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Abstract. The effects of seismic stimulation on the flow of two immiscible fluids in
an elastic synthetic porous medium is experimentally investigated. A wetting fluid
is slowly evacuated from the medium, while a pressure oscillation is applied on the
injected non-wetting fluid. The amplitude and frequency of the pressure oscillations
as well as the evacuation speed are kept constant throughout an experiment. The
resulting morphology of the invading structure is found to be strongly dependent
on the interplay between the amplitude and the frequency of the applied pressure
oscillations and the elasticity of the porous medium. Different combinations of
these properties yield morphologically similar structures, allowing a classification
of structures that is found to depend on a proposed dimensionless number.
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1. Introduction

The observed increase of oil recovery in the production wells affected
by seismic activity triggered the research of alternative ways in stimu-
lating removal of the residual oil in reservoirs (Beresnev and Johnson
(1994), Beresnev et al. (2005)). The attempts that have been made
so far in the investigation on a possible increase in the extraction of
organic hydro-carbons range from the use of surfactants in order to
reduce the surface tension between the phases (Fountain et al. (1991),
Pennell et al. (1994)) to the use of elastic waves (Beresnev and Johnson
(1994), Reddi and Challa (1994), Roberts et al. (2003)) and ultra-sonic
waves (Roberts et al. (2001)). The research has been developing in both
experimental (Roberts et al. (2001), Li et al. (2005)) and theoretical
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directions (Hilpert et al. (2000), Iassonov and Beresnev (2003), Hilpert
(2007), Pride et al. (2008)).

The objective of this study is an experimental investigation of the
impacts of seismic stimulation on horizontal flow of two immiscible
fluids in a small scale elastic porous medium. The properties of this
stimulated drainage process are compared with established knowledge
and placed in the context of non-stimulated drainage. Recall that,
generally, a non-stimulated displacement in the horizontal plane is
controlled by capillary and viscous forces (Lenormand et al. (1983)).
As one of the phases is being removed from the medium, the other
one advances creating the invasion pattern. Depending on which force
dominates the flow and the properties of the fluids (e.g. viscosity and
density contrast, wettability) different geometries of the invading struc-
ture can be achieved (Lenormand et al. (1988), Toussaint et al. (2005),
Løvoll et al. (2005)).

A horizontal displacement of a wetting by a nonwetting fluid in
the capillary regime results in capillary fingering structures that are
well reproduced by the invasion percolation (IP) algorithm (Chandler
et al. (1982), Wilkinson and Willemsen (1983), Lenormand and Zarcone
(1985), Lenormand et al. (1988), Lenormand and Zarcone (1989)).
Fast displacement of the same two fluids is governed by the viscous
forces. An invasion of a fluid that is more viscous than the defending
fluid, results in a stable displacement (Dullien (1992), Lenormand et al.
(1988), Aker et al. (2000)). Injecting a less viscous non-wetting fluid
gives viscous fingering (Saffman and Taylor (1958), Måløy et al. (1985),
Lenormand et al. (1988), Løvoll et al. (2004)). However, at intermediate
outflow velocities, the invading patterns exhibit similarity with the IP
patterns on a small scale, whereas on larger scales the displacement
structures resemble geometries characteristic for the viscous fingering
regime (Toussaint et al. (2005)). In a non-horizontal system, gravity and
density contrast between the fluids result in a variety of displacement
structures (Wilkinson (1984), Birovljev et al. (1991), Wagner et al.
(1997), Méheust et al. (2002)).

In this study the focus is shifted from a non-stimulated flow to stim-
ulated drainage in a horizontally placed elastic porous medium. The
stimulation consists of a pressure oscillation applied to the non-wetting
fluid while the wetting fluid is being slowly removed from the porous
matrix. Systematically changing the amplitude and the frequency of
the pressure oscillations, different morphologies of the invading cluster
can be achieved. The shape changes from invasion-percolation like,
through different finger-like structures ending with a fragmented and
cloud-like structure as the amplitude of the oscillations are increased.
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The observed change in the flow patterns is strongly coupled to the
elasticity of the system as it responds to the pressure perturbations.

To put the oscillatory pressure stimulation in a field context we
look into seismic waves. A seismic wave consists of two components,
the so-called S- and P-wave. The S-wave corresponds to a sinusoidal
translation wave of the rock matrix. In a system with fluids and matrix
of different densities the S-wave generates body forces (Pride et al.
(2008)). We focus on the compressional component of the seismic wave,
the P-wave, and its effects on the soft inclusions in the system. A pass-
ing P-wave corresponds to a homogeneous compression or dilatation,
over scales smaller than the wave length.

When a large scale homogeneous compression is imposed from the
boundary over a system with soft inclusions, the stress variation will be
larger around this inclusions (Eshelby (1957)). If a soft fluid, like air, is
trapped in a rock, these pockets will amplify the amplitude of the pres-
sure oscillation corresponding to the P-wave. This pressure oscillation
larger than in the surrounding, resonating due to the compressibility
heterogeneity, will emit secondary pressure waves penetrating in the
surrounding medium like a diffusion wave, according to Biot’s theory
(Biot 1962). This is the situation analogous to our experiments.

The manuscript is organized as follows. Section 2 presents the ex-
perimental setup and provides the experimentally measured elasticity
properties of the porous medium. The boundary conditions are pre-
sented in detail as they are novel to this setup as compared to work
on non-stimulated systems. Section 3 is a theoretical treatment of the
physics of the process. The elastic properties of the model are discussed,
and a dimensionless number that serves as relevant parameter in the
system is given. Section 4 gives in-depth experimental results and,
based on visual appearance, proposes a classification of the obtained
structures.

2. Experimental setup and methodology

The core of the experimental model is the porous matrix and the tubing
system, through which the flow is controlled. A schematic view of the
model is shown in Figure 1.

2.1. Porous matrix – elastic properties

The experiments are performed with a quasi-two-dimensional labora-
tory made porous medium. It consists of a randomly distributed mono-
layer of 1 mm diameter glass beads between two sheets of transparent
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contact paper. The size of the contact paper sheets is 50 cm × 50 cm.
The beads are poured on the lower contact paper sheet to cover the
entire area of it. The active area of the porous matrix, a 35 cm × 20 cm
rectangle, is sealed off by silicon glue before adhering the top contact
paper sheet onto the beads. The top panel of the porous matrix is then
slit to provide the access and the escape openings for fluids. A dissected
view of the porous matrix is given in Figure 2. The porosity and the
permeability of the porous medium are measured to be φ0=0.63 and
κ=1.9×10−5 cm2, respectively, and the volume of a single pore is ap-
proximately 1 mm3. The upper contact paper is glued to a transparent
50×50×2 cm3 Plexiglas plate. There are two channels, 0.5 cm wide and
0.8 cm deep on the bottom of the Plexiglas plate that are aligned with
the openings on the matrix, allowing access to the model volume. The
Plexiglas plate with the porous layer is clamped to a ’water cushion’, the
pressure from which impedes horizontal movement of the glass beads
and helps in keeping the temperature of the system homogeneous, thus

Figure 1. Schematic view of the vertical cross-section of the experimental setup. 1)
syringe pump, 2) light box, 3) outlet pressure sensor, 4) porous matrix and the water
cushion on the bottom, 5) camera, 6) inlet pressure sensor, 7) container for pressure
amplitude regulation, 8) air pump, 9) DC motor that operates the air pump
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keeping the viscosities of the fluids constant throughout experiments
(Frette et al. (1997)).

The model construction allows for a certain elasticity. The change
in the porous matrix volume and the pressure of the fluid is measured
while the matrix is being over-saturated from an external reservoir.
The fluid volume in the matrix is

V (p) = V0 + δV (p) , (1)

where V0=V (patm), the volume at the reference pressure (atmospheric
pressure), and δV (p) is the change in the volume due to the applied
over-pressure (δp = p− patm). The volume change is found to be linear
in the pressure change,

δV (p)

V0
= ξ

δp

patm
, (2)

where ξ is the elasticity coefficient of the porous medium. In the pres-
sure range relevant to our experiments its value is measured to ξ=0.38.
Using Eq. (2) and by expressing the volume as V (p)=Ah(p)φ(p), where
A is the area, h(p) the height, and φ(p) the porosity of the medium,
Eq.(1) is rewritten as

φ(p)h(p) = φ0h0

(

1 + ξ
δp

patm

)

, (3)

where φ(patm)=φ0 and h(patm)=h0. This means that the change in the
fluid volume due to the imposed pressure results in the alteration of
the porosity and the height of the system.

2.2. Boundary conditions

The prime objective with the setup is to study an on-average slow
drainage process under oscillatory driving pressure. A custom built
pump system is made for this purpose, see Figure 1. Initially, the model
is filled with the wetting fluid that is essentially incompressible. During
an experiment this fluid is withdrawn from the model at a constant flow
rate. The boundary condition on the model outlet is thus defined by the
constant outflow rate, corresponding to a constant pressure gradient at
the outlet. Without oscillations the inlet side may be left open to air,
and during drainage the pressure of the wetting fluid inside the model is
lowered with respect to the surrounding atmospheric pressure. In order
to oscillate the pressure on the inlet side, the opening is attached to an
air cavity of variable size. This cavity is in turn open to surrounding
air through a pin-hole, which serves as an air supply and makes the air
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Figure 2. Schematic view of the porous model: 1-upper Plexiglas plate, 2-inlet/outlet
tubing connector, 3-inlet/outlet channel, 4-upper adhesive paper sheet, 5- slit,
6-lower adhesive sheet, 7-monolayer of glass beads, 8-silicone filling (defines the ge-
ometry of the active matrix), 9-mylar film, 10-aluminum rim and 11-lower Plexiglas
plate. Elements 9, 10 and 11 define the pressure cushion.

pressure, on average, equal to the surrounding atmospheric pressure. A
larger opening is directly connected to an air pump; a piston that moves
back and forth within a cylinder. The motion of the piston compresses
and expands the air in the cavity, resulting in an oscillating air pressure
at the inlet of the porous matrix. This pressure is monitored, and
by tuning the size of the cavity and the piston motion, the desired
amplitude of the air pressure oscillations is realized. The oscillatory
frequency is given by the piston’s frequency.

2.3. Experimental procedure

The porous medium is placed in the horizontal plane over a light box. At
the beginning of each experiment the porous matrix is fully saturated
with the wetting phase. As the wetting fluid a 80% – 20 % by mass
glycerol-water solution dyed with 0.1 % negrosine is used. The viscosity
of the wetting fluid is ηw=0.11 Pa s and the density is ρw=1209 kg/m3.
The nonwetting phase is air with viscosity ηnw=1.9×10−5 Pa s. The
measured value of surface tension between the phases is γ = 6.4×10−2

N/m. The wetting fluid is withdrawn at a constant rate Q=0.022 ml/min.
The pressure in the nonwetting fluid is oscillated with pressure ampli-
tudes up to 4300 Pa and frequencies (f): 0.2 Hz, 0.9 Hz, and 4.0 Hz.

The starting point of an experiment is defined as the time when
air enters the porous matrix. The invading structure evolves with time
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PRESSURE OSCILLATIONS IN DRAINAGE 7

as the non-wetting fluid advances in the pores occupied by the wetting
fluid. The experiment ends when the invading structure reaches the out-
let channel. The geometry of the invading cluster at the breakthrough
(i.e. when the invading fluid reaches the outlet channel) represents a
fingerprint of the drainage process performed under the oscillating pres-
sure conditions at given frequency and amplitude. An example of three
different invading structures achieved for three different amplitudes is
shown in Figure 3.

Figure 3. Examples of breakthrough images of the invading cluster created in a
drainage process stimulated with the oscillating pressure. The applied frequency is
0.2 Hz and the amplitudes of the oscillating component vary. The structures shown
on the images A, B and C are created at 20, 560 and 3700 Pa, respectively. The
outflow rate of the wetting fluid is Q=0.022 ml/min. The dark area on the images
represents the wetting fluid while the white area is the invading air cluster.

The time evolution of the invasion is recorded by a digital camera
(Nikon D70 S ) placed above the model. The pictures are taken at three
minute time intervals and the resolution of the images is 3008 × 2000
pixels (70 pixels/cm).

The pressure is recorded both at the inlet and the outlet. In air a
Honeywell 176PCHD214 and in the liquid a Honeywell flow through
26PCA sensor are used. The pressure sensors are connected with a
desktop computer through either a Keithley (2000) voltmeter or a
National Instruments Data Acquisition (DAQ) card.
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3. Physics of the process

In drainage processes the created pattern, the displacement efficiency,
and other characteristics of the process depend on the interplay between
the forces involved. The relative strength of capillary and viscous forces
determines whether a process is capillary fingering or viscous fingering.
In non-horizontal systems the role of gravity would have to be taken
into account, but it can be neglected for the current study of horizontal
flows. In our experiments the oscillatory pressure needs to be compared
with the other forces in order to understand its effect. Before turning
to this point in Sec. 3.2, we briefly recapitulate some key points about
capillary fingering.

On the pore scale, advancement of the displacement front means
the invasion of pore after pore, thus overcoming the capillary pressure
threshold in each of the invaded pores. The capillary pressure obeys
the Young-Laplace law,

pc = pnw − pw = γ(
1

R1
+

1

R2
) . (4)

The pnw and pw terms represent the pressures of the nonwetting and
the wetting phases, respectively, γ is the interfacial tension, and R1

and R2 are principal radii of curvature. In the experiments the typical
pore space is of size a, and the capillary pressure is approximated by
pc ≈ γ/a.

In a very slow drainage process the front invades the largest pores
first since they exert the least resistance. The growth of the displacing
cluster is discontinuous (Haines (1930), Morrow (1970), Måløy et al.
(1992), Furuberg et al. (1996)) and is characterized by so called bursts
or Haines jumps. Before a burst, the pressure builds up until the easiest
pore is invaded and subsequently a certain number of pores is occupied
at once. The burst lasts as long as the pressure difference in the ad-
vancing part of the interface is large enough to overcome the capillary
thresholds in the neighboring pores. After the burst the pressure in the
invading fluid builds up again until it is large enough to overcome the
capillary pressure barrier in another pore throat along the front.

The movement of the fluid through the medium is characterized by
the flow velocity, which is related to the viscous pressure gradient by
the Darcy law. For the wetting fluid

v = − κ

ηw
∇p , (5)

where, v is so-called seepage or Darcy’s velocity and κ is the perme-
ability of the system. The ratio between viscous and capillary forces
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is represented through the capillary number. The capillary number is
defined as a ratio of the viscous and capillary pressure drop over the
pore length,

Ca =
∆p

pc
=

ηva2

γκ
. (6)

Our experiments are performed with a low background speed, so that
the capillary number is small enough to keep the flow in the capillary
fingering regime (Wilkinson and Willemsen (1983), Lenormand and
Zarcone (1985)). However, the capillary number does not include the
effects of pressure oscillations. Since the porous medium is elastic, the
pressure oscillations cause back and forth motion of the fluids locally,
and this alters the local ratio between viscous and capillary forces.
An additional dimensionless number is needed to account for this; a
number which includes the elastic properties.

3.1. Pressure skin-depth in an elastic,

quasi-two-dimensional porous medium

The elasticity of the system allows for some volume changes within
each oscillatory cycle. In a much stiffer system the pressure varia-
tions would propagate through the entire system, but here the volume
changes causes the pressure to attenuate over a certain distance ahead
of the front. The distance from the front to which the defending fluid
is affected by pressure oscillations is estimated in the following.

For an arbitrary volume of fluid within the porous matrix con-
strained with δx, δy and h(p) in x, y and z directions respectively, the
mass flow through the vertical surface defined by δy and h(p) (assumed
perpendicular to the flow) is

Φ = ρf φ(p)h(p) δy u . (7)

The ρf term is the density of the wetting fluid and u is the fluid velocity
through the vertical surface. If the designated volume contains fluid of
mass M , then

M = ρf φ(p)h(p) δx δy , (8)

which means that the surface density ρs=M/(δxδy) becomes

ρs = ρfφ(p)h(p) . (9)

The mass conservation law for the surface density is

∂t(ρs) + ∇ · (ρsu) = 0 . (10)

Note that the actual fluid velocity u, which is related to the Darcy
velocity v as v/φ(p) (Anghel et al. (2006), Flekkøy et al. (2001)), enters
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here and yields

∂t(ρfφ(p)h(p)) + ∇ ·
(

ρfφ(p)h(p)
v

φ(p)

)

= 0 . (11)

By inserting the expressions for φ(p)h(p) and v, Eq. (3) and Eq. (5),
respectively, we obtain

∂t

(

ρfφ0h0

[

1 +
ξδp

patm

])

−∇ ·
(

ρfh(p)
κ

ηw
∇p

)

= 0 . (12)

Due to the incompressibility of the fluid ρf is considered constant. In
the time derivative term the pressure p in δp=p − patm is the only
time dependent quantity. In the spatial derivative κ, h(p), and ∇p
are all in principle position dependent. However, we approximate this
by assuming the permeability κ to be constant and claiming that the
spatial variation in height (ξh0δp/patm = h(p) − h0) in Eq. (12) is
negligibly small compared to the model thickness h0; therefore h(p) ≈
h0. This gives

ρfφ0h0ξ

patm
∂tp − ρfκh0

ηw
∇ · ∇p = 0 . (13)

Rearranging the terms, Eq. (13) can be written in the form of a diffusion
equation

∂tp = D∇2p (14)

with the diffusion constant

D =
κpatm

ηwφ0ξ
. (15)

In order to estimate the pressure skin-depth in the direction of
flow, we solve Eq. (14) assuming invariance in the transverse direction;
i.e. p=p(x, t). The boundary conditions are i) for the inlet: p(0) =
P cos(ωt)+ patm, where P and ω = 2πf are the amplitude and angular
frequency of the applied oscillation and ii) for the outlet – taking the
limit at infinity: ∇p∞ = −v0ηw/κ.

The solution for p(x, t) (which may be verified by direct inspection)
is the real part of

p = Pei(kx−ωt) + patm , (16)

where the wave number is

k =

√
2

2
(1 + i)

√

ωηwφ0ξ

patmκ
. (17)

Effects_of*pressure_oscillations_in_an_elastic_porous_medium_revisited_2.tex; 23/06/2009; 14:09; p.10
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The imaginary part of k gives the damping. The length over which the
pressure is reduced to 1/e is thus

xs =
1

Im k
=

√

2patmκ

ωηwφ0ξ
. (18)

This pressure skin-depth depends on the frequency of the oscillations.
The behavior of the fluid pressure ahead of the invasion front is illus-
trated in Figure 4.

0 0.1 0.2 0.3 0.4 0.5
x (m)

0

1000

2000

3000
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p(
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t)
 -

 p
at

m
 (P

a)

exponential decay
t = 0 s
t = T/4

Figure 4. Pressure wave propagation in the defending fluid as a function of the
distance ahead of the invasion front. The dash-dot line represents the decay of the
pressure amplitude with distance at time t = 0, the dashed line represents the
pressure decay with distance at t = T/4 (T = 1/f)and the solid line represents
the exponential decay of the pressure oscillation amplitude(envelope). The initial
amplitude of the oscillation is 4000 Pa and the frequency is 0.2 Hz.

3.2. Fragmentation number

Due to the pressure oscillations and elasticity there is back and forth
movement of the front (Figure 5). The forward-backward displacement
of the front within each pressure oscillatory cycle will result in frag-
mentation of the invading cluster if the displacement is large enough.

The fragmentation generally occurs when the menisci move back-
wards within an oscillatory cycle. The likeliness of the fragmentation
is higher when the frontal displacement is large relative to the typical
pore size, hence the fragmentation number is defined as a ratio of the
backward traveling distance (∆x−) and the pore size (a)

F =
∆x−

a
. (19)
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Figure 5. Schematic view of frontal displacement due to the imposed pressure
oscillations on the pore scale. The gray arrow represents the direction of the for-
ward displacement(∆x+). The black arrow represents the direction of the backward
displacement of the front (∆x−). The dashed lines schematically show successive
positions of the front as it is being displaced due to the pressure oscillations in the
nonwetting phase.

The backward traveling distance can be expressed as

∆x− ≈ 1

ω

κP

ηwxs
, (20)

where the first term represents the time scale of the motion and the
second term is an approximation of the velocity of the meniscus. The
fragmentation number

F =
1

ω

κP

ηwxsa
=

√

P 2κφ0ξ

4πfηwpatma2
= c

P√
f

. (21)

is then proportional to the pressure oscillation amplitude and inversely
proportional to the square root of the frequency. In our experiments
the model and fluid parameters (i.e. elasticity coefficient, permeability,
pore size, porosity, viscosity) are held constant, giving c = 5.7 · 10−5

(Pa−1s−1/2) in Eq.(21).
To relate our fragmentation number to a real world situation we

resort to Biot’s (Biot (1962)) theory of pressure wave propagation in a
fluid-saturated porous material. As shown in Pride (2005), similarly to
our case, pressure propagation in a porous material is described by a
diffusion equation with the diffusion coefficient Dr. For the situations
where a considerable contribution to the compressibility comes from the
soft fraction in the porous medium (e.g. fluid with possibly trapped air
bubbles), the diffusion coefficient can be written as

Dr =
κr

βη
(22)
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where, κr is the permeability of the porous medium, β is the com-
pressibility and η is the viscosity of the soft medium. Analogously to
our quasi-two dimensional case the fragmentation number for a real,
three-dimensional porous material can be calculated as:

F =
κrP

aη
√

2Drω
. (23)

Consider a seismic wave with a pressure amplitude P = 103 Pa and
frequency of 1 Hz, corresponding to a moderate seismic event or to an
oscillation created artificially in a nearby well (Shearer (1999)). For a
porous material filled with water where the compressibility of water is
β = 10−10 Pa−1, and the permeability of the solid matrix is κr = 10−11

m2, with pores of size a = 10−5 m, using Eq. 23 the calculated value of
F is 0.07. This value is in the same range as the values calculated for
the synthetic porous medium used in the experiments.

4. Results and discussions

The design of the experimental set-up allows independent tuning of
amplitudes and frequencies of the pressure oscillations. The oscillatory
frequency and the amplitude are chosen at the beginning and kept fixed
throughout each experiment. In this study three different frequencies
and a relatively large range of amplitudes are used. The frequencies
are 0.2, 0.9 and 4 Hz. For each frequency the amplitudes range from
around 20 to approximately 4000 Pa. The typical capillary pressure for
the set-up used in the study is around 60 Pa. For each used frequency
there is also a characteristic pressure skin-depth. The skin-depths are
10.7 cm, 5.0 cm and 2.4 cm for 0.2, 0.9 and 4 Hz, respectively (see Eq.
(18)).

The outflow rate is kept low thus minimizing the effects of the vis-
cous forces and maintaining the background flow of the fluid in the
capillary regime. Lower values of Q would not affect the morphology
of the invading cluster. On the contrary, a considerable increase in Q
would lead to a crossover of the background flow from the capillary
to the viscous regime therefore affecting the morphology before the
stimulation is even applied (Løvoll et al. (2004)).

The objective of the study is the analysis of the effects of the pressure
oscillations on the invading cluster geometry at break-through, when
the invading cluster reaches its maximal size. The breakthrough images
are shown in Figure 6.

In general, it is observed that the applied oscillations change the
overall geometry of the invading cluster. The extent of the change

Effects_of*pressure_oscillations_in_an_elastic_porous_medium_revisited_2.tex; 23/06/2009; 14:09; p.13
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Figure 6. Breakthrough images of all experiments. The numbers above individual
images indicate the amplitude of the pressure oscillations given in Pa (top row) and
the fragmentation number (F ) in the bottom row. The numbers 0.2, 0.9 and 4.0
refer to the frequency of the oscillations (Hz) at which the experiments are carried
out. The flow direction is from the bottom of each individual image and up.

relative to the geometry of the invading cluster in a non-stimulated
drainage strongly depends on the chosen combination of the amplitudes
and the frequencies of the oscillation (see Figure 3). There are four
different flow regimes identified. Each of the regimes is characterized
by a typical morphology of the invading cluster. To classify the geo-
metrical characteristics of each regime the global saturation (Snw) with
the non-wetting fluid at breakthrough is measured. To characterize the
stimulation, the fragmentation number F is also evaluated in each case.

4.1. Saturation

The differences in the geometry of the invading cluster for different
flow regimes largely reflect in the non-wetting saturation (Snw) at
breakthrough. The outflow rate (Q) and the fragmentation number
(F ) can be tuned independently. In all experiments the outflow rate is
kept constant. For this constant outflow rate the saturation depends
on the fragmentation number and also on the breakthrough time (tb)
since Snw = Qtb/V0φ. The plots of the saturation as a function of the
fragmentation number (Snw(F )) are given in Figure 7.

The data collapse suggests that the fragmentation number is the con-
trolling parameter. Different levels of saturation in the porous medium
can be achieved by choosing the amplitude and frequency of the os-
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Figure 7. Saturation (ratio of the matrix volume occupied with the non-wetting
fluid to the total volume of the voids) as a function of the fragmentation number
(Snw(F )). The solid line connects data points from the experiments where the
oscillatory frequency is 4.0Hz, the dotted line marks the 0.9Hz experiments and
the dashed line connects the data points from the 0.2Hz experiments. The vertical
(dash-dot) lines divide the graph into sections that correspond to different flow
regimes (A-capillary fingering, B-fingering, C-fragmentation, D-foam formation).

cillations to match the fragmentation number that corresponds to the
desired saturation.

4.2. Phase diagram and invading cluster morphology

The classification of the flow regimes is based on the fragmentation
number and is summarized on a phase diagram given in Figure 8.

4.2.1. A: Capillary fingering
In the experiments performed in a relatively low amplitude regime
the breakthrough clusters resemble the structures typically observed in
the so-called capillary fingering regime (Figure 9) , in which the pore
throats with the lowest capillary pressure thresholds are invaded first.
This behavior is somewhat expected because the backwards traveling
distance of the menisci is much smaller than the average pore size.
In these cases the impact of the pseudo-seismic stimulation is low or
non-existing. This sort of geometry typically occurs in the experiments
where F is up to 0.01, independently of the applied frequency.
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Figure 8. Phase diagram. The solid lines represent the borders between the phases
based on the calculated values of the fragmentation number (f = ( cP

F
)2). Different

symbols represent four geometries of the invading cluster (0: capillary fingering, ∇:
fingerlike structure, ♦: fragmented structure and �: structure where foam is present).

4.2.2. B: Fingerlike geometry
The fingerlike structures were typically achieved for F ′s ranging from
0.01 to 0.08. Generally the structure is either a result of a simultaneous
growth of multiple fingers on different parts of the invading front or just
a single finger that spans the matrix. The single fingerlike geometries re-
semble viscous fingering (Figure 10). Regardless of their number, there
is also a noticeable difference in the thickness of the individual fingers
when the amplitude is changed. The thickest fingers are obtained for
relatively low amplitude experiments. As an example, images from two
experiments performed at different fragmentation numbers are shown
in Figure 11.

A similar increase in thickness is observed when the speed of a
drainage process in the viscous regime without oscillations is decreased
(Toussaint et al. (2005)).

4.2.3. C: Fragmented geometry
Another prominent feature is the fragmentation or discontinuation of
the invading cluster. The fragmentation is present in the cases when F
is larger than 0.08. Typically the fragmentation takes place along the
front line and is particularly pronounced ahead of the most advanced
part of the front. Initially, the fragmented structures largely resemble
the single-finger like structures with branches that laterally grow off the
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Figure 9. Comparison of an invading cluster geometry achieved in a low amplitude
and frequency experiment (a) with typical capillary fingering structure (b). The
stimulation tends to generate more compact invading structures (smaller sizes of
the trapped clusters) than those characteristic for the capillary fingering regime.
The direction of the flow is from the left- to the right-hand side.

Figure 10. Example of a single-finger like invading cluster. The displacing structure
is elongated and typically have relatively low number of branches that grow sideways
with respect to the main finger. The thickness of the fingers varies and is generally
larger than the thickness of the fingers observed in the viscous regime. The direction
of the flow is from the left- to the right-hand side.

main structure. The level of fragmentation depends on F . For the F
values on the higher end of the spectrum (values closer to 0.2) the effects
of fragmentation are very well visible. A comparison of two fragmented
invading structures with the different F values is shown in Figure 12.

4.2.4. D: Geometries with foam
Finally, when F exceeds 0.2 fragmentation dominates the invasion and
small air bubbles are introduced in the wetting phase. The trapping of
the air bubbles in the defending fluid is defined as foam formation. In
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Figure 11. Comparison of two finger-like structures achieved at F = 0.018 (a) and
F = 0.025 (b) in the 4 Hz series. The thickness of the fingers is distinguishable while
the general shape is preserved to a great extent. The direction of the flow is from
the left- to the right-hand side.

the current set-up and the range of achievable fragmentation numbers
the foam formation is present in a very few cases and related to F ′s
larger than 0.2, which corresponds to the largest amplitude experiments
in the 0.2 and 0.9 Hz series. Typically foam forms along the front line
but is being left behind as the invading cluster grows and fragments.
In the cases where a considerable amount of foam is formed there is a
lack of a well connected invading cluster and a clearly distinguishable
front line due to excessive fragmentation. The displacing structure ap-
pears as a cloud-like formation. A typical example of a cluster with a
considerable amount of foam is shown in Figure 13.

5. Conclusion

The effects of pseudo-seismic stimulation on a slow quasi two-dimensional
drainage process in an elastic porous medium are addressed. It is found
that the pressure stimulation of the drainage process alters the flow
regime in which the wetting fluid is evacuated from the porous medium.
The change in the flow regime due to applied pressure oscillation results
in a change of the morphological characteristics of the invading struc-
ture. The degree of the impact greatly depends on the intensity of the
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Figure 12. Difference in the level of fragmentation depending on the F values. The
example (a), represents a displacement cluster achieved for F = 0.18. The entire
structure is heavily disconnected and the fragmentation is not localized but rather
present in the entire displacing structure. In the example (b), the value of F is on
its lower end (F = 0.098). The level of fragmentation is very low and the fragments
are located mostly around the top part of the invading cluster. The direction of the
flow is from the left- to the right-hand side.

stimulation and the elasticity of the porous medium. The stimulation
consisting of the oscillatory amplitudes and frequencies that result in
small incursions of the oscillating menisci into the wetting phase has
a very little or no impact on the geometry of the displacing structure.
On the contrary, the stimulation that produces larger incursion of the
menisci within an oscillatory cycle leads to a dramatic change in the
flow regime. The difference in the flow regimes then results in a notably
different geometries of the invading structure.

There are four distinguishable flow regimes followed with four regime
specific geometries for the used range of amplitudes and frequencies.
The classification of the observed morphologies is done by using the
proposed fragmentation number and the characteristic level of resid-
ual saturation (at breakthrough). The phase diagram shows that the
proposed fragmentation number can be used to differentiate and char-
acterize the flow regimes. The morphological differences of the invading
structures for different regimes result in various levels of saturation
with non-wetting fluid. The data collapse obtained when the residual
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Figure 13. Example of a displacement cluster with foam. This experiment is car-
ried out at the maximal F achievable for the described experimental set-up. The
amount of formed foam varies from experiment to experiment and depends on the
fragmentation number. In the cases where the F values were relatively smaller the
foam forms in a smaller quantity. The direction of the flow is from the left- to the
right-hand side

saturation is plotted as function of the fragmentation number suggests
that the fragmentation number is the relevant controlling parameter.
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