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iscosity effects in vibratory mobilization of residual oil
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ABSTRACT

The last decade has seen clarifications of the underlying
capillary physics behind stimulation of oil production by
seismic waves and vibrations. Computational studies have
prevailed, however, and no viscous hydrodynamic theory of
the phenomenon has been proposed. For a body of oil en-
trapped in a pore channel, viscosity effects are naturally in-
corporated through a model of two-phase core-annular flow.
These effects are significant at the postmobilization stage,
when the resistance of capillary forces is overcome and vis-
cosity becomes the only force resisting an oil ganglion’s mo-
tion.Aviscous equation of motion follows, and computation-
al fluid dynamics �CFD� establishes the limits of its applica-
bility. The theory allows inexpensive calculation of impor-
tant geophysical parameters of reservoir stimulation for giv-
en pore geometries, such as the frequency and amplitude of
vibrations needed to mobilize the residual oil. The theoretical
mobilizing acceleration in seismic waves for a given frequen-
cy is accurate to within approximately 30% or better when
checked against CFD. The advantages of the viscous theory
over the inviscid one are twofold. The former can calculate
complete time histories of forced displacement of an oil blob
in a pore channel, including retardation by capillary forces,
mobilization by vibrations, and an ensuing Haines jump. It
also provides an approximately factor-of-two improvement
in the calculation of the mobilizing acceleration needed to
unplug a static ganglion.

INTRODUCTION

Interest in vibrational and acoustic stimulation of oil reservoirs as
potential method of tertiary petroleum recovery has a long history

see Beresnev and Johnson, 1994, for a review; see also Nikolae-
skiy et al., 1996; Roberts et al., 2001; Dobronravov, 2002; Poesio et
l., 2002; Roberts et al., 2003; Roberts, 2005�. However, theory and
umerical simulations elucidating the underlying physics responsi-
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le for the mobilizing effect of vibrations on residual hydrocarbons
ere not developed until the last decade �Graham and Higdon, 2000;
ilpert et al., 2000; Iassonov and Beresnev, 2003; Beresnev et al.,
005; Li et al., 2005; Beresnev, 2006; Iassonov and Beresnev, 2008;
ride et al., 2008�. Considering that one of the fundamental reasons
or unrecoverable oil is the entrapment of isolated blobs in pore con-
trictions by capillary forces, the theoretical studies have exposed
he pore-scale mechanism of vibration-induced inertial forcing
ushing the stuck ganglia over their capillary barriers. We define the
apillary barrier here as a resistive force that a ganglion needs to
vercome to pass through a constricted opening in a porous channel.

The physics of the entrapment is generally well understood
Taber, 1969; Melrose and Brandner, 1974; Morrow, 1979; Oh and
lattery, 1979; Payatakes, 1982; Wardlaw, 1982�. The existence of

he capillary barrier is known as the Jamin effect �Taber, 1969�. As
eviewed by Iassonov and Beresnev �2008�, it is caused by the in-
erse dependence of the capillary pressure in a pore channel on the
hannel’s radius according to Laplace’s law. As an oil blob, driven
y an external pressure gradient, enters a narrow constriction, a pres-
ure imbalance is created within the blob opposing the motion until
his imbalance equates the external pressure difference across the
lob, at which moment the motion stops. The oil becomes immobile
nless the external forcing is increased to push it through the narrow-
st point in the constriction.

As detailed by Graham and Higdon �2000�, Beresnev et al.
2005�, and Iassonov and Beresnev �2008�, the key variables con-
rolling the “height” of the capillary barrier for an oil blob of certain
ength attempting to penetrate a porous constriction are the radius of
he constriction, the length of the blob, and the background pressure
radient. For a population of residual ganglia in a natural reservoir,
ne typically encounters a continuum of capillary barriers.Applying
seismic wave with a certain frequency and amplitude provides suf-
cient inertial forcing to push some ganglia over their respective
arriers, and the percentage of mobilized ganglia is predicted to
row with the increasing amplitude and decreasing frequency. At a
iven frequency, a certain amplitude must be reached that is called
he threshold �the mobilization� amplitude. What is important for the

obilization is the acceleration developed by the seismic wave be-
ause it creates an inertial body force adding to the background gra-

nuary 2010; published online 12 July 2010.
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N80 Beresnev and Deng
ient. That is why, when using the term amplitude, we will imply the
mplitude of acceleration.

Graham and Higdon’s �2000� and Iassonov and Beresnev’s
2008� studies are largely computational, whereas Beresnev �2006�
ormulates an inviscid dynamic theory of a ganglion’s motion under
he effect of vibratory excitation, based on the balance of forces act-
ng on it. Pride �2008� reiterates the main conclusions regarding the
actors controlling the ganglia mobilization. Beresnev et al. �2005�
nd Li et al. �2005� verify the frequency and amplitude effects on the
anglia liberation in a direct laboratory experiment; Chrysikopoulos
nd Vogler �2006� report further laboratory evidence of the mobiliz-
ng effect of vibrations on the residual ganglia.

A nonwetting oil blob sliding along a water film adsorbed on a
ore’s wall can arguably be considered frictionless. This observation
as the basis for Beresnev’s �2006� inviscid theory. However, if any

mount of shearing occurs at the wetting-/nonwetting-phase contact
ine, it will create a viscous stress and contribute an additional force
esisting the motion, not accounted for by an inviscid theory. Be-
ause the no-slip boundary condition still applies at the pore wall, the
agnitude of the viscous stress will be a function of the thickness of

he adsorbed film, which is a quantity not presently constrained by
ny theory. Such thicknesses have to be prescribed as a problem pa-
ameter.

A natural way to quantify the viscous stress for a two-phase fluid
otion is through a model of core-annular Poiseuillean flow �e.g.,
iddleman, 1995, section 2-1�, with different film thicknesses as-

umed. It will allow calculation of the parameters of the seismic field
equired for the mobilization of oil ganglia, such as the frequency
nd amplitude, with viscosity of the fluids taken into account. Such
alculations can then be compared with the results of the inviscid
heory, providing the magnitude of viscous effects on the parameters
f seismic stimulation. The validity of the improved viscous model
an be checked against generally more accurate computational fluid
ynamics, which also is not part of Beresnev’s �2006� study. Devel-
ping the improved viscous model of seismic stimulation, compar-
ng it with the results of the inviscid model, and verifying the theory
gainst computational fluid dynamics constitute the goals of the
resent investigation.

According to these objectives, the study proceeds as follows. We
rst formulate a modified version of Beresnev’s �2006� equation of
otion of an oil ganglion to include the viscosity effect based on the

ore-annular Poiseuillean flow. We then provide solutions of the
quation and compare them with the solutions obtained from com-
utational fluid dynamics, the latter serving as a reasonable, al-
hough not perfect, benchmark. This process estimates the error in
omputing the parameters of vibroseismic stimulation of oil produc-
ion, such as the mobilizing frequency and acceleration, using the
ew viscous theory. We also look at the differences between the re-
ults computed from the inviscid and viscous theories, verifying the
imits of applicability of the former. A synopsis of findings con-
ludes the study.

THE GANGLION’S EQUATION OF MOTION
INCLUSIVE OF VISCOUS FORCES

Consider a body of nonwetting fluid flowing in an axisymmetric,
inusoidally constricted pore channel with a constant-thickness film
with thickness dh� deposited on the channel’s wall. The axial coor-
Downloaded 12 Jul 2010 to 129.186.121.82. Redistribution subject to 
inate is z. The radius of the fluid/fluid interface ri�z� follows the
quation

ri�z��rmax�1�
1

2
� rmin

rmax
�1��1�cos �

z

L
��, �1�

here 2L is the channel’s wavelength, and rmin and rmax are the mini-
um and the maximum radii of the blob, respectively. Such a simpli-
ed capillary-tube model, revealing much of the physics of entrap-
ent and mobilization, has been commonly considered before �e.g.,
h and Slattery, 1979; Wardlaw, 1982; Gauglitz and Radke, 1989;
raham and Higdon, 2000; Hilpert et al., 2000�.
For a ganglion driven by a constant background pressure gradient
P �assuming �P��P/�z� in the presence of externally induced vi-

ratory inertial forcing and a resisting capillary force, in the friction-
ess case, Beresnev �2006, equation 8� formulates an equation of mo-
ion representing the balance of the corresponding body forces act-
ng on the center-of-mass of the ganglion,

d2�z1/L�
dt2 �

2�

�oilL�� 1

ri�z1��1�ri�
2�z1�

�
1

ri�z1����1�ri�
2�z1�����

a�t�
L

�
�P

�oilL
�0.

�2�

ere z1 /L is the dimensionless coordinate of the trailing three-phase
ontact line, �oil is the density of the oil �core� phase, � is the oil/wa-
er interfacial tension, � is the length of the blob measured between
he trailing and leading three-phase contact lines �see Figure 1 for an
llustration�, and a�t� is the time-dependent acceleration of the solid
all. This acceleration provides an “inertial” driving force that, add-

d to the background gradient, causes the blob’s motion relative to
he wall and its eventual mobilization �Graham and Higdon, 2000;
eresnev et al., 2005�. The smallness of residual oil ganglia with re-

pect to a seismic wavelength allows considering the inertial driving
orce constant over the length of the oil at any given time �Beresnev,
006, p. N48�. The “prime” symbol at ri indicates the derivative
ith respect to z. The terms ri�z���1�ri�

2�z1� and ri�z1���
1�ri�

2�z1��� in equation 2 are the exact radii of the left and right
enisci, respectively �Hilpert et al., 2000, equation 20�.
As stated in the Introduction, if shearing at the fluid/fluid interface

s present, it will introduce an additional resisting viscous force.
uch a shearing can be introduced most plausibly through the model
f a two-phase steady-state Poiseuillean flow in a core-annular ge-
metry, in which oil is the core fluid and water is the surrounding an-
ulus. If the core radius is rc, and the oil and water viscosities are �oil

nd �w, the axial component of the Poiseuillean velocity u�r� in the
ore obeys the equation

1.5L

+r dh r dh+ minmax

z1
�

igure 1. Initial geometry for the CFD simulations. The channel’s
ull wavelength is 2L.
SEG license or copyright; see Terms of Use at http://segdl.org/
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Viscous theory of seismic stimulation N81
u�r���
�P

4�oil
�rc

2�r2��
�P

4�w
	�rc�dh�2�rc

2
 �3�

Middleman, 1995, equation 2-1.9�. The shear stress at the fluid/fluid
nterface is then, by definition, calculated as

�� �r�rc
��oil�du

dr
�

r�rc

�
rc� P

2
, �4�

here the derivative has been found from equation 3.
According to our conceptual model of the oil body sliding along

he viscous film, this shear stress, then equivalent to a friction force,
s expected to be controlled by the speed of the motion of the gangli-
n dz1 /dt, which we equate with the Poiseuillean velocity in the cen-
er of the channel, r�0. Writing equation 3 for r�0, solving it for
P, and substituting the result into equation 4 with u�0��dz1 /dt

hen leads to the shear stress in the form

�� �r�rc
��

2�oil

rc�1�
�oil

�w

dh

rc

�2�
dh

rc

��
dz1

dt
, �5�

hich expresses it through the ganglion’s speed.
Because equation of motion 2 is written through body forces, the

hear stress �equation 5� should be converted to a body force as well.
his stress is the viscous force per unit area acting on the surface of

he cylinder with radius rc and length �; multiplying this stress by the
otal area of the cylinder and dividing by its volume, we obtain the
rictional body force as equation 5 multiplied by 2 /rc.

A straight cylindrical core-annular flow has been assumed so far
n the derivation of the viscous body force. The actual ganglion
hape follows an axisymmetric equation 1, in which the radius varies
rom rmin to rmax. As the best approximation, we substitute the aver-
ge of rc ��rmin�rmax� /2 for rc in the final equation. Normalizing
he frictional body force by �oilL as was done in equation 2, we then
btain the expression

iscous-body-force

��
4�oil

�oilr̄c
2�1�

�oil

�w

dh

r̄c

�2�
dh

r̄c

��
d�z1/L�

dt
. �6�

his term should be added, with a positive sign, to the left-hand side
f equation 2, which becomes the modified equation of motion of the
anglion that takes into account the viscous resistance. From now
n, we will call the result the viscous equation, and it will be the sub-
ect of the subsequent analysis.

Our application of the model of Poiseuillean core-annular flow in
straight cylindrical channel to a channel with varying wall profile is
alid in the “small-slope” �“lubrication”� approximation �Panton,
996, figure 21.3�. For the channels with sinusoidal geometry, the
pproximation applies if the slope parameter �, equal to the ratio of
he maximum radius of the tube to its half wavelength, is kept small-
r than one �Gauglitz and Radke, 1990, figure 2; Beresnev and Deng,
010�. This is the restriction on the geometry that we must follow in
he examples below.
Downloaded 12 Jul 2010 to 129.186.121.82. Redistribution subject to 
VIBRATORY MOBILIZATION OF RESIDUAL OIL
WITH VISCOSITY TAKEN INTO ACCOUNT

omparison of the viscous model with computational
uid dynamics

ethodology of comparison

Equation 2, with the friction term added, is a new viscous model
hat describes the dynamics of the oil ganglion. Its solutions provide
complete time history of the blob’s displacement. For practical pur-
oses, however, it is important to verify if this equation provides an
ccurate prediction of the parameters of vibroseismic stimulation,
uch as the amplitude and frequency of vibrations that mobilize a
iven stuck body of oil. Our validation will be based on computa-
ional fluid dynamics �CFD�, which we assume can provide a gener-
lly accurate solution of the hydrodynamic problem underlying the
eophysical one at hand. The vibroseismic parameters are first ob-
ained from the numerical solution of the viscous equation. Then the
ame geometric scenario is run in a fully hydrodynamic CFD simu-
ation, and the parameters are compared.

Our CFD simulations have been performed using the commercial
ode Fluent �manufactured byANSYS, Inc.�, which incorporates the
nite-volume discretization scheme to solve the full system of equa-

ions of fluid mechanics for the two-phase flow on a spatial grid. An
xample of an initial geometry of a ganglion entrapped in a pore con-
triction, used as a starting configuration in CFD, is shown in Figure
. All simulations were performed on a mesh of quadrilateral cells;
esh-refinement studies were carried out to ensure that the solutions
ere grid independent.
As detailed by Beresnev et al. �2005�, Beresnev �2006�, and Ias-

onov and Beresnev �2008�, as the frequency of vibrations increases,
o generally does the amplitude needed to unplug the blob. For every
obilization frequency, therefore, runs with several amplitudes are

equired to bracket, by trial and error, the threshold amplitude at
hich the mobilization takes place. The CFD simulations are com-
utationally extremely intensive. It should be remembered also that
ypically as many as several periods of vibratory drive are needed to
ush the ganglion completely through the constriction �Beresnev,
006�. The CFD simulations thus have to proceed for a time span of
everal periods. The computer time required for this imposes practi-
al limitations on the lowest frequency �longest period� that we
ould use.

For example, computing one scenario from the initial entrapped
onfiguration to the liberation moment, with the necessary stability
nd convergence constraints, requires two to three weeks of CPU
ime on a modern four-processor workstation for the seismic fre-
uency of 50 Hz. Considering that several such runs are needed to
racket the mobilizing acceleration, the total computer time to re-
olve the unplugging acceleration at 50 Hz is about three months.
or this reason, 50 Hz was the lowest frequency used. The computer

ime restriction is much more relaxed as one moves upward in the
requency. This explains the relatively high-frequency range of our
omparisons.

Similar restrictions apply to the size of the computational domain
the pore size� �Figure 1�. To ensure the reliability of CFD simula-
ions, the absolute size of grid cells has to stay about the same no

atter how large the domain is. This practically means that the com-
uting time necessarily increases beyond plausible limits if too large
channel is simulated. In the following, we show results for two
SEG license or copyright; see Terms of Use at http://segdl.org/
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N82 Beresnev and Deng
hannel geometries: rmin�10�5 m, rmax�2�10�5 m �we will call
t the case of low aspect ratio� and rmin�10�5 m, rmax�4�10�5 m
the case of high aspect ratio�, L and � being 10�4 m and 0.6�L, re-
pectively. This was achieved as a compromise between satisfying
omputational limitations and staying within realistic pore sizes for
natural oil reservoir. The slope parameter � is kept under one ��
0.2 and 0.4, respectively�. Because the channel geometry

through the resisting capillary force� dictates the total external forc-
ng required for the mobilization, this forcing �the static gradient
lus vibratory acceleration� for the geometries chosen was necessar-
ly constrained to be relatively large as well. However, it should be
emembered that absolute values of the vibratory acceleration and
ackground gradient �P are scaled up and down by the pore geome-
ry and the ganglion size �Beresnev, 2006� and should not be viewed
s having any particular meaning.

The total number of quadrilateral cells for the geometries used
anged from 23,216 to 83,450. The fluid parameters were as follows:
�0.04 N /m, �oil�0.01 Pa s, �w�0.001 Pa s. The densities of

il and water were taken equal to 1000 kg /m3. Figures 2 and 3 show
he results of comparisons of the viscous model against CFD for the
ow- and high-aspect-ratio pores, respectively. On the graphs on the
eft-hand side, one point represents, for the geometry values listed in
gure captions, the values of the acceleration amplitude versus fre-
uency. These acceleration amplitudes are required to mobilize an
ntrapped ganglion. The constant background gradients are indicat-
d also in the captions; by definition of the entrapment condition,
hey are insufficient to mobilize the ganglion without the vibrations
pplied. Graphs are plotted separately for the CFD �squares� and vis-
ous-model �circles� results in the frequency range of 50 to
000 Hz.
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igure 2. Comparison of CFD simulations and viscous model: rmax

10�5 m �a� dh�0.1�rmin, � � P��3.98�107 N /m3; �b� dh�
3.66�107 N /m3.
Downloaded 12 Jul 2010 to 129.186.121.82. Redistribution subject to 
As noted, the absolute magnitudes of acceleration are high; how-
ver, these are constrained by the geometry choices and merely serve
o compare the values from CFD and the model. The relative error in
he threshold acceleration amplitude, plotted on the right in Figures
and 3, is calculated as the difference between the CFD and viscous-
odel values normalized by the CFD value. In addition, Figure 2

hows results for two film thicknesses, dh�0.1�rmin �Figure 2a�
nd dh�0.05�rmin �Figure 2b�.

In CFD simulations, we maintained a constant pressure difference
etween the left and right boundaries of the computational domain
see Figure 1�, corresponding to the postulated pressure gradient.
owever, the CFD approach is free from simplifying assumptions
ade in the derivation of the theoretical model that had made the

heory tractable. For example, the local pressure gradient in a two-
hase flow, such as shown in Figure 1, with the menisci present, is
either constant nor steady, nor is the length of the moving blob �the
heoretical model assumes both �P and � to be constant�. This
hows that care needs to be exercised in determining how to judi-
iously define the equivalence between the initial configurations in
FD and the analytic model, considering the fundamental differenc-
s between their levels of approximation of reality.

We define the equivalence as follows. We set the same initial
ength of the ganglion �; however, in CFD it will vary as the ganglion
eaves its entrapped configuration. Next we assign the same “global”
P. In the CFD simulation, it is formally introduced by dividing the

ressure difference across the domain by the domain length. Finally,
e enforce that the initial configurations in CFD and the model have

he same static mobilization threshold. This is reflected in the fact
hat the curves in Figures 2 and 3 �left� converge at zero frequency.

The equality of the static thresholds means that, in the initial en-
trapped configuration without vibrations applied,
the ganglion will become mobilized in both the
model and CFD by adding the same additional
constant body force �a step jump� to the existing
background gradient. Because this is a constant
jump, we conveniently call it zero frequency. To
be plotted on the same scale in Figures 2 and 3,
this step increase in the body force is converted to
units of acceleration by dividing it by the fluid
density. To ensure the equality of the static thresh-
olds, the �P in the model and CFD have to be
slightly adjusted; however, this equality is physi-
cally more meaningful than that of the formally
defined “global” gradients. Following this proce-
dure does not generally lead to the same static
mobilization thresholds for different film thick-
nesses, which is exemplified by Figure 2a and b
�left panels�.

Summary of geophysical results

With the “static” equivalence of the initial con-
ditions defined, we can make comparisons of the
mobilizing effect of vibrations at frequencies not
equal to zero. Figure 2 shows that the results ob-
tained from CFD and the viscous model �con-
strained to be the same at zero frequency� start to
diverge as the frequency increases to 1000 Hz.
This is to be expected because oscillatory forcing

(Hz)
800 1000

(Hz)
800 1000

10�5 m, rmin

�rmin, � � P�
ror

quency
600

Error

quency
600

�2�
0.05
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Viscous theory of seismic stimulation N83
f a realistic fluid is associated with complex flow patterns, which
re adequately captured by the computational fluid dynamics but not
y the model equation; the ability of the theory to represent realistic
ynamic behavior can therefore be predicted to degrade with the fre-
uency. However, as the comparison shows, the simple model equa-
ion still provides a correct order-of-magnitude prediction of the vi-
roseismic-mobilization parameters, relative to CFD, even at fre-
uencies as high as 1000 Hz.

As the right panel in Figure 2 indicates �the case of the low aspect
atio�, the maximum error grows to 34% and 18% at 1000 Hz for the
wo film thicknesses �dh�0.1�rmin and 0.05�rmin, respectively�.
he behavior of the curves for the aspect ratio that is twice as large

Figure 3, left� �dh�0.1�rmin� does not follow this simple pattern,
owever. The error �Figure 3, right� is smaller, has an opposite sign,
nd seems to peak at 14% at the lowest frequency of 50 Hz instead of
he highest frequency. It is difficult to explain fully these quantitative
ifferences, which might have to do with the increased slope of the
all of the channel, other than noting that the comparisons indicate

hat the maximum error in the determination of the parameters of vi-
roseismic stimulation from the viscous model, relative to CFD, is
xpected to be on the order of tens of percent.

An approximately linear increase in the amplitude of unplugging
cceleration with increasing frequency is seen in Figures 2 and 3
left panels�. This result is to be expected and was explained on phys-
cal grounds by Iassonov and Beresnev �2008, p. 468 and figure 7a�.

omparison of the viscous and inviscid models

When mobilizing external forcing is applied to a nonwetting gan-
lion stuck in a constriction, the ganglion moves slowly, overcoming
esistance, until its leading meniscus reaches the neck of the con-
triction; past that point, the ganglion is liberated and precipitously
umps out. The latter is known as the Haines jump, broadly defined
ere as an impulsive motion of the meniscus as it retreats from the
onstriction �e.g., Melrose and Brandner, 1974, figure 2; Gauglitz
nd Radke, 1989, figure 2�. In the stage before it, the capillary force
s the principal force resisting the motion. It progressively increases
s the ganglion moves into the constriction and at every instance bal-
nces the forces that push the ganglion forward �the background gra-
ient and vibratory inertial forcing�. This is the key to understanding
he entrapment phenomenon: viscous forces are not needed to im-

obilize the oil. The motion before liberation is always restricted by
apillarity and can be, in principle, calculated without accounting for
he viscosity.

A totally different pattern emerges past the lib-
ration point, as the leading meniscus leaves the
eck of the constriction. The resisting capillary
orce instantaneously vanishes, and in the ab-
ence of such, the ganglion accelerates infinitely.
n other words, the Haines jump goes to infinity
Beresnev, 2006, figures 3 and 5�. This rationale
xplains why the inviscid model can predict the
ondition for the mobilization but not the motion
f the blob after it has been “unplugged.” We now
ish to check if the incorporation of a viscosity

erm leads to a finite jump and continuity in the
ntire time history of the motion.

Figure 4 presents, as an example, the solutions
f the inviscid equation 2 �left� and the viscous
quation �right�, showing the time history of the
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ubble displacement z1 /L from its entrapped configuration after the
ibrations with frequency of 1000 Hz have been turned on at t�0 s.
he geometry is indicated in the figure caption. The difference be-

ween the displacement behaviors is as has been anticipated. The
ubble becomes liberated in a fraction of the vibration period in both
ases; the liberation moment is only slightly delayed by the friction
n the viscous case �the mobilization moments are indicated by ar-
ows�. However, the subsequent motion in the inviscid case consti-
utes an infinite Haines jump. A progressive motion through a series
f constricted pores can be tracked only in the viscous model. Hav-
ng experienced the first Haines jump, the blob reaches the next con-
triction, experiences two back-and-forth movements under the ef-
ect of the vibratory forcing, corresponding to two periods of vibra-
ion, then becomes mobilized during the third period, experiences
he next Haines jump, and the pattern is repeated as the ganglion

akes its way through the series of constrictions �Figure 4, right�.
The Haines jumps �the steepest segments of the trajectory� are in-

icated also by arrows in Figure 4, right. They are, of course, much
ubdued by the viscous resistance, but their trajectory is still visibly
teeper than the trajectory at any other part of the time history. The
umber of periods of the blob’s oscillations in the subsequent en-
rapped positions before the following Haines jumps can be variable,
s it is dictated by a pattern of interference between forced and free
scillations �Beresnev, 2006, p. N51�. In this example, it is equal to
wo. The entire time history calculated with the viscosity accounted
or has a realistic periodic character, showing all principal phases of
otion expected from the balance of governing forces. However, the

act of the ganglion mobilization is predicted correctly by the invis-
id theory.

It would be important also for the geophysical applications to
ompare the change in the minimum �threshold� mobilizing acceler-
tion calculated from the inviscid and viscous theories. It can be ex-
ected that, all conditions being equal, adding viscosity to the model
ill increase, through the added resistive force, the threshold value
f acceleration needed to liberate a ganglion from its entrapped con-
guration.As an example, calculations show that at seismic frequen-
ies of 20 and 50 Hz and the geometry and �P as in Figure 4, the ra-
ios of the “viscous” to “inviscid” threshold accelerations are both
qual to 2.1. The acceleration needed to mobilize a stuck blob indeed
ncreases with added viscosity as anticipated. This ratio also quanti-
es the magnitude of the effect that the new viscous theory has on the
rediction of unplugging acceleration, which is finite but not over-
helming.
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DISCUSSION

We have developed a model describing the motion of a nonwet-
ing oil ganglion driven through a constricted pore under the effect of
n imposed pressure gradient and external vibrations and resisted by
apillary force and viscous friction. The incorporation of viscous
tress has been achieved through a Poiseuillean core-annular flow
ormulation. The earlier model of Beresnev �2006� assumed the cap-
llary force as the only one resisting the motion, which provided a re-
listic description of the forced oscillations up to the mobilization
oment but could not track the entire trajectory of the ganglion as it
oved through a succession of pores. The primary goal of this theo-

etical development is to provide an improved quantitative descrip-
ion of seismic mobilization of residual oil as a tool in enhanced oil
ecovery �Roberts et al., 2003�.

In following the traditional approach of reducing the complex po-
ous media to their most basic elements — single capillary channels

the theoretical model used is one of a constricted capillary tube.
his simplification allowed many investigators to make the analysis

ractable and reveal the basic physics of the entrapment and mobili-
ation of the residual oil; the same approach can be applied to the
eismic-stimulation phenomenon. As emphasized by Iassonov and
eresnev �2008, p. 472�, the approach does not take into account the
ore interconnectivity and the presence of multiple menisci.

Experimental evidence already suggests that calculations, based
n the proposed ganglion-liberation mechanism, can be successfully
pplied to explaining the seismic-mobilization parameters observed
n a laboratory system of interconnected pores �Beresnev et al.,
005; Li et al., 2005�. An oil ganglion extending down gradient and
aving multiple lateral branches is, of course, a more complex sys-
em than a blob in a constricted tube. It is nonetheless reasonable to
ssume that the principal motion will still proceed along the direc-
ion of the external gradient, and the mobilization will occur through
he menisci residing closest to their mobilization thresholds, to
hich calculations of the single-tube theory can be applied. The the-
ry thus is expected to provide the basic physical understanding of
he mobilization process at a single-pore level even in the case of

ore complex, two- and three-dimensional pore systems.
In addition, the theory presented does not consider a possibility of

he continuous core phase breaking up into beads in pore constric-
ions when the ganglion protrudes far enough through the narrowest
oint, that is, beyond the seismic mobilization stage �Roof, 1970;
sai and Miksis, 1994; Chrysikopoulos and Vogler, 2006�. In this
ontext, the model discussed should be viewed as providing a theo-
etical description of the ganglion’s seismic mobilization and its mo-
ion through the constriction until the conditions for the initiation of
he breakup have been met.Asmaller ganglion will arise after that.

Haines jump

Mobilization

Mobilization

z
/L 1 z
/L 1

Time (ms) Time (ms)

igure 4. Axial position of the ganglion under the effect of vibra-
ions calculated from the inviscid �left� and viscous �right� models:
max�2�10�5 m, rmin�10�5 m, dh�0.05�rmin, � � P��3.66

107 N /m3, f �103 Hz.
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The improved viscous stimulation model has been checked
gainst a finite-volume CFD code. Of principal interest is the cor-
ectness of estimation of the important parameters of vibroseismic
etroleum recovery, such as the frequency and amplitude, calculated
rom the viscous theory, relative to CFD. Using the model equation
or such calculations for plausible practical applications has signifi-
ant advantages. At seismic frequencies, computational fluid dy-
amics is prohibitively expensive. For example, at 50 Hz, it takes as
any as three months of CPU time on a present-day multiprocessor
orkstation to compute a threshold mobilizing acceleration that a

eismic source needs to develop. Using the model equation, this
akes only several seconds.

CONCLUSIONS

Comparison of the seismic solutions between CFD and the vis-
ous equation, carried out in the frequency range of 50 to 1000 Hz,
hows that the simple dynamic model predicts the minimum acceler-
tion required to mobilize a static ganglion at a given vibration fre-
uency with an error of about 30% or smaller, relative to CFD. The
rror might depend on the geometry and the frequency. Assuming
FD as a reliable benchmark, this can be considered a practically

atisfactory accuracy of the model, considering its simplicity and the
ase of obtaining its numerical solutions. The viscous equation pro-
ides complete time histories of a ganglion’s displacement through a
orous channel, indicating all principal stages of motion, such as the
etardation by restraining capillary force, mobilization due to the cu-
ulative effect of vibrations and background static forcing, a Haines

ump again followed by retardation, and so on.
Taking viscosity into account necessarily increases the magnitude

f the vibratory force required for the mobilization, due to an in-
reased resistance to flow. At seismic frequencies of 20 and 50 Hz,
or example, the threshold mobilizing accelerations are increased by
pproximately a factor of two in the viscous case for the geometries
nalyzed, relative to the inviscid model. This quantifies the gain in
ccuracy of estimating the practical field parameters of vibroseismic
timulation achieved by using the viscous equation of motion.

The viscous force depends on the assumed thickness of the wet-
ing film adsorbed on pore walls. In the absence of a constraining
heory, this thickness value has to be prescribed and should be con-
idered one of the model’s parameters.

The proposed model provides an improved quantitative tool that
an be used in the estimation of the parameters of vibroseismic reser-
oir stimulation. Whether the required elastic-wave amplitudes can
e achieved realistically with the existing borehole acoustic sources
s a separate question.

In summary, the viscous analytic model of oil-ganglion dynamics
roves to be a convenient, inexpensive, and reasonably accurate tool
or calculating practical parameters of seismic stimulation of residu-
l oil for prescribed pore geometries.
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