and that there
is another property that differentiates the response of both oils. On such property may be
the acoustic characteristics of the fluids, especially pertaining to their resonance behavior.
As mentioned earlier, we believe that the relationship between ultrasonic wavelength and
the instability length λ c (Equation 3.4) are key to answering this question. When the
wavelength of the ultrasound is in phase with λ c , we expect a perturbation to grow.
However, when the wavelength is out of phase with λ c , we expect stabilization. This
speculation must be confirmed by experiment, however, and would require equipment
that can deliver multiple frequencies.
3.6.1.3 Constant pressure: Water

Up till now, we only discussed the effect of ultrasound at constant injection of water and
surfactant. This scenario is intrinsically forced and dominated by viscous forces. It is
therefore necessary to also perform a series of Hele-Shaw experiments at constant
pressure injection. This process is more natural, and dictated by the system, i.e. injectivity
depends on the mobility of the oil within the Hele-Shaw cell. Given the same injection
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pressure, injectivity is lower for high viscosity oil than for low viscosity oil, and thus, one
would expect that the pattern shows reduced branching.
In this section, we will present the results of a series of constant pressure HeleShaw experiments with water as the injection phase, and several processed mineral oils as
the viscous phase. Five oils were selected to cover a broad range of viscosity values, and
are state of the art calibration oils from Canon Instruments Company. These oils are
designed to yield accurate, consistent viscosity readings, and are used to calibrate high
precision viscometers. The physicochemical properties of all fluids are given in Table 4-1
and Table 4-2.
Figure 3-29 shows the resulting patterns after injecting water at a constant

pressure of 0.455 psi in a Hele-Shaw cell saturated with heavy mineral oil ( µ o =167.0 ±
1.7, IFT = 51.0 ± 1.0 dynes/cm). Two settings of ultrasound were applied to the system to
explore the effect of intensity on the process. Although it is very difficult to discern any
differences visually, Figure 3-30 and Figure 3-31 show that ultrasound increases the
fractal perimeter, area, and fractal dimension of the pattern. A significant increase in
lacunarity was observed at early times only.
Figure 3-32 provides contour composite plots after using S60 ( µ o =141.4 ± 0.2,

IFT = 22.6 ± 0.5 dynes/cm) as the viscous fluid. S60 has similar viscosity as heavy
mineral oil, but half the interfacial tension. We noted that the reduction in interfacial
tension (and therefore, Capillary number) did not considerably affect the fractal perimeter
and area when ultrasound is introduced (Figure 3-33). The fractal dimension on the other
hand increased dramatically at high ultrasonic intensity (Figure 3-34). Lacunarity did not
change greatly during insonication.
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Figure 3-35 shows the fractal patterns obtained when using S200 ( µ o =577.9 ±

0.9, IFT = 30.7 ± 0.6 dynes/cm). The fractal perimeter and area decrease remarkably with
intermediate intensity ultrasound, while it did not show much response at high intensity
(Figure 3-36). This may not necessarily be due to ultrasound, but possibly an artifact of
the box counting method. What we know for sure is that ultrasound reduces the perimeter
and area in both cases. The fractal dimension and lacunarity did not witness a noteworthy
change with ultrasound (Figure 3-37). As can be seen in Figure 3-38, Figure 3-39, and
Figure 3-40, a similar response may be noted with N350 ( µ o =1112.0 ± 1.8 cp, IFT =

35.3 ± 0.8 dynes/cm).
Finally, we investigated the effect of ultrasound on very high viscosity oil, S600
(( µ o =1973 ± 3.2 cp, IFT = 38.7 ± 0.8 dynes/cm), and found that regardless of pressure,
the fractal perimeter, area and fractal dimension did not react significantly to vibrations
(see Figure 3-41 to Figure 3-46).
Figure 3-47 summarizes the previous results by plotting the change in fractal

dimension versus viscosity ratio at various stages of pattern development. The switch
between heavy mineral oil HMO and S60 may be due to the reduction in interfacial
tension. In all cases, fractal dimension decreases with increasing viscosity ratio, and
increases with time. Additionally, the difference between the fractal dimension from
ultrasonically stimulated patterns and those without ultrasound decreases with increasing
viscosity ratio. Therefore, ultrasound only effectively perturbs the interface when the
viscosity ratio between aqueous phase and the oil is low. Figure 3-47-b shows a
histogram of steady state fractal dimension with increasing viscosity ratio. Each set of
three bars indicates the fractal dimension at progressively smaller time steps: i.e. dark
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blue indicates the fractal dimension at 200 seconds, while light blue at 50 seconds.
Arrows illustrate the trend as the ultrasonic intensity is raised from 0 to 169 W. The slope
of the arrows gradually decreases with increasing viscosity ratio, except for the last case,
where we increased the injection pressure from 0.455 psi to 0.9947 psi.
3.6.1.4 Constant pressure: 3% DOWFAX 2A1

Because of the observed difference in fractal behavior between HMO and S60 at constant
pressure, we decided to run a series of Hele-Shaw experiments at reduced interfacial
tension by adding 3 wt% DOWFAX 2A1 to the water. Figure 3-48 to Figure 3-50 show
the resulting fractal patterns after 3 wt% DOWFAX 2A1 solution is injected to displace
heavy mineral oil at three injection pressures: 0.1421 psi, 0.2373 psi, and 0.357 psi. In all
cases, both the fractal perimeter and the area did not change considerably with ultrasound
(Figure 3-51). With the exception of the 0.2373 psi case, fractal dimension and
lacunarity remained unaffected as well (Figure 3-52). Again, the high viscosity of the
heavy mineral oil reduced the efficacy of ultrasound. Experiments with light mineral oil
yielded more promising results. Figure 3-53 and Figure 3-54 show the injection profiles
of 3 wt% DOWFAX 2A1 into light mineral oil at two injection pressures: 0.1421 and
0.235 psi, respectively. Although ultrasound did not affect the perimeter and area of the
pattern obtained at 0.235 psi, we did notice a measurable response with 0.1421 psi
(Figure 3-55). Such effect is clearly reflected in the profile of the fractal dimension
(Figure 3-56). Increasing the intensity of ultrasound reduced the fractal dimension of the
pattern dramatically. Lacunarity was unaffected.
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3.6.2 Miscible Hele-Shaw experiments
3.6.2.1 Constant Pressure

To investigate the fingering behavior of miscible floods in Hele-Shaw cells under
ultrasound, we injected kerosene (non-volatile) and heptane (volatile) at a constant
pressure into light and heavy mineral oil. During a miscible flood, the interfacial tension
is zero, and the process is entirely viscosity dominated. Therefore, these experiments
provide valuable insight into viscous displacement processes while entirely eliminating
complexities associated with the interfacial forces such as interfacial tension and
wettability.
Figure 3-57 shows various injection profiles into Hele-Shaw cells, in which

kerosene is injected into heavy and light mineral oil at a constant head of 9.5 cm. The
viscosity ratio of kerosene to light and heavy mineral oil is 16 and 57.6, respectively.
Patterns are shown for two intensities of ultrasound, and are labeled as 72 W (setting 2)
and 168 W (setting 5). One can clearly see that in the absence of interfacial forces, the
displacement front is perfectly circular. In the case when kerosene displaces heavy
mineral oil (Figure 3-57-a), the ultrasound dramatically increased both the length of the
fingers, as well as the spacing. Without ultrasound, the injection profile is compact, with
a large circular mixing zone at the center. As the ultrasonic intensity is increased, the
central mixing zone becomes gradually smaller, and the fingers become longer, and more
branched. At high intensity, both primary and secondary branches are long, and the
central mixing zone is relatively small. The mixing zone at the finger tips is not
noticeably affected by ultrasound. The patterns observed with light mineral oil exhibited
an entirely different behavior (Figure 3-57-b). Ultrasound reduced the number of
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secondary branches at the tip, and yielded an extremely diffuse mixing zone at the center
of the pattern, as well as at the primary fingers. The pattern at intermediate intensities
showed short primary fingers, and thick secondary fingers which branch out radially.
After raising the hydrostatic head to 20 cm, we did not notice a dramatic change in finger
properties when kerosene is injected into heavy mineral oil, but observed a more subtle
change in finger thickness with light mineral oil. It is apparent that ultrasound is more
effective at low injection pressures, and low viscosity ratios. The diffusivity constants of
both fluids may also play a key role in our observations. Unfortunately, we did not have
the necessary equipment to measure the rate of diffusion of kerosene into light and heavy
mineral oil.
Injecting heptane into light mineral oil resulted in an extraordinary change in
branching behavior. Figure 3-59 shows the injection profiles of heptane after injection
into light mineral oil at a constant hydrostatic head of 3 cm. It can be seen that the
primary branches visibly longer after ultrasound, and that the pattern is less compact than
without ultrasound. The diffusive mixing zone, however, seems to be suppressed at the
finger tips and at the center of the pattern. Raising the hydrostatic head to 5 cm resulted
in similar behavior as observed with kerosene. For both light and heavy mineral oil
(Figure 3-60), the length and width of the primary and secondary branches increased
with higher intensity. We observed a substantial improvement in diffusivity at the mixing
zone under ultrasound, especially the regions around the finger tips. A similar
observation was also made when the hydrostatic head is raised to 9.5 cm (Figure 3-61).
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3.6.2.2 Constant Rate

Kerosene was injected into light mineral oil to explore the pattern development of
miscible, non-volatile fluids under forced injection. The displacement fronts at two
constant injection rates; 1cc/min (Figure 3-62-a) and 5 cc/min (Figure 3-62-b) were
investigated to see whether the rate influences the relative contribution of ultrasound onto
the system. At low kerosene rates and no ultrasound, we observed a steady distribution of
short, radially expanding branches and a very small mixing zone. On the other hand, an
ultrasonically stimulated pattern showed long branches with a diffuse mixing zone. The
pattern was less compact, and diffusive mixing was enhanced along the branches. At high
kerosene rates, ultrasound did not increase the mixing zone at all, and was entirely
dominated by dispersive viscous splitting.
Injection of pentane at 5cc/min illustrated that for volatile fluids, and a much
higher viscosity ratio, ultrasound dramatically altered the branching morphology of the
Hele-Shaw patterns. Not only were the fingers longer, they also displayed more
secondary branches. Due to the high rate, however, it was not possible to discern whether
ultrasound enhances the mixing zone for volatile liquids, or whether dispersive viscous
forces were dominant. We suggest further research in this topic, since the results from
such study may provide a valuable technique to enhance miscible floods and solvent
based EOR processes.
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3.7

Conclusions

1. A series of immiscible and miscible Hele-Shaw experiments were run to
investigate the formation of ultrasonically induced instabilities at the liquid-liquid
interface. Fractal analysis methods were employed, and proved to be helpful in
assessing the contribution of ultrasonic stimulation.
2. Experiments were conducted to test a broad range of viscosity ratios and
interfacial tension. High precision calibration oil was used to control the viscosity
ratio. An anionic surfactant was employed to lower the interfacial tension between
the injected fluid and the viscous fluid within the Hele-Shaw cell.
3. We found that in the case of constant rate water injection into heavy oil, the
fractal dimension increased with ultrasound, but remained unchanged at high
injection rates. The opposite was true for light mineral oil.
4. Reducing the interfacial tension of the water seemed to suppress the contribution
of ultrasound with heavy mineral oil. On the other hand, light mineral oil
responded to a reduction in interfacial tension in a similar manner as with high
interfacial tension.
5. Plots of fractal dimension versus modified Capillary and Reynolds numbers lead
to the conclusion that ultrasound only perturbs the interfaces of low viscosity oil,
and that it is strongly dependent on interfacial tension. Ultrasound is ineffective at
higher viscosities, as well as higher injection rates.
6. We then proceeded in studying the effect of ultrasound on constant pressure
displacement. We found that for a broad range of viscosities, ultrasound increases
the fractal dimension of the interface. As the viscosity is raised above 1000 cp,

62

however, no discernable change in fractal dimension was observed under
ultrasound.
7. A plot of fractal dimension versus viscosity ratio showed that the fractal
dimension of the pattern increases with time, and decreases with viscosity ratio.
The difference between patters with and without ultrasound is greater at low
viscosity ratios, and converges at high viscosity ratios.
8. The rate of increase in fractal dimension as we raise the ultrasonic intensity
decreases with increasing viscosity ratio, and increases with increasing pressure.
9. A reduction in interfacial tension did not affect the response of heavy oil to
ultrasound. On the other hand, the fractal dimension under ultrasound decreased
considerably with a reduction of interfacial tension when light mineral oil was
used.
10. Miscible Hele-Shaw experiments with kerosene, heptane and pentane showed that
ultrasound improves miscibility of solvents into mineral oil. This is especially true
for low injection rates and low pressures, when diffusive mechanisms to
dominate. At higher injection rates and pressures, the process is dominated by
dispersive viscous displacement, and the mixing zone is not noticeably altered
with ultrasound.
11. Ultrasound may be a useful tool to enhance miscible floods and solvent based
EOR techniques. More research is necessary in this topic.
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Table 3-1: Fractal dimensions for various known analytical
fractals. The Minkowski-Bouligand fractal dimension (also
known as Hausdorff dimension) was calculated using FracLac
V.2 (Karperien 2005). The contents of this table are plotted on a
cross-comparison plot in Figure 3-4.
Fractal

DB
Analytical

DB
FracLac(1)

Koch Curve (snowflake, 960x960)
Koch Curve (snowflake, 800x800)
Koch Curve (1D, 600x176)
Koch Antisnowflake 6 (692x800)
KochSnowflake 6 (692x800)
Koch Island (650x650)
Koch Island segment (944x648)
Horizontal Line (300x300)
Vertical Line (300x300)
Diagonal Line (300x300)
Black box (300x300)
White box, black border (300x300)
Sierpinski Gasket (727x717)
Sierpinski Gasket (1255x1086)
Sierpinski Gasket Variation1 (1255x1086)
Sierpinski Carpet (black)
Sierpinski Carpet (white)
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Figure 3-1: DLA patterns generated with different aggregates sizes. Shown here are the
DLA patterns after 16700, 33400 and 50,000 aggregates. The patterns were generated
with ImageJ’s DLA Generator (courtesy of Audrey Karperien (2006)).
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Figure 3-2: One dimensional polyadic Cantor sets with a generator of 4k intervals and a
reduction factor of 1/7k. All sets have a fractal dimension in the limiting case is DB =
log(4)/log(7 )= 0.7124. This example illustrates the importance of texture or lacunarity in
fractal analysis, and shows that the fractal dimension is only one of several fractal
descriptors.
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Figure 3-3: Various analytical fractals and their Hausdorff dimension used to verify
FracLac (Karperien 2005). The results are shown in Table 3-1, and cross-plotted in
Figure 3-4. All fractals were generated with Wolfram’s Mathematica 5.
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Figure 3-4: Cross-comparison plot of the fractal dimensions obtained from FracLac V.2
(Karperien 2005) versus the analytical fractal dimension. The 45o line corresponds to the
case where the computed fractal dimension through box counting equals the analytically
determined value. Dashed lines represent the percent deviation from equality.
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Figure 3-5: (a) Hele-Shaw cell. (b) Experimental setup.
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Figure 3-6: Work flow of image processing of all Hele-Shaw patterns.
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Figure 3-7: Immiscible Hele-Shaw patterns for water injected into heavy mineral oil at a
constant rate of 0.3 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 167.0 ± 1.7 cp; IFT = 51.0 ± 1.0
dynes/cm.
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Figure 3-8: Immiscible Hele-Shaw patterns for water injected into heavy mineral oil at a
constant rate of 1.0 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 167.0 ± 1.7 cp; IFT = 51.0 ± 1.0
dynes/cm.
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Figure 3-9: Immiscible Hele-Shaw patterns for water injected into heavy mineral oil at a
constant rate of 1.5 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 167.0 ± 1.7 cp; IFT = 51.0 ± 1.0
dynes/cm.
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Figure 3-10: Immiscible Hele-Shaw patterns for water injected into heavy mineral oil at a
constant rate of 2.0 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 167.0 ± 1.7 cp; IFT = 51.0 ± 1.0
dynes/cm.
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Figure 3-11: (a) Fractal perimeter and (b) fractal area as a function of time for water into
heavy mineral oil (HMO) at four constant injection rates: 0.3, 1.0, 1.5, and 2.0 cc/min.
The viscosity and interfacial tension of LMO (with surfactant) is 167.0 ± 1.7 cp and 51.0
± 1.0 dynes/cm, respectively. Patterns for 0.3, 1.0, 1.5, and 2.0 cc/min are shown in
Figure 3-7 to Figure 3-10. Solid points represent the case without ultrasound, and empty
points with 72W, 20 kHz ultrasound.
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(a) Fractal dimension and (b) lacunarity as a function of time for water into
heavy mineral oil (HMO) at four constant injection rates: 0.3, 1.0, 1.5, and 2.0 cc/min.
The viscosity and interfacial tension of HMO (with surfactant) is 167.0 ± 1.7 cp and 51.0
± 1.0 dynes/cm, respectively. Patterns for 0.3, 1.0, 1.5, and 2.0 cc/min are shown in
Figure 3-7 to Figure 3-10. Solid points represent the case without ultrasound, and empty
points with 72W, 20 kHz ultrasound.
Figure 3-12:
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Figure 3-13: Immiscible Hele-Shaw patterns for water injected into light mineral oil at a
constant rate of 0.3 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 46.5 ± 0.5 cp; IFT = 61.8 ± 1.2
dynes/cm.
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Figure 3-14: Immiscible Hele-Shaw patterns for water injected into light mineral oil at a
constant rate of 1.0 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 46.5 ± 0.5 cp; IFT = 61.8 ± 1.2
dynes/cm.
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Figure 3-15: Immiscible Hele-Shaw patterns for water injected into light mineral oil at a
constant rate of 1.5 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 46.5 ± 0.5 cp; IFT = 61.8 ± 1.2
dynes/cm.
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Figure 3-16: Immiscible Hele-Shaw patterns for water injected into light mineral oil at a
constant rate of 2.0 cc/min. The scale is in centimeters. The contours represent the
location of the interface at 10 second intervals. µO = 46.5 ± 0.5 cp; IFT = 61.8 ± 1.2
dynes/cm.
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Figure 3-17: (a) Fractal perimeter and (b) fractal area as a function of time for water into
light mineral oil (LMO) at four constant injection rates: 0.3, 1.0, 1.5, and 2.0 cc/min. The
viscosity and interfacial tension of LMO (with surfactant) is 46.5 ± 0.5 cp and 61.8 ± 1.2,
respectively. Patterns for 0.3, 1.0, 1.5, and 2.0 cc/min are shown in Figure 3-13 to Figure
3-16. Solid points represent the case without ultrasound, and empty points with 72W, 20
kHz ultrasound.
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Figure 3-18: (a) Fractal dimension and (b) lacunarity as a function of time for water into
light mineral oil (LMO) at four constant injection rates: 0.3, 1.0, 1.5, and 2.0 cc/min. The
viscosity and interfacial tension of LMO (with surfactant) is 46.5 ± 0.5 cp and 61.8 ± 1.2,
respectively. Patterns for 0.3, 1.0, 1.5, and 2.0 cc/min are shown in Figure 3-13 to Figure
3-16. Solid points represent the case without ultrasound, and empty points with 72W, 20
kHz ultrasound.
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Figure 3-19: Immiscible Hele-Shaw patterns for 3% DOWFAX 2A1 injected into heavy
mineral oil at a constant rate of 0.6 cc/min. The scale is in centimeters. The contours
represent the location of the interface at 10 second intervals. µO = 167.0 ± 1.7 cp; IFT =
10.8±0.2 dynes/cm.
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Figure 3-20: Immiscible Hele-Shaw patterns for 3% DOWFAX 2A1 injected into heavy
mineral oil at a constant rate of 1.5 cc/min. The scale is in centimeters. The contours
represent the location of the interface at 10 second intervals. µO = 167.0 ± 1.7 cp; IFT =
10.8±0.2 dynes/cm.
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(a) Fractal perimeter and (b) fractal area as a function of time for 3%
DOWFAX 2A1 into heavy mineral oil (HMO) at two constant injection rates: 0.6 and 1.5
cc/min. The viscosity and interfacial tension of HMO (with surfactant) is 167.0 ± 1.7 cp
and 10.8 ± 0.2 dynes/cm, respectively. Patterns are shown in Figure 3-19 and Figure
3-20.
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Figure 3-22: (a) Fractal dimension and (b) fractal lacunarity as a function of time for 3%
DOWFAX 2A1 into heavy mineral oil (HMO) at two constant injection rates: 0.6 and 1.5
cc/min. The viscosity and interfacial tension of HMO (with surfactant) is 167.0 ± 1.7 cp
and 10.8 ± 0.2 dynes/cm, respectively. Patterns are shown in Figure 3-19 and Figure
3-20.
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Figure 3-23: Immiscible Hele-Shaw patterns for 3% DOWFAX 2A1 injected into light
mineral oil at a constant rate of 0.6 cc/min. The scale is in centimeters. The contours
represent the location of the interface at 10 second intervals. µO = 46.5 ± 0.5 cp; IFT =
11.2 ± 0.2 dynes/cm.
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Figure 3-24: Immiscible Hele-Shaw patterns for 3% DOWFAX 2A1 injected into light
mineral oil at a constant rate of 1.5 cc/min. The scale is in centimeters. The contours
represent the location of the interface at 10 second intervals. µO = 46.5 ± 0.5 cp; IFT =
11.2 ± 0.2 dynes/cm.
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Figure 3-25: (a) Fractal perimeter and (b) fractal area as a function of time for 3%
DOWFAX 2A1 into light mineral oil (LMO) at two constant injection rates: 0.6 and 1.5
cc/min. The viscosity and interfacial tension of LMO (with surfactant) is 46.5 ± 0.5 cp
and 11.2 ± 0.2 dynes/cm, respectively. Patterns for 0.6 and 1.5 cc/min are shown in
Figure 3-23 and Figure 3-24.
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Figure 3-26: (a) Fractal dimension and (b) fractal lacunarity as a function of time for 3%
DOWFAX 2A1 into light mineral oil (LMO) at two constant injection rates: 0.6 and 1.5
cc/min. The viscosity and interfacial tension of LMO (with surfactant) is 46.5 ± 0.5 cp
and 11.2 ± 0.2 dynes/cm, respectively. Patterns for 0.6 and 1.5 cc/min are shown in
Figure 3-23 and Figure 3-24.
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Figure 3-27: (a) Fractal dimension versus modified capillary number for light mineral oil
and heavy mineral oil at different times of pattern formation. (b) Difference in fractal
dimension for light and heavy mineral oil versus modified Capillary number.
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Figure 3-28: (a) Fractal dimension versus modified Reynolds number for light mineral oil
and heavy mineral oil at different times of pattern formation. (b) Difference in fractal
dimension for light and heavy mineral oil versus modified Reynolds number.
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Figure 3-29: Immiscible Hele-Shaw patterns
for water injected into heavy mineral oil
(HMO) at a constant head pressure of 0.455
psi. The viscosity and interfacial tension of
HMO is 167.0±1.7 cp and 51.0±1.0
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centimeters. The contours represent the
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Figure 3-30: (a) Fractal perimeter and (b) fractal area as a function of time for water into
HMO at a constant injection pressure of 0.455 psi. The viscosity and interfacial tension of
HMO is 167.0 ± 1.7 cp and 51.0 ± 1.0 dynes/cm, respectively. Patterns are shown in
Figure 3-29.
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Figure 3-31: (a) Fractal dimension and (b) lacunarity as a function of time for water into
HMO at a constant injection pressure of 0.455 psi. The viscosity and interfacial tension of
HMO is 167.0 ± 1.7 cp and 51.0 ± 1.0 dynes/cm, respectively. Patterns are shown in
Figure 3-29.
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Figure 3-32: Immiscible Hele-Shaw patterns
for water injected into refined mineral oil
(S60) at a constant head pressure of 0.455
psi. The viscosity and interfacial tension of
S60 is 141.4±0.2 cp and 22.6±0.5 dynes/cm,
respectively. The scale is in centimeters.
The contours represent the location of the
interface at 10 second intervals.
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Figure 3-33: (a) Fractal perimeter and (b) fractal area as a function of time for water into
S60 at a constant injection pressure of 0.455 psi. The viscosity and interfacial tension of
S60 is 141.4 ± 0.2 cp and 22.6 ± 0.5 dynes/cm, respectively. Patterns are shown in Figure
3-32.
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Figure 3-34: (a) Fractal dimension and (b) lacunarity as a function of time for water into
S60 at a constant injection pressure of 0.455 psi. The viscosity and interfacial tension of
S60 is 141.4 ± 0.2 cp and 22.6 ± 0.5 dynes/cm, respectively. Patterns are shown in Figure
3-32.
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Figure 3-35: Immiscible Hele-Shaw patterns
for water injected into refined mineral oil
(S200) at a constant head pressure of 0.455
psi. The viscosity and interfacial tension of
S200 is 577.9±0.9 cp and 30.7±0.6
dynes/cm, respectively. The scale is in
centimeters. The contours represent the
location of the interface at 10 second
intervals.
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Figure 3-36: (a) Fractal perimeter and (b) fractal area as a function of time for water into
S200 at a constant injection pressure of 0.455 psi The viscosity and interfacial tension of
S200 is 577.9 ± 0.9 cp and 30.7 ± 0.6 dynes/cm, respectively. Patterns are shown in
Figure 3-35.
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Figure 3-37: (a) Fractal dimension and (b) lacunarity as a function of time for water into
S200 at a constant injection pressure of 0.455 psi The viscosity and interfacial tension of
S200 is 577.9 ± 0.9 cp and 30.7 ± 0.6 dynes/cm, respectively. Patterns are shown in
Figure 3-35.
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Figure 3-38: Immiscible Hele-Shaw patterns
for water injected into refined mineral oil
(N350) at a constant head pressure of
0.9947 psi. The viscosity and interfacial
tension of N350 is 1112.0±1.8 cp and
35.3±0.8 dynes/cm, respectively. The scale
is in centimeters. The contours represent the
location of the interface at 10 second
intervals.
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Figure 3-39: (a) Fractal perimeter and (b) fractal area as a function of time for water into
N350 at a constant injection pressure of 0.455 psi The viscosity and interfacial tension of
N350 is 1112.0 ± 1.8 cp and 35.3 ± 0.8 dynes/cm, respectively. Patterns are shown in
Figure 3-38.
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Figure 3-40: (a) Fractal dimension and (b) lacunarity as a function of time for water into
N350 at a constant injection pressure of 0.455 psi The viscosity and interfacial tension of
N350 is 1112.0 ± 1.8 cp and 35.3 ± 0.8 dynes/cm, respectively. Patterns are shown in
Figure 3-38.
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Figure 3-41: Immiscible Hele-Shaw patterns
for water injected into synthetic mineral oil
(S600) at a constant head pressure of 0.455
psi. The viscosity and interfacial tension of
S600 is 1973±3.2 cp and 38.7±0.8
dynes/cm, respectively. The scale is in
centimeters. The contours represent the
location of the interface at 10 second
intervals.

15

10

5

0
0

5

10

15

20

25

99

16000

(a)

72 W

Water - Constant Pressure
S600
∆P = 0.455 psi

14000

NUS
168 W

Fractal Perimeter, pix

12000
10000
8000
6000
4000
2000
0
0

50

100

150

200

250

300

350

400

450

Time, sec

250000

(b)

Water - Constant Pressure

72 W

S600
∆P = 0.455 psi

200000

Fractal Area, pix

168 W

NUS

150000

100000

50000

0
0

50

100

150

200

250

300

350

400

450

Time, sec

Figure 3-42: (a) Fractal perimeter and (b) fractal area as a function of time for water into
S600 at a constant injection pressure of 0.455 psi The viscosity and interfacial tension of
S600 is 1973±3.2 cp and 38.7±0.8 dynes/cm, respectively. Patterns are shown in Figure
3-41.
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Figure 3-43: (a) Fractal dimension and (b) lacunarity as a function of time for water into
S600 at a constant injection pressure of 0.455 psi The viscosity and interfacial tension of
S600 is 1973±3.2 cp and 38.7±0.8 dynes/cm, respectively. Patterns are shown in Figure
3-41.
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Figure 3-44: Immiscible Hele-Shaw patterns
for water injected into synthetic mineral oil
(S600) at a constant head pressure of 0.9947
psi. The viscosity and interfacial tension of
S600 is 1973±3.2 cp and 38.7±0.8
dynes/cm, respectively. The scale is in
centimeters. The contours represent the
location of the interface at 10 second
intervals.
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Figure 3-45: (a) Fractal perimeter and (b) fractal area as a function of time for water into
S600 at a constant injection pressure of 0.9947 psi The viscosity and interfacial tension of
S600 is 1973 ± 3.2 cp and 38.7 ± 0.8 dynes/cm, respectively. Patterns are shown in
Figure 3-44.
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Figure 3-46: (a) Fractal dimension and (b) lacunarity as a function of time for water into
S600 at a constant injection pressure of 0.9947 psi The viscosity and interfacial tension of
S600 is 1973 ± 3.2 cp and 38.7 ± 0.8 dynes/cm, respectively. Patterns are shown in
Figure 3-44.
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Figure 3-47: (a) Steady state fractal dimension (from logarithmic fit fitted) versus
viscosity ratio for various processed mineral oils. (b) Bar chart illustrating the relative
change (arrows) of fractal dimension for each processed oil.
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Figure 3-48: Immiscible Hele-Shaw patterns
for 3% DOWFAX 2A1 injected into heavy
mineral oil (HMO) at a constant head
pressure of 0.1421 psi. The viscosity and
interfacial tension of HMO is 167.0±1.7 cp
and 51.0±1.0 dynes/cm, respectively. The
scale is in centimeters. The contours
represent the location of the interface at 10
second intervals.
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Figure 3-49: Immiscible Hele-Shaw patterns
for 3% DOWFAX 2A1 injected into heavy
mineral oil (HMO) at a constant head
pressure of 0.2373 psi. The viscosity and
interfacial tension of HMO is 167.0±1.7 cp
and 51.0±1.0 dynes/cm, respectively. The
scale is in centimeters. The contours
represent the location of the interface at 10
second intervals.
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Figure 3-50: Immiscible Hele-Shaw patterns
for 3% DOWFAX 2A1 injected into heavy
mineral oil (HMO) at a constant head
pressure of 0.357 psi. The viscosity and
interfacial tension of HMO is 167.0±1.7 cp
and 51.0±1.0 dynes/cm, respectively. The
scale is in centimeters. The contours
represent the location of the interface at 10
second intervals.
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Figure 3-51: (a) Fractal perimeter and (b) fractal area as a function of time for 3%
DOWFAX 2A1 into heavy mineral oil (HMO) at three constant injection pressures:
0.1421, 0.237 and 0.357 psi. The viscosity and interfacial tension of HMO (with
surfactant) is 167.0 ± 1.7 cp and 10.8 ± 0.2 dynes/cm, respectively. Patterns are shown in
Figure 3-48 to Figure 3-50.
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Figure 3-52: (a) Fractal dimension and (b) fractal lacunarity as a function of time for 3%
DOWFAX 2A1 into heavy mineral oil (HMO) at two constant injection pressures: 0.1421
psi and 0.235 psi. The viscosity and interfacial tension of HMO (with surfactant) is 167.0
± 1.7 cp and 10.8 ± 0.2 dynes/cm, respectively. Patterns are shown in Figure 3-48 to
Figure 3-50.
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Figure 3-53: Immiscible Hele-Shaw patterns
for 3% DOWFAX 2A1 injected into light
mineral oil (LMO) at a constant head
pressure of 0.1421 psi. The viscosity and
interfacial tension of LMO is 46.5±0.5 cp
and 61.8±1.2 dynes/cm, respectively. The
scale is in centimeters. The contours
represent the location of the interface at 10
second intervals.
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Figure 3-54: Immiscible Hele-Shaw patterns
for 3% DOWFAX 2A1 injected into light
mineral oil (LMO) at a constant head
pressure of 0.235 psi. The viscosity and
interfacial tension of LMO is 46.5±0.5 cp
and 61.8±1.2 dynes/cm, respectively. The
scale is in centimeters. The contours
represent the location of the interface at 10
second intervals.
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Figure 3-55: (a) Fractal perimeter and (b) fractal area as a function of time for 3%
DOWFAX 2A1 into light mineral oil (LMO) at two constant injection pressures: 0.1421
psi and 0.235 psi. The viscosity and interfacial tension of LMO (with surfactant) is 46.5 ±
0.5 cp and 11.2 ± 1.2 dynes/cm, respectively. Patterns are shown in Figure 3-53 and
Figure 3-54.
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Figure 3-56: (a) Fractal dimension and (b) fractal lacunarity as a function of time for 3%
DOWFAX 2A1 into light mineral oil (LMO) at two constant injection pressures: 0.1421
psi and 0.235 psi. The viscosity and interfacial tension of LMO is 46.5 ± 0.5 cp and 11.2
± 0.2 dynes/cm, respectively. Patterns are shown in Figure 3-53 and Figure 3-54.
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Figure 3-57: Injection profiles of miscible Hele-Shaw experiments, in which kerosene is
injected at a constant head of 9.5 cm into (a) heavy mineral oil (µHMO/µK = 57.6) and (b)
light mineral oil (µLMO/µK = 16.0). Two intensities of ultrasound (setting 2 = 72W, setting
5 = 168 W) were applied to the cells. Patterns are compared to the no-ultrasound case
(NUS).
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Figure 3-58: Injection profiles of miscible Hele-Shaw experiments, in which kerosene is
injected at a constant head of 20 cm into (a) heavy mineral oil (µHMO/µK = 57.6) and (b)
light mineral oil (µLMO/µK = 16.0). Two intensities of ultrasound (setting 2 = 72W, setting
5 = 168 W) were applied to the cells. Patterns are compared to the no-ultrasound case
(NUS).
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Figure 3-59: Injection profiles of miscible Hele-Shaw experiments, in which heptane is
injected at a constant head of 3 cm into light mineral oil (µLMO/µH = 110.7). Ultrasound at
setting 2 (72W) was applied to the cells. The ultrasonically stimulated pattern is
compared to the no-ultrasound case (NUS).
(a) Heptane into heavy mineral oil; Pressure head: 5 cm

NUS
168 W
72 W
(b) Heptane into light mineral oil; Pressure head: 5 cm

NUS

72 W

168 W

Figure 3-60: Injection profiles of miscible Hele-Shaw experiments, in which heptane is
injected at a constant head of 5 cm into (a) heavy mineral oil (µHMO/µH = 397.6) and (b)
light mineral oil (µLMO/µH = 110.7). Two intensities of ultrasound (setting 2 = 72W,
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setting 5 = 168 W) were applied to the cells. Patterns are compared to the no-ultrasound
case (NUS).
Heptane into heavy mineral oil; Pressure head: 9.5 cm

NUS

72 W

168 W

Figure 3-61: Injection profiles of miscible Hele-Shaw experiments, in which heptane is
injected at a constant head of 9.5 cm into heavy mineral oil (µHMO/µΗ = 397.6). Two
intensities of ultrasound (setting 2 = 72W, setting 5 = 168 W) were applied to the cells.
Patterns are compared to the no-ultrasound case (NUS).
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(a) Kerosene into light mineral oil – 1 cc/min

NUS

72W

(b) Kerosene into light mineral oil – 5
cc/min

NUS

72W

(c) Pentane into light mineral oil – 5 cc/min

Figure 3-62: Snap-shots of fully developed
fractal patterns for various injected
miscible fluids: (a) Kerosene into light
mineral oil at a rate of 1 cc/min (µLMO/µK =
16.0), (b) Kerosene into light mineral oil at
a rate of 5 cc/min (µLMO/µK = 16.0), (c) nPentane into mineral oil at 5cc/min
(µLMO/µP = 186). Ultrasound at setting 2
(72W) was applied to the cells. Patterns are
compared to the no-ultrasound case (NUS)

NUS

72W
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4 Spontaneous (Capillary) Imbibition
4.1

Introduction

In this study, a series of capillary imbibition experiments under ultrasound were
conducted on sandstone and limestone plugs using a focused ultrasonic horn, as well as
an ultrasonic bath. Spontaneous (capillary) imbibition is a gentle, steady process that is
based on capillary suction (Zhou, et al. 2000; Morrow and Mason 2001). Typical
imbibition curves of capillary pressure vs. wetting phase saturation are shown in Figure
4-1. Generally, capillary suction relies on both rock properties (matrix permeability, size,

pore geometry, wettability, heterogeneity and boundary conditions), and fluid properties
(viscosity of the phases and interfacial tension, and may strongly vary with aging and
chemical treatment (Viksund et al. 1998; Abismail et al. 1999; Zhou et al. 2000; Morrow
and Mason 2001; Fischer and Morrow 2005). Unlike forced imbibition or drainage,
spontaneous imbibition benefits from the absence of viscous (and in the case of small
core samples, gravitational forces), making it a suitable experiment for highlighting the
role of interfacial forces. This is especially true during counter-current imbibition. When
interfacial tension is reduced, the role of capillary imbibition is reduced, and buoyant
forces become the dominant displacement mechanism.
The oil industry uses spontaneous imbibition to characterize fluid inflow from a
fracture into the rock matrix (Leverett 1941; Leverett et al. 1942; Graham and
Richardson 1959; Mattax and Kyte 1962). For a review of current modeling methods of
imbibition, the reader is referred to the works of Cil (1997) and Babadagli et al. (2005).
Much experimental attention has been paid on characterizing and scaling spontaneous
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water imbibition for gas-liquid-rock and oil-water-rock systems (e.g. Reis and Cil 1993;
Zhang et al. 1996; Kim and Whitesides 1997; Akin et al. 2000; Li and Horne 2001;
Babadagli 2002; Zhou et al. 2002; Li and Horne 2004; Babadagli et al. 2005).
During capillary imbibition, the wetting fluid percolates along the grain surface
and invades the smallest pores during early times. As a consequence, the non-wetting
phase is pushed out of the pore into adjacent sites. An illustration of the capillary
imbibition process within pores under co-current and counter-current flow is shown in
Figure 4-3. In the case of co-current imbibition, oil and water flow in the same direction.

In some cases, the “exit” pore throat is too narrow to allow oil drops from penetrating to
an adjacent pore (due to capillary and gravitational forces), resulting in oil flowing in the
opposite direction of the wetting phase. Such process is dubbed counter-current flow, and
can be induced by introducing a no-flow boundary. Various models have been proposed
to predict spontaneous imbibition into rock, and in the broadest sense can be classified as
diffusive/stochastic and pore-scale percolation (Sahimi 1993). The following information
may be extracted from spontaneous capillary imbibition data:
a) The time at which the first drop of oil is produced: It is still unclear from literature
how the initial offset of imbibition recovery relates to fluid and rock properties.
We speculate that since dynamic capillary pressure drops with increasing wetting
phase saturation (illustrated in Figure 4-1), one expects from first principles that
the imbibition process will only initiate once the capillary pressure within the
pores is less than the hydrostatic pressure of the invading phase. Such process
depends primarily on wettability, viscosity and interfacial tension. Earlier onset of
imbibition implies a faster rate of penetration of the wetting fluid into the matrix.
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b) Recovery rate depends on the ease by which oil ganglia are mobilized to adjacent
pores; i.e. wettability, permeability, viscosity ratio and interfacial tension
(Morrow and Mason 2001; Fischer and Morrow 2005). Lower interfacial tension
results in lower capillary pressures at the pore throats. As more and more wetting
fluid invades the matrix, the capillary threshold within the pore drops, causing
further displacement of oil. The initial slope of the recovery profile can be related
to an effective capillary pressure using Handy’s formula (Handy 1960):

 2 Pc , eff k wφA2 S w 
t
Q= 


µ
w


Therefore, the imbibition rate is proportional to the square root of time, with a
proportionality constant depending on effective capillary pressure, Pc , eff , water
permeability, k , porosity, φ , the surface area of the core, A, the water saturation,
S w , and water viscosity, µ w .
c) Final recovery is an indicator of how much residual oil is left behind. Recovery is
usually higher when interfacial tension is low, and wettability of the non-oleic
phase is high. In the case of long vertical cores, gravity may also affect final
recovery (Babadagli 2002).

Recovery rates and final recovery also depend strongly on the nature of the boundary, and
consequently the flow conditions within the pores, i.e. co-current or counter-current flow
(Mattax and Kyte 1962; Hamon and Vidal 1986; Cil 1997; Babadagli et al. 2005).
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4-1

This chapter will start with a description of the rock and fluid properties, the
experimental approach, the experimental set-up, and a brief discussion about errors and
repeatability. We will then present results and a thorough analysis and discussion of the
data. Finally, we conclude with our results, and suggest further work.

4.2

Experimental Setup

4.2.1 Rock and Fluid Properties

A total of more than 80 cylindrical core plugs were cut from blocks of homogeneous
Berea sandstone, and heterogeneous Indiana limestone outcrop samples, and saturated for
48 hours with either mineral oil or kerosene using a vacuum desiccating chamber.
Diameters and lengths of the cores were in the range of 2.5 to 2.52 and 6.4 to 7.8 cm,
respectively. After cutting the core samples, they were washed with water and dried at
80oC for at least two days, after which they were cooled at ambient conditions. The
average permeability and porosity of the sandstone cores was determined to be 300 md
and 21%, respectively. The average permeability and porosity of Indiana limestone was
determined to be 7 md and 17%. Porosity values were estimated by saturating dry cores
in water and oil, and measuring the change in weight. The relative variation in porevolume between water and oil saturated volumes is approximately 8% (see Figure 4-2).
This is a good indicator on the clay content of the Berea sandstone samples. In order to
avoid such error, it would have been necessary to saturate the cores with brine first, and
let the cores be immersed for about 10 days to establish ionic equilibrium between the
rock clays and the brine. This was not done, because such method may alter the original
properties of the rock, and raise its NaCl content after drying. It was therefore decided to
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use the pore volume obtained after saturation with oil, and trust that the relative error is
the same for all cores.
All cores with the exception of air-water experiments were used only once to
avoid undesirable alterations in wettablitity and grain structure due to contamination,
cleaning, and matrix damage generated by ultrasonic vibrations. For air-water
spontaneous imbibition, we reused the same cores to minimize the error due to clay
swelling. Water saturated cores were dried in an oven at 80oC for one day. Some of the
samples were coated with epoxy from all sides except one of the ends to obtain truly
counter-current imbibition (Figure 4-3). Such experiments will be labeled as “coated”.
The imbibition behavior of three types of saturation fluids was studied: light
mineral oil, kerosene and air. To cover a broad range of viscosity, density, interfacial
tension, and wettability cases, solutions of water, brine (15,000 and 150,000 ppm NaCl),
anionic surfactant (Sodium Dodecyl Diphenyloxide Disulfonate, DOWFAX 2A1), nonionic surfactant (Alcohol Ethoxylate, Tergitol 15-S-7) and polymer (Xanthan Gum) were
prepared as the aqueous phase. A flow chart of the experimental strategy is shown in
Figure 4-5. The properties of the fluids and corresponding absolute error at standard

conditions (no ultrasound) are presented in Table 4-1 and Table 4-2. Surfactant
properties are tabulated in Table 4-3 and Table 4-4. The interfacial tension and surface
tension between aqueous and oleic phase was measured using a standard tungsten ring
tensiometer (the Du Nouy method). Viscosity values were either measured using a
rotational viscometer, or were obtained from the manufacturer (Canon Instruments).
Density was determined by weighing a syringe filled with 5 cm3 of fluid. To avoid
ultrasonic cavitation close to the core walls, all solutions were carefully de-aerated in
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vacuum. We noticed that the effect of cavitation is more severe during air-water
experiments, because bubbles block the pores at the outer wall of the core plug.
Reduction of interfacial tension was achieved by adding different volumes of
anionic and nonionic surfactant to de-aerated water. The critical micelle concentration
(CMC) of DOWFAX 2A1 (anionic), DOWFAX 3B0 (anionic) and Tergitol 15-S-7
(nonionic) was measured to occur at a concentration of about 1 wt%, 3 wt% and 0.0039
wt%, respectively. Figure 4-6 shows a graph of aqueous surface tension and interfacial
tension to mineral oil vs. Tergitol 15-S-7 concentration at standard atmospheric
conditions. Figure 4-7 presents the aqueous surface tension and interfacial tension to
mineral oil vs. DOWFAX 2A1 and DOWFAX 3B0 concentration at atmospheric
conditions.
Xanthan gum polymer concentrations of 0.03, 0.05, 0.09, 0.1 and 0.15 wt% were
applied to increase the viscosity of the aqueous solution. Brine solutions of de-aerated
water with 15,000 and 150,000 ppm NaCl were mixed to explore the effect of alkalinity
on spontaneous imbibition, especially in high clay-content Berea sandstone.
We applied an oil based coloring agent to both kerosene and mineral oil to
distinguish the two phases. Such die, although applied at very low concentrations, may
change the wettability characteristics of the cores slightly. This effect is assumed to be
the same for all samples, and therefore, should not considerably contribute to the
observed variations.
4.2.2 Experimental setup

The experimental setup is shown in Figure 4-8. Cores were placed inside imbibition
tubes with a graduated cylinder allowing volume measurements with a precision of ± 0.1
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cc. A homogeneous ultrasonic field was generated using a bench-top Branson ultrasonic
bath (cleaner) operating at 40kHz and 2kW. To investigate the effect of concentrated
sonication, we also employed an ultrasonic horn capable of generating a frequency of 20
kHz and power up to 250 W/cm2. The horn was equipped with a 3/4 inch sapphire coated
titanium tip, which was calibrated calorimetrically to correspond to the wattage reading
from the generator. In fact, the wattage reading from the generator displays the required
electrical power to drive the transducer at a particular displacement amplitude. To ensure
consistent insonication, we made sure that all experiments were run at the same power
settings. Figure 4-9 illustrates the relationship between power setting and the transducer
excitation amplitude. Generally, Setting 2 and Setting 5 correspond to 25 W and 48 W,
respectively.
The temperature within the ultrasonic bath increases with exposure time due to
the high power output of the horn. This increase may influence the experimental results
slightly by reducing the viscosity and interfacial tension of the fluids. A plot of bath
temperature versus time for two power settings is shown in Figure 4-10. We observed
that temperature increases quasi-logarithmically with time. In a period of 750 minutes,
the temperature within the ultrasonic bath rose by 5 oC for Setting 2 [LO], and by 8 oC for
Setting 5 [HI] intensity. Expansion of the pores and alterations of fluid properties due to
this temperature change is therefore negligible. Nonetheless, we decided to add a water
circulation system to maintain room temperature during experiments requiring an
extended period of time.
Since all samples were positioned equidistantly from the horn, and made use of
the same imbibition cells, attenuation due to the carrying fluid and the imbibition cells is
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believed to be minor. Each experiment was repeated with and without ultrasound (control
experiment using similar core from the same block). The relative performance between
the ultrasonically stimulated performance and the control was then compared and
analyzed.
4.2.3 Procedure

Dry cores were placed within a desiccator filled with the oleic phase, and allowed to
saturate under vacuum for 2 days. After saturation, cores were weighed and placed in the
imbibition cell. After securely sealing the cell with a rubber stopper, the aqueous phase
was slowly introduced via a funnel. The oil recovery was monitored versus time with and
without ultrasound. Ultrasound was applied at two intensities: 25W [Setting 2] and 48W
[Setting 5]. Occasionally, the cores were weighed using a string attached to a portable
scale (via a hook) to verify that the volumes measured from the graded imbibition tube
match the change in weight due to fluid influx. In some of the surfactant experiments, we
observed a stable emulsion (Figure 4-11), which slightly increased the measured volume
of produced fluid. In such case, volumes were corrected from the weight of the cores.
Error in recorded volume is approximately ± 2%. For every reading, the cores were
carefully shaken to liberate any oil drops that remained attached to the core wall. On
average, the volumes obtained by weighing the cores agree with the volumetric recording
to approximately 3% accuracy.
For air-water spontaneous imbibition experiments, high precision Scout Pro scales
were used to measure water influx into core samples. Core samples where suspended via
a stainless wire into an ultrasonic bath, and the resulting change in weight due to water
in-flux was measured at intervals of 5 seconds. The resulting data was then transferred
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into an Excel sheet using a Labview data acquisition system. Pore volume measurements
were performed by vacuum saturating all cores with water for 2 days.
4.3

Results and Discussion

A cross-correlation comparison plot of final recovery without ultrasound vs. final
recovery with ultrasound for all spontaneous imbibition experiments is shown in Figure
4-12. The solid 45o line represents the case when the response of capillary imbibition

under ultrasound equals that of the control (NUS). Dashed lines at 5% increments
indicate the percent deviation from the control. It can be seen that ultrasound significantly
enhanced the spontaneous imbibition recovery of oil for most fluid pairs (25 runs). Only
8 experiments yielded a reduction in recovery when ultrasound was applied. Recovery
changes within ±5% should be considered as unchanged, because they fall within the
nominal error discussed previously. This section will present the results of each fluid pair,
and discuss possible origins of the observed behavior.
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4.3.1 Water into dry core samples
4.3.1.1 Berea sandstone

Both the recovery rate and final recovery for counter-current air-water imbibition into
Berea sandstone (Figure 4-13) was significantly enhanced under ultrasound, yielding an
additional recovery of up to 10% PV. The opposite was true for co-current imbibition,
reducing the ultimate recovery by 5% PV while leaving the recovery rate unchanged.
4.3.1.2 Indiana limestone

A similar response was noticed with air-water imbibition into less water-wet limestone
(Figure 4-14). The recovery from co-current spontaneous imbibition of water into dry
limestone was reduced for both the ultrasonic bath and under ultrasound from the horn. It
appeared that the reduction was more significant with the ultrasonic bath (40 kHz) than
with the ultrasonic horn (20 kHz), implying a frequency dependence during the process.
Higher frequency ultrasound may be more effective at mobilizing air bubbles within the
core. Recovery rate remained unchanged. The opposite was observed during countercurrent imbibition of water into limestone. Here, recovery is progressively improved with
frequency, yielding an additional recovery of up to 7% with the ultrasonic horn. The
recovery from the ultrasonic bath was comparable to the control case.
4.3.1.3 Discussion

The apparent dependence on the displacement process (boundary), as well as on
frequency, is primarily due to the high density contrast and surface tension between air
and water. In the case of co-current displacement, the absence of boundaries facilitates
bubble migration outward from the center, with a preferential upward flow (Figure 4-15).
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Water influx is from all sides, and initially fastest at the bottom end. Although strongly
wettability-driven, the process is also influenced by buoyancy. On the other hand, during
counter-current imbibition with only one end open to flow, air is forced to migrate
opposite to the buoyant force (Figure 4-16). Therefore, such process is predominantly
capillary driven, generating a “piston-type” displacement front. Capillary forces must
overcome the buoyant forces, resulting in water moving upward, and air moving
downward.
The relative magnitude of the dominant forces changes in the presence of
ultrasonic radiation. One of the possible mechanisms behind the enhancement or
reduction in recovery under co-current and counter-current spontaneous imbibition is due
to air bubble vibration and streaming. Bubbles strongly affect the acoustic properties of
liquids due to the large contrast in compressibility and viscosity of the gas and liquid.
Predominant features in a liquid with bubbles are high dispersion and low sound speeds
over a wide range of frequencies. Bubbles trapped in porous media may oscillate with
ultrasound, and absorb most of the ultrasonic energy (Herskowitz et al. 1999; Herskowitz
et al. 2000). For co-current spontaneous imbibition under ultrasound, bubble vibrations
within the pore generates an oscillating pressure field, which is out of phase with the
liquid vibration. Such process prevents bubbles from migrating into adjacent pores, and
therefore reduces both the percolation rate, as well as the final recovery. On the other
hand, for counter-current imbibition with only the bottom end subjected to the aqueous
phase, the piston-like displacement front creates a stable interface between air and water,
and only residual air trapped in pores oscillate under ultrasound. As observed by Aarts et
al. (1999), compressibility of the fluids within porous media has a strong influence on net
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induced flow caused by transversal wave deformations of the pore-walls. Higher density
contrast yields to enhancement in induced fluid flow. Such effect is magnified with fluid
pairs that have high interfacial tension, because deformations in pore-walls cause
fluctuations in capillary pressure. As a consequence of the counter-current nature of the
displacement, the vibrational energy applied on the residual bubbles may improve air
mobilization (slip effect), and accelerate the percolation process. In the case of limestone,
which is less water wet, the rate of water invasion is reduced and the water film along
pore walls is thinner. Consequently, less air is trapped in pores, and both the effect of
bubble oscillation and capillary pressure are suppressed. Although we observe the same
imbibition trend, with decreasing production at different frequencies of ultrasound for cocurrent flow, and increasing production for counter-current flow, the overall response is
not as extreme as for water-wet sandstone.
Additionally, unlike limestone, the rate of recovery for counter-current imbibition
into sandstone is dramatically improved. We speculate that such recovery rate
improvement is due to a positive enhancement due to water wettability. For highly waterwet sandstone, the rate of water invasion is high, resulting in more pronounced water
films along pore walls. Interactions between such water films, and resonating air bubbles
may yield more effective air mobilization.
4.3.2 Water and brine into mineral oil and kerosene
4.3.2.1 Water
Figure 4-17 shows the imbibition recovery performance of water into Berea sandstone,

saturated with either light mineral oil or kerosene. Both co-current (Figure 4-17-a) and
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counter-current (Figure 4-17-b) boundary conditions were investigated. When all sides
are open to flow, we observed an improvement in recovery rate with both light mineral
oil and kerosene. The final recovery for light mineral oil improved by an incremental
20% PV as compared to the control experiment, while the recovery of kerosene remained
relatively unchanged. For the counter-current boundary condition, on the other hand, the
recovery under ultrasound deteriorated for both light mineral oil and kerosene. In fact,
while both recovery and recovery rate for light mineral oil remained unaltered under
ultrasound, the recovery performance of kerosene depreciated dramatically by over 22%
PV.
When the mineral oil–water control sample was introduced to the ultrasonic field,
we observed an additional 4% incremental recovery (tertiary recovery), while the
production from the kerosene control remained unchanged. On the other hand, after
turning off the ultrasound for the counter-current kerosene sample, we observed a
dramatic jump in production, which stabilized at the final recovery value obtained from
the control. The differing results observed under counter-current and co-current
imbibition for kerosene and light mineral oil may be due to the dissimilar wettability
properties to silicates, as well as the difference in interfacial tension. During co-current
displacement, such difference manifests itself in the formation of surface films and
ganglia coalescence. Light mineral oil, having an interfacial tension of 61.8 dynes/cm,
does not easily coalesce in the presence of water when no ultrasound is applied. Under an
ultrasonic field, however, coalescence of ganglia is enhanced due to Bjerknes forces,
resulting in a higher ultimate recovery. Since kerosene has a lower interfacial tension
than light mineral oil, the effect of ultrasonically induced coalescence is less pronounced,
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resulting in a similar ultimate recovery as with the control case. The enhancement in
recovery rate for both kerosene and light mineral oil can be explained by the fact that
surface films, which are preventing the mobilization of oil droplets into neighboring
pores, are destroyed by ultrasound. It must be noted that the effect of clays in Berea
sandstone (>3%) may also influence the relative performance of the fluid pairs under
ultrasound. Ultrasound may mobilize clays or reduce clay swelling, resulting in an
increase in water inflow and oil expulsion.
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4.3.2.2 Brine

In order to eliminate the effect of clay swelling, we ran a series of experiments with brine
at two concentrations of NaCl; i.e. 15,000 ppm and 150,000 ppm NaCl aqueous solutions.
Figure 4-18 presents recovery curves for brine imbibition into Berea sandstone saturated

with light mineral oil. In the case of 15,000 ppm NaCl brine solution, we investigated the
effect of two different intensities on the imbibition process. The control experiment (nonultrasonic, NUS) recovered 35% OIIP at a rate of 0.06% per minute. Ultrasound at setting
2 did not dramatically alter the recovery rate, but increased the ultimate recovery by an
additional 10% OIIP. Ultrasound at setting 5 yielded an improvement in final recovery up
to and additional 9% OIIP. It can be concluded from these results that the final recovery
is proportional to the ultrasonic intensity applied, while the recovery rate is relatively
unaffected by ultrasonic vibrations.

One possible mechanism responsible for this

additional recovery is the generation of a more stable displacement front due to pore
vibrations and localized pressure perturbations, leaving less oil unswept during the
process. On the other hand, when we swapped the cores, so that the un-sonicated control
cores were subjected to ultrasound and the ultrasonically stimulated cores were removed
from the ultrasonic field, no considerable increase in recovery was observed. Therefore,
ultrasound did not effectively mobilize oil once it was trapped in the pores. It can be
concluded that ultrasonic vibrations assist in the dynamic process of mobilizing trapped
oil blobs, but does not serve as an effective means to improving recovery after water
imbibition.
Raising the salinity of brine to 150,000 ppm NaCl had a considerable impact on
the performance of ultrasonically stimulated imbibition. From Figure 4-18, it can be seen
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that an increase in salinity improved both the recovery rate and the final recovery of the
process, resulting in up to 15% PV improvement in final oil recovery, compared to
15,000 ppm NaCl brine. Introducing ultrasound to highly saline brine resulted in an
additional 20% improvement, resulting in a final recovery of 63% OOIP. This
improvement is primarily due to the reduction in the effect of clay within the Berea
sandstone. Fine clay particles may influence the liquid-liquid interactions within pores.
Clay particles absorb the imbibing water, reducing the water mobility within the pores.
Lower water invasion results in reduced oil mobilization. Swollen clay may also act to
considerably dissipate the ultrasound. Meanwhile, the absence of swollen clay particles at
high salinity, improves water invasion into pores, resulting in better migration of oil
droplets, and possibly improved coalescence.
In fact, after aging samples in light mineral oil for one month, we observed a
considerable reduction in recovery rate as well as ultimate recovery (Figure 4-19-a). The
lowered wettability to water effectively diminished the water invasion due to imbibition,
causing less oil to be mobilized within pores. We witnessed a minor improvement of final
recovery under ultrasound, but a strong enhancement of recovery rate at early stages. This
can be seen in the cross-comparison plot shown in Figure 4-19-b.
4.3.3 Anionic and nonionic surfactant solutions
4.3.3.1 DOWFAX 3B0
Figure 4-20 (a) and (b) shows imbibition recovery curves of light mineral oil using 1%

and 5% Alkyldiphenyloxide Disulfonic Acid (DOWFAX 3B0) solutions as aqueous
phase in Berea sandstone. Vibration at setting 2 and 5 were continuously applied using an
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ultrasonic horn. It can be seen that for 1% DOWFAX 3B0, i.e. below the critical micelle
concentration (CMC), the improvement of recovery under ultrasound is minimal, with
higher recovery observed at elevated intensities. Recovery of oil using 5% surfactant
(above CMC) resulted in a substantial increase in ultimate recovery and production rate,
compared to no-ultrasound control (NUS). The incremental recovery consistently
improved with increasing intensity setting, yielding and incremental recovery of 20% PV
at setting 2, and 28% PV at setting 5. A cross-comparison plot of the recovery curves
under ultrasound as compared to the control is presented in Figure 4-21.
4.3.3.2 DOWFAX 2A1

Based on these results, another variant of Alkyldiphenyloxide Disulfonic Acid, namely
DOWFAX 2A1, was tested as well. Imbibition curves for concentrations of 1%, 3% and
5% DOWFAX 2A1 into light mineral oil are presented in Figure 4-22-a. Unlike
observations made with DOWFAX 3B0, changes in ultimate recovery varied by less than
±10%, which is within the expected uncertainty margin associated with these imbibition
experiments. The recovery rate, however, was raised by up to 35% (Figure 4-22-b),
clearly surpassing the expected limit due to uncertainty.
Recovery of kerosene in Berea sandstone using 5% DOWFAX 2A1 yielded
contrasting results, and mainly depended on the ultrasonic intensity applied (Figure 4-23a). At setting 2, both the recovery rate and ultimate recovery were marginally improved

as compared to the control. Recovery rate at setting 5 did not deviate greatly from that
obtained with setting 2. The initiation time, however, was delayed by several minutes and
ultimate recovery was considerably lower. When ultrasound was removed, additional

136

14% incremental oil was recovered, resulting in a similar ultimate recovery as with
setting 2. This considerable jump in recovery is shown in Figure 4-23-b.
After aging the sandstone samples for one month, we observed that for
concentrations close to the CMC, the recovery rate improved by up to 60% (Figure 4-24b). At higher concentrations, however, recovery rates did not seem to alter considerably

under ultrasound. At all concentrations the ultimate recovery was only marginally
enhanced by up to 8% as compared to the control experiments.
4.3.3.3 Tergitol 15-S-7

Since both DOWFAX 3B0 and DOWFAX 2A1 are anionic surfactants which exhibit low
surfactant adsorption to silicates, we decided to investigate the effect of nonionic
surfactant in Berea sandstone, as well. The nonionic surfactant Tergitol 15-S-7 (Alcohol
Ethoxylate) was applied to both kerosene and light mineral oil saturated Berea sandstone
samples.
Figure 4-25-a presents recovery curves vs. time of light mineral oil for a series of

Tergitol 15-S-7 concentrations. For 0.1% and 1.0%, we observed a reduction in recovery
under ultrasound, while for 0.5%, we witnessed an 18% improvement in recovery,
implying that there exists a concentration at which the ultrasonic process is optimized.
The shape of the recovery curves did not noticeably change under ultrasound.
Interestingly, the recovery of kerosene in sandstone using 1% Tergitol 15-S-7 behaved
identically to the recovery performance observed with light mineral oil (Figure 4-26).
This similarity was not observed with anionic surfactant.
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4.3.3.4 Discussion

Several reasons may be responsible for the apparent improvement in recovery with
surfactant under ultrasound with both light mineral oil and kerosene:


Ultrasound may increase solubility of surfactant in water, thereby decreasing the
interfacial tension. A decrease in interfacial tension will reduce the capillary
pressure within pores, thus mobilizing trapped oil more effectively.



Ultrasound may reduce the surfactant adsorption rate onto the sandstone matrix as
a consequence of increasing the solubility of the surfactant, improving the
wettability of the aqueous phase. This process may be more severe with anionic
surfactants than with nonionic surfactants.



Development of micro-emulsion (micelles) under ultrasound. Just after 100 min,
we observed that the surfactant solution changed into a semi transparent, foggy
micro-emulsion (Figure 4-11). Therefore, operating ultrasound at surfactant
concentrations above CMC accelerates the generation of micelles which may
enhance oil recovery.

Surfactant adsorption/desorption may be responsible for the observed variations in
recovery under ultrasound for kerosene and mineral oil saturated sandstone (Brinck et al.
1998a, 1998b). The adsorption levels for both anionic and nonionic surfactants are
similar in magnitude, although adsorption of nonionic surfactants on sandstone is usually
higher, and is relatively insensitive to solution salinity. Negligible adsorption was
observed in sulfonates containing alkyl chains shorter than 9 (Trogus et al. 1977; Lawson
1978). (Mannhardt et al. 1994) studied the adsorption of anionic surfactants in Berea
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sandstone at various temperatures and salinity, and found that adsorption increases with
decreasing surfactant solubility. Varadaraj et al. (1994) investigated the wettability
alteration caused by various surfactant types, and found that wetting rate is higher for
ethoxylates than for sulfates, while wetting effectiveness was higher for sulfates.
Although the concentration of 5% alkydiphenyloxide disulfonic acid and 1% ethoxylated
alcohol are both significantly higher than the CMC, the latter demonstrated very little
alteration of both recovery rate and ultimate recovery of kerosene and mineral oil when
ultrasound was applied. 5% alkydiphenyloxide disulfonic, on the other hand, resulted in
significant improvement in recovery rate of mineral oil, and contrasting results in both
recovery and recovery rate of kerosene at higher ultrasonic intensity. When comparing
kerosene recovery via 1% alcohol ethoxylate, we observed very similar results (compare
Figure 4-25 and Figure 4-26).

Since interfacial tension of both sulfonates and ethoxylates is relatively similar,
capillary forces cannot be the dominating factor contributing to the different behavior in
recovery under ultrasound. Micro-emulsions were produced in both cases, as well.
Therefore, micelles cannot be responsible of the significant difference either. The
governing mechanism must be controlled by a sensitive interplay between the increase in
surfactant solubility and decrease in adsorption due to ultrasonic mixing. We
demonstrated the role of surfactant adsorption by comparing the imbibition performance
of both anionic and nonionic surfactants. Depending on the level of adsorption, one
expects that the wettability of Berea alters over time, severely affecting the recovery rate,
as well as the ultimate recovery.
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4.3.4 Spontaneous imbibition of Xanthan gum solution into Berea
sandstone

The effect of ultrasound on spontaneous imbibitions of polymer solutions was
investigated to study the effect of viscosity. Imbibition of polymers into porous media has
been investigated extensively (see e.g. Ghedan and Poettmann 1991; Babadagli 2002).
Figure 4-27 shows recovery curves of various concentrations of Xanthan gum imbibing

into Berea sandstone cores saturated with mineral oil. The recovery curve of 150,000
ppm NaCl brine has been added fro comparison. Without ultrasound, we observed that
the recovery of oil decreases with increasing xanthan gum concentration. Introducing
ultrasound at setting 2 did not follow this trend. Instead, it is apparent that ultrasonic
stimulation is optimal at intermediate concentrations. Low concentrations of xanthan gum
(0.05%) did not show any significant improvement in recovery under ultrasound. On the
other hand, 0.1 wt% and 0.1 wt% xanthan gum solutions favorably responded to
ultrasound by significantly increasing recovery rate, and yielding up to 25% PV
incremental oil as compared to the control.
We observed a direct proportionality between the ultrasonic intensity and final
recovery (Figure 4-28). This was not true in the case of the 0.09% Xanthan gum solution.
Here, the low intensity ultrasound proved to be more effective at recovering oil by
imbibition. This result can be explained by considering the polymer structure. Xanthan
gum is an anionic polysaccharide string with a cellulose backbone and trisaccharide side
chains and repeating pentasaccharide units. When contacting with water, Xanthan gum
forms alpha helices as a secondary structure, which entangle and bind the water
molecules. High frequency vibrations by ultrasound increase the entanglement, and cause
the helixes to vibrate. Ultrasonic energy may also break down larger components of the
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polymer, and cause depolymerization (Kulicke et al. 1993; Gronroos et al. 2004).
Additionally, ultrasound homogenizes the mixture and prevents formation of suspensions
and flocculation. We expect that there is an optimum intensity and concentration at
which ultrasonic stimulation is maximized. This is illustrated clearly in Figure 4-29 .
4.3.5 Husky crude oil
Figure 4-30 shows the recovery curves and the cross-comparison plots for brine and

surfactant imbibition into Berea sandstone cores saturated with light Husky crude oil. It
can be seen that in the case of brine invasion, both the early recovery rate and the final
recovery are substantially improved under ultrasound. With surfactant, however, only
recovery rate is improved by 20%, while the final recovery for both ultrasound and no
ultrasound remained unaltered.
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4.4

Conclusions

1. A series of spontaneous imbibition experiments were run to investigate the effect
of ultrasound on the capillary dynamics within porous media. Various fluid pairs
and boundary conditions were explored to account for a wide range of interfacial
tension, wettability, density and viscosity.
2. For most fluid pairs, we noted a considerable enhancement in recovery, and
recovery rate.
3. Altering the fluid properties of the aqueous and oleic phases had a unique
response on the overall performance of the spontaneous imbibition process under
ultrasound. Furthermore, the nature of the flow, i.e. co-current or counter-current,
resulted in entirely different responses for the same fluid pairs, and strongly
depended on interfacial tension and density.
4. We investigated the spontaneous imbibition of water into dry sandstone and
limestone cores under ultrasound, at two boundary conditions. It was observed
that the recovery rate is relatively unchanged under ultrasound, and that for cocurrent flow (all sides open), the final recovery considerably decreased. The
opposite is true for counter-current flow with all sides closed except the bottom
end, where both the recovery rate and the final recovery were improved. A
similar, but less dramatic, response was observed with limestone. For co-current
imbibition, the final recovery gradually decreased with frequency, while the
recovery rate remained unchanged. The opposite was noted for counter-current
flow. Bubble vibration and improved acoustic streaming of air, as well as the
destruction of surface films are believed to be responsible for the observed trends.
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5. Spontaneous imbibition of water into Berea sandstone saturated with kerosene
and light mineral oil yielded opposite results as with air. For co-current flow, both
the rate and the final recovery of kerosene and light mineral oil improved. The
increase was observed to be higher with light mineral oil (higher viscosity, higher
IFT) than with kerosene (low viscosity, intermediate IFT). For the counter-current
process, we observed a minor decrease in recovery and no change in rate with
light mineral oil, whereas, the kerosene rate and recovery severely reduced. After
discontinuing insonication, the final kerosene recovery restored to the nonultrasonic recovery value.
6. When using brine as an aqueous phase, we observed a substantial increase in
recovery as compared to water. In fact, both recovery rate and final recovery are
proportional to salinity. Two substantial findings have been derived from these
experiments. Firstly, based on experiments with 15,000 ppm NaCl solutions, final
recovery increases with increasing intensity setting. The recovery rate was
unaffected. Secondly, for saline concentrations as high as 150,000 ppm NaCl,
ultrasound improved the recovery by up to 15% PV incremental oil. Secondly,
aging reduced the final recovery at high salinity, but still reacted favorably to
ultrasonic stimulation. The curvature of the ultrasonically stimulated production
rate was almost linear, compared to a more concave curvature observed with the
non-ultrasonic control.
7. Three surfactants (two anionic and one nonionic) were tested at various
concentrations below and above CMC. We observed the following trends:

143

a. With DOWFAX 3B0, recovery is relatively insignificant at concentrations
close to the CMC. At a concentration much above the CMC, recovery
increases

with

increased

ultrasonic

intensity,

reaching

recovery

improvements up to 18% PV incremental oil.
b. DOWFAX 2A1 did not exhibit the same behavior as DOWFAX 3B0.
Recovery rate was substantially improved during insonication, while the
improvement in final recovery remained below 10%. After aging cores for
1 month, we found that the recovery rate severely improved for
concentrations close to the CMC (up to 60%), while the improvement in
ultimate recovery remained below 10%. Interestingly, the recovery rate at
higher concentrations seemed to be only marginally improved (below
10%). When using high concentration DOWFAX 2A1 with kerosene
saturated Berea, we observed that at high intensity, ultrasound yielded
unfavorable final recovery values. After discontinuing the ultrasound,
however, recovery surged up, and stabilized at the recovery value obtained
for low intensity ultrasound.
c. Experiments with anionic surfactant (Tergitol 15-S-7) suggest that there is
an optimal concentration at which the ultrasonic process is maximized. At
a concentration of 0.5%, we noted a recovery increase of up to 40%. A
reduction in recovery rate was observed with both 0.1% and 1.0%
Tergitol. When comparing the performance of 1% Tergitol for kerosene
and mineral oil saturated samples, we observed a minor reduction in
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recovery (~5%) and recovery rate (20% for kerosene, 10% for light
mineral oil).
Reduction of surfactant adsorption as a consequence of improved solubility has
been proposed to account for the observed behavior of both anionic and nonionic
surfactant.
8. Results for spontaneous imbibition of Xanthan gum into light mineral oil
saturated Berea sandstone showed interesting results. Recovery under ultrasound
is improved at higher surfactant concentrations. However, there seems to be an
optimal intensity and concentration at which recovery is maximized. We
determined that spontaneous imbibition of xanthan gum is maximized when using
low concentrations of xanthan gum at high intensity. Ultrasonic depolymerization
and deflocculation may be possible causes for this observation.
9. Experiments with Husky crude oil using both surfactant (DOWFAX 2A1) and
brine (150,000 ppm NaCl) yielded promising results. Ultrasound improved the
recovery rate with surfactant by up to 20%, but did not considerably enhance the
final recovery. On the other hand, when using brine, we noted a surge in recovery
rate (up to 65%), and a spectacular increase in final recovery (up to 23%).
10. Further work need to be done in understanding the influence of initial water on
the recovery of oil through spontaneous imbibition.
11. In order to understand the behavior of air-water imbibition, we suggest micromodel visualization experiments under ultrasound. Such study may complement
some of the assumptions made in Chapter 2.
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12. We only investigated the response of capillary imbibition on continuous
sonication. Pulsed sonication may yield more favorable production.
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Table 4-1: Fluid properties of oleic and aqueous phases used in spontaneous imbibition
experiments. All values were measured at standard atmospheric conditions. DOWFAX
2A1 = Sodium Dodecyl Diphenyloxide Disulfonate. Tergitol 15-S-7 = Alcohol
Ethoxylate.
Fluid

Density(1)

Viscosity(2)

Surface Tension(3)

g/cc

cp

dynes/cm

Water

0.9982 ± 0.0010

1.0 ± 0.02

71.0 ± 1.4

Water + 150,000 ppm NaCl

1.1163 ± 0.0010

1.20 ± 0.06

69.9 ± 1.4

Water + 15,000 ppm NaCl

1.0096 ± 0.0010

1.20 ± 0.06

70.5 ± 1.4

Water + 1% DOWFAX 2A1

0.9997 ± 0.0010

2.44 ± 0.12

33.8 ± 0.7

Water + 3% DOWFAX 2A1

1.0027 ± 0.0010

5.32 ± 0.27

34.1 ± 0.7

Water + 5% DOWFAX 2A1

1.0058 ± 0.0010

8.20 ± 0.41

34.6 ± 0.7

Water + 0.1% TERGITOL 15-S-7

0.9982 ± 0.0010

1.05 ± 0.05

30.1 ± 0.6

Water + 0.5% TERGITOL 15-S-7

0.9982 ± 0.0010

1.25 ± 0.06

27.8 ± 0.6

Water + 1.0% TERGITOL 15-S-7

0.9981 ± 0.0010

1.50 ± 0.08

27.5 ± 0.6

Water + 0.03% Xanthan gum

0.92 ± 0.0010

15.00 ± 0.75

68.0 ± 3.4

Water + 0.05% Xanthan gum

0.93 ± 0.0010

25.00 ± 1.25

66.5 ± 3.3

Water + 0.1% Xanthan gum

0.94 ± 0.0010

42.00 ± 2.10

65.0 ± 3.3

Light Mineral Oil

0.8383 ± 0.0050

46.5 ± 0.5

31.5 ± 0.6

Heavy Mineral Oil

0.8508 ± 0.0050

167.0 ± 1.7

34.3 ± 0.7

Kerosene

0.768 ± 0.0050

2.9 ± 0.03

27.2 ± 0.5

S60

0.8757 ± 0.0014

141.4 ± 0.2

33.8 ± 0.7

S200

0.8876 ± 0.0014

577.9 ± 0.9

35.6 ± 0.7

N350

0.8885 ± 0.0014

1112.0 ± 1.8

36.6 ± 0.7

S600

0.8913 ± 0.0014

1973.0 ± 3.2

37.8 ± 0.8

Husky Crude Oil

0.8548 ± 0.0050

19.0 ± 0.5

30.2 ± 0.6

(1) Weight-Volume method using a 5cc syringe
(2) Rotational viscometer (Fann 35A) at 300 rpm; Viscosity values for S60, S200, N350 and S600 were obtained from Canon
Instrumentation Company (A2LA Certificate #1262.01)
(3) Du Nouy type tensiometer (Fisher Scientific Tensiometer; Platinum-Iridium ring)

147

Table 4-2: Interfacial tension data for all fluid pairs used in this thesis. All values were
measured at standard atmospheric conditions.
Heavy Fluid

Light Fluid

Interfacial Tension
dynes/cm

Water
1% DOWFAX 2A1
3% DOWFAX 2A1
5% DOWFAX 2A1
0.1% TERGITOL 15-S-7
0.5% TERGITOL 15-S-7
1.0% TERGITOL 15-S-7
150,000 ppm NaCl
15,000 ppm NaCl
Water
150,000 ppm NaCl
15,000 ppm NaCl
1% DOWFAX 2A1
3% DOWFAX 2A1
5% DOWFAX 2A1
0.1% TERGITOL 15-S-7
0.5% TERGITOL 15-S-7
1.0% TERGITOL 15-S-7
0.05% Xanthan gum
0.1% Xanthan gum
Water
3% DOWFAX 2A1
Water
5% DOWFAX 2A1
1.0% TERGITOL
Water
Water
Water
Water
3% DOWFAX 2A1
150,000 ppm NaCl

Air
Air
Air
Air
Air
Air
Air
Air
Air
Light MO
Light MO
Light MO
Light MO
Light MO
Light MO
Light MO
Light MO
Light MO
Light MO
Light MO
Heavy MO
Heavy MO
Kerosene
Kerosene
Kerosene
S60
S200
N350
S600
Husky Crude
Husky Crude

71.0
33.8
34.1
34.6
30.1
27.8
27.5
69.9
70.5
61.8
46.2
53.2
10.1
11.2
12.0
8.6
8.2
8.1
56.0
53.3
51.0
10.8
40.7
10.4
6.9
22.6
30.7
35.3
38.7
9.1
24.6

± 1.4
± 0.7
± 0.7
± 0.7
± 0.6
± 0.6
± 0.6
± 1.4
± 1.4
± 1.2
± 0.9
± 1.1
± 0.2
± 0.2
± 0.2
± 0.2
± 0.2
± 0.2
± 1.1
± 1.1
± 1.0
± 0.2
± 0.8
± 0.2
± 0.1
± 0.5
± 0.6
± 0.7
± 0.8
± 0.2
± 0.5

Measured using a Du Nouy type tensiometer (Fisher Scientific Tensiometer;
Platinum-Iridium ring)
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Table 4-3: Properties of DOWFAX 2A1 and DOWFAX 3B0 surfactants (extracted form
a pamphlet by Dow Chemical Company).
Typical Property

DOWFAX 2A1

Typical Property

DOWFAX 3B0

Appearance
Hydrophobe Source
Average Molecular wt.
Active Ingredient, min
o
Density, g/cc @25 C
o
Viscosity, cp @25 C
CMC, g/100g in 0.1 M
NaCl

Clear amber liquid
Tetrapropylene
576
45%
1.10 – 1.20
145

Appearance
Hydrophobe Source
Average Molecular wt.
Active Ingredient, min
o
Density, g/cc @25 C
o
Viscosity, cp @25 C

Clear amber liquid
C10 alpha-olefin
498
45%
1.03 – 1.20
110

0.007

Table 4-4: Properties of Tergitol 15-S-7 surfactant (extracted form a pamphlet by Dow
Chemical Company).
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Figure 4-1: Illustration of spontaneous and forced imbibition and drainage capillary
pressure curves. Adapted from Morrow and Mason (2001).
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Figure 4-2: Cross correlation plot of pore volumes measured from oil saturated cores vs.
pore volumes from water saturated cores. This plot illustrates the severity of clay content
in Berea sandstone.
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(a) co-current displacement

(b) counter-current displacement

entrance

entrance

exit

w

nw

exit

nw

w

Figure 4-3: Illustration of (a) co-current and (b) counter-current fluid invasion into pores
by spontaneous capillary imbibition. In (a), the wetting phase (blue) penetrates the pore
from the “entrance” throat via pore adsorption, and pushes oil (white) into adjacent pores.
In (b), the wetting phase enters the pore by wetting the pore walls, while the oil is flowing
in the opposite direction, mainly due to high capillary pressure at the “exit” throat. [w =
wetting phase, nw = non-wetting phase.]

(a) All faces open

(b) One end open
No flow boundary
(core end face)
Linear flow

(c) Two ends open

(d) Two ends closed

No flow boundary
(core end face)
Linear flow

Open face

No flow boundary
(core end face)
Radial flow

Cloased surface (epoxy coated)

Figure 4-4: Definition of boundary conditions for core samples used in the works of
Mattax and Kyte (1962), Zhang et al. (1996), and Babadagli et al. (2005). Figure adapted
from Morrow and Mason (2001).
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Figure 4-5: Flow chart illustrating all spontaneous imbibition experiments with different
fluid pairs, rock types and boundary conditions.
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Figure 4-6: Aqueous surface tension and interfacial tension with light mineral oil vs.
concentration for TERGITOLTM 15-S-7 surfactant at 25oC. (Surface tension values
adopted from Dow Chemical company brochure).
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Figure 4-7: Aqueous surface tension and interfacial tension with light mineral oil vs.
concentration for (a) DOWFAXTM 2A1 and (b) DOWFAXTM 3B0 surfactant at 25oC.
(Surface tension values adopted from Dow Chemical company brochure).
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Figure 4-8: (a) Schematic of the experimental setup of imbibition experiments, (b) the
glass imbibition cell used to collect oil affluent from a saturated core immersed in an
aqueous phase.
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Figure 4-9: Conversion chart of. peak-to-peak amplitude for a 3/4" horn versus setting
number.
30
29

Temperature, oC

28
27
26
25
24
23
22
Setting 2 (amplitude: 0.012 mm (peak to peak)

21

Setting 5 (amplitude: 0.03 mm (peak to peak)

20
0

100

200

300

400

500

600

700

800

Time [ minutes ]

Figure 4-10: Temperature change within the ultrasonic bath at Setting 2 (LO) and 5 (HI).
These settings correspond to peak to peak amplitudes of 0.012 mm and 0.03 mm,
respectively.

(a)

(b)

Figure 4-11: Emulsification during surfactant experiments. (a) 3% DOWFAX 2A1 with
light mineral oil, (b) 3% DOWFAX 2A1 with Husky crude oil.
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Figure 4-12: Summary of final recovery with and without ultrasound for all fluid pairs.
The 45o line in (b) represents the case when the response equals to that of the control.
Dashed lines signify the percent deviation (%) from the control case. Recovery below
±5% deviation from the 45o line is believed to be within the uncertainty range of
imbibition experiments, and therefore assumed to be unaffected by ultrasound.
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60%
Water Imbibition into dry Berea sandstone
Uncoated Berea sandstone. NUS
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Figure 4-13: Air recovery vs. imbibition time of water imbibing into dry Berea sandstone.
Blue curves represent the imbibition performance under ultrasound with a horn (20 kHz,
Setting 5). Red curves represent the control without the application of ultrasound. Both
co-current and counter-current scenarios are shown.
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Figure 4-14: Air recovery vs. imbibition time of water imbibing into dry Indiana
limestone. Blue and green curves represent the imbibition performance under ultrasound
with a horn (20 kHz, Setting 5) and ultrasonic bath (40 kHz), respectively. Red curves
represent the control without the application of ultrasound. Both co-current and countercurrent scenarios are shown.
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Figure 4-15: Illustration of the frontal propagation of water imbibing into dry, strongly
water-wet Berea sandstone in the absence of a boundary. (Based on the CT scanner
results by Garg, Nikravesh et al. (1996). The displacement is governed by partially
counter-current, capillary dominated imbibition with buoyant forces present. Air
preferentially is moves upwards.

Figure 4-16: Illustration of the frontal propagation of water imbibing into dry, strongly
water-wet Berea sandstone when all sides except the bottom end are sealed with epoxy.
(Based on the CT scanner results by Garg, Nikravesh et al. (1996). The displacement is
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entirely governed by counter-current, capillary dominated imbibition with air flowing
opposite to the upward buoyant force.
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Figure 4-17: Oil recovery vs. time during spontaneous imbibition of water into kerosene
and light mineral oil saturated Berea sandstone at two intensities of ultrasound for two
boundary conditions: (a) all sides open (uncoated), (b) bottom end open (coated). The
dashed interval outlines the recovery when imbibition cells are reversed.
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Figure 4-18: (a) Oil recovery vs. time, and (b) cross-comparison plot, of spontaneous
imbibition of 15,000 ppm and 150,000 ppm NaCl aqueous solution into light mineral oil
saturated Berea sandstone (all sides open) at two intensities of ultrasound, as compared to
no ultrasound. Red curves correspond to control conditions without ultrasound. The 45o
line in (b) represents the condition when the response under ultrasound equals that of the
control. Dashed lines signify the percent (%) deviation from the control.
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Figure 4-19: (a) Oil recovery vs. time and (b) cross-comparison plot, during spontaneous
imbibition under ultrasound of 150,000 ppm NaCl brine solution into light mineral oil
saturated Berea sandstone (all sides open) before and after aging for one month. The 45o
line in (b) represents the condition when the response under ultrasound equals that of the
control. Dashed lines signify the percent (%) deviation from the control.
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Figure 4-20: Oil recovery vs. time during spontaneous imbibition of (a) 1%
Alkyldiphenyloxide Disulfonic Acid, and (b) 5% Alkyldiphenyloxide Disulfonic Acid,
into light mineral oil saturated Berea sandstone (all sides open) at two intensities of
ultrasound. Red curves illustrate control conditions without ultrasound.
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Figure 4-21: Cross-comparison plot of oil recovery during spontaneous imbibition of 1%
Alkyldiphenyloxide Disulfonic Acid, and 5% Alkyldiphenyloxide Disulfonic Acid, into
light mineral oil saturated Berea sandstone (all sides open) at two intensities of
ultrasound. The 45o line represents the condition when the response under ultrasound
equals that of the control. Dashed lines signify the percent (%) deviation from the control.
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Figure 4-22: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of various Alkyldiphenyloxide Disulfonic Acid solutions into light mineral oil
saturated Berea sandstone (all sides open) under ultrasound. For comparison, we also
added the imbibition performance after using a 150,000 ppm brine solution as aqueous
phase. The 45o line in (b) represents the case when the response equals to that of the
control. Dashed lines signify the percent deviation (%) from the control case.
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Figure 4-23: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of 5% Alkyldiphenyloxide Disulfonic Acid solutions into kerosene saturated
Berea sandstone (all sides open) at two intensities of ultrasound. The 45o line in (b)
represents the case when the response equals to that of the control. Dashed lines signify
the percent deviation (%) from the control case.
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Figure 4-24: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of various Alkyldiphenyloxide Disulfonic Acid solutions into light mineral oil
saturated Berea sandstone (all sides open) under ultrasound after aging samples for one
month. For comparison, we also added the imbibition performance of 150,000 ppm brine
solution as aqueous phase. The 45o line in (b) represents the case when the response
equals to that of the control. Dashed lines signify the percent deviation (%) from the
control case.
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Figure 4-25: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of various Alcohol Ethoxylate solutions into light mineral oil saturated Berea
sandstone (all sides open) under ultrasound (Setting 5). The 45o line in (b) represents the
case when the response equals to that of the control. Dashed lines signify the percent
deviation (%) from the control case.
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Figure 4-26: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of 1% Alcohol Ethoxylate solution into kerosene and light mineral oil
saturated Berea sandstone (all sides open) under ultrasound (Setting 5). The 45o line in
(b) represents the case when the response equals to that of the control. Dashed lines
signify the percent deviation (%) from the control case.
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Figure 4-27: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of various xanthan gum solutions into light mineral oil saturated Berea
sandstone (all sides open) under ultrasound (Setting 2). For comparison, we also added
the imbibition performance after using a 150,000 ppm brine solution as aqueous phase.
The 45o line in (b) represents the case when the response equals to that of the control.
Dashed lines signify the percent deviation (%) from the control case.
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Figure 4-28: Cross-comparison plot of the spontaneous imbibition of 0.03 wt% and 0.09
wt% Xanthan gum solutions into light mineral oil saturated Berea sandstone (all sides
open) under two ultrasonic settings. The 45o line represents the case when the response
equals to that of the control. Dashed lines signify the percent deviation (%) from the
control case.
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Figure 4-29: Cumulative water imbibed versus ultrasonic intensity for various fluid pairs.
[MO: light mineral oil, ADA: DOWFAX 3B0]
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Figure 4-30: (a) Oil recovery vs. time, and (b) cross-comparison plot, of the spontaneous
imbibition of 150,000 ppm NaCl brine and 3% Alyldiphenyloxide Disulfonic acid
solution into crude oil saturated Berea sandstone (all sides open) under ultrasound
(Setting 2). The 45o line in (b) represents the case when the response equals to that of the
control. Dashed lines signify the percent deviation (%) from the control case.
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Appendix A: Equipment
Ultrasonic Equipment:
Misonix Sonicator® 3000
Misonix Sonicator® 3000 generator
Misonix ¼” Horn
Misonix ½” Horn (for FlocellTM)
Misonix Microtip Horn
Misonix FlocellTM
Misonix Booster Horn
Sonabox Enclosure

Purchased from:
Mandel Scientific Company Inc.
2 Admiral Place
Guelph, Ontario
N1G 4N4
www.mandel.ca

Pumps:
Kent Scientific Genie (syringe pump)

THE KENT SCIENTIFIC
CORPORATION
1116 Litchfield Street
Torrington, CT 06790
TEL: (860)626-1172
FAX: (860)626-1179

HNP Mikrosysteme MZR-7205 (micro
annular gear pump)

HNP Mikrosysteme GmbH
Juri-Gagarin-Ring 4
D-19370 Parchim
GERMANY

Chemicals:

Kerosene, Light Mineral Oil, Heavy
Mineral Oil, Pentane, Heptane, Toluene,
Acetone, Ethanol, NaCl

Fisher Scientific Company
112 Colonnade Road
Ottawa, Ontario
K2E 7L6

S60, S200, N350, S600

CANNON Instrument Company
2139 High Tech Road
State College PA 16803, USA

DOWFAX 2A1, 3B0
TERGITOL 15-S-7
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