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Abstract This article presents the results of CO,/brine two-phase flow experiments in
rocks at reservoir conditions. X-ray CT scanning is used to determine CO; saturation at a
fine scale with a resolution of a few pore volumes and provide 3D porosity and saturation
maps that can be use to correlate CO; saturations and rock properties. The study highlights
the strong influence of sub-core scale heterogeneities on the spatial distribution of CO, at
steady state and provides useful relative permeability data on a sample originated from an
actual storage site (CO2CRC-Otway project, Victoria, South-West Australia). Two differ-
ent samples tested, although different in nature, present strong heterogeneities, but differ
in the detail of the connectivity of high porosity layers. In both samples, the results of the
investigations show that sub-core scale heterogeneities control the sweep efficiency and may
cause channeling through the porous medium. In one of the samples, CO, saturation appears
uncorrelated to porosity close to the outlet end of the core. This observation is understood as
aresult of the position and the orientation of high porosity layers with respect to the inlet face
of the core. Finally, in the operating conditions of the two experiments, the saturation maps
demonstrate that gravity does not play a major role since no detectable buoyancy driven flow
is observed.

Keywords Carbon capture and sequestration - Relative permeability - X-ray CT scanning -
Heterogeneity - Flow through porous media - Drainage

1 Introduction

Among the different main types of potential storage formations (saline aquifers, depleted oil

reservoirs, unminable coal seams), saline aquifers have by far the largest estimated storage
capacity and are more broadly distributed worldwide. In order to improve our understanding
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of multi-phase flow and trapping in CO;-brine systems and take advantage of this capacity,
more experimental data, numerical simulations, and theoretical studies are needed. While
the literature describing multi-phase flow of oil and water, and CO; and oil is abundant,
very few laboratory experiments have been performed on CO,/brine systems (Bennion etal.
2005, 2006a,b,c; Benson etal. 2006; Shi etal. 2009; Tetsuya etal. 2008; Perrin etal. 2009)
and, thus, very few data available.

In multi-phase flow, the concept of relative permeability is fundamental when one has to
predict the spatial and temporal distribution of CO, saturation and trapping, migration of the
CO; plume, or the injection pressure. Relative permeability curves to CO; and brine can be
measured in the laboratory but the validity of using laboratory-measured relative permeabil-
ity curves to describe the reservoir is subject to a number of uncertainties. The fact that nearly
all the samples that are investigated in the lab are heterogeneous (Huppler 1970) and that
these heterogeneities are not representative of the full range of heterogeneities in the reservoir
are strong source of uncertainty. As noted by a number of authors, relative permeability is
indeed dependent on the wettability of the rock (Caruana and Dawe 1996), flow directions
(Honarpour etal. 1986; Crotti etal. 1998), and heterogeneities (Crotti etal. 1998). All these
factors can be different in the lab and in the field, either because the rock sample investigated
can have different properties (wettability), the way the experiments are performed does not
coincide with the actual injection (flow directions) or because the heterogeneities of the lab
sample are not representative of the reservoir.

Understanding the role of heterogeneities on the distribution of CO; in rock samples at
the core and sub-core levels provides a first step toward a better understanding of the phe-
nomena leading to a dependence of the relative permeability curves on heterogeneities and
toward appropriate methods for up scaling laboratory-measured data to simulate field-scale
multi-phase flow behavior.

In this article, we present two sets of steady-state multi-phase flow experiments that are
performed using an apparatus that allows continuous injection of CO, and brine in a core
sample maintained at reservoir pressure and temperature. X-ray CT scanning is used to deter-
mine porosity and CO» saturation at a fine resolution corresponding to the volume of several
pores. Two main objectives are pursued: (1) to provide some experimental data measured
on a rock sample from an actual storage site and (2) to visualize and understand the ef-
fect of core and sub-core scale heterogeneities on CO; saturation distributions and relative
permeability.

2 Materials and Methods
2.1 Description of the Core Flooding Experimental Setup

In this section, we describe the experimental setup that has been designed and used for the
investigation of two-phase core flooding experiments (Fig. 1). The rock sample is wrapped
in a heat-shrinkable Teflon sleeve and placed in an aluminum core holder. A displacement
pump (Teledyne Isco, Model 260D/Pump D in Fig. 1) injects water around the sleeve to create
the overburden pressure (reservoir pressure, Prs). Two electric heaters heat the water inside
the core holder to maintain the core at the reservoir temperature (7ies). Pres and Tyes mimic the
pressure and temperature experienced by the reservoir rock in a typical storage project. They
are both kept constant during an experiment. Two dual-pump systems are used to inject brine
and CO; in the core sample (Teledyne Isco, Model 500D/Pump A1l and A2 for CO,, and B1
and B2 for brine. The pumps have an accuracy of 0.5% of the setpoint). Both systems are
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Fig. 1 Experimental setup developed for two-phase core flooding experiments. During the injection the core
sample is maintained at reservoir temperature and reservoir pressure. CO, and brine circulate in a closed loop
and saturation images are obtained using CT scanning

composed of two pumps connected with a set of electric valves. The dual-pump configura-
tions provide continuous fluid delivery by synchronizing the pump and refill strokes so that
at least one pump is always delivering fluid. Electric valves support automated functions.
The bodies of the CO, pumps are surrounded by water-cooled temperature jackets to keep
CO at a constant temperature of 5°C, which allows fast and complete filling and refilling of
the cylinder when pumping the liquefied fluid. Before entering the core, CO, and brine pass
through a water bath (heat exchanger) to be heated to Ties. The two fluids are then mixed
and co-injected into the core. After flowing through the core, CO, and brine are separated by
gravity in a high pressure separator composed of a high pressure vessel adjacent to a heavy-
duty high pressure liquid level gage. The liquid level gage is equipped with a transparent
1/2 inch thick glass which allows measurement of the height of the interface between brine
and liquid CO; during the experiment. After the separator, the CO, returns back to the CO»
pump system and the brine returns back to the brine pump system. Between the separator
and the brine pump system, another pump (Teledyne Isco, Model 1000D/Pump C) is used
to maintain the back pressure in the system. The back pressure, also called pore pressure,
is always set at least 200 psi (~1.4 MPa) below the overburden pressure value to avoid fluid
leakage through the Teflon sleeve surrounding the core. This pump is used as a buffer volume
as well. While it is possible for CO; to diffuse through the Teflon sleeve, the effect of this
on the experiments is not significant because the saturation images and pressure gradients
are measured at steady state while the fluids are injected at rates far in excess of the rate of
diffusion (diffusion rates have been independently measured in a static system and shown to
be slow, resulting in a net loss of CO; saturation on the order of 1-2% over a day). Owing to
the use of dual-pump systems, CO» and brine circulate continuously in the system. Thus, the
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two fluids are in constant contact each other, ensuring that the CO; and brine are in equilib-
rium with each other prior to injecting the fluids into the core. This precaution is intended to
avoid any drying of the core, which is often encountered when dry CO5 is used for injection.
Before the beginning of each experiment, CO, and brine are circulated through the system
for about one day to pre-equilibrate the fluids. The two fluids are in contact in the tubing
and in the separator. The separator allows observation of the height of the interface between
CO» and brine. When this height is stable, the fluids are in equilibrium. In addition, the
measured volume of CO; that dissolves into the brine equals that which would be expected
at the imposed pressure and temperature.

2.2 Data Collection

During the experiment, the pressure at the inlet and outlet ends of the core is measured
with two high accuracy pressure transducers (Qil filled Digiquartz ® Intelligent Transmit-
ter, Model 9000-3K-101). The difference in the values between the two pressures gives the
pressure drop across the core which is used to calculate the absolute permeability of the
rock sample when only one fluid is flowing and the relative permeability to each fluid when
both CO; and brine are injected. The two transducers are calibrated against each other before
each run to ensure accurate differential pressure measurements. Direct measurements of CO»
and brine phase pressures are not measured independently. The temperature inside the core
holder, the pressure drop, the injection flow rate, the injection pressure, and the volume of
each pump are measured and recorded by a data acquisition system. X-ray CT scanning
is used to determine CO, and brine saturations, in real time, inside the core sample. The
procedure used for the saturations measurements is described in the following paragraph.

2.3 Methods
2.3.1 Relative Permeability Measurements

Steady-state relative permeability experiments are performed using the setup described
before.

The samples are 2-inch (5.08 cm) diameter cylinders, with a length in the range 2.5-8
inches. (6.35-20.32cm). The samples were fired at 600°C for 17h to stabilize clays and
avoid any unwanted swelling or chemical reactions. The average absolute permeability of
the core is first measured by injecting brine at different constant flow rates and measuring
the pressure drop across the core sample corresponding to each rate. Using Darcy’s law and
knowing the viscosity of the brine solution at the experimental conditions (7es, Pres), the
permeability is easily determined with a precision of 2—5%.

In order to measure a drainage relative permeability curve CO, and brine are co-injected
in different proportions (different fractional flows). The core is initially completely brine sat-
urated and fractional flows of CO; are increased progressively to a fractional flow of 100%
COs,. In order to ensure that the core is fully saturated with brine before the experiment
begins, the core is first dried and scanned. Then CO» is injected at atmospheric pressure at
a low flow rate for about 12h to remove all of the air from the core. A few pore volumes of
brine are then injected at low flow rate to displace most of the CO; through a combination of
displacement and dissolution. Any remaining separate phase CO» is dissolved into the brine
by increasing the pressure to reservoir conditions. Verification that brine saturation has been
achieved is checked before the experiments using the CT scanner.
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The fractional flow of CO» fco, is defined as the ratio between the volumetric flow rate
of brine-saturated CO, at reservoir conditions FRgeOSZ’ Fres and the total volumetric flow rate

E‘ESv Pres Tl'&Sw Pres .
E RCOz + l::Rbrine .

Tres, Pres
FRGG,

(D
E‘ESv Pres Tl'857 Pres
F RCOz + FRbrine

fco, =

When an injection is performed, the flow rate is set directly as one of the pump’s param-
eters. Since the temperature of the fluids vary between the pumps (5°C for CO,, room
temperature for brine) and the heat exchanger (i), the fluids properties, and, in particular,
the density of CO; (dco,) associated with its liquid/supercritical phase change, vary as well.

For example, the ratio
dS"C, 1800 psi
CO,
50°C.1800psi
CO,

is as high as 1.583, meaning that a flow rate of CO, of 1cm?/min at 5°C and 1,800 psi
(12.41 Mpa) becomes 1.583 cm?®/min at 50°C and the same pressure conditions. This impor-
tant density change must be taken into account when calculating the fractional flows. For
each given fractional flow, the pressure drop across the core is measured as well as the CO,
saturation in the core. At steady state, when the saturation distribution and pressure drop have
stabilized, the data sets used for relative permeability measurements are collected. Steady
state is generally reached after having injected 3—5 pore volumes of fluids and the data are
always collected after at least six pore volumes.

The fractional flow of CO; is then progressively increased and the relative permeability
is determined for each step. The procedure is repeated until 100% of CO; is injected. The
relative permeability curves consist of a plot of the relative permeability to CO, and brine as
a function of the core-averaged brine saturation.

2.3.2 Determination of Porosity and CO, Saturation at the Sub-Core Scale

A medical X-ray CAT scanner is used to map porosity and CO; saturation in the core during
the experiment. This technique, although relatively new, is now widely used in petroleum
engineering labs (Schembre and Kovscek 2003; Shi etal. 2009). The scanner creates 2-D
images at different locations along the length of the sample. The 3-D maps are then con-
structed by stacking the 2-D images along the third dimension. The X-Y resolution in the
planeis 0.254 mm x 0.254 mm for the experiments that are discussed here. The slice thickness
is either 1 or 3 mm, depending on the experiment.

In order to obtain the porosity map of a core, two sets of images are needed: the dry
images, when the sample is dry and the pore space is filled with air, and the brine saturated
images, when the core is fully saturated with brine at the reservoir conditions. The porosity
® of each voxel element is then calculated using (Akin and Kovscek 2003):

brine

B CTbrinc - CTair

. CTst CTary

P (@)

where CT is a numerical value converted from the X-ray attenuation coefficients. The CT

numbers are normalized values relative to the linear absorption coefficient of water (Welling-
ton and Vinegar 1987).
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Table 1 Sample properties and experimental conditions—sample #1

Sample properties Experimental conditions

Sample #1 (Well CRC1 -2071m CO2CRC-Otway project, Australia)

® =0.182 Tres = 63°C Brine composition: Na,
2,390 ppm; Cl, 4,013 ppm;
Ca, 183 ppm
k =45+ 2mD Pres = 12.4MPa
L =83cm Voxel size=0.2539 x Total flow rate: 2 ml/min
0.2539 x 1 mm (corresponding to a

capillary number of
Ca~25x 107 and
gravity number of
G =0.033)

@ = 5.08cm

The capillary number is calculated using Ca = uU /o where p is the brine viscosity, U is the fluid velocity
and o (30mN/m) is the interfacial tension between brine and CO;. The gravity number, G, is calculated using
G = kApg /U, where Ap is the difference in density between brine and CO»

In order to obtain the saturation map at each CO; fractional flow, three sets of images are
needed: the brine saturated images, the CO;-saturated images (the core is filled with CO;
at reservoir conditions) and the experimental images, at steady state, for the corresponding
fractional flow. The CO; and brine saturations are then calculated for each voxel using (Akin
and Kovscek 2003):

CTexp — CT

Sco, = brine  and  Sprine = 1 — S, 3
CO, o = cTt brine O, 3)

3 Experimental Results: Influence of Heterogeneities on the Distribution
of CO; Saturation

3.1 Sample #1: Large Heterogeneities Perpendicular to the Flow Direction

The first experiment was performed on a sample that was cored from the CRC1 well of
the CO2CRC-Otway project in the south west part of Australia. The measured properties
of the sample as well as the experimental conditions that were chosen for the measurement
of the relative permeability curves during the drainage phase are reported in Table 1. The
total injection rate (2ml/min <> 7.8 m/day) corresponds to the fluid velocity that would be
expected for a large CO; storage project in the region near the injection well. The 3D maps
of the core porosity and CO; saturation were obtained by recording 77 consecutive images,
each one being 1 mm thick.

Figure 2 shows the slice-averaged porosity profile along the core (Fig. 2a) and the 3D view
of the porosity map (Fig.2b). The porosity demonstrates stratigraphic variations along the
core with a high degree of variability along the length of the core. As revealed by the 3D view,
several low porosity layers with a small dip angle (positions 5—6 and 53-54 in the profile and
light blue colors in the 3D map) are present.

The steady-state three-dimensional views of CO, saturation in the core at different CO»
fractional flows are shown in Fig. 3. The slice-averaged CO; saturation profile in the fco, = 1
case is plotted Fig. 4, together with the porosity profile.

From the observation of these two figures we can note that
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Fig. 2 Sample #1. a Porosity profile along the core. b Three dimensional porosity map
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Fig. 3 Three dimensional maps of CO; saturation inside the rock sample at steady state for different frac-
tional flows of CO;. The CO; saturation Sco, is indicated below each image together with the corresponding
fractional flow. The views show the core in its real orientation during the experiment, the gravity being oriented
from top to bottom. The fluids are injected from right to left as indicated by the arrow at the right side of the

5% CO, fractional flow case

e Variability of CO, saturation along the core is significant;

e Spatial distribution of CO; inside the core is very heterogeneous and the steady-state
saturation distributions mimic the stratigraphic features observed in the porosity map;
e Low porosity layers correspond to low CO, saturation and higher porosity regions have
higher average CO; saturation;
e No important end effects are visible since no visible general trend is seen close to the ends

of the core;
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100 J.-C. Perrin, S. Benson

e No obvious signs of gravity override of the less dense CO; phase are observed, either at
the inlet or along the length of the core.

The last two observations are supported by the fact that the porosity and the CO, saturation
profiles have the same trends along the length of the core, even close to the end sections. The
capillary end effect, when present, results from a discontinuity in capillary pressure at the
ends of the core, tends to make it more difficult for the wetting phase than for the non-wetting
phase to leave the porous media and results in a buildup of the wetting phase at the efflux
end of the system. If capillary end effects were important during these experiments, then
there would be a decrease in the CO» saturation that is uncorrelated with the rock properties
(Honarpour etal. 1986), which is not observed.

The correlation between porosity and saturation is easily visualized when plotting the
slice-averaged CO; saturation as a function of the slice-averaged porosity for several differ-
ent CO, fractional flows (Fig. 5). From this set of curves we see that, for each fractional flow,
the CO, preferentially occupies the regions of the core where porosity is the highest.

At the sub-core scale, the correlation porosity—saturation is illustrated in Fig. 6, where the
2D maps of the core porosity and CO, saturation are shown for slices that were taken at
positions 26, 33 and 75. As indicated in Fig.4, position #1 corresponds to the outlet of the
core and position #77 to the inlet. The match between the spatial distribution of porosity and
CO, saturation is striking even if the pixel by pixel correlation is poor due to scattering of
the data.

In order to make a more consistent comparison between the slice averaged properties and
the pixel by pixel properties, the regression lines of the curves CO; saturation versus porosity
are plotted in Fig.7 at fco, = 1 for images captured every 5mm along the core, together
with the line corresponding to slice averaged correlation.

The lines are parallel to each other along the length of the sample, even close to the ends.
Thus, the correlation stays identical at each position which confirms the absence of end effects.
The good correlation between all of the regression lines also suggests that the relationship
between saturation and porosity is fairly uniform over the entire core. Most importantly, the
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Fig. 4 Slice-averaged CO; saturation profile corresponding to the fco, = 1 case and porosity profile along
the core. The same trends are observed in the two profiles. No end effects are visible in the CO; profile
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Fig. 5 Correlation between the slice-averaged CO» saturation values and the slice-averaged porosity for
different fractional flows of CO;. The R? values of the regression lines are ranging between 0.65 and 0.8

consistency of these correlations suggests that there is a fundamental relationship between
the porosity of the rock and CO, saturation that could be exploited to improve understanding
of the physical controls on multi-phase flow of CO; and brine.

In Fig.8, porosity (a) and saturation of slice #33 are shown for fco, = 0.3 (b) and
fco, = 1 (c). In Fig.8a’—¢/, the same images are represented in a color scale that displays
in red the porosity values that are greater than 0.2 (a’) and the CO, saturation values that are
greater than 0.65 [b’ for fco, = 0.3 and ¢’ for fco, = 1]. Figure 7d—f and d'—f’ correspond,
respectively, to details of a—c and a’—c’. The detailed views e and ¢’ clearly show that, when
the proportion of CO; is low (beginning of the drainage), CO» tends to occupy first the areas
of high porosity.

Figure9 presents the relative permeability curves measured at the conditions described
before together with the experimental data. As a result of the inhomogeneous distribution of
CO in the core due to the presence of heterogeneity, the residual brine saturation is high
(0.44) as compared to the oil industry standards (Honarpour etal. 1986) but is in the range
of what is measured for CO; and brine (Bennion etal. 2005).

3.2 Sample #2: Moderate Heterogeneities Sub-Parallel to the Flow Direction

The second experiment described in this article was performed on a core of Berea sandstone.
The measured properties of the sample as well as the experimental conditions that were cho-
sen for the measurement of the relative permeability curves during the drainage phase are
reported in Table 2. The 3D maps of the core porosity and CO, saturation were obtained by
recording 29 images in the first case that is described [sample #2 (a)] and 151 consecutive
images in the second case [sample #2 (b)]. The two cases, referred as (a) and (b) are both
drainage experiments, performed in the exact same experimental conditions and using the
same procedure, except for two important points:
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Fig.6 Visual comparison and pixel by pixel correlation between porosity and CO; saturation for the fco, =1
case at three different locations along the core (images #26, #33 and #75)

e Experiment (b) was performed after having rotated the core sample 180° along its main
axis, this allowed us to distinguish the effects of heterogeneity from potential gravity
effects;

e The slice thickness was 3 mm with an interval of 2.08 mm between two images in experi-
ment (a) and 1 mm with no interval between two consecutive images in (b). The voxel size
is thus about five times smaller in experiment (b).

The slice-averaged CO, saturation profile obtained during experiment (a) in the fco, =1
case is plotted Fig. 10, together with the porosity profile. In Fig. 11, the 3D porosity map is
shown together with the CO; saturation maps obtained during both experiments at fco, = 1.

A few remarks can be made based on the observation of the porosity profile and the
porosity map:

e Although the slice-averaged porosity profile is quite uniform on average, the 3D porosity
map illustrates some important sub-core scale heterogeneities;
e The bedding can be seen going through the core with a high dip angle; and
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e Some higher porosity layers are not connected to the inlet face of the core.
e From the comparison of the porosity profile and the saturation profile and the observation
of the distribution of CO, saturation in the core we can conclude that

- The correlation between porosity—saturation is good close to the inlet face of the core
and in the first two-thirds of the sample. The correlation is lost close to the outlet end of
the core;

- The lost of correlation close to the outlet end of the core is not attributed to a capillary
end effect or gravity, but due to a heterogeneity effect. The regions that are mostly sat-
urated with brine close to the outlet are isolated from the inlet face of the sample by
low porosity layers. This observation can also be understood as a result of a channeling
through the more permeable (higher porosity) areas causing an early breakthrough. The
low porosity layers act as a capillary barrier, preventing the lateral flow across them,
which would be needed to displace brine from the portions of the core that are isolated
from the inlet by the low porosity layers.

- The change of orientation of the core between experiment (a) and (b) does not change
the overall distribution of CO, in the sample. The only visible differences are due to the
two different resolutions. Thus, the lost of correlation close to the outlet of the core is
not due to any kind of gravity effect.

Figure 12 shows the porosity and saturation images measured close to the inlet face [(a),
slice #143 and (b), slice #29] and close to the outlet [(a), slice #7 and (b), slice #2]. As noted
above, the spatial distribution of CO» saturation presents the same features as porosity close
to the inlet but is not correlated to porosity anymore close to the outlet. Also, the distribution
of CO;, is not correlated to the direction of the gravity vector.

Figure 13 presents the relative permeability curves that were measured during experiment
(a). As in the case of sample #1, the residual brine saturation is high (0.62) as the result of
the bypassing of a large portion of the core sample by CO,. In this second case, however,
the effect is enhanced by the spatial orientation of the bedding of the rock. Because the het-
erogeneities of this rock sample and their relative disposition with respect to the axis of the

Fig. 7 Regression lines of the 1.2
curves CO, saturation versus
porosity at fco, = 1 for images -
taken every 5 mm along the core = e Sliced averaged
(continuous lines) and regression ;': 1 Pixel by pixel at positions
line corresponding to the z Simim apart along the core
slice-averaged correlation (dotted ’:'2
line). The R values of the 5 08
regression lines are within 9
(0.42-0.58) JT

2 06
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Fig. 8 a Porosity of slice #33. b and ¢ CO; saturation of slice #33 corresponding, respectively, to the
fco, = 0.3 and fco, = 1 cases. @', b/, and ¢’ are the same images as a, b, and ¢, in a color scale that
represents, in red, the values of porosity >0.2 and of saturation >0.65. d, e, and f correspond to details of
images a, b, and ¢ and images d’, €/, and f' to zooms of images a’, b’, and ¢’. The zoomed area is indicated
by a circle in a and a’

core have such a great influence on the relative permeability curves, the use of these data in
simulations is not recommended.

4 Discussion and Observations

Two series of two-phase flow experiments have been carried out using an experimental appa-
ratus that allows the measurement of steady-state two-phase relative permeability curves
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Fig. 9 Relative permeability data and curves measured during the drainage phase (sample #1) at 2ml/min,
12.4MPa and 63°C

Table 2 Sample properties and experimental conditions—sample #2

Sample properties Experimental conditions

S_ample #2 (Berea sandstone)
® =0.203 Tres = 50°C Brine composition: Na,
3,958 ppm; Cl, 6,109 ppm

k =430+ 7mD Pres = 12.4MPa
L =15.24cm
@ =5.08cm
Experiment 1 sample #2 (a) Voxel size=0.2539 x Total flow rate: 1.2ml/min
0.2539 x 5.08 mm (corresponding to a
capillary number of
Ca~1.8x 107 anda
gravity number of
G = 0.296)
Experiment 2 sample #2 (b) Voxel size=0.2539 x Total flow rate: 1.7 ml/min
0.2539 x 1mm (corresponding to a

capillary number of
Ca~2.6x107> anda
gravity number of

G =0.210)

at reservoir conditions. CO; saturation is determined using insitu X-ray CT scanning with
a spatial resolution that allows studying the effect of sub-core scale heterogeneities in the
samples. The porosity maps show that the two samples have significant heterogeneities in
the porosity distribution. However, the connectivity between these heterogeneity features is
clearly different, which leads to differences in brine displacement efficiency.

In sample #2, some high porosity layers are not connected to the inlet face of the core.
This feature has a strong impact on fluid distribution as revealed by the 3D reconstructions
of the saturation maps. Conversely, at the end of the drainage, the spatial distribution of CO,
saturation in sample #1 is strongly correlated to the distribution of porosity in all the regions
of the sample, high CO, saturations corresponding to high porosity. This indicates that all
the regions of sample are accessible to CO» and thus that there is no capillary/permeability
barrier that prevent the flow of CO;. At the beginning of the drainage phase, the compari-
son between saturation and porosity clearly shows that CO; invades preferentially the high
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Fig. 11 3D reconstructions of (A) poncay
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at fco, = 1 for experiments (a)
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direction of flow

porosity regions. In sample #2, the correlation is lost close to the outlet end of the core.
This observation, which is usually attributed to a capillary end effect, is understood here as
a result of the lack of connectivity between higher porosity layers and the inlet face of the
core sample. The displacement efficiency is thus strongly limited by the heterogeneities and
the residual brine saturation stays high.

At the flow rates that were used to perform the experiments, the results indicate that gravity
does not play an important role because no evidence for spatial segregation exists between the
top and the bottom halves of the samples that can be attributed to gravity override. Finally, the
relative permeability curves both have high residual brine saturations that result partly from a
general heterogeneity effect where CO; bypasses portions of the core with low porosity and
higher capillary entry pressure and partly from the very specific orientation of the bedding
as in sample #2.

@ Springer



An Experimental Study on the Influence of Sub-Core Scale Heterogeneities 107

PORCISITY - Shes #8259 €02 Saturation - 100% CO2 o) - Shce 09 (h) Purosity - Sice #143 02 Sateration - 100% COZ b - Shice #9143

Fig. 12 Porosity and CO» saturation images at the inlet face and close to the outlet during experiments (a)
and (b). The direction of gravity is indicated by an arrow in both cases
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Fig. 13 Relative permeability to CO, and brine—experiment (b)—measured during the drainage phase.
Sample #2(a) at 1.2ml/min, 12.4 MPa and 50°C

In addition to the specific multi-phase flow behavior observed here, there are some general
lessons and cautions that can be taken from these experiments.

The relative role of body forces (gravity) and viscous forces can be calculated using the
dimensionless so-called gravity number: G = Apgk/U i, where Ap is the density differ-
ence between brine and CO», k is the mean permeability, U is the fluid velocity, and u is the
viscosity. In the case of the first experiment, the fluid velocity is high and the core perme-
ability is low so that the value of the gravity number is low (G = 0.033). The viscous forces
are dominant, as confirmed by our experiments. In the second case, the flow rate is lower
and the permeability higher so that the gravity number is about 10 times higher than in the
first experiment [experiment (a): G = 0.296; experiment (b): G = 0.210]. We find that even
in this case with much higher gravity numbers, the distribution of CO; saturation at steady
state is still controlled by structural heterogeneities, namely the low porosity layers oriented
in the diagonal of the core. In the specific conditions in which the experiments have been
performed, a simple calculation of the gravity number is thus not enough to get a precise idea
of the flow regime. However, drilling plugs in the vertical direction would inevitably show a
different behavior, with more pronounced gravity effects. It can be also noted that the cores
used here are relatively short and that different behavior are expected at larger scale.
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The relative permeability curves shown in this article present high residual brine satura-
tions as aresult of the specific orientation of the bedding with respect to the axis of flow and of
abypass of some portions of the cores. Similarly, high residual saturations have been reported
in Bennion etal. (2006a,b,c). Heterogeneities with different orientations will inevitably lead
to different relative permeability curves and saturation distributions. Since every reservoir
will have its own unique heterogeneities, the orientation and nature of the heterogeneity must
be considered on a case by case basis when making relative permeability measurements and
extrapolating them to field-scale multiphase flow behavior. In particular, caution should be
exercised in extrapolating one set of relative permeability measurements to other reservoirs.
In fact, one can even imagine that the relative permeability curves that perform well for pre-
dicting the plume behavior during injection, where viscous forces leading to horizontal flow
dominate, are not appropriate for the post-injection period where gravity forces and vertical
flow are dominate. Most generally, relative permeability curves should be determined on a
case by case basis as in the oil or gas reservoirs.

Finally, potential storage aquifers often have higher salinity as compared to the salinity
used in the experiments. Typical reservoir values range between 10,000 and 250,000 ppm.
The saline water minimizes the effect of clay swelling and prevents permeability changes that
could impact saturation values. In our experiments, the salinity conditions of the reservoirs
have not been matched but the clays have been stabilized when the core was fired at high
temperature. It is also important to note that salinity impacts interfacial tension and relative
permeability (Bachu and Bennion 2008).

5 Conclusions

Two-phase flow experiments with CO; and brine have been carried out on two rock samples,
each with significant, but not unusual, heterogeneity. X-ray CT scanning was used to measure
3D CO; saturation distributions during a set of steady-state relative permeability measure-
ments. The experiments demonstrated that saturation distributions correlated reasonably well
with the porosity distribution, with higher porosity regions of the rock sample correlating
with high CO; saturations and lower porosity regions with lower saturations. The inclusion
of low porosity regions leads to bypass of portions of the core, which in turn results in a high
residual saturation of brine when 100% CO; is injected into the core. The heterogeneous
distribution of CO, is one possible explanation for the high residual saturations observed
in many of the published CO;/brine relative permeability measurements. This effect is fur-
ther enhanced by the spatial distribution and orientation of the heterogeneities relative to
the direction of flow. When low porosity layers are oriented parallel to the direction of flow,
large portions of the rock can be bypassed if the low porosity layers acts as a capillary bar-
rier that channels the flow in the high porosity layers. Relative permeability measurements
with large residual brine saturations (>60%) may result from this kind of heterogeneity—and
caution must be taken when using these measurements to simulate field-scale multi-phase
flows of CO» and brine. Nevertheless, the results presented here demonstrate that small scale
heterogeneities, particularly low porosity inclusions, can exert a large influence on brine
displacement efficiency.
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