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Direct observation of patchy fluid distribution: Laboratory study
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ABSTRACT: The geohazards predictions during oil and gas extraction are becoming extremely important
recently. Reservoir development changes fluid distribution inside reservoir and in some cases facilitates major
geohazards. Exploration geophysics methods and especially seismic method are usually applied for
investigation of underground fluid distribution and thus prevention of possible hazards. Interpretation of
exploration seismograms requires understanding of the relationship between distribution of the fluids patches
and acoustic properties of rocks. The sizes of patch as well as its distribution play a significant role in seismic
response. In this paper we reported the results of laboratory experiments of simultaneous observation of fluid
saturation by X-ray computer tomography and ultrasonic velocity measurements. Results are compared with

numerical simulations.

1 INSTRUCTIONS

Maximising the recovery of known hydrocarbon re-
serves is one of the biggest challenges facing the pe-
troleum industry today. Optimal production strate-
gies require accurate monitoring of production-
induced changes of reservoir saturation and pressure
over the life of the field. Time-lapse seismic tech-
nology is increasingly used to map these changes in
space and time. However until now, interpretation of
time-lapse seismic data has been mostly qualitative.
In order to allow accurate estimation of the satura-
tion, it is necessary to know the quantitative rela-
tionship between fluid saturation and seismic char-
acteristics (elastic moduli, velocity dispersion and
attenuation). The problem of calculating acoustic
properties of rocks saturated with a mixture of two
fluids has attracted considerable interest (Gist 1994;
Mavko & Holen-Hoeksema 1994; Knight et al.
1998); for a comprehensive review of theoretical and
experimental studies of the patchy saturation prob-
lem see Toms et al. (2006).

For a porous rock whose matrix is elastically ho-
mogeneous, and inhomogeneities are caused only by
spatial variations in fluid properties, two theoretical
bounds for the P-velocity are known (Mavko &
Mukerji 1998, Mavko et al. 1998). In the static (or
low-frequency) limit, saturation can be considered as
homogeneous, and hence the rock may be looked at
as saturated with a homogeneous mixture of the flu-
ids. In this case the bulk modulus of the rock is de-

defined by the Gassmann equation with the fluid
bulk modulus given by Wood’s formula i.e., the
saturation-weighted harmonic average of the bulk
moduli of fluids. The Gassmann-Wood bound is
valid when the characteristic patch size is small
compared to the fluid diffusion length. The diffusion
length is primarily controlled by rock permeability,
fluid viscosity and wave frequency. In the opposite
case, when the patch size is much larger than the dif-
fusion length, there is no pressure communication
between fluid pockets and consequently no fluid
flow occurs. In this no-flow (or high-frequency)
limit, the overall rock behaves like an elastic com-
posite consisting of homogeneous patches whose
elastic moduli are given by Gassmann’s theory.
Since all these patches have the same shear modulus,
the effective P-wave modulus can be obtained using
Hill’s equation, i.e., the saturation-weighted har-
monic average of the P-wave moduli. Whereas the
Gassmann-Wood and Gassmann-Hill bounds apply
in the low- and high-frequency limits, respectively,
for intermediate frequencies, uneven deformation of
fluid patches by the passing wave results in local
pressure gradients and hence in the wave-induced
fluid flow. Such wave-induced flow cases wave at-
tenuation and thus velocity dispersion. The effects of
regularly distributed fluid patches of simple geome-
try (spheres, flat slabs) were first studied by White
(1975), White at al. (1975), and Dutta & Ode (1979).
More recently, the effect of regularly distributed
patches of more general shape was modelled by
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Johnson (2001) and Pride et al. (2004). For ran-
domly distributed fluid patches, Miller & Gurevich
(2004) and Muller et al. (2008) showed how the ef-
fect of wave-induced flow controls the transition
from the Gassmann-Wood to the Gassmann-Hill
bounds.

While theoretical poroelastic models can predict
the acoustic response for a given spatial distribution
of fluid patches, the factors controlling the formation
of the patches are less well understood. These fac-
tors can be studied using fluid-injection experiments
in the laboratory. Previously reported laboratory ob-
servations demonstrate a qualitative link between
fluid patch distribution and acoustic velocities (Ca-
doret et al. 1995, 1998; Monsen & Johnstad 2005).
In order to get a deeper insight into the factors influ-
encing the patch distribution and the associated
wave response, we perform simultaneous measure-
ments of P-wave velocities and rock sample X-ray
computer tomography (CT) imaging. The CT imag-
ing allows us to infer the fluid distribution inside the
rock sample during saturation (water imbibition).
We then show that the experimental results are con-
sistent with theoretical predictions and numerical
simulations.

2 EXPERIMENTAL SET UP

Experiments are performed on a cylindrical sample
(38 mm in diameter and 60 mm long) cut from a
Casino sandstone (Otway Basin, Australia). The
sample is dried at 100 °C under reduced pressure for
24 h. The petrophysical properties are measured us-
ing a Coretest AP-608 automatic permeame-
ter/porosimeter (Table 1). Then, the sample is sealed
with a thin epoxy layer in order to prevent fluid
leakage through the surface. Longitudinal (Vp) and
shear wave (Vs) velocities at a frequency of 1 MHz
are measured in the direction across to the core axis
(perpendicular to the fluid flow) using broadband ul-
trasonic transducers. Intermediate aluminum “guide-
pins” are placed between the sample and transducers
to secure sufficient and constant coupling, as well as
to provide transparency for X-ray radiation.

Two different saturation methods — referred to as
dynamic and quasi-static saturation - are used in this
study. In the dynamic saturation experiments, the
samples are jacketed in the experimental cell made
out of X-ray transparent material PMMA (Figure 1).

Distilled water is injected into the sample from
one side. The injection rate is 10 mL per day. In
quasi-static saturation experiments the samples are
saturated during a long period of time (up to 2
weeks) under reduced pressure in order to achieve
near-uniform fluid distribution for a given saturation
level.
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Figure 1. Core sample jacketed inside experimental rig: 1- X-
ray transparent jacket; 2 —injection pipe; 3 - ultrasonic trans-
dusers.

For quasi-static experiments the saturation level
is determined by measurement of the volume
(weight) of water fraction divided by total volume of
pores. The fluid distribution in the dynamic satura-
tion experiments (both spatial and time dependence)
Is characterized using X-ray computer tomography.
(Figure 2).

The resolution is 0.2 x 0.2 x 1 mm3 (voxel size).
This resolution is not sufficient to image the exact
fluid patch geometry; however, it shows overall
character of the fluid distribution. The fluid satura-
tion is estimated as a difference in average CT-
number (a value related to material density) between
the saturated and dried sample divided by the vol-
ume of porous fraction.
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Figure 2. Simultaneous acquisitions of acoustic properties and
fluid saturation using ultrasonic transducers and CT scan: 1 —
Computer tomograph; 2 — ultrasonic pulse-receiver; 3 — oscil-
loscope; 4- jacketed sample.

The temporal evolution of the saturation profile
along the rock sample is shown in Figure 3. We see
that the overall saturation profile becomes progres-
sively more uniform over time. All experiments are
performed at laboratory environment at a tempera-
ture of 25°C. Velocity is obtained by first break
picking on output signal. Figure 4 shows the P-wave
velocity as a function of saturation for the Casino
Otway sandstone from the dynamic saturation ex-
periment (empty symbols) and quasi-static saturation
experiment (solid symbols). A transition from the
Gassmann-Wood to Gassmann Hill bound is clearly

Ultrasonic measurements area

Figure 3. X-ray image of the whole core sample. The embed-
ded plot shows the profiles of water saturation along the 60
mm long sample at different times (increasing from 1 to 5) dur-
ing the saturation experiment.

observed for water saturations of 40-50% for dy-
namic saturation and 60-70% for quasi-static satura-
tion. Figure 5 shows CT images recorded during the
dynamic saturation experiments. Scans 1-5 corre-
spond to points 1-5 on the velocity-saturation curve
(Figure 4): increasing saturation from the dried sam-
ple (1) up to 50% (point 4) and then decreasing satu-
ration down to 26% (point 5). At low saturations, the
velocity can be well described by the Gassmann
Wood relation; however, a sharp increase in velocity
is observed when saturation exceeds 40% (points 3
and 4 in the Figure 4). Then, the velocity-saturation
approaches the Gassmann-Hill bound.
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Figure 4. a) Velocity versus saturation for the Casino Otway
Basin sandstone from the quasi-static saturation experiment
(black diamonds) and dynamic saturation experiment (white
diamonds). The numbers from 1 to 5 indicate acoustic meas-
urements corresponding to the CT images shown in Figure 5,
and saturation profiles shown in Figure 3. Theoretical Gass-
mann-Wood (G-W) and Gassmann—Hill (G-H) bounds are
shown by dashed and dash-dotted lines, respectively. b) Output
signals corresponding to five stages during the dynamic fluid
injection experiment.
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Figure 5. CT images of the Casino Otway Basin sandstone at
different times after start of injection at the same position: 1 —
dried sample; 2 -1 h; 324 h; 4 — 72 h. Contour of guide-pins
are visible at right- and left-hand side of the sample.

We also observe that for relatively large fluid in-
jection rates (dynamic experiment) the transition
from homogeneous to patchy saturation (from the
Gassmann-Wood to Gassmann-Hill) occurs at
smaller degrees of saturation as compared with low
injection rates (quasi-static experiment). This ob-
servation suggests that the process of fluid patch
formation is controlled by the injection rate.

3 NUMERICAL SIMULATIONS

In order to validate our interpretation of the velocity-
saturation relation in terms of wave-induced flow we
also perform numerical simulations of wave propa-
gation in a 2-D poroelastic solid. The simulations are
performed using 2D finite-difference solver of
Biot’s equations of dynamic poroelasticity (Krzi-
kalla & Muller 2007).

We numerically simulate plane wave propagation
through 2D water saturated media with circle gas in-
clusion (Figure 6b). Wave propagation is initiated by
applying a normal stress at the top of the domain. As
a loading function we use sin(3x), where the dura-
tion of source signal (1 s) and time of wave propaga-
tion (5 s with 2:10™* s time step) are chosen suffi-
ciently long to model quasistatic conditions and
avoid resonance. The shape of outer water-saturated
medium is a circle for analytical solution and a
square for computational model. The size of model
is 40 x 40 grid points. Periodical boundary condi-
tions (PBC) are applied in lateral direction. Receiver
configuration consists of 20 receiver lines with 20
receivers in each line. Distance between lines and
receivers - 2 grid points. Material properties for the
numerical model are shown in the Table 1.

Table 1. Model parameters fo 2D medium.

Rock frame Gas Fluid

Porosity 0.2
Permeability (m?  1.10™%
Bulk modulus

Kary (Pa) 5.10° 0.1.10° 2.25-10°

Kgrain (P2) 35.10°
Shear modulus

Guy (Pa) 11.10°
Density (kg/m®) 2650 100 990
Viscosity (Pa-s) 0.1.10° 1-10°
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Figure 6. Schematic plot of patchy-saturated model: a 2D peri-
odic geometry with inner circle filled with gas and outer me-
dium (a - circle for analytical solution and b - square for com-
puter model) filled with water.

As a result of numerical simulations we obtain
seismograms of velocity divergence vy, +vyy, veloc-
ity difference vyy-Vxy, and Stresses -Syx-Syy , Syy=Sxx. In
order to obtain frequency-dependent velocity and at-
tenuation curves we used the method suggested by
Masson (2007). At first, integration of the bulk ve-
locity divergence and velocity difference yields
mean and differential strains. Then, stresses and
strains are averaged within the model and trans-
formed to the frequency domain by Fourier trans-
form. Finally, effective bulk and shear moduli, fast
P-wave velocity and attenuation are calculated from
these averaged fields according to Wenzlau (in
press)

Velocity dispersion and attenuation are numeri-
callzy simulated for a wide range of frequencies from

-10° Hz. The numerical results for water satura-
tlon of 0.75 are shown by black dots in Figure 7 in
comparison with the analytical solutions for three
slightly different media..

The analytical results for 3 different media are
shown because the analytical and numerical results
are obtained for similar but still slightly different
models (Figure 6a,b) where the model at Figure 6a
does not fill a plane.

Dispersion and attenuation curves (dots) for four
frequencies (0.4, 0.6, 1, 2 Hz) versus water satura-
tion are shown in the Figure 8 together with analyti-
cal solution calculated with the same S/V ratio (the
ratio of the boundary area between two phases to the
sample volume). Variations in water saturation
(0.19, 0.44, 0.64, 0.75, 0.84, 0.94) are obtained by
variation of the inner circle radius. Velocities are
bounded by Biot-Gassmann-Wood (BGW) curve for
low frequencies and by Biot-Gassmann-Hill (BGH)
curve for high frequencies Johnson (2001).
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Figure 7. Three variants of theoretical prediction (dashed lines)
and numerical calculations (dots) of P- wave velocity (a) and
attenuation (b) vs. frequency.
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Figure 8. Theoretical prediction (solid lines) and numerical
calculations (dots) of P- wave velocity (a) and attenuation (b)
vs. water saturation for different frequencies.

Figures 7 and 8 show that our numerical results are
in a reasonably good agreement with the theory. The
slight existing discrepancies between the numerical
and analytical results are most probably caused by
different geometries rather than having a physical
significance.

Figure 9 shows the modeled velocity-saturation
relation obtained for material constants and wave
frequency used in laboratory experiment described
above. The degree of saturation is varied by increas-
ing the size of the randomly distributed fluid
patches. It can be seen that for large saturations, the
fluid patches begin to cluster resembling the cluster-
ing observed in the CT scans. Despite the simplified
numerical setup (2D modeling only and patch distri-
bution not derived directly from the CT scans) the
simulation results reproduce the overall behavior of
the measured velocity-saturation relation.
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Figure 9. Velocity-saturation relation determined from numeri-
cal simulations of wave propagation in a poroelastic solid with
randomly distributed patches that cluster for larger saturation
values (see inset). Experimentally determined velocities for the
quasi-static injection experiment are also shown.

This confirms that the transition observed in the ul-
trasonic measurements can be attributed to the
mechanism of wave-induced flow. We plan to ex-
tend our numerical simulations to 3D so that the 3D
patch distributions reconstructed from CT images
can be directly used as input model in our simula-
tions.

4 CONCLUSIONS

The experimental results obtained on low-
permeability samples show that at low saturation
values the velocity-saturation dependence can be de-
scribed by the Gassmann-Wood relationship. At in-
termediate saturations there is a transition behavior
that is controlled by the fluid patch arrangement and
fluid patch size. Also, the fluid patch size is con-
trolled by the injection rate. In particular, we show
that for relatively large fluid injection rate this tran-
sition occurs at smaller degrees of saturation as
compared with high injection rate.

The results illustrate the non-unique relationships
between saturation and velocity in sandstones de-
pendent on texture and fluid displacement history:
fuller understanding of these phenomena are needed
for accurate assessment of time lapse seismic meas-
urements, be they for oil and gas recovery or for
CO; disposal purposes.
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